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Flavor = species of fermions



               

    
               

ℒSM = ℒgauge+Higgs + ∑
f

f iγμDμ f

− (q̄ Yu H u + q̄ Yd H d + ℓ̄ Ye H e)

Flavor structure in the SM



               

    
               

ℒSM = ℒgauge+Higgs + ∑
f

f iγμDμ f

− (q̄ Yu H u + q̄ Yd H d + ℓ̄ Ye H e)

U(3)5 flavor symmetry
Flavor structure in the SM

ψi → (Uψ)ij ψj (ψ = q, u, d, ℓ, e)



               

    
               

ℒSM = ℒgauge+Higgs + ∑
f

f iγμDμ f

− (q̄ Yu H u + q̄ Yd H d + ℓ̄ Ye H e) U(1)Y × U(1)B × U(1)L × U(1)Lμ−Lτ
× U(1)Le−Lτ

U(3)5 flavor symmetry
Flavor structure in the SM

ψi → (Uψ)ij ψj (ψ = q, u, d, ℓ, e)

 : 3 × 3 matrices in the flavor spaceYu , Yd , Ye



               

    
               

               

ℒSM = ℒgauge+Higgs + ∑
f

f iγμDμ f

− (q̄ Yu H u + q̄ Yd H d + ℓ̄ Ye H e)

+ ℒBSM

U(1)Y × U(1)B × U(1)L × U(1)Lμ−Lτ
× U(1)Le−Lτ

U(3)5 flavor symmetry
Flavor structure in the SM and Beyond

ψi → (Uψ)ij ψj (ψ = q, u, d, ℓ, e)

?
How is the flavor symmetry broken 

(preserved) in BSM?

neutrino mass
dark matter
baryon asymmetry
inflation
...

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit> {
+Beyond



Often introduce non-trivial flavor structures in BSM



1. To address the mystery of the flavor hierarchy

 ,     (Yu)ij q̄i H uj Yu = V†
CKM ⋅ diag(yu, yc, yt) ∼

10−5 0.001 0.008
10−6 0.007 0.04
10−8 0.0003 1
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1. To address the mystery of the flavor hierarchy

 ,     (Yu)ij q̄i H uj Yu = V†
CKM ⋅ diag(yu, yc, yt) ∼

10−5 0.001 0.008
10−6 0.007 0.04
10−8 0.0003 1

Often introduce non-trivial flavor structures in BSM

SM flavor puzzle 
"Why is there a large hierarchy 

among the Yukawa matrix 
elements?"



1. To address the mystery of the flavor hierarchy

 ,    

Froggatt-Nielsen mechanism

 

(Yu)ij q̄i H uj Yu = V†
CKM ⋅ diag(yu, yc, yt) ∼

10−5 0.001 0.008
10−6 0.007 0.04
10−8 0.0003 1

(Yu)ij q̄i H uj ⟶ (⟨ϕ⟩
M )nqi−nuj q̄i H uj = ϵnqi−nuj q̄i H uj

Often introduce non-trivial flavor structures in BSM

forbidden by U(1)FN Yukawa matrix is replaced by a spurion



1. To address the mystery of the flavor hierarchy

 ,    

Froggatt-Nielsen mechanism

 

Many options for symmetry and its breaking
SU(2), SU(3), discrete, modular, non-invertible...
radiative mass generation, partial compositeness...

(Yu)ij q̄i H uj Yu = V†
CKM ⋅ diag(yu, yc, yt) ∼

10−5 0.001 0.008
10−6 0.007 0.04
10−8 0.0003 1

(Yu)ij q̄i H uj ⟶ (⟨ϕ⟩
M )nqi−nuj q̄i H uj = ϵnqi−nuj q̄i H uj

Often introduce non-trivial flavor structures in BSM



2. To keep the BSM scale not far from the EW scale

Often introduce non-trivial flavor structures in BSM



2. To keep the BSM scale not far from the EW scale

Often introduce non-trivial flavor structures in BSM

TeV

Λ Traditional view

many new particles

GUT, quantum gravity...
∼∼

Origin of the electroweak scale, 
Extension of Higgs sector, WIMP, ...



