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The Flavor problem
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• The incalculable parameters : −ℒy = Yu
i Q̄LiH̃uRi + Yd

ij Q̄LiHdRj + Ye
i L̄LiHeRi + h . c

19 unknown  real parameters in the unbroken phase

        In  2506.06423, some of the Yukawa are constrained through inequalities

Recent reviews:  Feruglio (2015), Altmannshofer et al.(2025)

• Large hierarchies in fermion mass spectrum

• In the SM, the masses varies  
 in EW scale10−6 ∼ 1

• In the limit , the action has enhanced global symmetry : masses are Technical natural 
parameters. Still, approximate flavor symmetries implies, existence of UV physics

Y = 0 [U(3)]5

• The quark mixings are 
hierarchical, but lepton 

mixings are anarchic

Image credit: 
Feruglio (2015)



Possible Explanation
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• The well known theories of flavor: FN mechanism, Extra-dimensions, Clockwork mechanism etc, 
explains the flavor hierarchies, but not the computability

• The radiative mass generation mechanism: Mass generation through quantum corrections can explain 
both of these issues

• At the tree-level only third generation fermions are massive, fermion self-energy 
corrections induces mass for light fermions

• Loop suppression  explains the intergenerational hierarchy; Masses becomes partially 

computable parameters

• Flavor violating couplings with BSM  particles  or   are necessary

1
16π2

X ϕ
B. A Dobrescu & P.J. Fox (2008), Weinberg (2020), Jana et al. (2022,2024),  Mohanta & Patel (2022,2023,2024,2025), 

Bonila et al.(2023)…

Weinberg (1972), Georgi et al. (1973),  Mohapatra (1974), Zee & Barr (1978)..
Balakrishna & Mohapatra (1988),….



Radiative mechanism In gauge extensions
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• Consider a toy framework with   as chiral fermions and   as VL fermionsfLα, fRα FL,R

• The phenomenologically allowed lowest new physics is  TeV≳ 102−3

• Experimental verification is beyond our reach

• Higgs mass naturalness

(ℳ)4×4 = ( 0 μL
μR MF) ⟹ M(0)

ij = −
μLiμRj

MF
; Rank = 1

• Flavor non-universal gauge interactions induces masses for the lighter fermions

fβ fγ fα

X

(δM )ij =
gX

2

4π2
qLi M(0)

ij qRj (B0[MX, m3] − B0[MX, mF])

• For abelian extensions, at 1-loop level, only second generation fermions get mass

• Higher order corrections or Non-abelian gauge extensions can induce first 
generation mass

Mohanta & Patel (2022,2023,2024,2025)

m3, mF



Hierarchies from Theory space
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Mij = ϵi δij + t (δi+1, j + δi, j+1)

  = [0, W],  Disorder parameter,ϵi

• The form of  leads to exponential localization of the mass eigenstates

• There are no massless modes for the chain fields

M

• Anderson localization 
in theory space

N. Craig  et al, (2018)

G = ΠN
i U(1)i
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Mij = ϵi δij + t (δi+1, j + δi, j+1)

  = [0, W],  Disorder parameter,ϵi

• The form of  leads to exponential localization of the mass eigenstates

• There are no massless modes for the chain fields

M

• Anderson localization 
in theory space

N. Craig  et al, (2018)

• Application: Anderson Partial compositeness

 are drawn from exponential profile 
of a localized scalar

ni
q, ni

u, ni
d

G = ΠN
i U(1)i



Rank 1  from Anderson chain
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• Consider a toy framework with   as chiral fermions and  as lattice fermions (VL)fLα, fRα Li, Ri

−ℒm =
Nf

∑
α=1

(μα fLαRα + μ′￼α L(N+1−α) fRα) +
N

∑
i, j=1

M(0)
ij LiRj + h . c . .

ℳ(0) =
(0)Nf ×Nf (μ)Nf ×N

(μ′￼)N×Nf
(M(0))N×N

m(0)
eff ≃ − μ M(0)−1 μ′￼

• The localization leads to massless modes

Rank (m(0)
eff ) = 1 for N ≥ 5• The effective mass matrix

K. Patel, (2025)

• The non-local effects can be introduced through additional interactions
K. Patel, (2025)



Loop induced Non-locality
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• The non-locality can be induced if the chain have additional interactions with massive gauge bosons

−ℒX = gXq (LiγμLi + RiγμRi) Xμ

• The self-energy corrections to the lattice fermions

δM(0)
ij =

g2
Xq2

12π2
(−1)i+j

5

∑
k=1

sin ( ikπ
6 ) sin ( jkπ

6 ) m(0)
k b0[M2

X, |m(0)
k |2 ] .

