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Strong CP problem

3

The chiral rotation induces  as a chiral anomaly.GG̃
chiral rotation

A physical parameter:
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Today’s theme
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Application of the conventional evaluation 
 to loop-level should be modified!θ̄ = θG + arg Det[ℳuℳd]

We estimated the  parameter induced in the LR model 
at loop-level by the new method.

θ̄
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Parity solution of the strong CP problem
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Left-Right symmetric (LR) model

quantum correction
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6

Left-Right symmetric model
matter content: under :Pgen

vector-like

mass matrix (i, j… : light flavor, a, b… : heavy flavor)

new particles
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 parameter at tree-levelθ
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Vanishing up to the 1-loop corrections to θ̄
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K. S. Babu and R. N. Mohapatra , Phys. Rev. D 41 (1990), 1286
They showed vanishing the 1-loop corrections of CP-odd mass term 
contributing to .θ̄
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The LR model has been expected as one of good 
solutions to the strong CP problem!
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Vanishing up to the 1-loop corrections to θ̄
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K. S. Babu and R. N. Mohapatra , Phys. Rev. D 41 (1990), 1286
They showed vanishing the 1-loop corrections of CP-odd mass term 
contributing to .θ̄

<latexit sha1_base64="VM6ZuoZw+/1Qz424yJ4ELt5KZeo="></latexit>

✓̄ = ✓G + arg det
h
M(0)

u M(0)
d

i
+ arg det

h
�M(1)

u �M(1)
d

i
+ arg det

h
�M(2)

u �M(2)
d

i
+ · · ·

1-loop

The LR model has been expected as one of good solutions to the strong CP problem!

Is this evaluation of  correct?θ̄

No! We propose a new method, 
diagrammatic evaluation.

Answer:

Question:
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Diagrammatic evaluation of GG̃
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The wrong point in the conventional method
Why is
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2.  is induced from the fermion-loop diagrams.GG̃

3. The other contributions except the CP-odd mass are not considered.
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1PI

<latexit sha1_base64="xcFXUqCJ8n4DuGwMvnK6fFG8FYE="></latexit>

M(0) + �M(p)1. the momentum dependence in loop corrections:

<latexit sha1_base64="WHUHib+ZnqZKGcUAblB3mjCDypY="></latexit>

�M(p = 0)
<latexit sha1_base64="QHVTHLRJsZXSSgU69oroNyoC+4s="></latexit>

p = 0

<latexit sha1_base64="PP0RdUqwUB9+ueXbceINOJldYVw="></latexit>

✓̄ = ✓G + arg det
h
M(0)

u M(0)
d

i
+ arg det [�Mu�Md]

“QCD  parameter and Left-Right symmetric model”, Naohiro Osamura (Nagoya U), FPW2022, November 9, 2022 θ

<latexit sha1_base64="DuvwWEKl7gX/XgHWKxWnoY5wtOk="></latexit>

✓G
g2s

16⇡2
Ga

µ⌫G̃
aµ⌫

/ 18



12

<latexit sha1_base64="p9PF4J2tqwHgAnDXhc68S0wwckc="></latexit>

p = 0

2.  is induced from the fermion-loop diagrams.GG̃

<latexit sha1_base64="hHF66wq0YoHf+UxvfPLyJ3sycbE="></latexit>

arg det [�Mu�Md]

<latexit sha1_base64="Hckm7y9AynczsZQiIpQJxcU1WEI="></latexit>

�Mu(p = 0)

<latexit sha1_base64="1Hh3IkuN7TSaBsPNBhhl1y6ocMs="></latexit>p (loop momentum)

fermion mass

<latexit sha1_base64="WHUHib+ZnqZKGcUAblB3mjCDypY="></latexit>

�M(p = 0)

3. The other contributions except the CP-odd mass are not considered.

This type is not included in                                .
<latexit sha1_base64="hHF66wq0YoHf+UxvfPLyJ3sycbE="></latexit>

arg det [�Mu�Md]

<latexit sha1_base64="jgU1O8CUX+G7QBF7eqyjiIFfv/s="></latexit>p

The wrong point in the conventional method

“QCD  parameter and Left-Right symmetric model”, Naohiro Osamura (Nagoya U), FPW2022, November 9, 2022 θ / 18



CP violation in the LR model
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Non-vanishing combinations

lower bound

upper bound

Non-vanishing combination
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Upper bound - -uuu
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About 20% has been already 
excluded.

<1%
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Upper bound - -duu
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Lower bound ~complete degeneration~
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When VL quark masses are degenerate completely, only one CP phase in the LR 
model is in .VCKM

Numerical result:
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Summary
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We propose a new method, diagrammatic evaluation.

The contribution to  at two-loop level vanish.θ̄

Fock-Schwinger gauge or Operator Schwinger method
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The upper bound of  induced at three-loop level is comparable 
to the experimental constraint .
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θ̄ < 1.2 × 10−10
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Strong CP problem
 is the CP violating theory with two CP violating sources.ℒQCD
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Mass diagonalization
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Mass spectrum
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Preceding studies about LR model

K. S. Babu and R. N. Mohapatra , Phys. Rev. D 41 (1990), 1286
They showed vanishing the 1-loop corrections of CP-odd mass term 
contributing to .θ̄

L. J. Hall and K. Harigaya, JHEP 10 (2018) 130
They revealed the relationship between LR model and  GUT.SO(10)
They estimated non-vanishing loop corrections to .θ̄
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K. S. Babu and R. N. Mohapatra , Phys. Rev. D 41 (1990), 1286

quark:
lepton:

VL up-type:
VL down-type:

VL lepton:

σL = 2Re [χ0
L]

σR = 3Re [χ0
R]

fermion

scalar
χL
χR

 doublet:SU(2)L
 doublet:SU(2)R
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L. J. Hall and K. Harigaya, JHEP 10 (2018) 130
They revealed the relationship between LR model and  GUT.SO(10)
They estimated non-vanishing loop corrections to .θ̄
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Diagrammatic evaluation of GG̃

Fock-Schwinger gauge
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CP-odd fermion loops
Which interaction generate CP violation?
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mass correction
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Collider & Flavor constraints
charged boson mass mW′￼

ATLAS, charged lepton and missing
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mW 0 & 6TeV, v0 & 18TeV
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mW 0 ,mZ0 ⇠ 40TeV, v0 & 120TeV : fine-tuning problem 
in the scalar potential

one-loop FCNCs, kaon mixing
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an order of magnitude below the theoretical error in the SM prediction

“QCD  parameter and Left-Right symmetric model”, Naohiro Osamura (Nagoya U), FPW2022, November 9, 2022 θ

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



B anomaly in the LR model

 anomalyR(D), R(D*)
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