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The Flavor problem

3

• 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

In the limit , the action has enhanced global symmetry : masses are Technical 
natural parameters

Approximate flavor symmetries implies, existence of UV physics

Y = 0 [U(3)]5

Recent reviews:  Feruglio (2015), Altmannshofer et al.(2025)
• Large hierarchies in fermion mass spectrum

Image credit: Feruglio (2015)Image credit: CERN

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



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

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

fβ fγ fα

X

(δM )ij =
gX

2

4π2
qLi M(0)

ij qRj (B0[MX, m3] − B0[MX, mF])

Rank 1 : SM fermions + VLF New FC interactions

ℒX ⊃ gX Xμ (qLα f̄Lαγμ fLα + qRα f̄Rαγμ fRα ),

ℳ = (03×3 μL

μR MF)

B0[M, m] = Δϵ + 1 −
M2 ln M2

μ2 − m2 ln m2

μ2

M2 − m2

ℒm ⊃ μLi f̄LiFR + μRi F̄L fRi + mF F̄LFR + h . c

 with flavor non-universal  qL,R

• For Abelian gauge extensions, det. = 0.  One of the state remains massless; Higher order 
corrections may induce it’s mass.

• The loop-induced corrections are sensitive only to the relative hierarchy among the new-physics 
scales, rather than to their absolute values.

M(1)

⟹ M(0)
ij = −

μLiμRj

MF
;

M(1)
ij = M(0)

ij (1 + C qLiqRj + C1 qLiqR4 + C2 qL4qRj + C C1C2 qLiqRj qL4qR4)



The Strong CP puzzle
CP violation in Strong sector ΔℒCPV =

θQCD gs2

32π2
ϵμνρσ Ga

μνGa
ρσ + mqeiθqγ5 q̄LqR

θ = θQCD + Arg( Det(ℳu ℳd))

“Strong CP problem”From Neutron EDM:     θ ≤ 10−10

The physical strong CP parameter is 
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Nelson-Barr mechanism (1984)
CP symmetry

   Popular solutions: 

Massless quark Pecci-Quinn Axion

Babu, Mohapatra: PRL(1989)

Symmetry based solutions 

P symmetry 

• In  Kaplan, Melia and Rajendran (2025) it is shown that only dynamical solutions 
solve the strong CP problem.

• Joshua et al. (2025) showed  gauging P/CP solves the puzzle.



Radiative mechanism and Strong CP 

• In radiative mass mechanism in an Abelian extension of the SM

•  has vanishing determinant. Massless quark solution holds.

•  is not real, and induces large  .

M(0) and M(1)

det M(2) θ̄

Doesn’t solve the strong CP problem of the SM
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• In radiative mass mechanism in an Abelian extension of the SM

•  has vanishing determinant. Massless quark solution holds.

•  is not real, and induces large  .

M(0) and M(1)

det M(2) θ̄

Doesn’t solve the strong CP problem of the SM

f̄L ℳ fR = (ūL T̄L) (
03×3 yvL

y†vR MT) (uR
TR)

Parity invariance

 appears at two loop level and  θ̄ θ̄ < 10−10

Fermion masses are generated through universal seesaw 
mechanism. Yukawa coupling hierarchy reduces to  to 1. 10−3

Parity sets  

VEVs are real.

Determinant is real. “Hermitian 
Type” matrix

θ̄QCD = 0

Babu, Mohapatra P.R.L(1989)

•  Parity Solutions/ Babu-Mohapatra solutions:  LRSM with parity invariance

θ̄tree = Arg . Det . (ℳ) = 0



Parity invariant LRSM with Radiative masses

 ModelU(1)2−3

V = μ2
Li H†

LiHLi + μ2
Ri H†

RiHRi + (λ)ij [(H†
LiHLi) (H†

LjHLj) + (H†
RiHRi) (H†

RjHRj) ]
+ (λ̃)ij [(H†

LiHLj) (H†
LjHLi) + (H†

RiHRj) (H†
RjHRi) ] + (λ4)ij (H†

LiHLi) (H†
RjHRj)

+ (λ̃4)ij (H†
LiHLj) (H†

RjHRi)

• The scalar potential 

• The Yukawa Lagrangian

ℒq = ydi (Q̄LiHLiDR + Q̄RiHRiDL) + yei (Q̄LiHLiER + Q̄RiHRiEL)

+yu3 (Q̄L2H̃L3UR + Q̄R2H̃R3UL) + MUŪLUR + MDD̄LDR

+yu1 (Q̄L1H̃L1UR + Q̄R1H̃R1UL) + yu2 (Q̄L3H̃L2UR + Q̄R3H̃R2UL)

+ MEĒLER + H . c .