ℳ = (
(0)3×3 (μ)3×5

(μ′￼)5×3 (M(0) + δM(0))5×5) , 𝒰L,R = (𝕀3 − 1
2 ρL,Rρ†

L,R) uL,R −ρL,R UL,R

ρ†
L,R uL,R (𝕀5 − 1

2 ρ†
L,RρL,R) UL,R

G. Mohanta & K. Patel, (2026)• We choose   and  Nf = 3 N = 5

m1 = m2 = 0, m3 ≠ 0

m(0)
eff ≃ − μ M(0)−1 μ′￼



Loop induced Non-locality
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Quantum corrections in the UV theory generates masses for the SM  particles

meff ≈ − μM(0)−1μ′￼+ μM(0)−1δM(0)M(0)−1μ′￼,

G. Mohanta & K. Patel, (2026)



SM implementation: A radiative Anderson Model
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• Three type of chain fermions

• Only one additional SM singlet scalar

• The new gauge interaction only for the 
chain fermions

• Straightforward generalization of the 
Toy model analysis generates 
hierarchical fermion masses

G. Mohanta & K. Patel, (2026)



SM implementation: A radiative Anderson Model
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• Three type of chain fermions

• Only one additional SM singlet scalar

• The new gauge interaction only for the 
chain fermions

• Straightforward generalization of the 
Toy model analysis generates 
hierarchical fermion masses

• Asymptotic freedom and Landau poles: gi ≡ 4παi

• N = 5 is the maximum value for which  remains negative

• The large contribution to  by the new fermions indicates that the U(1) Landau poles are reached at much lower 
scales

b3

b1,X

For N = 5,  = 10 TeV, and assuming  at the scale  , we find that the Landau poles appear at   
 ∼  TeV for      and    at  ∼  TeV for 

mF αX = α1 mF

ΛLandau 104 U(1)X ΛLandau 1011 U(1)Y

G. Mohanta & K. Patel, (2026)



Low-energy  effects
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• The FCNC couplings of X boson

ℒX ⊃ ∑
f,α,β

((gX
fL)αβ

f̄Lαγμ fLβ + (gX
fR)αβ

f̄Rαγμ fRβ) Xμ ,
(gX

fL)αβ
= gXqF (u†

fLρfLρ†
fLufL)αβ

,

(gX
fR)αβ

= gXqF (u†
fRρfRρ†

fRufR)αβ

• The modified Z couplings

ℒZ ⊃
g

cW
Jμ

Zf Zμ + ∑
f,α,β

((δgZ
fL)αβ

f̄Lαγμ fLβ + (δgZ
fR)αβ

f̄Rαγμ fRβ) Zμ ,
(δgZ

fL)αβ
= −

g
cW

Tf
3 (u†

fLρfLρ†
fLufL)αβ

,

• The modified Higgs  couplings

(gh
f )αβ

=
mfβ

v (δαβ −
1
2 (u†

fLρfLρ†
fLufL)αβ) ,

−ℒY ⊃ ∑
α,β

(gh
f )αβ

f̄Lα fRβ h̃ + h . c . ,

(δgZ
fR)αβ

= 0 ,



Low-energy  effects
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ℒZ ⊃
g

cW
Jμ

Zf Zμ + ∑
f,α,β

((δgZ
fL)αβ

f̄Lαγμ fLβ + (δgZ
fR)αβ

f̄Rαγμ fRβ) Zμ ,
(δgZ

fL)αβ
= −

g
cW

Tf
3 (u†

fLρfLρ†
fLufL)αβ

,

• The modified Higgs  couplings

(gh
f )αβ

=
mfβ

v (δαβ −
1
2 (u†

fLρfLρ†
fLufL)αβ) ,

−ℒY ⊃ ∑
α,β

(gh
f )αβ

f̄Lα fRβ h̃ + h . c . ,

(δgZ
fR)αβ

= 0 ,

• The FCNC couplings has structure



Example solutions
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Phenomenology
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• Direct search bounds

MU > 1.7 TeV MD > 1.56 TeV ME > 0.4 TeV
ATLAS (2025)ATLAS (2024) CMS (2023)

Falkowski et al. (2017)



14

• Neutral meson-antimeson transitions
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• Rare top decays

• Lepton flavor violation

Calibbi, Signorelli (2018)



Radiative Anderson vs Chain Model
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yij ∼ λ ( μ
M )

nij



Radiative Anderson vs Chain Model
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• Three generations fermions gets mass from three chains

• Chain model can explain the mixing hierarchy, but 
radiative Anderson can not. (?)

