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Motivation & Background
• While CP violation has been observed in the SM through the complex

phase of the CKM matrix, its fundamental origin remains unknown.
• One intriguing possibility is that CP is spontaneously broken when scalar

fields acquire complex VEVs.
• At the same time, the strong CP problem remains one of the outstanding

puzzle in particle physics, which can be elegantly resolved by introducing
PQ symmetry.

• Axion models, such as the DFSZ model, naturally implement the PQ mechanism,
providing compelling solution to the strong CP problem.

• The goal of this work is to investigate whether spontaneous CP violation (SCPV)
can be realized within a DFSZ-typeaxion model.

• We will show that the CP phase generated by SCPV can simultaneously account
for the complex phase in the CKM and PMNS mixing matrices.

 PQ breaking scale is linked to seesaw scale



DFSZ Axion Model
• Scalar sectors:

- Two Higgs doublets Φ1,Φ2 and a singlet S.
- Impose PQ symmetry: global U(1) symmetry.
- Axion: pseudo Nambu-Goldstone boson of PQ symmetry breaking.
- Scalar potential :

- 𝑉𝑉 𝑆𝑆 : scalar potential for 𝑆𝑆whose form is supposed to spontaneously break PQ  sym.
- Spontaneous breaking of EW symmetry and PQ symmetry give rise to VEVs, 𝑣𝑣1,𝑣𝑣2, 𝑣𝑣𝜎𝜎
- Neutral parts are decomposed into 

( 𝑟𝑟 = 𝑣𝑣2
𝑣𝑣1

,  𝑣𝑣12 + 𝑣𝑣22 = 𝑣𝑣2 = 2462 )

Dine, Fischler, Srednicki, PLB104(1981)199;
Zhitnitsky, SJNP 31 (1980)260



Extension of DFSZ Axion Model
• Fermion sectors & PQ charges

- SM fermions + two singlet heavy neutrinos 𝑁𝑁1 ,𝑁𝑁2
-The charge assignment to fields:

- 𝑋𝑋-current for PQ 𝑈𝑈(1)𝑋𝑋 :  𝐽𝐽𝜇𝜇𝑋𝑋 = 𝑓𝑓𝐴𝐴𝜕𝜕𝜇𝜇𝐴𝐴+ 1
2
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- 𝜓𝜓 → all 𝑋𝑋-charged Dirac fermions and 𝐽𝐽𝜇𝜇𝑋𝑋 is anomalous (violated at 1-loop by anomaly)
- this current creates a QCD axion



• After PQ  breaking,  𝑉𝑉(Φ1,Φ2, 𝑆𝑆) at low energy goes to 𝑉𝑉2HD(Φ1 ,Φ2)

- Since the axion solution to strong CP problem requires 𝑣𝑣𝜎𝜎 to be order 1012GeV,
the couplings 𝜅𝜅𝑖𝑖 must be extremely small in order to achieve EW sym. breaking.

- Such small couplings are natural as they are protected by the underlying shift       
symmetry of 𝑆𝑆 in the limit of vanishing couplings.

- In case that 𝜅𝜅1 and 𝜅𝜅2 are negative, EW symmetry can spontaneously be broken
via non-trivial vacua of neutral components of Φ1 and Φ2.

- 𝑉𝑉2𝐻𝐻𝐻𝐻 can not induce spontaneous CP violation.

Extension of DFSZ Axion Model

( Here, we assume real 𝑣𝑣𝜎𝜎 so that all parameters in 𝑉𝑉2HD are real )



Spontaneous CP Violation
• Spontaneous CPV can be induced from the form of 2HDM scalar potential

• Taking 𝜙𝜙10 = 𝑣𝑣1𝑒𝑒𝑖𝑖𝛿𝛿

2 , 𝜙𝜙20 = 𝑣𝑣2
2 , the necessary and sufficient conditions

for a stationary point with sin𝛿𝛿 ≠ 0 : 

• The potential at the minimum : 

[ Liu & Wolfenstein, NPB289(1987), Maekawa, PLB282 (1992)]



Spontaneous CP Violation
• 1-loop generation of 𝜆𝜆5,6,7

𝜆𝜆5 is always negative,  so SCPV is not achieved.



Spontaneous CP Violation
• Additional 1-loop generation of 𝜆𝜆5

- Leptonic Yukawa Lagrangian constrained by PQ symmetry : 

• The positive sign can be achieved when 𝑀𝑀1 and 𝑀𝑀2 are of opposite signs. 
• Assuming 𝜆𝜆5

(𝑓𝑓) is dominant over 𝜆𝜆5 from boson-loop, SCPV becomes achievable 
under the right parameter conditions.