• Parity symmetry

ΨLi ↔ ΨRi

HLi ↔ HRi

Potential has all real parameters; Implies real vevs 
for the scalars

Redefinition of fields leaves only 2 complex Yukawa 
couplings

GM: JHEP  (2025) 



1-Loop

M(0)
ij = −

vLivRi

MF
yi y*j

ℳ = (03×3 μ
μ′￼ MF) ,

This implies   is unphysicalθ̄tree

• Fermions mass matrix after SSB
μi = yivLi

μ′￼i = y†
i vRi

M(1)
ij = M(0)

ij + δM(0)
ij = M(0)

ij (1 + C qLiqRj)

θ̄1−loop is unphysical.

• 1-loop corrected fermion mass matrix has the form

det . M(1) = 0.

(δM )ij =
gX

2

4π2
qLi M(0)

ij qRj (B0[MX, m3] − B0[MX, mF])with



2-Loop

• We choose phase of  as , Then phase of   . Then   yi θi y*i : − θi

where θij = θi − θj

+ (δM(0)
f )ij (1 +

g2
X

16π2
qLi qRj b0[MX, m(1)

f 3 ])
+

g2
X

16π2
qLi qRj (U(1)

fL )i2 (U(1)
fR )

*

j2
m(1)

f 2 (b0[MX, m(1)
f 2 ] − b0[MX, m(1)

f 3 ])

(M(2)
f )ij

= (M(0)
f )ij (1 +

g2
X

16π2
qLi qRj (b0[MX, m(1)

f 3 ] − b0[MX, mF]))

The 2-loop corrected mass matrix

M(0)
ij ∼ eiθij

δM(0)
ij ∼ eiθij

μi : θi , μ′￼i : − θi

M(1)
ij ∼ eiθij

“Hermitian Type Matrix”“Hermitian Type Matrix”

• The sum of two hermitian type matrices X and Y is also a hermitian type matrix only when the phase 
factor of the elements  and  are the same.Xij Yij



Diagonalising matrices

(M†M)ij
= dij eiθij(MM†)ij

= cij eiθij

 and  are obtained from biunitary diagonalisation eqns.UL UR

U†
R M†MUR = D2 ,

U†
L MM†UL = D2 ,

D = Diag . (mk)

Now inverting the diagonalisation eqn.

(M†M)ij
= (UR D2 U†

R)ij
,(MM†)ij

= (UL D2 U†
L)ij

cij = (e−iθik (UL)ik) m2
k (eiθjk (UL)*jk) dij = (e−iθik (UR)ik) m2

k (eiθjk (UR)*jk)

(SL)ik
= e−iθik (UL)ik (SR)ik

= e−iθik (UR)ik

(UL)ik ∼ eiθik , (UR)ik ∼ eiθik .Phase factor of    and  UL UR

= (SL)ik
m2

k (SL)*
ik

= (SR)ik
m2

k (SR)*
ik

M(2)
ij = rij eiθij θ̄2−loop = Arg . Det . (M(2)) = 0



Qualitative Analysis
In the mass basis of fermions

−ℒgauge =
gX

2
Xμ [(Q(2)

f L)ij f′￼Liγμ f′￼Lj + (Q(2)
f R)ij f′￼Riγμ f′￼Rj]

Q(2)
f L,R = U(2)

f
†

L,R
q U(2)

f L,R
;

(Q(2)
f L,R)ij

∼ eiθij

 doesn’t get induced in all order of perturbation through gauge corrections .θ̄

where θij = θi − θj



Non-vanishing θ̄

ℒ ⊃ ℒy + ℒX + ℒscalar

Universal seesaw of Babu-
Mohapatra model

Don’t violate parity

Scalar induced 
corrections can 
break parity

θ̄ ∼ ( 1
16π2 )

2

( vL

vR )
2

ϕ2 .