2. To keep the BSM scale not far from the EW scale

Often introduce non-trivial flavor structures in BSM

TeV

Λ

Origin of the electroweak scale, 
Extension of Higgs sector, WIMP, ...

PeV
New flavor-violating interactions

large gap

Traditional view 1
Λ2

(qLi γμ qLj)2 ⇒ Λ ≳ PeV − 100 PeV

1
Λ2

ℓLi σμν H eRj Bμν ⇒ Λ ≳ 100 PeV

from K0-K0 bar mixing

from μ -> e γ



2. To keep the BSM scale not far from the EW scale

Often introduce non-trivial flavor structures in BSM

TeV

Λ Traditional view

Origin of the electroweak scale, 
Extension of Higgs sector, WIMP, ...

PeV

Flavor symmetries effectively lowers the BSM scale

Froggatt-Nielsen: 

Minimal Flavor Violation: 

1
Λ2 ( ⟨ϕ⟩2

M2 )nqi−nqj ⋅ (qLi γμ qLj)2

(YuY†
u)2

ij

Λ2
⋅ (qLi γμ qLj)2

New flavor-violating interactions

1
Λ2

(qLi γμ qLj)2 ⇒ Λ ≳ PeV − 100 PeV

1
Λ2

ℓLi σμν H eRj Bμν ⇒ Λ ≳ 100 PeV

from K0-K0 bar mixing

from μ -> e γ



3. To reduce free parameters in EFTs

In SMEFT,           #(dim-6 BNC) = 2499     without flavor sym.
                                                  ->  147      under U(2)^5
                                                  ->    47      under U(3)^5  

One can perform a global analysis in a controllable way

[Bartocci, Biekötter, Hurth, 2311.04963]

Often introduce non-trivial flavor structures in BSM



How useful is flavor symmetry to understand dark matter?



How useful is flavor symmetry to understand dark matter?

In this talk, I won't address the flavor hierarchy, nor the origin of flavor symmetry

Instead, will discuss its implication for dark matter



All flavor violation are caused solely by the Yukawa matrices
[Chivukula, Georgi ’87; Hall, Randall ’90; D’Ambrosio et al. ’02]

Minimal Flavor Violation (MFV) hypothesis



All flavor violation are caused solely by the Yukawa matrices

Promote the Yukawa matrices to spurious fields transforming under the U(3)^5 flavor group like

Yu ∼ (3, 3̄, 1, 1, 1), Yd ∼ (3, 1, 3̄, 1, 1), Ye ∼ (1, 1, 1, 3, 3̄)

[Chivukula, Georgi ’87; Hall, Randall ’90; D’Ambrosio et al. ’02]

Minimal Flavor Violation (MFV) hypothesis



All flavor violation are caused solely by the Yukawa matrices

Promote the Yukawa matrices to spurious fields transforming under the U(3)^5 flavor group like

Write down all interactions formally in a flavor invariant way

   ->  

Yu ∼ (3, 3̄, 1, 1, 1), Yd ∼ (3, 1, 3̄, 1, 1), Ye ∼ (1, 1, 1, 3, 3̄)

ℒNP = Cij (ūRi γμuRj) 𝒪μ Cij = c0δij + ϵ c1(Y†
uYu)ij + ϵ2 [c2(Y†

uYuY†
uYu)ij + c′￼2(Y†

uYdY†
d Yu)ij] + …

[Chivukula, Georgi ’87; Hall, Randall ’90; D’Ambrosio et al. ’02]

Minimal Flavor Violation (MFV) hypothesis



• Consider a new QCD singlet transforming nontrivially under SU(3)q × SU(3)u × SU(3)d

χ ∼ (nq, mq) × (nu, mu) × (nd, md)

MFV stabilizes dark matter [Batell, Pradler, Spannowsky ’11]

