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CP violation in the SM
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promising solutions to the strong CP problem

parity  symmetric model(P)

free from the quantum gravity

predict a dark matter candidate

dynamical solution
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最小なLR模型が誘起するQCD  angle  がstrong CP problem,  を満足する
かどうか明らかにしたい

θ θ̄ θ̄ < 10−10

 の構成要素であるθ̄

bare θG tree level  massγ5 1-loop  massγ5 2-loop  massγ5 …

クォークのループ質量を求める

 に対する寄与って質量だけ考慮すればいいの？θ̄

従来の計算法(  mass term + Fujikawa method)の修正・改良が必要なのではないかγ5

パリティ対称性によって禁止

従来の研究課題

本研究の研究課題
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結果

/ 23

結果１ :  に対する輻射補正を計算する新しい手法の開発θ̄

結果２ : 新計算法を最小なLR模型へ応用し、 誘起される  を評価したθ̄

diagrammatic method
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Gâ

µ⌫G̃
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1 flavor  QCD :P, T



“QCD  角とLR模型”, 長村尚弘 (名古屋大学), PPP2023, 2023.8.30θ

Conventional calculation of δθ̄

11 / 23

conventional radiative corrections to θ̄

radiative corrections
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âµ⌫ �M (1) ̄M M

<latexit sha1_base64="deE+iw7UrrtKIPxsAZvy2ytMt8g="></latexit>

✓̄loop ' ✓G � mCP

m
� �m(1)

CP

m
+

mCP

m

�m(1)

m

radiative corrections to masses
＋

mass diagonalize (chiral rotation)
—Fujikawa method—

-oddT (CP)

/ 22



“QCD  角とLR模型”, 長村尚弘 (名古屋大学), PPP2023, 2023.8.30θ

Diagrammatic approach to  correctionsθ̄

12 / 23

<latexit sha1_base64="A995tush/IxezfCUTFgziTp2SJA="></latexit>

✓̄
↵s

8⇡
Gâ
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CKM phase quark mass phase θ̄ CKM phase θ̄

7-loop 4-loop

This is consistent with the quark 
(chromo-) EDMs generating at 3-loop 
from the CKM phase.

no detailed calculation
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Difficulty in calculating the loop diagrams
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difficulty: the theta term cannot be derived perturbatively.
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Fock-Schwinger gauge method

/ 23

<latexit sha1_base64="d3Ud1BL9CEeXwso+eNty/Of574o="></latexit>

(xµ � xµ
0 )A

â
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1st result
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tree

1-loop corrections

corrections to θ̄ the diagrammatic method

Fujikawa method

Fujikawa method

loop mass δmCP
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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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 parameter in the minimal LR modelθ̄
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Non-vanishing radiative  correctionsθ̄
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3-loop contributions up to loop function
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Induced  in the minimal LR modelθ̄
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axion and quantum gravity
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Peccei-Quinn mechanism：SM  global symmetry × U(1)PQ
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Fujikawa method
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Effective aspect of the novel calculation method
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Non-vanishing contribution of θ̄
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Non-vanishing contribution of θ̄

29 / 23

:𝒪(x6)
<latexit sha1_base64="zJB8tN5cZP3IRAIA3Ch7aKenw4o="></latexit>

Im Tr
�
Aa

q

⇥
Ab

q0 , A
c
q00
⇤�

f
�
Ma

q ,M
b
q0 ,M

c
q00
�

totally antisymmetric

<latexit sha1_base64="7EdWD5hj4v5fFreK3aWDvVKT1yE="></latexit>

W 0±

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="7EdWD5hj4v5fFreK3aWDvVKT1yE="></latexit>

W 0±
<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
<latexit sha1_base64="7EdWD5hj4v5fFreK3aWDvVKT1yE="></latexit>