• No additional gauge or scalar interaction required for the 
chain model

yij ∼ λ ( μ
M )

nij



Summary

17

• A radiative mass framework provides an effective mechanism for flavor puzzle

• The mechanism doesn’t depend on absolute value of new physics scale, rather depends on 
separation with VL fermion masses.

• Anderson localization in theory space can lead to exponential hierarchical couplings. This feature 
can also give massless modes in the theory

• Additional gauge interactions (without disorder) can generate the loop-suppressed  masses for the 
massless modes

• The lowest allowed new physics for the radiative mass framework in the  SM with Anderson 
localization is  TeV.

• The model can explain the Higgs vacuum stability, since it has 5 VL fermion (in each sector also)

5

Gopalakrishna et al. (2019)



Thank you
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SM implementation 
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• The scalar sector
V = −

μ2
H

2
H†H +

λH

4
(H†H )2 −

μ2
S

2
|S |2 +

λS

4
|S |4 +

λHS

2
H†H |S |2

⟨H⟩ = (
0
v

2 ) , ⟨S⟩ =
vS

2

h̃ = cos ϕ h + sin ϕ s , s̃ = cos ϕ s − sin ϕ h

VEVs

The physical scalars

• The Gauge sector DμH = (∂μ + ig
τi

2
Wi

μ + i
g′￼

2
Bμ + igX X′￼μ) H , DμS = (∂μ − igX X′￼μ)S ,

M2
G0 =

1
4 g′￼2v2 − 1

4 gg′￼v2 1
2 g′￼gXv2

− 1
4 gg′￼v2 1

4 g2v2 − 1
2 ggXv2

1
2 g′￼gXv2 − 1

2 ggXv2 g2
X(v2 + v2

S)
,

B
W3

X′￼

=
cos θW −sin θW 0
sin θW cos θW 0

0 0 1

1 0 0
0 cos θ −sin θ
0 sin θ cos θ (

A
Z
X) ,

tan θW =
g′￼

g
, tan 2θ =

2 m2
YX

m2
YY − m2

XX
,

m2
YY =

g2

cos2 θW

v2

4
, m2

XX = g2
X(v2

S + v2) , m2
YX = −

ggX

cos θW

v2

2



The Yukawa Lagrangian

21

• Straightforward generalization of the Toy model

(M(0)
F )ij

= WF [ δij + tF (δi+1, j + δi, j+1)] ,The VL fermion mass terms

μfα = (yf )α
v

2
, μ′￼fα = (y′￼f )α

vS

2
,

ρL → ρfL = − μf M−1
F , ρ†

R → (ρfR)† = − M−1
F μ′￼f , uL,R → ufL, fR, UL,R → UfL, fR .

mf
eff ≃ − μf M−1

F μ′￼f ≡ Mf , u†
fL Mf ufR = Diag(mf1, mf 2, mf 3) ,

generalization

• The charged SM fermion effective mass matrix



Neutrino mass
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The effective active neutrino mass matrix

Approximate eigenvalues



Numerical Fitting 

χ2 = ∑
i (

Oi
th − Oi

exp

σi )
2

i = 1,...,13 (13 observables)

Solutions are obtained through  function minimisation technique χ2

• The minimisation is done using MINUIT along with LAPACK & BLAS.

• We fit the observable at the renormalisation scale  GeV

• We choose

μ = 105

Huang & Zhou (2021),  PDG (2024)

|yi | : [0.1, 4π] , ∑
i

v2
ui + v2

di = (246)2GeV2 , m3 ≪ mF ∼ MX



Flavor violations 

• Quark flavor violations: Meson-antimeson oscillations 

ℋeff
M =

5

∑
i=1

Ci
MQM

i +
3

∑
i=1

C̃i
MQ̃M

i

 mixing couplings :K0 − K̄0

JHEP 03 (2008) 049: UTfit

C1
K =

g2
X

M2
X

[(Qd
L)12]

2
, C̃1

K =
g2

X

M2
X

[(Qd
R)12]

2
, C5

K = − 4
g2

X

M2
X

(Qd
L)12 (Qd

R)12

At TeV scale

and similar couplings for other  mixing are only non-vanishingM − M̄

Z1

Z1

• The exchange of  boson also mediates following type of LFV process:X

X
X


