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 Standard Model

Experimentally, excluding the Higgs mechanism,  
completed in the 70s and 80s

 The Higgs mechanism Granting mass  
to other fundamental particles 

The discovery of the Higgs boson in 2012  

Symmetries - 
Lorentz invariance  

 gauge symmetry   
Space-time symmetry (P & CP)

SU(3)C × SU(2)L × U(1)Y

Neutrino mass = 0

as a low energy effective theory 

SM Particle Mass
Femion Boson

M
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(

)
G

eV

ν e ν e ν e

Electron neutrino Muon neutrino Tau neutrino

Absence of  &  anomalies SU(N ) U(1)

 Gravity is missing !!  
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 Things that can not be Explained by the SM…….

Neutrino Mass  0 
Mixing and CP violation

≠

The identity of  
Dark Matter  

Why are there 3 generations ? 
Why such significant mass hierarchies ?

Fermion Boson

Inclusion of gravity 
Instability of the Higgs potential 

Strong CP problem 
….

M
as

s 
(

)
G

eV

Point toward the existence of physics beyond the SM 

Matter-antimatter asymmetry of the 
Universe 
Inflation 

Dark energy
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we propose a Modular- and Gauge-invariant model within a 4D effective action,  

based on  symmetry. GSM × U(1)X × SL(2,ℤ)

To address the strong CP problem & dark matter and explain the Quark and 
lepton mass and mixing hierarchies including their CP violating phases,
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String theory when compactified to 4-dim. can generically contain : Gauged U(1)X

String Theory and the Emergence of the Fundamental Mathematical Structure : Modular Group SL(2,Z )



A 4D effective model with  in string-derived supergravity GSM × U(1)X × SL(2,ℤ)

Contents

Anomaly cancellations & Flavor structure

An example model & QCD axion mass 

The modulus VEV stabilizes near a fixed point, τ ≈ i
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 , especially -duality, acts on the complex variable , varying in the upper-half complex plane ,

                                 

SL(2,ℤ) T τ Im(τ) > 0

τ → γτ =
aτ + b
cτ + d

(a, b, c, d ∈ Z, ad − bc = 1) modular transformation 

Under the modular transformation and the gauged ,  

the SUSY action  

should be invariant

U(1)X

𝒮 = ∫ d4xd2θd2θ̄ K(Φ, Φ̄e2V )+{∫ d4xd2θ(W(Φ)+
fab(Φ)

4
𝒲aα𝒲b

α) + h . c . }

Gauged   and  Modular Group U(1)X SL(2,Z )

Its invariance can strictly constrain the Kahler potential, Superpotential, and Gauge kinetic function

with  Φ = (τ, UX, S, . . . ; φ, φX . . . )

moduli  

matter superfields

𝒟 ≡ {τ ∈ ℋ : −
1
2

≤ Re τ <
1
2

, |τ | > 1} ∪ {τ ∈ ℋ : −
1
2

< Re τ ≤ 0, |τ | = 1}

While no specific value of  preserves the full modular symmetry, partial modular symmetries are retained at special symmetric points 

              

τ

τ = i, i∞, ei2π/3

Fundamental  
Domain
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Anomalous triangle graphs associated with
Modular invariance under the non-local modular group  
Gauged 

SL(2,ℤ)
U(1)X

{
Must Vanish within string-derived low energy theory 

Ibanez & Lust 9202046 
Novichkov, Penedo, Petcov, Titov 1811.04933 
Gonzalo, Ibanez, Uranga 1812.06520



Under the modular transformation  

When SM fermions transform nontrivially under , its invariance can offer a minimal flavor framework  
without excessive scalars 

SL(2,ℤ)

 Yukawa couplings          ∼ Yij(τ)( ΦX

Λ )n = cijX Fkij
(τ)( ΦX

Λ )n

unit-magnitude Complex constants   Polynomials in the Eisenstein series  and     
Feruglio, Strumia, Titov 2305.08908

E4 E6

In the 4D  string-derived supergravity framework           &      𝒩 = 1 G (Φ, Φ̄) =
K(Φ, Φ̄)

M2
P

+ ln
|W(Φ) |2

M6
P

f (Φ)

that transform as  singlets, their holomorphicity across the fundamental domain (including ) 
leads to nearly unique, weight-specific forms  

SL(2,ℤ) τ = i∞

 

 

K(Φ, Φ̄) → K(Φ, Φ̄)+(g(τ) + g(τ̄ ))M2
P

W(Φ) → W(Φ) e−g(τ)

When SM fermions transform nontrivially under        QCD axion to solve the strong CP problem 
                                                                  A dark matter candidate 

                                                    Flavor structure

U(1)X ⇒
⇒
⇒

Binetruy & Dudas 9411413 
Feruglio 1706.08749 
Feruglio, Strumia, Titov 2305.08908 
Kang & Ahn 2306.14467

 mixed anomaly-free  flavor structureSL(2,ℤ) ⇒

 charged scalar fieldU(1)X
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Modular form

In global SUSY limit  its anomaly is not required to be free, but the strong CP phase remains unaffected⇒
This does not affect the strong CP phase

 f (Φ) 𝒲α𝒲α → f (Φ) 𝒲α𝒲α

Ahn 1410.1634  
        Flavored PQ symmetry 
Ahn 1604.01255 
        QCD axion as a bridge between 

string string theory and Flavor physics 
Björkeroth, Chun, King 1806.00660 
       Flavorful axion phenomenology 

