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Motivation

VCKM ∼
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VPMNS ∼

• The SM is a great theory.


• But… Flavor: while gauge sector is universal, Higgs couples to 
fermions in a funny way.


• Also: Higgs hierarchy problem.


• I am going to present a BSM model whose dynamics inevitably 
leads to:


• Hierarchies of masses between third and light families.


• Hierarchy of CKM vs anarchy of PMNS.


• The emergence of the Higgs as a composite state.



n

E

p

π

SU(3)c × SU(2)L × U(1)Y

W±, Z

e±, ν

Vector-like theory

QCD resonances

1 GeV

ρ

U(1)EM

100 MeV

⟨ūLuR + d̄LdR⟩ ∼ ΛQCD f2
π
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Massive if
qL

qR

eR

eL
me ∼

f 2
π ΛQCD

Λ2

3

• SM with 1 family and no Higgs

A toy SM

eL

eL

γ
eR

eR

γ=

[Quigg, Shrock, 0901.3958]

https://arxiv.org/abs/0901.3958
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U(1)EM

SU(2)L × SU(2)R × U(1)−L

(νL
eL) (νR

eR)⏟U(1)Y

A toy SM

• This gauge is anomalous. 
Mixed anomalies:

U(1)L − SU(2)L/R − SU(2)L/R

• SM with 1 family and no Higgs

Q = T3
L + T3

R +
−L
2

eL eR

SU(2)L × SU(2)R ⟶ SU(2)V

⟨q̄LqR⟩ ≠ 0

[Quigg, Shrock, 0901.3958]

Y = T3
R +

−L
2

https://arxiv.org/abs/0901.3958
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SU(2)L × SU(2)R × U(1)B−L

(νL
eL) (νR

eR)

Q = T3
L + T3

R +
B − L

2

⏟U(1)Y

A toy SM

• This gauge is not anomalous. 
Mixed anomalies:

U(1)B−L − SU(2)L/R − SU(2)L/R

Quark contribution fixes this promoting 
U(1)−L → U(1)B−L

• SM with 1 family and no Higgs

(uL

dL) (uR

dR)

U(1)EM

eL eR

SU(2)L × SU(2)R ⟶ SU(2)V

⟨q̄LqR⟩ ≠ 0

[Quigg, Shrock, 0901.3958]

Y = T3
R +

B − L
2

https://arxiv.org/abs/0901.3958


Addressing flavor

SU(2)L × U(1)Y ⊂ SU(2)L × U(1)B−L × SU(2)R

SU(2)L1 × SU(2)L2 × U(1)B−L × SU(2)R1 × SU(2)R2

𝒢 = SU(2)L1 × SU(2)L2 × U(1)X × SU(2)R2

⏟ ⏟
⏟
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Global approx. symm:

Gauge symm:

G1 × G2 × G3 × G′ U
≳PeV G1,2 × G3 × GU

≳TeV GSM

[Pati, Salam, PRD 10 (1974); Li, Ma, PRL 47 (1981)]

[Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368; Fernández-Navarro, King, 2305.07690; 
Davighi, Stefanek, 2305.16280; Davighi, Gosnay, Miller, Renner 2312.13346; Capdevila, 
Crivellin, JML, Pokorski, 2401.00848; Covone, Davighi, Isidori, Pesut, 2407.10950, …]

Change chirality for flavor. Flavor deconstruction:

Left-right unification:

For more, see also 

S. Covone’s talk

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.47.1788
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/2305.07690
https://arxiv.org/abs/2305.16280
https://arxiv.org/abs/2312.13346
https://arxiv.org/abs/2401.00848
https://arxiv.org/abs/2407.10950


Breaking sector
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⟨ζ̄(L)
L ζ(L)

R ⟩ ≠ 0 ⇒ SU(2)L1 × SU(2)L2 → SU(2)L

⟨ζ̄(R)
L ζ(R)

R ⟩ ≠ 0 ⇒ SU(2)R1 × SU(2)R2 → SU(2)R

We promote U(1)B−L → U(1)HB+B−L

SU(2)L

SU(2)R

Site 1 Site 2
ζ(L)

R

ζ(R)
R

ζ(L)
L

ζ(R)
L

• We need a sector breaking the UV gauge symmetry to the SM.


