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What is the lowest FN scale compatible 
with present experimental constraints?
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What is the lowest FN scale compatible 
with present experimental constraints?

Answer:
The current energy frontier
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1. The flavor puzzle and Froggatt-Nielsen models 

Standard Model 

Gauge sector:  symmetric  

Higgs sector (Yukawa):  broken (partially) 

U(3)5

U(3)5

Why is the breaking so hierarchical? 
The flavor puzzle

yf

 gauge theory, 3 generationsSU(3) × SU(2) × U(1)1
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1. The flavor puzzle and Froggatt-Nielsen models 

Froggatt-Nielsen 

yf
ij ⟶ xf

ij ϵnf
ij

ℒSM ⊃ ∑
F,f

y f
ij F̄L,iHfR,j + {H̃} + h.c.

FN idea:

U(1)FN

Selection rules    flavor pattern↔ nf
ij ↔

[Fi] = QF
i [ fj] = Qf

j [ϵ] = 1

xf
ij ∼ 𝒪(1)

Froggatt, Nielsen (1978) 

-breaking spurionU(1)FN
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1. The flavor puzzle and Froggatt-Nielsen models 

Froggatt-Nielsen 

ϵ ⟶
⟨Φ⟩
MDynamical realization: [Φ] = 1

Φ =
vΦ + ρ

2
ei a

vΦ

 SSB  ALP U(1)FN → a

(⟨Φ⟩ =
vΦ

2 )(yf
ij ⟶ xf

ij ϵnf
ij)
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1. The flavor puzzle and Froggatt-Nielsen models 

Froggatt-Nielsen 

- If  has anomaly with QCD  Strong CP for free! U(1)FN ⟶
flaxion/axiflavon

Calibbi, Goertz, Redigolo, 
Ziegler, Zupan (2016)

Ema, Hamaguchi, 
Moroi, Nakayama (2016)
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1. The flavor puzzle and Froggatt-Nielsen models 

- Bound: ℒ ∼ ϵnsd eia/vΦ s̄LHdR + h.c.

Br(K+ → π+a) < 9.5 × 10−11 E787+E949 (2007) 
95% CL 

Can we lower this? 

Camalich, Pospelov, Vuong,
Ziegler, Zupan (2020)⇒ vΦ ≳ 1012 GeV  × ϵnsd

Froggatt-Nielsen 

- If  has anomaly with QCD  Strong CP for free! U(1)FN ⟶
flaxion/axiflavon

Calibbi, Goertz, Redigolo, 
Ziegler, Zupan (2016)

Ema, Hamaguchi, 
Moroi, Nakayama (2016)
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Simplest setup:  symmetryU(1)FN → ZN

ℒ ⊃ −
1
4

λ′ N

MN−4
Φ

[ΦN + (Φ*)N]

2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Mψ ∼ MΦ ∼ M



Alessandro Valenti | University of BaselFroggat-Nielsen ALP 13

Simplest setup:  symmetryU(1)FN → ZN

ℒ ⊃ −
1
4

λ′ N

MN−4
Φ

[ΦN + (Φ*)N]

m2
a ∼ λ′ N v2

Φ ( vΦ

MΦ )
N−4

∼ λ′ N v2
Φ ϵN−4

Mψ ∼ MΦ ∼ M

2. Discrete Froggatt-Nielsen

 not kinematically allowed!K → πa
(Strong CP solved externally)

Discrete Froggatt-Nielsen models

(λ′ N ∼
∏k yk

16π2 )
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Discrete Froggatt-Nielsen models
Simplest setup:  symmetryU(1)FN → ZN

Hierarchies: ( Φ
M )

nf
ij

F̄LHfR ⟶ ( Φ*
M )

N−nf
ij

F̄LHfR

Φm ∼ (Φ*)N−m

( Exception: 
  SUSY )

2. Discrete Froggatt-Nielsen

Mψ ∼ MΦ ∼ M
Require max [nf

ij] ≤ N/2
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Theory constraints:
1. Stability V(Φ) = − m2 |Φ |2 +

λ
2

|Φ |4 −
1
4

λ′ N

MN−4
Φ

[ΦN + (Φ*)N] + …

0 ≤ m2
a ≤ ( N

N − 2 ) λv2
Φ

0 ≤ m2
ρ ≤ λv2

Φ

2. Discrete Froggatt-Nielsen
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Theory constraints:
1. Stability 
2. QCD contribution

(no fine-tuning)m2
a ≳ m2

a,QCD ∼
m2

π f2
π

v2
Φ

N2

2. Discrete Froggatt-Nielsen

(assuming anomaly)
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Theory constraints:
1. Stability 
2. QCD contribution 

VΦ ⊃ −
1
4

1
MN−4

P
[ΦN + (Φ*)N]

(no fine-tuning)