Kahler transformation

 

 

K (Φ, Φ̄) → K (Φ, Φ̄)+(g (Φ) + g (Φ̄))M2
P

W (Φ) → W (Φ) e−g(Φ)

Anomalies induced by the Kahler transformations match those from gaugino chiral rotations



Minimal set-up

Based on the 4D effective action derived from type-IIA intersecting D-brane (T-dual to magnetized D-brane models),  
we consider the following with minimal chiral superfields transforming under  

  GSM × SL(2,ℤ) × U(1)X

 K = − M2
P ln{(S + S̄−h c̃ ln(−iτ + iτ̄))(UX + ŪX −

δGS
X

16π2
VX)h( − iτ + iτ̄)h}

+(−iτ + iτ̄)−k |φ |2 + ZX φ†
Xe−XVXφX + . . . .

Axio-dilaton
-charged complex 

structure modulus 
U(1)X

Kahler modulus

Vector superfield of 
 (including )U(1)X Aμ

X
Matter field -charged 

matter field

U(1)X
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with    h = 3

          W(Φ) =
1
3

Y(τ) φi φj φk+W(τ, UX, S )

Matter part Moduli

          fab = δab(S + UX) Type IIA 

  characterizes the coupling of the anomalous gauge boson to the axion δGS
X θX

W (S, UX, τ) = C0
e−αS M3

P

[η(τ)]2h(1+αc̃)
+

M3
P

[η(τ)]2h (Ae−aUX − Be−bUX)

Explicitly break -shift symmetryS

UX =
1
g2

X
+ iθX



For  to be modular invariant under the Kahler transformation ( ),W(Φ) W → W e−g(τ)

Under the modular transformation, invariance of the 4D action requires

          W(Φ) =
1
3

Y(τ) φi φj φk+W(τ, UX, S )

Y(τ) → Y(γτ) = (cτ + d )−kY Y(τ) with  kY = h−(ki + kj + kk)

The function  can become independent of Y(τ) τ

Quark & Lepton  
Yukawa structure

scalar potential

Wv = gχ0
χ0 HuHd + χ0(gχ χ χ̃ − μ2

χ )

0 000h hkI

−1+10000U(1)X

dependent of  τ

  φi → (cτ + d )−kiφi

S → S − c̃ ln(cτ + d )h

                          K(Φ, Φ̄) → K(Φ, Φ̄)+(g(τ) + g(τ̄))M2
P g(τ) = ln(cτ + d )h

This redundancy induces a modular anomaly in SUGRA

ensures -independent modular formτ

 charged by  are ensured by the extended   
due to the holomorphy of the superpotential

χ ( χ̃ ) +1(−1) U(1)X

          fab → f1−loop
ab = δab(UX + S−c̃ ln(cτ + d )h)

Since  fields are SM gauge singlets with modular weight ,  
                     direct couplings to ordinary quarks and leptons are possible via Yukawa interactions

χ ( χ̃ ) 0

CPNR 2025 

Kang & Ahn 2306.14467

We assume : 
symmetry-breaking scalars 
have modular weight zero

Otherwise, their VEVs must be zero 

Their VEVs are invariant
under the modular transformation 

g(τ)



Under the modular transformation, matter fields transform in the form of chiral rotation

Under the modular transformations  and τ → γτ ≡
aτ + b
cτ + d

φ → (cτ + d )−k φ

 ,         φ̂i → (cτ + d
c τ̄ + d )− ki

2 φ̂i
̂Y(τ) → (cτ + d

c τ̄ + d ) 1
2 (ki+kj+kk−h) ̂Y(τ)

the normalized matter fields and modular forms transform as

In the framework where the Einstein-Hilbert term is canonically normalized, the mass and kinetic terms for  

normalized chiral fermions  and gauginos  : 

 

ψ̂ ̂λ

−
1
2

e
K

2M2
P(K−1/2) k

i (K−1/2) l
j (𝒟kDlW )ψ̂ iψ̂ j +

1
2

1
2

(Re f )−1
ac Fi∂i fcb

̂λa ̂λb + h . c .

+( −
i
2

¯ψ̂ ī σ̄μΓi
jk∂μϕ jψ̂ k+h . c . )− i ¯ψ̂ ī σ̄μDμψ̂ j−i ¯ ̂λσ̄μDμ

̂λ

 Mψ̂  M ̂λ
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See also 
Witten & Bagger PLB 115,202 (1982) 
Wess & Bagger “Supersymmetry and supergravity” 

Canonically normalized fields , defined by φ̂ φi = (K−1/2)ij φ̂j

φi → (−iτ + iτ̄)ki /2 φ̂i

W =
1
3

̂Y(τ) φ̂i φ̂j φ̂k
with the normalized modular form in supergravity

̂Y(τ) = Y(τ) eK/2M2
P (−iτ + iτ̄)(ki+kj+kk)/2



Under the Kahler transformation

Kμ → Kμ−i
h
2 ( c∂τ

cτ + d
−

c∂τ̄
c τ̄ + d )

Under the modular transformation, the term including modular 

connection, , leads to1
2

(Γφ
τφ∂μτ − Γφ

τ̄φ∂μτ̄ )

ki

2 ( c∂τ
cτ + d

−
c∂τ̄

c τ̄ + d )−
ki

2 (
∂μτ + ∂μτ̄

τ − τ̄ )
In the cusp limit τ → i∞

     Spacetime covariant derivatives         

                    (  for SM fermions) 