Spontaneous CP Violation
• Parameter set satisfying the condition for SCPV

𝑚𝑚12
2 ~298 GeV2𝑚𝑚𝐴𝐴0~20 GeV

Input : 𝑀𝑀1 = −106 GeV,   𝑀𝑀2 = 1.06 × 106 GeV
- 𝜃𝜃𝑁𝑁 = arccos 0.01 ,   𝑌𝑌𝑁𝑁1~𝑌𝑌𝑁𝑁2~1

- tan𝛽𝛽 = 𝑣𝑣2
𝑣𝑣1

= 1

𝜆𝜆5~𝜆𝜆5
(𝑓𝑓)~0.006

cos𝛿𝛿~
𝑚𝑚12
2

2𝜆𝜆5𝑣𝑣1𝑣𝑣2
𝛿𝛿 = 0.19𝜋𝜋 ( required for  CP phase in CKM)



CP Violation in CKM Matrix
• Given the EW and PQ symmetries, quark Yukawa Lagrangian is

• After PQ sym. is broken at high E, 𝑆𝑆 gets a VEV 𝑣𝑣𝜎𝜎 , which is taken to be
the same order of Λ so that dim=6 op. can sizably contribute to quark masses

• We assume the Yukawa matrices to have the forms: 
[BGL texture : Branco, Grimus, Lavoura, PLB380 (1996) 119]

X : non-zero



CP Violation in CKM Matrix
• In Higgs basis, the Yukawa interactions become



CP Violation in CKM Matrix
• The rotation matrices are taken to be

where  𝐴𝐴𝛼𝛼 ,𝐵𝐵𝛼𝛼 , 𝐶𝐶𝛼𝛼 … . . functions of  𝑚𝑚𝑓𝑓
2 and three mixing angles 𝜃𝜃𝑖𝑖

• The CKM matrix is parametrized by

• Jarlskog invariant :

𝑂𝑂𝑢𝑢𝐿𝐿 = 𝑅𝑅23 𝜃𝜃2 , 𝑂𝑂𝑑𝑑𝐿𝐿 = 𝑅𝑅12 𝜃𝜃1 𝑅𝑅13(𝜃𝜃3)
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CP Violation in CKM Matrix
• To test the viability of our model, we perform a numerical fit of the parameters  

𝜃𝜃1,2,3 ,𝛿𝛿 to 9 magnitudes of the CKM matrix elements and 𝐽𝐽𝐶𝐶𝐶𝐶.
• The fit minimizes a 𝜒𝜒2 function defined by

• Using the latest PDG values for the CKM magnitudes and uncertainties, the 
best- fit parameters are found to be

Indicating an excellent fit and confirming that 
the parametrization is statistically consistent 
with experimental observations at the 1σ level



Scalar mediated FCNC
• The Yukawa matrices 𝑁𝑁𝑓𝑓0 can not simultaneously be diagonalized by 𝑈𝑈𝑓𝑓𝐿𝐿
 Flavor changing neutral currents

• FCNC is proportional to 𝑈𝑈𝑓𝑓𝐿𝐿 3𝑖𝑖
∗ 𝑈𝑈𝑓𝑓𝐿𝐿 3𝑗𝑗

.

• This problem can be avoided if 𝑈𝑈𝑓𝑓𝐿𝐿 31
𝑎𝑎𝑎𝑎𝑎𝑎 𝑈𝑈𝑓𝑓𝐿𝐿 32

are either zero or so small 
that can be safe from the current constraints from experiments. 

• Our predictions : → 𝐵𝐵𝑟𝑟(𝑡𝑡 → 𝑐𝑐ℎ)

→ 𝐵𝐵𝑑𝑑0 �𝐵𝐵𝑑𝑑0 osc.



CP Violation in PMNS Matrix
• The model encompasses the minimal seesaw (MS) 

• Mass terms for the lepton sector of the MS reads,

−ℒ𝑚𝑚= 𝑙𝑙𝑖𝑖𝑖𝑖𝑚𝑚𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖 + 𝜈𝜈𝑖𝑖𝑖𝑖𝑚𝑚𝐻𝐻𝑖𝑖𝑖𝑖𝑁𝑁𝑗𝑗 +
1
2
𝑁𝑁𝑖𝑖 𝑐𝑐𝑀𝑀𝑖𝑖𝑗𝑗𝑁𝑁𝑗𝑗

• The Dirac mass term 𝑚𝑚𝐻𝐻 is 3 x 2 complex matrix :