's, 's are Dynkin coefficients; (1,0)=triplet, (1,1)=octetn m
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(A + B + C − A − B − C) mod 3 = 0

• Consider a new QCD singlet transforming nontrivially under 

• General decay operators

SU(3)q × SU(3)u × SU(3)d

χ ∼ (nq, mq) × (nu, mu) × (nd, md)

MFV stabilizes dark matter [Batell, Pradler, Spannowsky ’11]

 invariantSU(3)c

's, 's are Dynkin coefficients; (1,0)=triplet, (1,1)=octetn m
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only  can be QCD singletqq̄, qqq, q̄q̄q̄



 
 

 

(A + B + C − A − B − C) mod 3 = 0
(nq − mq + A − A + D − D + E − E) mod 3 = 0
(nu − mu + B − B − D + D) mod 3 = 0
(nd − md + C − C − E + E) mod 3 = 0

• Consider a new QCD singlet transforming nontrivially under 

• General decay operators

SU(3)q × SU(3)u × SU(3)d

χ ∼ (nq, mq) × (nu, mu) × (nd, md)

MFV stabilizes dark matter [Batell, Pradler, Spannowsky ’11]

 and 
flavor invariant
SU(3)c

 nχ = nq + nu + nd

mχ = mq + mu + md

's, 's are Dynkin coefficients; (1,0)=triplet, (1,1)=octetn m
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(nχ − mχ) mod 3 = 0



 
 

 

(A + B + C − A − B − C) mod 3 = 0
(nq − mq + A − A + D − D + E − E) mod 3 = 0
(nu − mu + B − B − D + D) mod 3 = 0
(nd − md + C − C − E + E) mod 3 = 0

• Consider a new QCD singlet transforming nontrivially under 

• General decay operators

SU(3)q × SU(3)u × SU(3)d

χ ∼ (nq, mq) × (nu, mu) × (nd, md)

MFV stabilizes dark matter [Batell, Pradler, Spannowsky ’11]

 and 
flavor invariant
SU(3)c

 nχ = nq + nu + nd

mχ = mq + mu + md
For  to be stable, at least one of four equations should NOT be satisfiedχ

(nχ − mχ) mod 3 ≠ 0

's, 's are Dynkin coefficients; (1,0)=triplet, (1,1)=octetn m
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where ω3 = 1

[Batell, Lin, Wang ’13]

Why flavored DM stabilized within MFV?

{q, u, d} → e2πi/3{q, u, d}

{q, u, d} → e4πi/3{q, u, d}

An accidental Z3 symmetry within MFV:  Zχ
3 ⊂ Zc

3 × Zf
3

All SM fields and Yukawa spurions are  singlet 

For favored DM,   , it is  non-singlet if 

Zχ
3

χ → (ω)nχ−mχ χ Zχ
3 (nχ − mχ) mod 3 ≠ 0

a center group of SU(3)c

a center group of SU(3)q × SU(3)u × SU(3)d
  ψ → (ω2)c ⋅ (ω)q ⋅ (ω)u ⋅ (ω)d ψ



independent of spin and EW representation of 

MFV can only stabilize the lightest flavor

χ

[Batell, Pradler, Spannowsky ’11]

Flavored dark matter candidates



Flavored dark matter stabilized... what else?



Flavored dark matter stabilized... what else?

Naturally predicts a family of new particles -> multi-component dark matter? Mescia, SO, Wu, 2408.16812



Flavored dark matter stabilized... what else?

S1

S2

S3

∝ y2
t

∝ y2
c

Mi

M Si

Naturally predicts a family of new particles -> multi-component dark matter?