      (  for gauginos)

Dμψ̂ j = ∂μψ̂ j + iqKKμψ̂ j qK = − 1/2

Dμ
̂λa = ∂μ

̂λa + f abcAb
μ

̂λc + iqKKμ
̂λa qK = + 1/2

Ψ → e−qK
g − ḡ

2 Ψ , Ψ̄ → e−qK
g − ḡ

2 Ψ̄

ψ̂i → (cτ + d
c τ̄ + d )k ψ̂iψ̂i , ̂λ → (cτ + d

c τ̄ + d )− h
4 ̂λ with kψ̂i

=
h
4

−
1
2

ki

{
Under the Kahler transformation and modular transformation, the Lagrangian is invariant (up to total derivative)

Kahler connection 

Kμ = −
i

2M2
P

(Ki∂μϕi − Kī ∂μϕ̄ī )

Modular connection 

Γi
jk = Kiℓ̄∂jKkℓ̄

Induce chiral rotations in the fermionic path-integral measure, generating modular anomalies,  
similar to Adler-Bell-Jackiw anomaly

 Discrete-gauge symmetry

In global SUSY limit Kμ → 0

CPNR 2025 

ψ̂i → e− ki
2 ψ̂ , ¯ψ̂i → e− ki

2 ¯ψ̂i
gaugino 

SM fermion 



appearing in the effective action

SL(2,ℤ) × {[U(1)X]2, [U(1)Y]2, [SU(2)L]2, [SU(3)C]2}

The gluino contribution to the strong CP phase vanishes

 ϑeff = ϑQCD + arg[ det(MuMd)]+AC arg( cτ + d
c τ̄ + d )

 Quantum Modular anomaly

Anomaly generated by the chiral rotation of gauginos,  

exactly matches that from the Kahler transformation

 −
C
8

c̃{ − (g(τ) + g(τ̄))QμνQμν+i(g(τ) − g(τ̄))QμνQ̃μν}

In the action the gauge kinetic function is corrected to 

g(τ)

The modular anomaly  
generated by the chiral rotation of gauginos  

is cancelled 

The gaugino masses  transform as  M ̂λ =
1
2

(Re f )−1
ac e

K
2M2

P Kij̄ ∂i fcb(Dj̄W̄ ) M ̂λ → (cτ + d
c τ̄ + d )h

2 M ̂λ

Gauginos do Not mix with SM fermions  their contribution to modular anomalies cancels ⇒

 arg(M ̂λ ) = 0

 f1−loop
ab (Φ) = δab(S+UX)−c̃ ln(cτ + d )h

Derendinger, Ferrara, Kounnas, and Zwirner NPB 372,145(1992) 
Kang & Ahn 2306.14467
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for  ,  ,  ,  

Q = G, W, Y, FX
SU (3)C SU (2)L U (1)Y U (1)X



Anomaly generated in the effective action by the chiral rotation of SM fermions

If GS counter terms are introduced to cancel the anomalies  and ,  
certain anomalies, that were already cancelled, are reintroduced 

AL AY

δGS
SL(2,ℤ) ∝ AQ

        

           

      

 for 

3

∑
i=1

(kQ̂i
+ kÛc

i
) = 0

3

∑
i=1

(kQ̂i
+ kD̂c

i
) = 0

3

∑
i=1

(kL̂i
+ k ̂ℓc

i
) = 0

kHu(d )
= 0

Due to the modular- and SM gauge-invariant 
structure of the superpotential  

with non-negative weight modular forms 

 SL(2,ℤ) × [U(1)EM]2 ⇒ AE =
2
3

3

∑
i=1

{3(kL̂i
+ k ̂ℓc

i
) + 5kQ̂i

+ 4kÛc
i

+ kD̂c
i }

  SL(2,ℤ) × [SU(3)C]2 ⇒ AC =
3

∑
i=1

(2kQ̂i
+ kÛc

i
+ kD̂c

i )

 SL(2,ℤ) × [SU(2)L]2 ⇒ AL =
3

∑
i=1

(kL̂i
+ 3kQ̂i)

 SL(2,ℤ) × [U(1)Y]2 ⇒ AY =
1
3

3

∑
i=1

(kQ̂i
+ 8kÛc

i
+ 2kD̂c

i
+ 3kL̂i

+ 6k ̂ℓc
i )

 should be zero   

 

AL = − AY

3

∑
i=1

(kL̂i
+ 3kQ̂i) = 0

Anomaly coefficient

    SL(2,ℤ) × [U(1)X]2 ⇒ ASX =
3

∑
i=1

{kQ̂i(2X2
Qi

− X2
Uc

i
− X2

Dc
i ) + kL̂i(2X2

Li
− X2

ℓc
i )+kN̂c

i
X2

Nc
i }

Constrain flavor-dependent  charges and the modular weights of right-handed neutrinos U(1)X Nc
i

      Neutrino mass

Must Vanish 
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 even in the global SUSY limit
           AC = 0 = AE AL = − AY

W ∼ Y (k ̂ui)
1 Uc

i Qi Hu

 
on Dirac field

k ̂ui



The theory should also be invariant under the  gauge transformation  

together with     &    

U(1)X VX → VX + i(ΛX − Λ̄X)

