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Renormalization group corrections to axion couplings are not negligible

Today’s talk
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Yellow: Tree-level prediction in DFSZ models,  Green: +RG effects



A flash review of PQ mechanism and axion

Axion is predicted in a solution to the Strong CP problem

a(x) = NG boson from SSB of a chiral U(1) PQ symmetry

Two classes of benchmark (invisible) axion models ( ):

DFSZ axion: SM quarks and Higgses charged under PQ. 
Minimally requires 2HDM + 1 scalar singlet. SM leptons are also PQ charged.

KSVZ axion: All SM fields are neutral under PQ. 
QCD anomaly induced by new quarks that are vector-like under SM and chiral 
under PQ. Singlet scalar breaks PQ.

vEW ≪ fa
[Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)]

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

ℒQCD ⊃ θ
αs

8π
GμνG̃μν ⟶

a(x)
fa

αs

8π
GμνG̃μν ⟨a/fa⟩ = 0 at the QCD vacuum



Axion couplings to matter and radiation
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Axion couplings to matter and radiation

PQ-EM anomaly

a-π0 mixing (aGG term)
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Axion couplings to matter and radiation

PQ-EM anomaly

a-π0 mixing (aGG term)

Cf = Cf (μQCD) ( f = u, d, s, e)

sμΔu,d,s = ⟨N | q̄γμγ5q |N⟩

z = md /mu ≃ 2

Cp,n = ΔuCu,d + ΔdCd,u + ΔsCs − (
Δu,d

1 + z
+

z Δd,u

1 + z )
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Axion couplings to matter and radiation
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PQ-EM anomaly

a-π0 mixing (aGG term)

Cp,n = ΔuCu,d + ΔdCd,u + ΔsCs − (
Δu,d

1 + z
+

z Δd,u

1 + z )

Normally we take , and once an explicit 
axion model is chosen, axion couplings are determined by 
UV inputs (e.g. PQ charges of fields), but … 

Cf (μQCD) = Cf ( fa)

Cf = Cf (μQCD) ( f = u, d, s, e)

sμΔu,d,s = ⟨N | q̄γμγ5q |N⟩

z = md /mu ≃ 2



Axion couplings to matter and radiation
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PQ-EM anomaly

a-π0 mixing (aGG term)

Cp,n = ΔuCu,d + ΔdCd,u + ΔsCs − (
Δu,d

1 + z
+

z Δd,u

1 + z )
Cf = Cf (μQCD) ( f = u, d, s, e)

sμΔu,d,s = ⟨N | q̄γμγ5q |N⟩

z = md /mu ≃ 2

since  ,   μQCD ≪ fa Cf (μQCD) = Cf ( fa) + ΔCf (μQCD; fa)
corrections from RG evolution

Normally we take , and once an explicit 
axion model is chosen, axion couplings are determined by 
UV inputs (e.g. PQ charges of fields), but … 

Cf (μQCD) = Cf ( fa)



Running of DFSZ axion couplings
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Running of DFSZ axion couplings
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Running of DFSZ axion couplings
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Running of DFSZ axion couplings

Cf (μQCD) ≃ Cf ( fa) + ΔCf (μQCD; mBSM)
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Running of DFSZ axion couplings

Cf (μQCD) ≃ Cf ( fa) + ΔCf (μQCD; mBSM)
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RG correction crucially depend on the heavy Higgs scale 
instead of PQ scale ( )1 TeV ≲ mBSM ≤ fa



RG corrections in DFSZ axion models

Cf (2GeV) ≃ Cf ( fa) + rt
f (mBSM) Ct ( fa)

In the DFSZ models, the leading contribution arises from top loop diagrams induced by 
axion-top coupling Ct

∂μa
f

(H†iDμH) →
∂μa

f ∑
ψ=qL,uR,…

βψψγμψ (βψ = Yψ /YH)

t
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H

H



RG corrections in DFSZ axion models

Cf (2GeV) ≃ Cf ( fa) + rt
f (mBSM) Ct ( fa)

with  x = log10 ( mBSM

GeV )

Analytical approximation

In the DFSZ models, the leading contribution arises from top loop diagrams induced by 
axion-top coupling Ct

rt
3 = rt

u − rt
d ≃ − 0.54 ln( x − 0.52)

rt
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u + rt
d ≃ 3.8 × 10−4 ln2(x − 1.25)
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RG corrections in DFSZ axion models

Cf (2GeV) ≃ Cf ( fa) + rt
f (mBSM) Ct ( fa)

In the DFSZ models, the leading contribution arises from top loop diagrams induced by 
axion-top coupling Ct

rt
3 = rt

u − rt
d ≃ − 0.54 ln( x − 0.52)

rt
0 = rt

u + rt
d ≃ 3.8 × 10−4 ln2(x − 1.25)

rt
e ≃ −

rt
3

2

Analytical approximation rt
f ≃ T3,f rt

3

proportional to weak isospin!

with  x = log10 ( mBSM

GeV )



RG corrections in DFSZ axion models

DFSZ1:  