W 0±

<latexit sha1_base64="g+LHZRGLvK9Uuc54s9yIk/bm9R0="></latexit>

v04
<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
<latexit sha1_base64="G4HZ1CFDZW0WQk/DJkuAsxlnV0Q="></latexit>

v06

<latexit sha1_base64="iSgNkxebp/7i3SKcrtxRZM+EO/g="></latexit>

v02
<latexit sha1_base64="jLMDrLXy5d2ga7MNHAfynI/QzRc="></latexit>

v00 forbidden by Pgen

direct correction to GG̃

does not produce a totally antisymmetric loop function
 mass insertion∵

<latexit sha1_base64="yEWc4PaK/otRPARl+CwltcQUpUk="></latexit>

v0
<latexit sha1_base64="yEWc4PaK/otRPARl+CwltcQUpUk="></latexit>

v0
<latexit sha1_base64="yEWc4PaK/otRPARl+CwltcQUpUk="></latexit>

v0
<latexit sha1_base64="yEWc4PaK/otRPARl+CwltcQUpUk="></latexit>

v0

<latexit sha1_base64="vqURpTxGnP1mFeN9zt9liqebj/A="></latexit>

'0� <latexit sha1_base64="vqURpTxGnP1mFeN9zt9liqebj/A="></latexit>

'0�
<latexit sha1_base64="5HfmFzjJeiAaOPGFDR3QOAX74Fo="></latexit>

'00, h0 <latexit sha1_base64="5HfmFzjJeiAaOPGFDR3QOAX74Fo="></latexit>

'00, h0

<latexit sha1_base64="t5kg6xMLlvgDFXQDMOw23kmQAjo="></latexit>uR
<latexit sha1_base64="t5kg6xMLlvgDFXQDMOw23kmQAjo="></latexit>uR

<latexit sha1_base64="aE6exBAiAo9IBZF9ns+vXIkf+ec="></latexit>

UL
<latexit sha1_base64="90F4PYlTgIxsvjElVvmVwnbmJmA="></latexit>

dR

<latexit sha1_base64="zND2uqIPZ5PthBwDRmOq0Q0cdHI="></latexit>

DL

<latexit sha1_base64="aE6exBAiAo9IBZF9ns+vXIkf+ec="></latexit>

UL
<latexit sha1_base64="aE6exBAiAo9IBZF9ns+vXIkf+ec="></latexit>

UL

<latexit sha1_base64="aE6exBAiAo9IBZF9ns+vXIkf+ec="></latexit>

UL
<latexit sha1_base64="90F4PYlTgIxsvjElVvmVwnbmJmA="></latexit>

dR

<latexit sha1_base64="90F4PYlTgIxsvjElVvmVwnbmJmA="></latexit>

dR
<latexit sha1_base64="90F4PYlTgIxsvjElVvmVwnbmJmA="></latexit>

dR

<latexit sha1_base64="zND2uqIPZ5PthBwDRmOq0Q0cdHI="></latexit>

DL



“QCD  角とLR模型”, 長村尚弘 (名古屋大学), PPP2023, 2023.8.30θ 30
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ŪP
ML�

µUQ
MLW

+
µ +

⇣
V Pi
dL V †iQ

dL

⌘
D̄P

ML�
µDQ

MLW
�
µ

i

� gp
2

h⇣
V Pi
uRV

†iQ
uR

⌘
ŪP
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Mass spectrum
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Loops of  HiggsSU(2)L
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Collider & flavor experimental bound
charged boson mass mW′ 

ATLAS (charged lepton + missing)
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mW 0 ,mZ0 ⇠ 40TeV, v0 & 120TeV : fine-tuning problem          
in the scalar potential

one-loop FCNCs, kaon mixing
<latexit sha1_base64="H8WUz+MoK6G6aXXJWoAGyo4zvnQ="></latexit>

(�mK)u,c ⇡ �6 · 10�16GeV

✓
6TeV

mW 0

◆2

, |✏K |u,c ⇡ 7 · 10�5

✓
6TeV

mW 0

◆2

an order of magnitude below the theoretical error in the SM prediction

N. Craig, I. Garcia Garcia, G. Koszegi, and A. McCune, JHEP 09 (2021) 130
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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

<latexit sha1_base64="tCA1WDj7VKniHItUah3oAIfjV7c="></latexit>

R(D) =
�(B ! D⌧⌫)

�(B ! D`⌫)
, R (D⇤) =

� (B ! D⇤⌧⌫)

� (B ! D⇤`⌫)

<latexit sha1_base64="cjZdDULCmZ8fDPxSFc/EICf/8HY="></latexit>

MWR < 3TeV

excluded



“QCD  角とLR模型”, 長村尚弘 (名古屋大学), PPP2023, 2023.8.30θ 35

Neutron EDM experiment

/ 23

neutron EDM (nEDM) experiment

Paul-Scherrer Institute (PSI)

ultracold neutron

Ramsey method

result in 2020（measured in 2015 ~ 2016）
<latexit sha1_base64="K4nyhDel5GTB7nkHnw9M463TDkk="></latexit>

|dn| < 1.8⇥ 10�26e cm (90%C.L.)