3. QG contribution 

m2
a ≳ 8π2 ( N2

2N/2 ) ( vΦ

MP )
N−4

v2
Φ

2. Discrete Froggatt-Nielsen
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Theory constraints:
2. Discrete Froggatt-Nielsen

λ = 0.5

λ′ 4 = λ/4

λ′ 8 =
∏k yk

16π2

( yk ∼ U(0,1) ,
10th − 90th percentiles)
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Minimal model: Z4
q1,2,3 ∼ (2,1,0) ē1,2,3 ∼ (2,1,0)

yt,b,τ ∼ 1
yc,s,μ ∼ ϵ

yu,d,e ∼ ϵ2

Yd =
0.55ϵ2 2.5ϵ2 (0.73 − 1.8i)ϵ2

0 0.049ϵ 0.10ϵ
0 0 0.011

Yu =
0.25ϵ2 zu2

ϵ2 zu3
ϵ2

0 0.57ϵ yu3
ϵ

0 0 0.71

Ye =
0.15ϵ2 0 0
ze2

ϵ2 0.14ϵ 0

ze3
ϵ2 ye3

ϵ 0.01

- “Acceptable” fit (  tuning )O(10−2)

-  Pattern similar to  modelsU(2)q+e
Antusch, Greljo, Stefanek, Thomsen (2023)

3. The minimal model: Z4

ϵ ≃ 4.4 × 10−3
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Minimal model: Z4
UV completion: VLQ  + VLL Qa

2 , Q1 Ea
2 , E1

Z4 ∼ (0 , 1)

3. The minimal model: Z4

(0 , 1)

ℒUV ⊃ − zd
j q̄3Hdj − zu

j q̄3H̃uj − ze
j ℓ̄3Hej

+xq
1 Φq̄1Q1+xqa

12 ΦQ̄1Qa
2+xqa

2 Φq̄2Qa
2−yda

j ΦQ̄a
2Hdj − yua

j ΦQ̄a
2H̃uj

+xe
1 ΦĒ1e1 + xea

12 ΦĒa
2E1+xea

2 ΦĒa
2e2 − yea

j ℓ̄iHEa
2
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Minimal model: Z4

yb ys yd

up quarks, leptons analogous (with appropriate replacements)

3. The minimal model: Z4

(ϵ ∼ ⟨Φ⟩/M)

Z4 ∼ (0 , 1) (0 , 1)
UV completion: VLQ  + VLL Qa

2 , Q1 Ea
2 , E1
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

Interplay between UV (VLF) and ALP effects



Alessandro Valenti | University of BaselFroggat-Nielsen ALP 24

Phenomenogy: tower of EFTs
3. The minimal model: Z4

• VLF
(H†iDμH)(d̄γμd)

↔
(H†iDμH)(ūγμu)

↔
(H†iDμH)(ℓ̄γμℓ)

↔

(d̄γμd)(d̄γμd)

(ūγμu)(ūγμu)
(d̄γμd)(ūγμu) (ℓ̄γμℓ)(d̄γμd)

(ℓ̄γμℓ)(ūγμu) (ℓ̄γμℓ)(ℓ̄γμℓ)

SM Z
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• VLF
(H†iDμH)(d̄γμd)

↔
(H†iDμH)(ūγμu)

↔
(H†iDμH)(ℓ̄γμℓ)

↔

(d̄γμd)(d̄γμd)

(ūγμu)(ūγμu)
(d̄γμd)(ūγμu) (ℓ̄γμℓ)(d̄γμd)

(ℓ̄γμℓ)(ūγμu) (ℓ̄γμℓ)(ℓ̄γμℓ)

vΦ ∼ ϵMQ,E



Alessandro Valenti | University of BaselFroggat-Nielsen ALP 26

Phenomenogy: tower of EFTs
3. The minimal model: Z4

• VLF
(H†iDμH)(d̄γμd)

↔
(H†iDμH)(ūγμu)

↔
(H†iDμH)(ℓ̄γμℓ)

↔

(d̄γμd)(d̄γμd)

(ūγμu)(ūγμu)
(d̄γμd)(ūγμu) (ℓ̄γμℓ)(d̄γμd)

(ℓ̄γμℓ)(ūγμu) (ℓ̄γμℓ)(ℓ̄γμℓ)

Observables: 
- Rare meson decays 
- Rare lepton decays 
- Meson mixings 
- …

vΦ ∼ ϵMQ,E
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• VLF
(H†iDμH)(d̄γμd)

↔
(H†iDμH)(ūγμu)

↔
(H†iDμH)(ℓ̄γμℓ)

↔

(d̄γμd)(d̄γμd)

(ūγμu)(ūγμu)
(d̄γμd)(ūγμu) (ℓ̄γμℓ)(d̄γμd)

(ℓ̄γμℓ)(ūγμu) (ℓ̄γμℓ)(ℓ̄γμℓ)