• Heavy neutrino mass matrix 

𝑀𝑀 = 𝑣𝑣𝜎𝜎2

2𝛬𝛬
𝑌𝑌1 𝑌𝑌2
𝑌𝑌2 𝑌𝑌3

When 𝑌𝑌22 > 𝑌𝑌1𝑌𝑌3, one of mass eigenvalues is (-)

Frampton, Glashow Yanagida
PLB548(2002),
Endoh, Kaneko, SKK, Morozumi,
Tanimoto PRL(2002), 
Raidal, Strumia PLB533 (2003), 
Ibarra, Ross  PLB 575 (2003), 
Guo, Xing PLB583(2004) …



CP Violation in PMNS Matrix
• Type-I seesaw mechanism yields the effective neutrino masses given by

• Using Casas-Ibarra parameterization, 

• �
𝑂𝑂 is 2 by 2 orthogonal complex matrix

𝑈𝑈𝑁𝑁 is 2 by 2 rotation matrix (paramterized by 𝜃𝜃𝑁𝑁)

• One light neutrino is massless in MS 𝑚𝑚1 = 0 (for NH)
• PMNS mixing matrix may have one Majorana phase (α )



CP Violation in PMNS Matrix
• Performing numerical Analysis under the SCPV constraint
• Input

• Free parameters :

LH side of CI
- Heavy neutrino masses : 𝑀𝑀1 = −106 GeV,

𝑀𝑀2 = 1.06 × 106 GeV
- Mixing angle :𝜃𝜃𝑁𝑁 = arccos 0.01
- SCPV phase : 𝛿𝛿 = 0.19 𝜋𝜋 (from quark sector)

RH side of CI  ( from NuFIT5.3)
- Light neutrino masses (NH) : 𝑚𝑚1 = 0,

𝑚𝑚2 = ∆𝑚𝑚21
2 = 0.0086 eV,

𝑚𝑚3 = ∆𝑚𝑚31
2 =0.05 eV,

- PMNS angles :   sin2𝜃𝜃12 = 0.303,
sin2𝜃𝜃23 = 0.451,sin2𝜃𝜃13 = 0.022,

- Majorana phase : 𝛼𝛼 = 0.5 𝜋𝜋

- 𝛿𝛿𝐶𝐶𝐶𝐶 (CP phase in 𝑈𝑈𝐶𝐶𝑃𝑃𝑁𝑁𝑃𝑃), 𝑎𝑎𝑖𝑖 ,𝑏𝑏𝑖𝑖, 𝑂𝑂𝑖𝑖𝑗𝑗 (9 independent)

Predicted parameter set satisfying CI relation



CP Violation in PMNS Matrix
• We perform a parameter scan to find the optimal value of  𝛿𝛿𝐶𝐶𝐶𝐶 , approaching 

the global fit value within 1σ, while ensuring that the second column of the 
Dirac mass matrix becomes real, based on the Casas-Ibarra parametrization.

𝛿𝛿𝐶𝐶𝐶𝐶 ≅ 194°

Our prediction:
~ 1.6σaway from BF

GeV



Conclusion
• We have demonstrated that CP can be spontaneously broken within a

DFSZ-type axion model
• We have shown that CP-violating phase in the CKM matrix can arise from

the spontaneous breaking of CP.
• Furthermore, we have demonstrated that the Dirac-type CP phase in the

PMNS matrix can also be generated from the same source of SCPV
responsible for quark sector CP violation.

• PQ breaking is connected to seesaw scale.
• This framework for lepton sector may provide a natural setup for realizing

baryogenesis via leptogenesis.





CP Violation in CKM Matrix
• The rotation matrices are taken to be

• The CKM matrix is parametrized by

• Absorbing the phase matrix 𝑃𝑃2𝛿𝛿 into LH quarks, the final form of CKM matrix 
:

𝑂𝑂𝑢𝑢𝐿𝐿 = 𝑅𝑅12 𝜃𝜃1 𝑅𝑅23 𝜃𝜃2 , 𝑂𝑂𝑑𝑑𝐿𝐿 = 𝑅𝑅13(𝜃𝜃3)



CP Violation in CKM Matrix
• To test the viability of our model, we perform a numerical fit of the parameters  

𝜃𝜃1,2,3 ,𝛿𝛿 to 9 magnitudes of the CKM matrix elements and 𝐽𝐽𝐶𝐶𝐶𝐶.
• The fit minimizes a 𝜒𝜒2 function defined by

• Using the latest PDG values for the CKM magnitudes and uncertainties, the 
best- fit parameters are found to be

Indicating an excellent fit and confirming that 
the parametrization is statistically consistent 
with experimental observations at the 1σ level
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