φX → eiXΛXφX UX → UX + i
δGS

X

16π2
ΛX

So the axionic modulus  and axion  have shift symmetries    

                                                                                                

with the  gauge field transformation   

θX AX θX → θX −
δGS

X

16π2
ξX

AX → AX +
δGS

X

δQ
X

fX ξX

U(1)X Aμ
X → Aμ

X − ∂μξX

 :  gauge field strengthFμν
X = ∂μAν

X − ∂ν Aμ
X U(1)X

 where the scalar fields  couple to the  gauge boson
                  “spacetime covariant derivative involving  gauge boson”
|DμφX |2 φX U(1)X

Dμ = ∂μ − iX Aμ
X U(1)X

ξX = − ReΛX |θ=θ̄=0

φX |θ=θ̄=0 =
1

2
e

i AX
fX ( fX + hX)

 mixed  anomaly coefficientsU (1)X
U (1)X × [SU (3)C]2

U (1)X × [SU (2)L]2

U (1)X × [U (1)Y ]2

U (1)X × [U (1)X ]2

CPNR 2025 

 Gauged   Anomaly-freeU(1)X

The 4D effective action of the axions,  and , and its corresponding gauge field  

 

θX AX Aμ
X

KUXŪX(∂μθX −
δGS

X

16π2
Aμ

X)2 + |DμφX |2 +DXgX X φX
2

− gXξFI
X DX

+
1
2

D2
X−

1
4g2

X
Fμν

X FXμν + θX
1
2

Tr(QμνQ̃μν) +
AX

fX

δQ
X

32π2
Tr(QμνQ̃μν)

UX =
1
g2

X
+iθX = σ +iθX

Non-trivial flux for the  gauge field  

living on the D6 branes 

U(1)X

DX = gX(ξFI
X − X |φX |2 )

String theory and particle physics :

           Ibanez & Uranga

hep-th 0309187 :

     Burgess, Kallosh, & Quevedo



 Gauged   Anomaly-freeU(1)X

    and   Jθ
μ = KUXŪX

δGS
X

8π2
∂μθX JX

μ = − i Xφ†
X∂μφX

The introduction of FI term  leads to the D-term potential for the anomalous 

                 

ℒFI
X = ξFI

X gX DX U(1)X

VD =
1

UX + ŪX
(−ξFI

X +X φX
2

)2 ξFI
X = hM2

P
δGS

X

16π2

Δσ
σ0

 ∂μJμ
X =

δGS
X

32π2
Tr(QμνQ̃μν) = −∂μJμ

θ

Since the FI term is controlled by the string coupling, it can not be taken to be zero

Anomaly cancellation !! 

 δGS
X = αQ

X δQ
X

 

 

 

δG
X = 2Tr[XψT 2

SU(3)] =
3

∑
i=1

(2XQi + XDc
i

+ XUc
i )

δW
X = 2Tr[XψT 2

SU(2)] =
3

∑
i=1

(XLi + 3XQi)

δY
X = 2Tr[XψY 2] =

3

∑
i=1

(1
3

XQi
+

8
3

XUc
i

+
2
3

XDc
i

+ XLi
+ 2Xℓc

i )
δFX

X = 2Tr[X3
ψ ] = 2

3

∑
i=1

(2X3
Qi

+ X3
Dc

i
+ X3

Uc
i

+ 2X3
Li

+ X3
ℓc

i
+ X3

Nc
i )

In general
  Anomalous !! δQ

X ≠ 0 ⇒ U(1)X

The  gauge invariance requires U(1)X

CPNR 2025 

ΔV ≈ |VAdS | (σ0 /σ)n

The FI term can exceptionally vanish in flavored-axion framework when δGS
X = 0

But, the -term can act as an uplifting potential, and then -term must necessarily break SUSY D F Burgess, Kallosh, Quevedo 0309187

Uplifting potential

Kachru, Kallosh, Linde, Maldacena, 
McAllister,Trivedi 0308055 

(for )X |φX |2 = + |φX |2 − | φ̃X |2

θX

Q

Q̃

The anomaly generated by the triangle graph is cancelled by diagram in which the anomalous  mixes 
with the axionic modulus 

U(1)X



    Anomalous Global  U(1)X

The  gauge boson mass  is obtained by super-Higgs mechanism,  

while the D-term potential  remains

U(1)X mX = 2KUXŪX
(δGS

X /16π2)2 + 2f 2
X

VD

The open string axion  (decay constant ) is mixed linearly with the closed string  (decay constant ) 

               

AX fX aθ fθ

Ã =
AX

δGS
X
2 fθ − aθ fX

f 2
X + ( δGS

X
2 fθ)2

≈ AX , G =
aθ

δGS
X
2 fθ + AX fX

f 2
X + ( δGS

X
2 fθ)2

≈ aθ

 contributes to the QCD axionÃ

Since the  is gauged,  is eaten through the Higgs mechanism by the gauge boson making it massiveU(1)X G

Below the scale , the gauge boson decouples, leaving behind a low-energy symmetry which is  

anomalous global   can be protected from quantum gravity effects

mX

U(1)X →

CPNR 2025 

Non-perturbative quantum gravitational effects of the axionic shift symmetry by gravity  

                  can spoil the axion solution to the Strong CP problem  

                                      ∂μJμ =
αs

8π
GaμνG̃a

μν+ΔUV

  V(a) = VQCD(a)+ΔV(a)

