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Introduction

• PQ symmetry, a QCD-anomalous global symmetry, solves the 
strong CP problem.

• It may be identified with a flavour symmetry.

• It can be an approximate symmetry respected by operators 
up to D=10 to guarantee 𝛿𝜃 < 10−10.

• An approximate PQ symmetry could arise accidentally from a 
discrete gauge symmetry.
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Introduction

• (Discrete) Flavour symmetry as the origin of quark and lepton 
masses and mixing may enforce an accidental PQ symmetry

• A general study of phenomenology of flavourful axion
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Flavourful axion phenomenology

• PQ charges may be generation-dependent: QCD axion = 
phase field of flavons

• Fermion Yukawa couplings take a general form:

• After the transformation:

LDW 2018 EJ Chun "Flavourful Axion" 4

𝜙𝑖 =
𝑣𝑖

2
𝑒
𝑖
𝑥𝑖 𝑎
𝑣𝑃𝑄 𝑎 =෍

𝑖

𝑥𝑖
𝑣𝑖𝑎𝑖
𝑣𝑃𝑄

; 𝑣𝑃𝑄
2 =෍

𝑖

𝑥𝑖
2𝑣𝑖

2

−ℒYuk = 𝑒
𝑖
𝑎
𝑣𝑃𝑄

𝑥𝑓𝐿𝑖−𝑥𝑓𝑅𝑗 𝑀𝑖𝑗
𝑓
𝑓𝐿𝑖𝑓𝑅𝑗

𝑓𝐿/𝑅𝑖 → 𝑒
𝑖
𝑎
𝑣𝑃𝑄

𝑥𝑓𝐿/𝑅𝑖 𝑓𝐿/𝑅𝑖

−ℒ =
𝜕𝜇𝑎

𝑣𝑃𝑄
𝑥𝑓𝐿𝑖 𝑓𝐿𝑖𝛾

𝜇𝑓𝐿𝑖 + 𝑥𝑓𝑅𝑖 𝑓𝑅𝑖𝛾
𝜇𝑓𝑅𝑖 − ℒanomaly +𝑀𝑖𝑗

𝑓
𝑓𝐿𝑖𝑓𝑅𝑗

Feng, et.al., ‘98



General flavourful axion couplings

• In the mass basis:
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Lepton decays to axion

• LFV decays 𝑙𝑖 → 𝑙𝑗𝑎 with the couplings (𝑉𝑖𝑗
𝑒 , 𝐴𝑖𝑗

𝑒 ):

• Angular distribution:
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Radiative LFV decay: 𝑙1 → 𝑙2𝑎𝛾

• Cristal Box:

• Future search?  
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𝐵𝑟 𝜇 → 𝑒𝑎𝛾 < 1.1 × 10−9 ⇒ 𝑣𝑃𝑄 > 9.4 × 108 𝐶21
𝑒 𝐺𝑒𝑉

𝐵𝑟 𝜇 → 𝑒𝛾 < 4.9 × 10−11

??



Axion-mediated LFV processes

• Mu to 3e:

• Mu-to-e conversion:

• Both put bounds around 
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𝐵𝑟 𝜇 → 𝑒𝑒𝑒 < 10−12 SINDRUM ; 10−16(Mu3e)

𝑅𝜇𝑒 < 7 × 10−13 SINDRUM II ; 6 × 10−17(Mu2e)

𝑣𝑃𝑄 ≳ 106 GeV

Nucleon spin-dependent

Cirigliano, Davidson, Kuno, ‘17



Meson decay to axion

• Meson decays 𝑃 → 𝑃′𝑎 from flavourful vector couplings:
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Axion-meson mixing

• After QCD condensation,

• Kinetic mixing diagonalization & mass re-diagonalizaton:
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Axion-pion mixing

• For QCD axion, the mixing is negligible (𝑓𝑃 ≪ 𝑓𝑎, 𝑚𝑎 ≪ 𝑚𝜋).

• For ALP, it can lead to sizable contribution to 𝐾+ → 𝜋+𝑎 & 𝑎 → 𝛾𝛾
induced from 𝐾+ → 𝜋+𝜋0 & 𝜋0 → 𝛾𝛾:

• B 𝐾+ → 𝜋+𝑎 < 10−10 puts a limit:
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Impact on neutral meson mass splitting 

• Flavourful axion couplings (𝐴12,23
𝑢,𝑑 )  induces mixing with heavy 

mesons (𝐾,𝐷, 𝐵) contributing to their mass splitting:
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A-to-Z flavour Pati-Salam Model

• A Pati-Salam unification model where PQ symmetry, 
protected up to D=10 operators, arises accidentally from 
discrete flavour symmetry 𝐴4 × 𝑍5 × 𝑍3 × 𝑍5

′ :
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𝑥𝑓𝐿 = 0,0,0

𝑥𝑓𝑅 = 2,1,0

NDW = 6

Fermions

Higgses

Flavons

Messengers

“Family-dependent DFSZ”

Protection up to D=10



Axion-dependent Yukawa

LDW 2018 EJ Chun "Flavourful Axion" 18

𝑥
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𝑥
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• Flavon fields 𝜙1,2
𝑢,𝑑 and right-handed fermions 𝐹1,2,3

𝑐 are charged under 
the PQ symmetry:



Fitting fermion masses and mixing

• Fermion mass matrices from 15 input parameters:

• Best-fit:
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 Specific flavour prediction 
for axion



Our model Predictions

• Best-fit values for axion-fermion couplings:

• Rare decays to axion:

• Correlated probes:
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Conclusion

• Approximate PQ symmetric may arise accidentally from 
discrete family symmetry.

• A specific Pati-Salam unified model is worked out.

• It leads to interesting flavourful axion phenomenology.

• Rare Kaon and muon decays may provide a sensitive probe 
for QCD axion. 

• There appear numerous flavour observables interesting for 
ALP.
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