A gauge singlet,  triplet scalar:  SU(3)u S ∼ (1, 3, 1)

Mescia, SO, Wu, 2408.16812
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S3 ! S1tū, S2tc̄

Heavy scalar decays are triggered by dim-6 operators
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• Dominant mode depends on the mass splitting ΔM = M3 − M1
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•    DM

•    not DM and has to decay prior to 
the BBN (just require )

• DM is composed of two or three components in 
the white region

τSi
> τU →

τSi
< τU →

τSi
< 1 sec

all S1, S2, S3 
are DM

S1, S2 are DM
    no coupling to Higgs

ϵ = 10−2 ≃
M3 − M1

y2
t M1

≃
M2 − M1

y2
c M1

λ = 0

Parameter spaces for multi-component DM
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Signatures from multi-component flavored dark matter?

1. Indirect searches for heavy decaying dark matter Kim, Landini, Mescia, SO, work in progress

γ

Earth
γ, ν

p̄, e+DM halo

dwarf 
galaxy

χ3

χ1
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[Dienes+ 1406.4868; Ghosh+ 1909.13292; Herms, Ibarra 1912.09458]χ2,3 → χ1γγ
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2. Flavored DM from rare meson decays

• Apparent flavor violating decays can naturally occur

e.g.)  and    =>   mimic  and  processes!

• Mild excesses are reported by the Belle-II and NA62

b → sχ3 χ̄2 s → dχ1χ̄2 B → Kνν K → πνν

Mescia, SO, Swallow, Toni, 2601.08907

K+ → π+νν̄
B+ → K+νν̄

@Belle-II
    BaBar

@NA62
    KOTO

NA62 excess has disappeared 
with new data set!

Talk by Renato Fiorenza 
@ LA THUILE 2026



2. Flavored DM from rare meson decays

• Apparent flavor violating decays can naturally occur

e.g.)  and    =>   mimic  and  processes!

• Mild excesses are reported by the Belle-II and NA62

b → sχ3 χ̄2 s → dχ1χ̄2 B → Kνν K → πνν

Mescia, SO, Swallow, Toni, 2601.08907

B+ → K+νν̄
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Need more data, but future 
update might confirm some 
deviation in these decay modes

q^2 distribution is modified

χχ̄



Non-trivial flavor structures in BSM may provide a new avenue for theories of dark matter

• quark flavored DM + MFV  multi-component dark matter

• very rich phenomenology and cosmology

• still, many questions

• relation to the fermion hierarchy?

• extension to lepton flavor?

• U(3)5, U(2)5, modular, or others?

→

Summary

Thanks for listening!



Back up



There is an unbroken Z3 symmetry 

Z3 charge:    with  

All SM fields and spurions are singlet

- quarks: 

- others: 

Flavored DM: 

-  is Z3 non-singlet if   stabilized

Flavored scalars  can develop VEVs if 
- extendable to a broader framework

⊂ SU(3)c × SU(3)q × SU(3)u × SU(3)d

ψ → Uψ U = (ω2)nc−mc ⋅ (ω)nq−mq ⋅ (ω)nu−mu ⋅ (ω)nd−md

Q → (ω2 ⋅ ω) Q = Q
ϕ → ϕ

χ → (ω)nχ−mχ χ
χ (nχ − mχ) mod 3 ≠ 0 →

Φ (nΦ − mΦ) mod 3 = 0

where ω3 = 1

[Batell, Lin, Wang ’13]

Why flavored DM stabilized within MFV?

[Bishara+ ’15]



Three-body decay into light particles is induced at higher orders or via loop diagrams

appears at ε2 order or two-loop level

can surpass four or five-body ε0-order processes

∼
Y†

uYdY†
dYu

(16π2)2
∼ ϵ2 Y†

uYdY†
d Yu

Decay at higher orders
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• Heavy components are also DM if 

• White region is allowed

- two-component between orange and blue 
regions

- three-component above the orange region

τSi
> τU

all S1, S2, S3 are DM

S1, S2 are DM
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Impact of Higgs portal coupling (2/2)



• Only a limited mass range M1~180-210GeV is 
allowed in the freeze-out scenario

• EFT is not justified in the region, Λ < M1
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� = 0 (no coupling to Higgs)

Closer look at the WIMP region
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