DFSZ2:  
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Only  receive large 
corrections at small tanβ

C3 , Ce

tan β = v1/v2

tree couplings vanish at β -> 0

RG corrections do not



Impact on Axion Phenomenology

RGB bound: 

SN1987A:

+ 
+  resonance

NN → NNa
πN → Na
Δ(1232) [Ho, Kim, Ko, Park, 2212.01155]

For RG effects, mBSM ∈ [1TeV, fa]

[Carenza et al. 2010.02943; Choi et al. 2110.01972]

[Lella et al. 2211.13760]

La = ϵ0 ( mN

fa )
2

C2
SN × 1070 erg/s

CSN = 1.4 (C2
0 + 1.3C2

3 + 0.11C0C3)

La ≤ Lν = 3 × 1052 erg/s

|Ce | ≤ 1.65 × 10−3 (ma/eV)−1

<- axion emission rate

|gae | ≤ 1.48 × 10−13



(Baby)IAXO ( )gaγ, gae

Impact on Axion Phenomenology

XENON-nT ( )gae Hot Dark Matter ( )gaπ

For RG effects, mBSM ∈ [1TeV, fa]

aπ ↔ ππ



Application to other axion models

Nucleophobic axion
Strong SN1987A bound is relaxed if 

At the tree level, this suppression is realized by 
generation dependent PQ charge for quarks such that

(i)   (N: PQ-QCD anomaly)

(ii)

→ These relations can be modified by the RG effects 
at low energy scales (see figure)

Axion nucleophobia keeps holding after including the 
RG effects, albeit with a fairly different VEV ratio

CN ≈ 0

N = N1st , N2nd = − N3rd

v2
2 /v2

1 = tan2 β = 2

[Di Luzio, Mescia, Nardi, Panci, Ziegler, 1712.04940]
[Di Luzio, Mescia, Nardi, SO, 2205.15326]

|Cp+Cn ||Cp+Cn |

|Cp-Cn ||Cp-Cn |
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[Alves, Weiner (2017),  Alves (2020)]

tan β = v2/v1



RG corrections to DFSZ axion couplings depend on heavy Higgs scale 
non-negligibly large even if 

 receive large RG corrections, while  doesn’t

Some DFSZ axion bounds were underestimated

Applications to other axion models
axion nucleophobia operates in a fairly difference parameter space before and after 
including the RG effects

mBSM

mBSM = 1 TeV

Cp + Cn , Ce , Cπ Cp + Cn

Thanks for your attention

Summary



Back up



Axion interactions to matter and radiation

 RGB bound ( ), SN1987A ( )← Ce NN → NNa

 HDM bound ( )← aπ ↔ ππ

 SN1987A ( )← πN → Na

 SN1987A ( -resonance)← Δ

Cγ =
E
N

− 1.92;
E
N

=
cW + cB

cG

Cπ = −
2
3

g−1
A C3; CπN = 2g−1

A C3; CNΔ = − 3C3

C0,3 =
1
2

(Cp ± Cn)



Axion couplings to SM fields

Axion effective Lagrangian in the Georgi-Kaplan-Randall basis:

U(1)PQ non-linearly realized:  
Heavy  radial mode ignored
At , one can take this basis by performing axion-dependent field redefinition
-> axion couplings correspond to PQ charge of fields and PQ-(gauge)^2 anomaly coefficients

a → a + α f
O( f )

μ = f
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Axion couplings to nucleons
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Renormalization group equations (1/2)
μEW < μ < mBSM

where

Axion-Higgs coupling  is removed at any scale by 
performing an axion-dependent hypercharge rotation:

This redefines all axion-fermion couplings as 
 , which you see in the RGEs

cH

ψ → e−icH βψa/f ψ (βψ = Yψ /YH)

cψ → c′￼ψ = cψ − βψcH



Renormalization group equations (2/2)
μQCD < μ < μEW

where

add threshold corrections at the EW scale

[Bauer, Neubert, Renner, Schnubel, Thamm, 2012.12272]

CA
f (μEW) = cfR(μEW) − cfL(μEW) + ΔcfR − ΔcfL



Small tanβ leads low Landau pole scales

impose perturbative unitarity on Higgs-mediated fermion 
2 → 2 scattering up to  :

(region left to the black line is excluded)

Yukawa couplings are RG-evolved from  to  , while 
appropriately matching with the 2HDM at 

μ = fa

⇒ Y2HDM
t,b ≤ 16π/3

mZ fa
μ = mBSM

Perturbative Unitarity Bounds
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[Di Luzio, Kamenik, Nardecchia (2016)]



Astrophysical bounds in DFSZ2 model

For RG effects, mBSM ∈ [1TeV, fa]

DFSZ2 model:

axion-electron coupling is not suppressed in the 
small tanβ region: 

 RG effect less important for the RGB bound 
than in the DFSZ1 model

Hadronic couplings are unchanged
 RG effect is unchanged for the SN1987A bound

Ce( fa) = − c2
β /3

⇒

⇒