• Like in QCD, let us add a hyper-sector:


• Gauge group: 


• Hyper-fermions in a vector representation:  

SU(NHC)

ζ = (ζ(L), ζ(R))

It triggers an anomalous-looking arrangement of the SM fields, 
that addresses the different patterns of the CKM and PMNS

SU(2)L × U(1)Y

HB |ζ = 1/NHC

𝒢 = SU(2)L1 × SU(2)L2 × U(1)X × SU(2)R2

SU(2)R1 × U(1)B−L⏟



Breaking sector
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⟨ζ̄(L)
L ζ(L)

R ⟩ ≠ 0 ⇒ SU(2)L1 × SU(2)L2 → SU(2)L

⟨ζ̄(R)
L ζ(R)

R ⟩ ≠ 0 ⇒ SU(2)R1 × SU(2)R2 → SU(2)R

We promote U(1)B−L → U(1)HB+B−L

SU(2)L

SU(2)R

Site 1 Site 2
ζ(L)

R

ζ(R)
R

ζ(L)
L

ζ(R)
L

• We need a sector breaking the UV gauge symmetry to the SM.


• Like in QCD, let us add a hyper-sector:


• Gauge group: 


• Hyper-fermions in a vector representation:  

SU(NHC)

ζ = (ζ(L), ζ(R))

Q = T3
L + T3

R +
HB+B − L

2
It triggers an anomalous-looking arrangement of the SM fields, 

that addresses the different patterns of the CKM and PMNS

SU(2)L × U(1)Y

HB |ζ = 1/NHC
X = T3

R1 +
HB+B − L

2

𝒢 = SU(2)L1 × SU(2)L2 × U(1)X × SU(2)R2

SU(2)R1 × U(1)HB+B−L⏟



SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

No  anomaliesU(1)HB+B−L − SU(2) − SU(2)

[Fuentes-Martín, JML, 2402.09507]
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Fermion arrangement

If  is odd  No Witten anomalyNHC ⇒

• Arrangement to cancel gauge anomalies:

https://arxiv.org/abs/2402.09507


SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

No  anomaliesU(1)HB+B−L − SU(2) − SU(2)

[Fuentes-Martín, JML, 2402.09507]
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Fermion arrangement

If  is odd  No Witten anomalyNHC ⇒

• Arrangement to cancel gauge anomalies:

NP distinguishes 
among LH quarks…

… but among RH 
charged leptons

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]

https://arxiv.org/abs/2402.09507
https://arxiv.org/abs/2311.09288


Symmetry-breaking pattern

(
ζ(L)

L

ζ(R)
L ) ∼ 4 of SU(4)1 ⊃ SU(2)L1 × SU(2)R1

(
ζ(L)

R

ζ(R)
R ) ∼ 4 of SU(4)2 ⊃ SU(2)L2 × SU(2)R2

SU(4)1 × SU(4)2 ⟶ SU(4)V
(15 broken generators)

⟨ζ̄LζR⟩

15 = (1, 1) + 2 × (2, 2)+(1, 3) + (3, 1)

(of )SU(2)L × SU(2)R
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(
ζ(L)

L

ζ(R)
L ) ∼ 4 of SU(4)1 ⊃ SU(2)L1 × SU(2)R1

(
ζ(L)

R

ζ(R)
R ) ∼ 4 of SU(4)2 ⊃ SU(2)L2 × SU(2)R2

SU(4)1 × SU(4)2 ⟶ SU(4)V
(15 broken generators)

⟨ζ̄LζR⟩

15 = (1, 1) + 2 × (2, 2)+(1, 3) + (3, 1)

It’s a 2HDM!

⏟Eaten by new massive 
gauge bosonsPhysical pNGBs

𝒲±,0
μ ∼ (1, 3)0

ℬ0
μ ∼ (1, 1)0

ℬ±
μ ∼ (1, 1)±1

⏟
W′ L, W′ R and 2 Z′ ⏟   Javier M. Lizana | Flavour hierarchies, extended groups and composites 12

Symmetry-breaking pattern



Yukawa couplings

(q̄3
Lun

R)(ζ̄(R)
L ζ(L)

R ) = (q̄3
Lun

R) OH

Third family (e.g. top):

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:

ℒ ⊃ q̄LtR OH

ℒ ∝
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Yukawa couplings

(q̄3
Lun

R)(ζ̄(R)
L ζ(L)

R )

Third family (e.g. top):

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

ℒ ∝
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• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:

ℒ ⊃ q̄LtR OH



Yukawa couplings

(q̄3
Lun

R)(ζ̄(R)
L ζ(L)

R )ℒ ∝
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• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:

ℒ ⊃ q̄LtR OH

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

Third family (e.g. top):



Yukawa couplings

(q̄3
Lun

R)(ζ̄(R)
L ζ(L)

R )

Third family (e.g. top):

ℒ ∝
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• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:

ℒ ⊃ q̄LtR OH

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L



Yukawa couplings

Light families (e.g. ):μ

(ℓ̄n
Lei

R)(ζ̄(R)
L ζ(R)

R )(ζ̄(R)
R ζ(L)

L ) = (ℓ̄n
Lei

R) OH
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(q̄3
Lun

R)(ζ̄(R)
L ζ(L)