We assume:  
-mixed gravitational  

anomaly-free by GS mechanism
U(1)X

The effective action is Canonically normalized by setting    with   !!   θX = aθ /8π2 fθ fθ = 2KUXŪX /(8π2)2

fθ ≫ fX

Kamionkowski, March-Russell 
9202003 
Kallosh, Linde, Linde, Susskind 
9502069 
Dvali 0507215 
Ahn 1611.08359 
Kang & Ahn 2306.14467



     Non-Anomalous Global  U(1)X

  δGS
X = 0

ξFI
X = 0

D-flatness

At energies below the scale , the  gauge boson decouples, leaving behind  

an anomaly-free global  symmetry  

mX U(1)X

U(1)X

Flavor-dependent  charges satisfying               U(1)X   δQ
X = 0

Non-anomalous global   

without massless NG mode!! 

U(1)X

Reproduction  U(1)B−L

Assigning 

 

 

 

 

XQi
= 1/3

XDc
i

= XUc
i

= − 1/3

XLi
= − 1

Xℓc
i

= 1

XNc
i

= 1

  δG
X = δW

X = δY
X = δFX

X = 0
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The NG mode  is eaten by the  gauge boson , making it massive, no massless NG mode remains AX U(1)X Aμ
X

 making  and ∂μJμ
X = 0 ∂μJμ

θ = 0



W(S, UX, τ) = C0
e−αSM3

P

[η(τ)]6(1+αc̃)
+

M3
P

[η(τ)]6 (Ae−aUX − Be−bUX)

W = W(UX, τ) − α C0
M3

P

[η(τ)]6 (S + 6c̃ ln η(τ)) +
1
2

α2C0
M3

P

[η(τ)]6 (S + 6c̃ ln η(τ))2 −
1
6

α3C0
M3

P

[η(τ)]6 (S + 6c̃ ln η(τ))3 + . . . .

The moduli stabilization

Dedekind -functionη

Under the modular transformation,  with       &      W → We−g(τ) S → S − c̃ ln(cτ + d )3 η(τ) → (cτ + d )1/2η(τ)

Under the  gauge transformation,      &   U(1)X A(φX /MP) → A(φX /MP)ei a
16π2 δGS

X ΛX B(φX /MP) → B(φX /MP)ei b
16π2 δGS

X ΛX

For small α

A simple modular- and gauge-invariant superpotential

The F-term potential     VF = eK/M2
P{KIJ̄ DIWD̄J̄W̄ −

3
M2

P
|W |2 }

VF = V (0)
F +αV (1)

F +α2V (2)
F + . . .

Supersymmetric and Minkowski 

                W(σ0, τ0) = 0 DIW(σ0, τ0) = 0 V(σ0, τ0) = 0

             C0 = − A0( a A0

bB0
)− a

a − b + B0( a A0

bB0
)− b

a − b σ0 =
1

a − b
ln( a A0

bB0
)

In the limit  (a racetrack type superpotential for  [hep-th:0301240]),  

the scalar potential  has a local minimum at  

α → 0 UX

V (0)
F σ0, τ0

 V (0)
F (σ0) = 0

∂V (0)
F /∂σ |σ=σ0

= 0

CPNR 2025 

Kachru, Kallosh, Linde, Trivedi  
  hep-th: 0301240



        
∂VF

∂τ τ=τ0(α)
= α2 ∂V (2)

F

∂τ τ0

+ α3(δτ
∂2V (2)

F

∂τ2
τ0

+
∂V (3)

F

∂τ τ0
) + 𝒪(α4)

The VEV of the modulus τ

Solving ∂VF /∂τ = 0

τ0(α) ≈ i

where   τ0(α) ≃ τ0 + αδ τ

 

                                      

V (2)
F = eK/M2

P
M6

P

|η(τ) |12 |C0 |2 {|S + 6c̃ ln η(τ) |2 (K ττ̄ |H |2 +
1

M2
P

) −
y

M2
P

(S + S̄ + 6c̃ ln η(τ)η(τ̄ )) +
y2

M2
P

−6c̃K τ τ̄((S + 6c̃ ln η (τ))H
η′￼(τ̄ )
η (τ̄ )

+ h . c . )+ 36c̃2K τ τ̄ η′￼(τ)
η (τ)

2}

As a consequence of the supersymmetric & Minkowski solution, i.e.   &   C0 = . . . σ0 = . . .

              

 (Blue curve) 

 (Red line) 

where  and 

τ = z1 + i z2

∂V (2)
F /∂z2 = 0

∂V (2)
F /∂z1 = 0

s0 = 1 c̃ = 1/8π2
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Although  — interpreted as -duality —  
is treated as an exact discrete gauge symmetry,  
it becomes spontaneously broken when  develops a VEV

SL(2,ℤ) T

τ

At , no non-trivial subgroup survives at low-E⟨τ⟩ ≈ i

             
V (0)

F σ0
= 0 = V (1)

F σ0



SUSY is broken in the direction of  and S τ

In the  direction, a deeper AdS minimum emerges.  

When a small weak-scale perturbation is introduced along ,  

the potential minimum shifts from zero to a slightly negative value  at .

