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Strong CP problem
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a physical parameter:
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bare the chiral (ABJ) anomaly
S. L. Adler, Phys. Rev. 177 (1969) 2426-38

J. S. Bell, R. Jackiw, Nuovo. Cim. A 60 (1969) 47-61

neutron Electric Dipole Moment (EDM):
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C. Abel, et al., Phys. Rev. Lett. 124 (2020) 081803 
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Why so little!? the  violating complex phase in the CKM matrixCP

Strong CP problem
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Solutions of the strong CP problem
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promising solutions to the strong CP problem

parity  symmetric model(P)

free from the quantum gravity

the left-right model

predict a dark matter candidate

dynamical solution

axion

NGconflict with the quantum gravity

spontaneous breaking
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R. D. Peccei, H. R. Quinn, Phys. Rev. Lett. 38 (1977) M. A. B. Beg, H. S. Tsao, Phys. Rev. Lett. 41 (1978) 278

: - and -odd operatorP T (CP)

The parity symmetry forbids !!GG̃
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Left-Right symmetric (LR) model
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SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�LLR model :

L. J. Hall, K. Harigaya, JHEP 10 (2018) 130
N. Craig, et al., JHEP 09 (2021) 130

tree (Fujikawa method)

1-loop corrections

2-loop corrections

K. S. Babu, R. N. Mohapatra, Phys. Rev. D 41 (1990) 1286

? de Vries, et al.,  arXiv:2109.01630

the hermite mass

corrections to θ̄
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a mass matrix in the LR model

estimated up to a loop function

(the chiral anomaly)
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Pgen
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Our results
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result 1 : We invented the novel method

result 2 : We applied the novel calculation method

  and estimated the induced  in the LR model.θ̄

to calculate radiative corrections to .θ̄
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Gâ

µ⌫G̃
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the physical parameter
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K. Fujikawa Phys. Lett. 42 (1979) 1195-1198

mass diagonalize (chiral rotation)
—Fujikawa method—
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conventional radiative corrections to θ̄

radiative corrections

Conventional calculation of δθ̄
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Diagrammatic approach to  correctionsθ̄
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Difficulty in calculating the loop diagrams

difficulty: the theta term cannot be derived perturbatively.
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building a gluon effective theory described by not gauge field  but the field strength A ̂a
μ G ̂a

μν

temporarily breaking the translation symmetry

strategy
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Fock-Schwinger gauge method
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1st result
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tree

1-loop corrections

corrections to θ̄a mass (matrix)
(the chiral anomaly)

1. the diagrammatic method

Fujikawa method

Fujikawa method

loop masses
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Minimal LR model
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SM:  gauge theorySU(3)C × SU(2)L × U(1)Y

LR model:  gauge theorySU(3)C × SU(2)L × SU(2)R × U(1)B−L

 singletSU(2)L  doubletSU(2)R

LR model
SM (low energy EFT)
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 singlet, vector-like(VL) quarksSU(2)L/R
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Pgen

(SM quark masses by seesaw mechanism)
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Seesaw mechanism
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SM up-type quark mass hierarchyup-type VL quark mass hierarchy
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Higher dimensional operator (HDO) inducing θ

/ 26
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Non-vanishing radiative  correctionsθ̄
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2-loop contributions
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axion and quantum gravity

Peccei-Quinn mechanism：SM  global symmetry × U(1)PQ

<latexit sha1_base64="7Pg1DzV5CIcoF93cyXuW/vvbl88="></latexit>

L 3
✓
✓̄ � a

fa

◆
↵s

8⇡
Gâ
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Effective aspect of the novel calculation method
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Non-vanishing contribution of θ̄
:𝒪(x6)
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ŪP
MLU

Q
MR'

0 � ip
2

⇣
V Pi
dL xia

d V †aQ
dR

⌘
D̄P

MLD
Q
MR'

0

+
ip
2

⇣
V Pi
uRx

ia
u V †aQ

uL

⌘
ŪP
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Mass spectrum

energy scale
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Loops of  HiggsSU(2)L
2-loop

3-loop
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Collider & flavor experimental bound
charged boson mass mW′￼

ATLAS (charged lepton + missing)
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an order of magnitude below the theoretical error in the SM prediction
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B anomaly in the LR model
 anomalyR(D), R(D*)

K. S. Babu, B. Dutta and R. N. Mohapatra, JHEP 01 (2019), 168
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Neutron EDM experiment
neutron EDM (nEDM) experiment

Paul-Scherrer Institute (PSI)

ultracold neutron

Ramsey method

result in 2020（measured in 2015 ~ 2016）
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Proton EDM experiment
proton EDM (pEDM) experiment

CERN, CPEDM collaboration
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PDF and future experiments

excluded region
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 parameter respect to θ SU(2)L, SU(2)R

1: Two  terms has a same coupling  due to θ θ2 Pgen
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Neutrino
If the LR symmetry is generated to the lepton sector,

no neutral VL lepton
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