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Strong CP problem

CP symmetry is violated in QCD:

ℒQCD = −
1
4

GμνGμν+ θ
αs

8π
GμνG̃μν + ∑

q

q̄ iγμDμ q − (q̄LMq eiθqqR + h . c)

| θ̄ | ≲ 10−10From neutron EDM measurements: Unnaturally small

q → e−iγ5θq/2 q ⇒ θ → θ̄ ≡ θ + ∑
q

θq

Rotate away quark mass phases by chiral transformation:



Peccei-Quinn mechanism and axion

Add a complex scalar to restore chiral symmetry of quarks:

ℒPQ = −
1
4

GμνGμν+ θ
αs

8π
GμνG̃μν + ∑

q

q̄iγμDμq − (y q̄L ϕ qR + h . c.)

PQ symmetry

ϕ → e−iθq ϕ

‣  can be rotated away by using this chiral symmetry: 

‣ In the quark mass basis,

θ θ → 0

ϕ → fa eia(x)/fa{
 is promoted to a dynamical field (axion)!θ

q → e−iγ5a(x)/2fa q{ ⇒ δℒPQ =
a
fa

αs

8π
GμνG̃μν ⇒ ⟨a /fa⟩ = 0

q → eiγ5θq/2 q

Peccei, Quinn (1977)

Weinberg (1978), Wilczek (1978)



Weinberg-Wilczek axion:

Peccei-Quinn mechanism and axion

Add a complex scalar to restore chiral symmetry of quarks:

ℒPQ = −
1
4

GμνGμν+ θ
αs

8π
GμνG̃μν + ∑

q

q̄iγμDμq − (y q̄L ϕ qR + h . c.)

Peccei, Quinn (1977)

Weinberg (1978), Wilczek (1978)

ℒ2HDM ∼ − yu q̄L Hu uR − yd q̄L Hd dR − V(Hu , Hd)

⇒ Br(K+ → π+a) ∼
f 2
π

f 2
a

× Br(K+ → π+π0) ∼ 10−5

q → eiγ5θq/2 q

PQ symmetry

ϕ → e−iθq ϕ

readily excluded

‣  can be rotated away by using this chiral symmetry: 

‣ In the quark mass basis,

θ θ → 0

ϕ → fa eia(x)/fa{
 is promoted to a dynamical field (axion)!θ

q → e−iγ5a(x)/2fa q{

‣ axion = CP odd Higgs


‣ fa ∼ vEW

⇒ δℒPQ =
a
fa

αs

8π
GμνG̃μν ⇒ ⟨a /fa⟩ = 0



Benchmark (invisible) axion models



Benchmark (invisible) axion models
DFSZ model


SM quarks, leptons and two Higgs doublets are PQ charged


PQ symmetry broken mostly by a singlet scalar:  ⟨S⟩ ∼ fa ≫ vEW

Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)

ℒDFSZ ∼ − yu q̄L Hu uR − yd q̄L Hd dR − V(Hu, Hd) + HuHd (S*)2



Benchmark (invisible) axion models
DFSZ model


SM quarks, leptons and two Higgs doublets are PQ charged


PQ symmetry broken mostly by a singlet scalar:  

KSVZ model

all SM fields are PQ neutral


new quarks and a singlet scalar are PQ charged

⟨S⟩ ∼ fa ≫ vEW

Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)

Kim (1979), Shifman, Vainshtein, Zakharov (1980) 

ℒKSVZ ∼ Q̄L QR S
S → e−2iα S

Q → eiγ5α Q
{

ℒDFSZ ∼ − yu q̄L Hu uR − yd q̄L Hd dR − V(Hu, Hd) + HuHd (S*)2

PQ symmetry:



Axion couplings to matter and radiation
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Axion-gluon coupling:

(Defining interaction)

Axion couplings to matter and radiation

αs

8πfa
aGG̃ fa = f /(2N )

[N : PQ-QCD anomaly,  f : PQ breaking scale]
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Axion-gluon coupling:

(Defining interaction)

Axion couplings to matter and radiation

Axion-photon coupling:

(PQ-EM anomaly +  mixing)π0

α
8πfa ( E

N
− 1.92) aFF̃

αs

8πfa
aGG̃ fa = f /(2N )

[N : PQ-QCD anomaly,  f : PQ breaking scale]
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Axion-gluon coupling:

(Defining interaction)

Axion couplings to matter and radiation

Axion-photon coupling:

(PQ-EM anomaly +  mixing)π0

Axion-fermion couplings: CaN

2fa
∂μa N̄γμγ5N

α
8πfa ( E

N
− 1.92) aFF̃

CaN = c0
u,d(Xu,d) + F(mu,d)

Cae = c0
e (Xe) + δloop

e (E/N, mu,d)

αs

8πfa
aGG̃

Cae

2fa
∂μa ēγμγ5e

 PQ chargesXu,d,e :

fa = f /(2N )

[N : PQ-QCD anomaly,  f : PQ breaking scale]

(N = p, n)
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Axion-gluon coupling:

(Defining interaction)

Axion couplings to matter and radiation

Axion-photon coupling:

(PQ-EM anomaly +  mixing)π0

Axion-fermion couplings: CaN

2fa
∂μa N̄γμγ5N

α
8πfa ( E

N
− 1.92) aFF̃

CaN = c0
u,d(Xu,d) + F(mu,d)

Cae = c0
e (Xe) + δloop

e (E/N, mu,d)

αs

8πfa
aGG̃

Cae

2fa
∂μa ēγμγ5e

 PQ chargesXu,d,e :

fa = f /(2N )

[N : PQ-QCD anomaly,  f : PQ breaking scale]

(N = p, n)

N, e

N, e

a

a

a
γ

γ

In canonical KSVZ/DFSZ models, these couplings 

relate each other:  Caγ ↔ CaN , Cae , fa (ma)



Traditional axion limits:  plots(ma , gaγ)

‘Canonical’ axion window Figure from AxionLimits

[https://cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/
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Hot dark matter ( ):
aπ ↔ ππ
gaπ ∼ ( fπ fa)−1 ≲ 2 × 10−7 GeV−2

gaπ ⟶ fa ⟶ ma
HDM [gaπ]

*These bounds depend on model construction in 
fact.  The above bound holds only within a specific 
DFSZ model.
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Cosmo/astro bounds in the canonical axion window

Hot dark matter ( ):
aπ ↔ ππ
gaπ ∼ ( fπ fa)−1 ≲ 2 × 10−7 GeV−2

gaπ ⟶ fa ⟶ ma

*These bounds depend on model construction in 
fact.  The above bound holds only within a specific 
DFSZ model.

model QCD 
axion

HDM [gaπ]

WD/RGB [gae]
WD/RGB bound: gae ≲ 2 × 10−13

gae ⟶ fa ⟶ mamodel

SN1987A bound: gaN ≲ 0.9 × 10−9

gaN ⟶ fa ⟶ mamodel

SN [gaN]

Canonical axion models are strongly 
constrained by astrophysics and cosmology



Nucleo/electrophobic axions 


in non-universal DFSZ models



Nucleophobic axion

Strong SN1987A bound is relaxed if  Nucleophobic AxionCN ≈ 0 :



Nucleophobic axion

Strong SN1987A bound is relaxed if  Nucleophobic AxionCN ≈ 0 :

2sμΔq ≡ ⟨N | q̄γμγ5q |N⟩

∂μa
2fa

cq q̄γμγ5q,
a
fa

αs

8π
GG̃CN

∂μa
2fa

N̄γμγ5N @ QCD scale

Cp + Cn = (cu + cd − 1)(Δu + Δd) − 2δs

Cp − Cn = (cu − cd − fud)(Δu − Δd)

‣ Hadronic matrix elements:


‣
‣  from strange quark

fud = (md − mu)/(md + mu)

δs ≃ 𝒪(5%)



‣ Hadronic matrix elements:


‣
‣  from strange quark

fud = (md − mu)/(md + mu)

δs ≃ 𝒪(5%)

Nucleophobic axion

Nucleophobia conditions:


(1) Cp + Cn ≈ 0 ⇒ cu + cd ≈ 1

(2) Cp − Cn ≈ 0 ⇒ cu − cd ≈ fud ≈ 1/3 ( ∵ md /mu ≈ 2)

Strong SN1987A bound is relaxed if  Nucleophobic AxionCN ≈ 0 :