UX

UX

VAdS < 0 (σ0 + δσ, τ0, s0)

AS in KL model, an uplift term (e.g., from a D-term)   slightly shifts , making , but this contribution is 
strongly suppressed by 

ΔV UX DUX
W ≠ 0

mσ

F τ

FS
≈ 6 c̃

⟨K ττ̄⟩
⟨KSS̄⟩

η′￼(τ0)
η(τ0)

2s0 − 3c̃ ln(2Im τ0)
−s0 + 3c̃(2 ln η(τ0) + ln(2Im τ0))

≪ 1

SUSY is broken predominantly by the dilaton  and slightly by the modulus S τ
This is decoupled from the AdS minimum of the  directionUX

 

    ,                        

DτW = − 3W[ 1 − c̃ /y
τ − τ̄

+ 2
η′￼(τ)
η(τ) ] − 6c̃

η′￼(τ)
η(τ)

αC0
e−αSM3

P

[η(τ)]6(1+αc̃)

DSW = −
W
y

−αC0
e−αSM3

P

[η(τ)]6(1+αc̃)
DUX

W = 0

m 2
3/2 = e

K
M2

P
|W |2

M4
P

≃
|VF |
3M2

P
≈

|VAdS |+α2 |V (2)
F |

3M2
P

When including the uplift term and α ≠ 0

Kachru, Kallosh, Linde, Trivedi (0301240) 
Kallosh, Linde (0411011)
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SUSY breaking
For    α = 0 W (UX , τ) =

M3
P

[η (τ)]2h (C0 + Ae−aUX − Be−bUX)

Δσ
σ0

σ

V

raises the AdS minimum to dS minimum

 ,     ,     ⟨DτW ⟩ ≠ 0 ⟨DSW ⟩ ≠ 0 ⟨DUX
W ⟩ ≠ 0

y = S + S̄ − 3c̃ ln(−iτ + i τ̄ )

For    α ≠ 0



Modular- and Gauge-invariant Yukawa superpotential  under  GSM × SL(2,ℤ) × U(1)X

All Yukawa coefficients  are unit-magnitude complex constants αi

Dots  infinite series of  higher-dimensional  
             operators induced by  

=
χ χ̃

    with 1 −
Δ2

χ

1 − Δ2
χ

≤ |αi | ≤ 1 +
Δ2

χ

1 − Δ2
χ

Δχ ≡
⟨χ⟩
Λ

Anomaly-cancellation conditions    ,    ,   AC = 0 = AE AL = − AY = 0 ASX = 0

Left-handed 
Quarks

Right-handed 
Quarks

 

              

              

             

Wq = [αt tcQ3 + αc( χ̃
Λ )10ccQ2 + αu( χ̃

Λ )23ucQ1

+αt2( χ
Λ )12Y (4)

1 tcQ2 + αt1( χ
Λ )12Y (12)

1 tcQ1 + αc1( χ̃
Λ )10Y (4)

1 ccQ1]Hu

+[αb( χ̃
Λ )4bcQ3 + αb2( χ

Λ )8Y (4)
1 bcQ2 + αb1( χ

Λ )8Y (8)
1 bcQ1

+αs( χ̃
Λ )10scQ2 + αs1( χ̃

Λ )10Y (4)
1 scQ1 + αd( χ̃

Λ )20dcQ1]Hd + . . .
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        with     

ℒϑ = (ϑeff +
AX

Fa
) g2

s

32π2
GaμνG̃a

μν

Fa =
fA
δG

X

 Color anomaly  U(1)X × [SU(3)C]2 ⇒ δG
X = 67

AX = ⟨AX⟩ + a(x)

:     Modular weight   
                under  

χ ( χ̃ ) 0
+1(−1) U(1)X

fA = v2
χ + v2

χ̃

               χ =
vχ

2
e

i AX
fA (1 +

hχ

fA ) χ̃ =
vχ̃

2
e

−i AX
fA (1 +

hχ̃

fA )



Modular- and Gauge-invariant Yukawa superpotential  under  GSM × SL(2,ℤ) × U(1)X

Charged-lepton

Dirac 
Neutrino 

Left-handed 
Leptons

Right-handed 
Leptons

Right-handed 
Neutrino

 

               + …. 

Wℓ = [ατ( χ̃
Λ )7τcLτ + αμ( χ̃

Λ )11μcLμ + αe( χ̃
Λ )23ecLe

+ατ2( χ̃
Λ )7Y (8)

1 τcLμ + ατ1( χ̃
Λ )7Y (4)

1 τcLe + αe2( χ̃
Λ )23Y (4)

1 ecLμ]Hd

 EM anomaly  U(1)X × [U(1)EM]2 ⇒ E = δW
X + δY

X =
494

3
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Majorana 
Neutrino 

⟨χ⟩
⟨Hu⟩

Seesaw mechanism
Minkowski  PLB 67, 421(1977) 

Yanagida  (workshop 1979) 
Gell-Mann, Ramond, Slansky, 
Nieuwenhuizen, Freeman (1979)

 

               

              

         

                  

Wν = [β1eY (24)
1 Nc

1 Le + β1μY (28)
1 Nc

1 Lμ + β1τY (20)
1 Nc

1 Lτ

+β2eY (24)
1 Nc

2 Le + β2μY (28)
1 Nc

2 Lμ + β2τY (20)
1 Nc

2 Lτ

+β3eY (24)
1 Nc

3 Le + β3μY (28)
1 Nc

3 Lμ + β3τY (20)
1 Nc

3 Lτ]Hu+ . . .

+
1
2 [γ11Y (12)

1 Nc
1 Nc

1 + γ12Y (12)
1 Nc

1 Nc
2 + γ13Y (12)

1 Nc
1 Nc

3 + γ22Y (12)
1 Nc

2 Nc
2

+γ33Y (12)
1 Nc

3 Nc
3 + γ23Y (12)

1 Nc
2 Nc

3]χ+ . . .