+

future experiment: TUCAN(TRIUMF Ultra-Cold Advanced Neutron)

Canada & Japan
<latexit sha1_base64="1BLorJTrNYn9it9nr/iYnt6Hxfg="></latexit>

|dn| . 1⇥ 10�27e cmAim:

https://www.psi.ch/en

C. Abel, Phys. Rev. Lett. 124 (2020) 081803

S. Ahmed, et al., Phys.Rev.C 99 (2019) 2, 025503
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Proton EDM experiment
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proton EDM (pEDM) experiment

CERN, CPEDM collaboration

<latexit sha1_base64="+Gr1YrFFxGnX3mHlDAFO2f4Rarc="></latexit>

ds

dt
= µ⇥B+ d⇥Estorage ring

<latexit sha1_base64="LgRtdAPj2CZ6OwL9GAY4iVe3xQQ="></latexit>

|dp| . 10�29e cm

improves at three order from nEDM

 parameterθ̄

J. Alexander, et al., arXiv:2205.00830 [hep-ph]

( : spin)s



“QCD  parameter and the LR model”, Naohiro Osamura (Nagoya U), Tokyo, April 10, 2023 θ 37

2-loop contributions

/ 29

mass insertion

<latexit sha1_base64="xlQ/jCFPMOfsppFpPIz3dBOMujM="></latexit>
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O(x4)
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O(x6)
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W 0±
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Z 0

<latexit sha1_base64="7EdWD5hj4v5fFreK3aWDvVKT1yE="></latexit>

W 0±
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'00
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W 0±
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'00
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'00
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'0±

: gauge bosons from SU(2)R

: ’s NG bosonsH′ 

<latexit sha1_base64="bEUPAMzi4YJcSXT2zi4ojbe5+io="></latexit>

W 0±, Z 0
<latexit sha1_base64="zVOd7/MOIqOF0d3tOb+85aT21hQ="></latexit>

'00, '0±

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0

the lowest order: 

<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
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v0<latexit sha1_base64="guKdSFN+bPFdTPMTCkx2OdAI3w8="></latexit>

v0
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v0

the next order: 

2-loop
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= 0

symmetric

(analytically & numerically checked!)
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PDF and future experiments
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excluded region

<latexit sha1_base64="J3qCI6VohuRS1tsDeEqCkoDlrv8="></latexit>
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, M1
u = M2

u
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max(xu) < 4⇡
<latexit sha1_base64="LlBa+3d5FcpVfvDS1Y8ggbEjZg4="></latexit>

max(xu) <
p
4⇡

nEDM ( )|dn | ≲ 1 × 10−27e cm

pEDM ( )|dp | ≲ 1 × 10−29e cm

<latexit sha1_base64="Q9PKi+qF3VkviGx3aqPOWlA85SI="></latexit>

94.0%
<latexit sha1_base64="3eV/zuXbbyOzRvgSpvFV9ZhMJ1I="></latexit>

82.5%
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99.9%
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99.8%
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 parameter respect to θ SU(2)L, SU(2)R

/ 23

1: Two  terms has a same coupling  due to θ θ2 Pgen
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2: axial  angle is U(1) β =
1
2 (θR − θL)
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QL ! ei✓LQL, QR ! ei✓RQRchiral rotation:

3:  have vector-like symmetryU, D

SU(2)L SU(2)R

<latexit sha1_base64="u7trRrMyisGr8Ps2birlbptkW6E="></latexit>

exp

✓
�8⇡2

g2L
� 8⇡2

g2R

◆
= 10�169

sphaleron proces

<latexit sha1_base64="3o3Hfl/8xfrtwWtD0C4JCG1QRtA="></latexit>

gL = gR = 0.637

The  parameter of 
                

can be an observables,     
but it is too small to verify.

θ
SU(2)L, SU(2)R

proceeding study

A. A. Anselm, A. A. Johansen, Nucl. Phys. B 412 (1994) 553-573
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Neutrino
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If the LR symmetry is generated to the lepton sector,

no neutral VL lepton
<latexit sha1_base64="1JLNbU6A2mBqDrG58corL553f84="></latexit>
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◆

charged lepton mass matrix

Certain benchmark points can 
explain the neutrino oscillation.

K. S. Babu, et al., JHEP 08 (2022) 140
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Dirac neutrino mass
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