2sμΔq ≡ ⟨N | q̄γμγ5q |N⟩

∂μa
2fa

cq q̄γμγ5q,
a
fa

αs

8π
GG̃CN

∂μa
2fa

N̄γμγ5N

Thus, independently of the matrix elements and axion model construction

@ QCD scale

Cp + Cn = (cu + cd − 1)(Δu + Δd) − 2δs

Cp − Cn = (cu − cd − fud)(Δu − Δd)



Closer look at the nucleophobic conditions (1/2)

(1) cu + cd ≈ 1
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(  :  -th generation quarks 
contribution to PQ-QCD anomaly)
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− XqL
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q
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Closer look at the nucleophobic conditions (1/2)

(  :  -th generation quarks 
contribution to PQ-QCD anomaly)
Ni i

  and  cq =
XqR

− XqL

2N
2N = ∑

q

XqR
− XqL

(1) cu + cd ≈ 1 ⇒ N ≈ Nu + Nd ≡ N1

Suggests DFSZ-type axion models with  
generation dependent PQ charge assignment

 →



Closer look at the nucleophobic conditions (1/2)

Hindmarsh, Moulatsiotis (1997)

Di Luzio, Mescia, Nardi, Panci, Ziegler (2018)

Björkeroth, Di Luzio, Mescia, Nardi (2018)

Two structures:


(a) 2 + 1 : N1 = N2 = − N3 or N = N1 , N2 = N3 = 0

(b) 1 + 1 + 1 : N2 = − N3 , N = N1 ≠ N2,3

(  :  -th generation quarks 
contribution to PQ-QCD anomaly)
Ni i

  and  cq =
XqR

− XqL

2N
2N = ∑

q

XqR
− XqL

Suggests DFSZ-type axion models with  
generation dependent PQ charge assignment

(1) cu + cd ≈ 1 ⇒ N ≈ Nu + Nd ≡ N1

 →



Closer look at the nucleophobic conditions (2/2)

(2) cu − cd ≈ 1/3



a specific VEV ratio of two Higgs doublets H1,2

Alves, Weiner (2017),  Alves (2020)

Di Luzio, Mescia, Nardi, Panci, Ziegler (2018)(2) cu − cd ≈ 1/3 ⇒ −

X1

X2
=

v2
2

v2
1

= tan2 β ≈ 2

Closer look at the nucleophobic conditions (2/2)

‣ Yukawa structure: 


‣ PQ-hypercharge orthogonality:


q̄L Hi qR ⇒ XqR
− XqL

= − Xi

X1v2
1 + X2v2

2 = 0

(  PQ charge of  )Xi : Hi



a specific VEV ratio of two Higgs doublets H1,2

‣ Yukawa structure: 


‣ PQ-hypercharge orthogonality:


q̄L Hi qR ⇒ XqR
− XqL

= − Xi

X1v2
1 + X2v2

2 = 0

Alves, Weiner (2017),  Alves (2020)

Di Luzio, Mescia, Nardi, Panci, Ziegler (2018)(2) cu − cd ≈ 1/3 ⇒ −

X1

X2
=

v2
2

v2
1

= tan2 β ≈ 2

Closer look at the nucleophobic conditions (2/2)

(  PQ charge of  )Xi : Hi

|��+��||��+��|

|��-��||��-��|
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WD/RGB limits   Electrophobia?


Add a third Higgs doublet  while 
unchanging (2+1) structure for quarks:


Ce →

H3

q̄L H1 uR , q̄L H2 dR , l̄L H3 eR

V ⊃ H†
3 H1Φ2, H†

3 H2Φ†

Electrophobic axions

Björkeroth, Di Luzio, Mescia, Nardi, Panci, Ziegler (2019)

X3 = 0Electrophobia:

Nucleophobia: X3 =
1
2

(1 − 3fud) ≈ 0

Thanks to a numerical accident: fud =
md − mu

md + mu
≈ 1/3

PQ-hypercharge orthogonality:

∑
i

Xiv2
i = 0

tan β1 = v2 /v1, tan β2 = v3/ v2
1 + v2

2

⇒ X3 = (3 cos2 β1 − 1) cos2 β2



Nucleo/electrophobia is implemented by imposing


 :  non-universality of quark PQ charges(1) cu + cd ≈ 1

(2) cu − cd ≈ 1/3

(3) ce ∼ X3 ≈ 0

Radiative stability of axion astrophobia?

tuning of the VEVs of Higgs doublets and a numerical accident}
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Nucleo/electrophobia is implemented by imposing
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Nucleo/electrophobia is implemented by imposing


 :  non-universality of quark PQ charges

All conditions are imposed at tree level

Would renormalization group corrections from PQ scale to experimental scale 
spoil the axion astrophobia?