θ̄ ∼ 10−14

Babu, Mohapatra PRL(1989)

• Here .    is constrained from FV analysis. For  casevR ∝ MX MX U(1)2−3

MX ≳ 108 GeV

This gives

GM & KMP:JHEP(2024)



Summary

Radiative mass mechanism can accommodate the parity solutions to strong CP 
problem when implemented in a parity invariant LR model.

This model has 6 less VL fermions, but 4 more scalars compared to Babu-Mohapatra 
model.

In minimal model,  and RH sector breaking scale are at same level. The former 
constraints the latter.

The model predicts very small strong CP phase . Nearly 4 order smaller 
compared to the present experimental limit.

U(1)F

θ̄ ∼ 10−14



Thank you



Backup slides



Gauge sector
Gauge Bosons:

Charged gauge bosons:

Neutral gauge bosons:

SU(2)L × SU(2)R × U(1)B−L × U(1)2−3

M2
W±

L
=

1
4

g2 ∑
i

v2
Li, and M2

W±
R

=
1
4

g2 ∑
i

v2
Ri .

(W3
Lμ, W3

Rμ, Bμ, Xμ) mixing happens

M2 =
1
4

g2 ∑i v2
Li 0 −g g1 ∑i v2

Li g gX(v2
L3 − v2

L2)

0 g2 ∑i v2
Ri −g g1 ∑i v2

Ri g gX(v2
R3 − v2

R2)

−g g1 ∑i v2
Li −g g1 ∑i v2

Ri g2
1 ∑i (v2

Li + v2
Ri) −g1 gX(v2

L,R3 − v2
L,R2)

g gX(v2
L3 − v2

L2) g gX(v2
R3 − v2

R2) −g1 gX(v2
L,R3 − v2

L,R2) g2
X(v2

R2 + v2
R3)

Det.  . ∝ v2
Li

Z boson

Has vanishing det.

Photon Aμ

𝒟2 =

0
m2

Z

m2
ZR

m2
X

mX ∼ MWR
∼ mZR

∼ vR



QFV

• Quark flavour violations: Meson-antimeson oscillations 

ℋeff
M =

5

∑
i=1

CM
i QM

i +
3

∑
i=1

C̃M
i Q̃M

i

 mixing:K0 − K̄0

JHEP 03 (2008) 049: UTfit

C1
K =

g′￼2

M2
Z′￼[(X(1)

dL )12]
2

, C̃1
K =

g′￼2

M2
Z′￼[(X(1)

dR )12]
2

, C5
K = − 4

g′￼2

M2
Z′￼

(X(1)
dL )12 (X(1)

dR )12

C1
Bd

=
g2

1

M2
Z1

[(X(1)
dL )13]

2

, C̃1
Bd

=
g2

1

M2
Z1

[(X(1)
dR )13]

2

, C5
Bd

= − 4
g2

1

M2
Z1

(X(1)
dL )13 (X(1)

dR )13
, mixing:B0

d − B̄0
d

 mixing:B0
s − B̄0

s C1
Bs

=
g2

1

M2
Z1

[(X(1)
dL )23]

2

, C̃1
Bs

=
g2

1

M2
Z1

[(X(1)
dR )23]

2

, C5
Bs

= − 4
g2

1

M2
Z1

(X(1)
dL )23 (X(1)

dR )23
.

 mixing:D0 − D̄0

C1
D =

g2
1

M2
Z1

[(X(1)
uL )12]

2

, C̃1
D =

g2
1

M2
Z1

[(X(1)
uR )12]

2

, C5
D = − 4

g2
1

M2
Z1

(X(1)
uL )12 (X(1)

uR )12
.

At TeV scale

−ℒZ1,2
= ∑

k=1,2

gk ((X(k)
fL )ij

fLi γμ fLj + (X(k)
fR )ij

fRi γμ fRj) Zkμ ,