This can explain the current empirical data of quark mass & mixing 

 Quark, lepton, and Flavored-QCD axion interactions

Cu
R = diag(e−i35 AX

fA , e
−i22 AX

fA ,1) , Cu
L = diag(ei12 AX

fA , e
i12 AX

fA ,1)

Cd
R = diag(e−i28 AX

fA , e
−i18 AX

fA ,1) , Cd
L = diag(ei8 AX

fA , e
i8 AX

fA , e
−i4 AX

fA )

  VCKM = Vu
LVd†

L

ℳ̂u = V u
R ℳu V u†

L = diag(mu, mc, mt)

ℳ̂d = Vd
R ℳd Vd†

L = diag(md, ms, mb)

 

                                                               

−ℒ ⊃ qu
R ℳu qu

L + qd
R ℳd qd

L +
g

2
W+

μ qu
L γμ qd

L

+ℓR ℳℓ ℓL +
1
2 (νc

L NR)
0 mT

D

mD ei AX
fA MR

( νL

Nc
R) +

g

2
W−

μ ℓLγμ νL + h.c.

            and     Δχ = 0.634 ⇒ 0.33 ≲ |αi | ≲ 1.67 tan β ∼ 6

Unitarity mixing matrix up to 𝒪(λ4)
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the Yukawa coefficients transform as  αi → (2Im τ)−ki /2 αi

Considering the canonically normalized fields φi → (−iτ + iτ̄)ki /2 φ̂i



This can explain the current empirical data of lepton mass & mixing 

 Quark, lepton, and Flavored-QCD axion interactions

Cℓ
R = diag(e−i23 AX

fA , e
−i11 AX

fA , e
−i7 AX

fA )

  UPMNS = Vℓ
L Uν

ℳ̂ℓ = Vℓ
R ℳℓ Vℓ†

L = diag(me, mμ, mτ)

Seesawing   ℳν ≃ − mT
D M−1

R mD = U*ν diag . (mν1
, mν2

, mν3
) U†

ν

 

                                                               

−ℒ ⊃ qu
R ℳu qu

L + qd
R ℳd qd

L +
g

2
W+

μ qu
L γμ qd

L

+ℓR ℳℓ ℓL +
1
2 (νc

L NR)
0 mT

D

mD ei AX
fA MR

( νL

Nc
R) +

g

2
W−

μ ℓLγμ νL + h.c.

θr
23 ∼ 𝒪(λ2)

     ⟨χ⟩ = fA /2 ∼ 1012 GeV ⇒ mν ∼ 0.05 eV
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  These different corrections can  explain  

                   
                   
  determine Normal mass ordering or Inverted mass ordering

Δm2
Atm ≃ 2.5 × 10−3 eV2

Δm2
Sol ≃ 7.4 × 10−5 eV2

  These corrections control the  breaking scale U(1)X



 Quark, lepton, and Flavored-QCD axion interactions

B± → K± + a

  RGB stars          |gaee | = 23
me

fA
< 4.3 × 10−13 (95 % CL) ⇔ fA ≳ 2.73 × 1010 GeV

No  (i.e. ) up to  s → d + a K+ → π+ + a 𝒪(λ4)

typically,  fA ≳ 105−6 GeV

      and     Vd(u)
R = I + 𝒪(λ4) Cd

L = diag(ei8 AX
fA , ei8 AX

fA , e−i4 AX
fA )

τ → μ + a       typically,  θr
23 ∼ 𝒪(λ2) fA ≳ 105−6 GeV

No   up to  μ → e + a 𝒪(λ4)

            
                                             

                    

−ℒaq ≃ −
∂μa
2fA {23 ūγμγ5u + 10 c̄ γμγ5c + 20 d̄γμγ5d + 10 s̄γμγ5s + 4 b̄γμγ5b}

+
∂μa
2fA {12Ad λ2

d eiφd s̄γμ(1 − γ5)b+12λ3
d(Bd − Adeiφd)d̄γμ(1 − γ5)b+h . c . }+ ∑

q=d,s,b,u,c,t
(mqq̄q − q̄ i /∂ q)

Flavored-QCD axion interactions with Quarks (up to )  𝒪(λ4)

Flavored-QCD axion interactions with Charged-leptons (up to )  𝒪(λ4)

            
             

                            

−ℒaℓ ≃ −
∂μa
2fA {23 ēγμγ5e+(11 − 4θr2

23 ) μ̄γμγ5μ + (7 + 4θr2
23 ) τ̄ γμγ5τ}

−
∂μa
2fA {4θr

23ei(α ℓ
2 −α ℓ

3 ) μ̄γμ(1 + γ5)τ+h . c . }+ ∑
ℓ=e,μ,τ

(mℓℓ̄ℓ − ℓ̄i /∂ ℓ)
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CLEO 
ARGUS 
BaBar