➡ No, the axion astrophobia survives after taking the RG corrections into 
account

(1) cu + cd ≈ 1

(2) cu − cd ≈ 1/3

(3) ce ∼ X3 ≈ 0

Radiative stability of axion astrophobia?

Di Luzio, Mescia, Nardi, SO (2022)

tuning of the VEVs of Higgs doublets and a numerical accident}
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RG evolution of axion couplings has been examined in detail


complete set of one-loop anomalous dimensions

including threshold corrections at the weak scale


application to flavour physics of ALPs


Points:


1. Top-loop dominates the running:


Bauer, Neubert, Renner, Schäuble, Thamm (2020)

RG corrections to axion couplings

Choi, Im, Park, Yun (2017); Choi, Im, Kim, Seong (2021)

Bauer, Neubert, Renner, Schäuble, Thamm (2021)

∂μa
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(H†iDμH ) →
∂μa

f ∑
ψ=qL,uR,…

βψψ̄γμψ (βψ = Yψ /YH)

t
a

H

H



RG evolution of axion couplings has been examined in detail


complete set of one-loop anomalous dimensions

including threshold corrections at the weak scale


application to flavour physics of ALPs


Points:


1. Top-loop dominates the running:


2. The leading contribution is universal for u, d, e except for the sign difference 
originating from weak isospin:

Bauer, Neubert, Renner, Schäuble, Thamm (2020)

RG corrections to axion couplings

cu(μ) ≃ c0
u(Λ) − κt(μ, Λ) c0

t (Λ)

cd,e(μ) ≃ c0
d,e(Λ) + κt(μ, Λ) c0

t (Λ)

Choi, Im, Park, Yun (2017); Choi, Im, Kim, Seong (2021)

Bauer, Neubert, Renner, Schäuble, Thamm (2021)

∂μa
f

(H†iDμH ) →
∂μa

f ∑
ψ=qL,uR,…

βψψ̄γμψ (βψ = Yψ /YH)

[  for  ]κt ≈ 30 % μ = 2 GeV, Λ = 1010 GeV

t
a

H

H



Modification to the astrophobic conditions:


   unaffected(1) cu + cd ≃ c0
u + c0

d = 1

(2) cu − cd ≃ c0
u − c0

d − fud − 2κtc0
t ≈ fud

(3) ce ≃ c0
e + κtc0

t ≈ 0

RG effects on astrophobia (1/2)

(  axion couplings at PQ scale)c0
f :



RG effects on astrophobia (1/2)

X3 =
1
2 (1 − 3fud) + κt

1 − κt

X3 =
κt

1 − κt

Nucleophobia:

Electrophobia:

Given fud~1/3, perhaps unexpectedly,

axion astrophobia is stable against the RG corrections

Modification to the astrophobic conditions:


   unaffected(1) cu + cd ≃ c0
u + c0

d = 1

(2) cu − cd ≃ c0
u − c0

d − fud − 2κtc0
t ≈ fud

(3) ce ≃ c0
e + κtc0

t ≈ 0 (  axion couplings at PQ scale)c0
f :



Numerically solve the full set of RGEs 
including all sub-leading contributions and 
threshold corrections at the weak scale


Axion astrophobia survives in a certain 
parameter space


The only modification is a shift of the 
astrophobic parameter space 

Nucleo/electrophobic parameter space in 
terms of two VEV ratios:

Carenza, Fischer, Giannotti, Guo, 
Martínez-Pinedo, Mirizzi (2020)

RG effects on astrophobia (2/2)

tan β1 = v2/v1, tan β2 = v3/ v2
1 + v2

2

CSN
N ≡ (C2

n + 0.61C2
p + 0.53CpCn)1/2 < 0.04
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Di Luzio, Mescia, Nardi, SO (2022)

y3HDM
t > 16π /3



Unconventional axion models draw an attention


QCD axion window is larger than what we thought  axion “zoo”

Astrophobic axion models


Axion couplings to nucleon and electron can be suppressed by generation 
dependent PQ charge assignment


Astrophobic feature keeps holding after taking the RG corrections into 
account


Further application to other variant axion models would be important

→

Summary