R )

Third family (e.g. top):

ℒ ∝

• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:

ℒ ⊃ q̄LtR OH

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L



 rotationU(3)u

ℒ ⊃ Y(u)
nm q̄n

L Hc um
R

Hierarchies in quarks

Δu
in q̄i

L Hc un
R + q̄3

L Hc yt
nun

R

(
× × ×
× × ×
◼ ◼ ◼ ) (

× × ×
× × ×
0 0 ◼ )

∼ (Vub

Vcb)

yt ∼ O(1)

Light Yukawas

n, m = 1,2,3
i, j = 1,2

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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https://arxiv.org/abs/2311.09288


 rotationU(3)u

ℒ ⊃ Y(u)
nm q̄n

L Hc um
R

Δu
in q̄i

L Hc un
R + q̄3

L Hc yttR

(
× × ×
× × ×
◼ ◼ ◼ ) (

× × ×
× × ×
0 0 ◼ )

∼ (Vub

Vcb)

yt ∼ O(1)

Light Yukawas

n, m = 1,2,3
i, j = 1,2

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Hierarchies in quarks

https://arxiv.org/abs/2311.09288


 rotationU(3)ℓ

ℒ ⊃ Y(e)
nm ℓ̄n

L H em
R

Δe
ni ℓ̄n

L H ei
R + yτ

nℓ̄n
L H τR

(
× × ◼
× × ◼
× × ◼) (

× × 0
× × 0
× × ◼)

n, m = 1,2,3
i, j = 1,2

yτ

Light Yukawas

ℒ ⊃
λnm

Λν
(ℓ̄n

LHc)(H†ℓmc
L ) Anarchic PMNS

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Hierarchies in leptons

https://arxiv.org/abs/2311.09288


 rotationU(3)ℓ

ℒ ⊃ Y(e)
nm ℓ̄n

L H em
R

Δe
ni ℓ̄n

L H ei
R + yτℓ̄3

L H τR

(
× × ◼
× × ◼
× × ◼) (

× × 0
× × 0
× × ◼)

n, m = 1,2,3
i, j = 1,2

yτ

Light Yukawas

Anarchic PMNS

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]

ℒ ⊃
λnm

Λν
(ℓ̄n

LHc)(H†ℓmc
L )
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Hierarchies in leptons

https://arxiv.org/abs/2311.09288


• Every breaking of  
contributes to the potential:

SU(4)1 × SU(4)2

tR

q3
L

NL

ν3
R

NL ∼ 1
ℓ3

R = (ν3
R, τR) ∼ SU(2)R2

mNN̄Lν3
R

ν3
R

NL

ζ(R)
R

ζ(R)
L

V(H1, H2, S) = + +…

Δm2
H1

< 0 Δm2
H1

> 0

• Benchmark for 4-fermions:
ζ(R)

R

ζ(R)
L

ν3
R

NL

ζ(R)
L

ζ(L)
R

tR

q3
L

⏟
m2

H1
∼

M2
N − 12f2

ζ y2
t

4NHC
= O(v2)

m2
H2

= 2m2
S ∼

M2
N

4NHC
= O(TeV2)

λH ∼
3y2

t

8NHC
∼ 0.1 − 0.2
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Higgs potential

 tuning10−2,−3



sin θX = gY /2.5 sin θL = gL /2.5

pp → ℓℓZ → bb̄, ̂T Z → τ+τ−, ̂T

μR

eR

ℬ0
μ

 in COMET 
and Mu2e

μ → eMixing angles between gauge and mass 
bases of massive vectors
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Some pheno:

Decay constant

Colored regions: Excluded at C.L.

Dashed lines: Future projections

95 %

1 2 3 4 5 10

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 2 3 4 5 10

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8



Thanks!
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• We have presented a model whose dynamics inevitably leads to:


• Hierarchies of masses between third and light families.


• Hierarchy of CKM vs anarchy of PMNS.


• The emergence of the Higgs as a composite and the breaking of the 
EW symmetry.


• It presents a novel mechanism to explain flavor hierarchies!


• Rich pheno with interplay between LHC, EW and flavor.


• Future tests of the model from improvement in  !μ → e

Conclusions



New states

⟨ζ̄LζR⟩

SU(3)c × SU(2)L × U(1)Y

E

H2, S

SU(3)c × SU(NHC)

𝒲, ℬ0, ℬ±
1

SM + H1?