Bjorkeroth, Chun, King 
(1806.00660)
Calibbi, Goertz, Redigolo, Ziegler, Zupan 
(1612.08040)
Vega, Nath, Nellen, Peinado 
(2102.03631)

Under the  transformation  

 

U(1)X

ψf → eiXψf
γ5
2 βψf



CPNR 2025 

  

     

 

τ ≈ i
Δχ = 0.634 ⇒ 0.33 ≲ |αi | ≲ 1.67

tan β = 6.4

Quark-Lepton mass & CKM-PMNS

  Taking in Quark sector
 

 

 

θq
23 = 2.323∘

θq
13 = 0.211∘

θq
12 = 13.017∘

δq
CP = 63.436∘

 

 

md = 4.577 MeV

ms = 103.800 MeV

mb = 4.183 GeV

 

 

mu = 2.488 MeV

mc = 1.262 GeV

mt = 173.582 GeV

Using linear algebra tools : hep-ph 0501272 

Antusch, Kersten, Lindner, Ratz, Schmidt

 GeV⟨χ⟩ = 1012

  Taking in Lepton sector

Normal mass hierarchy



      ⟨χ⟩ = 1012 GeV ⇔ fA = 2 × 1012 GeV
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flavored-QCD axion 

 

 

ma = 1.82 × 10−4 eV

|gaγγ | = 1.75 × 10−14 GeV−1

  Taking in Neutrino sector

KSVZ 

E /δG
X = 0 The model 

E /δG
X = 494/201

DFSZ 

E /δG
X = 8/3



We have shown that 

       - and  -mixed anomalies should vanish. 

       Anomalies induced by Kahler transformations match those generated by the chiral rotation of gauginos. 

       Despite the non-trivial transformation of SM fermions under , the strong CP phase remains  
          unaffected, even in the global SUSY limit,  where we assume the symmetry-breaking scalar fields have     
          modular weights zero - so their VEVs stay invariant under the modular transformations. 

       The vanishing modular anomalies (  and  guaranteed by modular-    
       and SM gauge-invariance with non-negative weight modular forms) together with the anomaly-free   
       conditions such as  can determine:  (i) flavor structure in both  

       quark and lepton sectors, (ii) the effective strong CP phase, and (iii) potential scales for  breaking.  

SL(2,ℤ) U(1)X

SL(2,ℤ)

SL(2,ℤ) × [SU(3)C]2 SL(2,ℤ) × [U(1)EM]2

SL(2,ℤ) × {[SU(2)L]2, [U(1)Y]2, [U(1)X]2}
U(1)X

We have constructed a 4D effective model within a string-derived supergravity framework under 
 GSM × SL(2,ℤ) × U(1)X

Conclusion

To simultaneously address the strong CP problem & Dark matter and account for the observed fermion 
mass and mixing hierarchies 



We have constructed a simple moduli superpotential to determine Yukawa couplings, gauge 
couplings, SUSY-breaking scale, and cosmological constant

Conclusion

           We also demonstrated that the modulus VEV stabilizes near a fixed point (particularly ).  

             Although  -interpreted as -duality- is treated as an exact discrete gauge symmetry,  
             it becomes spontaneously broken when  develops a VEV.  

             Notably, at , no non-trivial subgroup of the modular group survives at low energies.        

τ ≈ i

SL(2,ℤ) T
τ

⟨τ⟩ ≈ i

           The anomaly coefficients, determined by the  charges of SM fermions, can either vanish or  
           remain finite depending on the specific charge assignments across SM fermions. 

          For charge assignments , , , , and ,  

          this non-anomalous  reproduces  without leaving a NG mode.

U(1)X

XQi =
1
3

XUc
i

= XDc
i

= −
1
3

XLi = − 1 Xℓc
i

= 1 XNc
i

= 1

U(1)X U(1)B−L

The flavored  plays a crucial role in QCD axion solution to the strong CP problem, 
a candidate of DM, and fermion mass hierarchies

U(1)X

A phenomenologically viable model has been presented
       Consistent with the current experimental data on flavor mixing (PMNS and CKM) and  
             quark and lepton mass spectra, including a normal hierarchical neutrino mass ordering. 
       Dominant flavored-QCD axion interactions to quarks and leptons :  and  . 

         Predicting a QCD axion mass  eV and  
               axion to photon coupling .

B± → K± + a τ → μ + a

ma = 1.82 × 10−4

|gaγγ | = 1.75 × 10−14 GeV−1



Furthermore, the chiral rotation of SM fermions (non-trivially charged under ) can generate 
additional mixed anomalies beyond those from the gauge kinetic function

SL(2,ℤ)

 U(1)X(Y ) × [SL(2,ℤ)]2 , U(1)X × U(1)Y × SL(2,ℤ)

do Not need to vanish, but should be cancelled either via GS mechanism or through appropriate fermion content. 

We assume: canceled via GS mechanism mediated by moduli fields in the complete string compactification 
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Anomaly generated beyond that in the effective action

cf.  

In type II string vacuum, the anomalies should be cancelled by appropriate shifts of Ramond-Ramond axions in the bulk 

Sagnotti 9210127 
Ibanez, Rabadan, Uranga 9808139 
Poppitz 9810010 
Lalak, Lavignac, Nilles 9903160 
Cvetic, Everett, Langacker, Wang 9903051