Observables: 
- Rare meson decays 
- Rare lepton decays 
- Meson mixings 
- …

Leading: ϵK

 TeVvΦ ≳ 3

vΦ ∼ ϵMQ,E



Alessandro Valenti | University of BaselFroggat-Nielsen ALP 28

Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

cij =
1
vΦ

[(Uf †
L QFUf

L)m̂f − m̂f(Uf †
R QfUf

R)]ij

• VLF

See also: 
Björkeroth, Chun, King (2018) 
Bauer, Schnell, Plehn (2016) 
Bauer, Neubert, Renner, Schnubel, Tamm (2017,2020,2022) 
….
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

cij =
1
vΦ

[(Uf †
L QFUf

L)m̂f − m̂f(Uf †
R QfUf

R)]ij

cd ∼

md ms
md

ms
mb

md

mb

md
md

ms
ms mb

ms

mb

md
md

md
ms

ms

mb
mb

m2
s

m2
b

-  analogouscu, (ce)t

-  free parameterma ∼ λ4vΦ
(  natural expectation)λ4 ∼ 1

• VLF

See also: 
Björkeroth, Chun, King (2018) 
Bauer, Schnell, Plehn (2016) 
Bauer, Neubert, Renner, Schnubel, Tamm (2017,2020,2022) 
….
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

• VLF

P P′ 

a

ℓi

ℓj
qi qj

P
a

ℓi

ℓjqj

qi

K → πa, B → Ka
Displaced B → K(*)μμ

KL → μμ, KL → μe

P′ 

a
qi qj

P

Rare 
meson 
decays

(L
ea

di
ng

)
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

• VLF

P P′ 

a

ℓi

ℓj
qi qj

P
a

ℓi

ℓjqj

qi

K → πa, B → Ka
Displaced B → K(*)μμ

KL → μμ, KL → μe

ℓi

ℓj

a

ℓi

ℓj

ℓk
ℓka

τ → μa
 (displaced?)τ → 3μ

P′ 

a
qi qj

P

Rare 
meson 
decays

Rare 
lepton 
decays

(L
ea

di
ng

)

(L
ea

di
ng

)
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

• VLF

P P′ 

a

ℓi

ℓj
qi qj

P
a

ℓi

ℓjqj

qi

K → πa, B → Ka
Displaced B → K(*)μμ

KL → μμ, KL → μe

ℓi

ℓj

a

ℓi

ℓj

ℓk
ℓka

τ → μa
 (displaced?)τ → 3μ

P′ 

a
qi qj

P

P0P0 a

qi qj

qj qi

K − K̄ (ϵK)

Rare 
meson 
decays

Rare 
lepton 
decays

ΔF = 2

(L
ea

di
ng

)

(L
ea

di
ng

)

(L
ea

di
ng

)
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Phenomenogy: tower of EFTs
3. The minimal model: Z4

• ALP ℒ ⊃ ∑
f=u,d,e

c f
ij f̄L,i(ρ + ia)fR,j + h.c. + h.o.

• VLF

+  

+  conversion 
+ … 
+ Cosmology  
+ Astrophysics 
+ Haloscopes + …

ℓi → ℓjγ

μ → e

BBN ( ,  
X-rays, …

Γa ≳ H(TBBN)

SN1987, …

τ → μγ, μ → eγ, …
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3. The minimal model: Z4
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3. The minimal model: Z4
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4. Conclusion

• FN models remain some of the most popular flavor models 
• Discrete FN models allow massive ALP, lower FN scale 

• : minimal, predictive framework with simple UV completion 
• Phenomenology: interplay between VLF and ALP crucial 
• FN models can live at few TeV scale! 

Z4

Thank you for your attention!
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Backup
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 potentialZN

V(Φ) = − m2 |Φ |2 +
λ
2

|Φ |4 −
1
4

λ′ N

MN−4
Φ

[ΦN + (Φ*)N] + …

λ′ N

MN−4
Φ

∼
1

MN−4
ψ

∏k yk

16π2
ℒUV ⊃ ∑

k

ykΦΨ̄L,k+1ψR,k

ma

vΦ
∼

N
8π

ϵN/2−2 ∏
k

yk

( ϵ ∼ (ye/yt)2/N )- large  disfavoredϵN/2 ∼ (ye/yt) ⟶ N
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 modelZ8

q1,2,3 ∼ (2,1,0)

ē1,2,3 ∼ (0,1,2)

d̄1,2,3(2,2,2)ū1,2,3 ∼ (2,1,0)

ℓ1,2,3 ∼ (4,4,4)

̂yd,e
ii ∼ (ϵ4, ϵ3, ϵ2)

ϵ ≃ 6.6 × 10−2

̂yu
ii ∼ (ϵ4, ϵ2,1)
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 modelZ8

UV completion:
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