Flavor-universal theory

Hyper-resonances

Λζ ∼ 20 TeV

∼ 1 TeV

Anomalous-looking 
flavor non-universal 

theory

× SU(2)3
Xi × U(1)X
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fζ



 rotationU(3)e

ℒ ⊃ Y(e)
nm ℓ̄n

L H em
R

Δe
in ℓ̄i

L H en
R + ℓ̄3

L H yτ
nen

R
(

× × ×
× × ×
◼ ◼ ◼ ) (

× × ×
× × ×
0 0 ◼ )

yτ

Light Yukawas

n, m = 1,2,3
i, j = 1,2

LH suppression in leptons

1 ∼ λ33 ≫ λ3n ≫ λnm ⇒ mν2
/mν3

≪ θ23 ≪ 1 ⇒

ℒ ⊃
1

Λν [λ33(ℓ̄3
LHc)(H†ℓ3c

L ) + λ3n(ℓ̄3
LHc)(H†ℓnc

L ) + λnm(ℓ̄n
LHc)(H†ℓmc

L )]
Hierarchical PMNS

(
− − ×
− − ×
× × ◼ )

[Greljo, Thomsen, 2309.11547; Davighi, 
Gosnay, Miller, Renner, 2312.13346; 
Capdevila, Crivellin, JML, Pokorski, 
2401.00848; Isidori, Greljo, 2406.01696]
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https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2312.13346
https://arxiv.org/abs/2401.00848
https://arxiv.org/abs/2406.01696


Heavy Neutral Lepton

NL ∼ 1
(ν3

R, τR) ⏟mNN̄Lν3
R

SU(2)L

SU(2)R

Site 1 Site 2

q3
L

ℓ3
R

q1,2
L

ℓ1,2
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

ν3
R

NL

ζ(R)
R

ζ(R)
L

• The partner of ,  has a -size Yukawa. It should become a HNL:τR ν3
R τ

[JML, 2412.14243]
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https://arxiv.org/abs/2412.14243


All representations

[JML, 2412.14243]
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https://arxiv.org/abs/2412.14243


Vector states
𝒲a

μ ∼ (1, 3)0
ψ̄L

ψL−gL tan θL

𝒲a
μ

q̄3
L

q3
LgL cot θL

𝒲a
μ

ψ̄L,R

ψL,R−YψgY tan θX

ℬ0
μ

τ̄R

τR

−
1
2

gY (cot θX − tan θX)

ℬ0
μ

τRgY csc θX

ℬ±
μ

ν3
R

H1
2

gL(cot θL − tan θL)

𝒲a
μ

H

YH

2
gY (cot θX − tan θX)

ℬ0
μ

H

H

gY csc θX

ℬ±
μ

H

H

ℬ0
μ ∼ (1, 1)0

ℬ±
μ ∼ (1, 1)±1

m𝒲 = 2 f gL csc 2θL

mℬ0 = 2 f gY csc 2θX

mℬ± = f gY csc θX

Mixing angles θL, θX

[JML, 2412.14243]

   Javier M. Lizana | Flavour hierarchies, extended groups and composites 29

https://arxiv.org/abs/2412.14243


2HDM

V ⊃
1
2

m2
SS2 + m2

H2
|H2 |2 + m2

H1
|H1 |2 + i m2

12 (H†
1 H2 − H†

2 H1) +
λ
4

|H |4

• Assuming CP conservation:

[JML, 2412.14243]

custodial⟨H2⟩ ∝ i⟨H1⟩ ⇒

SU(4)1 × SU(4)2 → SU(4)V ⊃ SU(2)L × SU(2)R

U = ei Π/f, Π =
1
2

Taσa + S

2
12 −i (H1 + iH2)

i (H1 + iH2)
† Δaσa − S

2
12

Goldstone matrix:

CP even CP odd
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https://arxiv.org/abs/2412.14243


Semisimple UV-completion
SU(3)c × SU(NHC) × U(1)B−L

[JML, 2412.14243]
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https://arxiv.org/abs/2412.14243


Alternative model

SU(2)L

SU(2)R

Site 1 Site 2

q1,2
L

ℓ1,2
R

q3
L

ℓ3
R

ℓ1,2,3
L

q1,2,3
R

ζ(L)
R

ζ(R)
R

ζ(L)
L

ζ(R)
L

If  and  is even  Anomaly-free(B − L)ζ =
2

NHC
NHC ⇒

[JML, 2412.14243]
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https://arxiv.org/abs/2412.14243


Alternative model

[JML, 2412.14243]
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https://arxiv.org/abs/2412.14243


Yukawa couplings

Light families (e.g. ):μ

(ℓ̄n
Lei

R)(ζ̄(R)
L ζ(R)

R )(ζ̄(R)
R ζ(L)

L ) = (ℓ̄n
Lei

R) OH
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Third family (e.g. top):

ℒ ∝

• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:
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Third family (e.g. top):

ℒ ∝

• Yukawas à la technicolor  (also possible partial compositeness).


• Extended gauge addresses flavor hierarchies:
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