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Strong CP problem

X
S
violates P & T'( = CP under the CPT theorem)

A ~ A . 1 .
a apur apv UV po a
G¢ G (G = ¢ Gp0>

the theta term: LsMm 2 Oc ;

a physical parameter: 6 = g — arg det [M, M ]
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

Strong CP problem
0 < 10~ 1Y < dckM =~ 66° = 1.2rad = O(1)

Why so little!?

the CP violating complex phase in the CKM matrix
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Solutions of the strong CP problem

promising solutions to the strong CP problem

axion the left-right model
dynamical solution parity(P) symmetric model

spontaneous breaking

predict a dark matter candidate N

LSMEFT 3 H—Gzyéaw small!
ST
conflict with the quantum gravity free from the quantum gravity
R. D. Peccei, H. R. Quinn, Phys. Rev. Lett. 38 (1977) M. A. B. Beg, H. S. Tsao, Phys. Rev. Lett. 41 (1978) 278

The parity symmetry forbids GG

7 %s ~a Sauv
HS_WGWG #”. P- and T (CP)-odd operator
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Left-Right symmetric (LR) model

LR mOdel . SU(g)C X SU(Q)L X SU(Z)R X U(I)B_L

Posen Lir D 0c %I/é&m/

corrections to @

a mass matrix in the LR model .
(the chiral anomaly)

tree (Fujikawa method) x " Pyen ' the hermite mass
1-loop corrections DA
2_|Oop corrections 5 5 "Q,il;‘Qi[;\“Q, ? estimated up to a loop function

PR N
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Our results

result 1 : We invented the novel method
to calculate radiative corrections to 0.

result 2 : We applied the novel calculation method

and estimated the induced @ in the LR model.
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Fujikawa method
T (CP)-odd

Xs ~a Aapv 7 T

mass diagonalize (chiral rotation)
—Fujikawa method —

K. Fujikawa Phys. Lett. 42 (1979) 1195-1198

Lp g3 0-2GL G — My M = m 4 mCr
P,T 87_‘_ 9774 M Y M = TN m

the physical parameter

g — O mcpe
T
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Conventional calculation of 6@
T (CP)-odd

OF

Lp,p 3065 GG - (m + 5m(1)) hip — (mch + (5m8;)>) Y51

. . . . radiative corrections
mass diagonalize (chiral rotation)

—Fujikawa method —
+
radiative corrections to masses

nloop ¥s ~a  Aauv T s 4 Sm D)2
Lpr 2 0P GLGM — MWyt (Mm(m”m(”) 5 Sfi(smff))

conventional radiative corrections to @

1
6)_100]@ - QG mcp 5m§3]_2) I mcp 5m(1)
T T T T
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Diagrammatic approach to 0 corrections

_as

a Yauv
SWG“”G

(assumption: a scalar @

which interacts with y)
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Difficulty in calculating the loop diagrams

difficulty: the theta term cannot be derived perturbatively.

L & Aauy & G 9s rabé g4 Ab pa
total derivative G, G = 0"€ppo (AVGPJ i ” AVAI;AU) Zp“’ =0

strategy

building a gluon effective theory described by not gauge field Af;‘ but the field strength G/‘ED

temporarily breaking the translation symmetry
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Fock-Schwinger gauge method

A

FOCk'SChWinger gauge. (x'u — $6L)AZ (QE) =0 . Novikov, et al., Fortsch. Phys. 32 (1984) 585

. 1 .
gauge fixing Al (x) = 5(33'/ — 25)G2 (z0) + -

breaks the translation symmetry, but it revives in the result of gauge invariant quantities
S. N. Nikolaey, et al., Nucl. Phys. B 213 (1983) 285-304

calculable

Xs ~a Fa
18%
GG

ST

. 7 I 1 a auv
L = Wlbw o mww o mCowW&Sw o ZG,UJVG :
mcp
mcpe
Trl

(Fujikawa method)
consistent!
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1st result

a mass (matrix)

corrections to & 1. the diagrammatic method
(the chiral anomaly) (Fock-Schwinger gauge)

tree
(7TL7771CH?)

1-loop corrections

(dm, dmcp)

X

consistent!

Fujikawa methoad

Fujikawa methoad

_+_

loop masses
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Minimal LR model
SM: SU(3)~ X SU(2); X U(1)y gauge theory

LR model: SU(3) X SU(2); X SU(2)r X U(1)g_; gauge theory

—" Feen : generalized parity symmetry

SU(2); singlet — SU(2)z doublet SUB)c SU@)L SU@r UM)p-r | Uy
L= (ul,dy)T O 0 1 1/6
LR model R = (ug,dpr)" = O 1 = 1/6
> SM (low energy EFT) . . - ! 2 (1/2,1/2)
<H,> = (O v') H' 1 1 O 1/2 (1,0)
e m 1 1 2/3 23
_ | Us m 1 1 2/3 2/3
SU(2); » singlet, vector-like(VL) quarks > 1TeV
Do m 1 1 ~1/3 ~1/3
(SM quark masses by seesaw mechanism)
D m 1 1 ~1/3 -1/3
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Seesaw mechanism

mass matrix (light flavor: QI’;/R, heavy flavor: U}, D} r) seesaw mechanism
(. 7%) (g i ) ( 71
—Ly = QpalfURH + QuaitUgH' + MLULUS, PR\ el Mge® )\ Uy
e @.00) (o b ) (%)
+ h.c. X, v ]y[gqsa .l)]%

Yukawa (light X heavy X Higgs) Dirac masses

up-type VL quark mass hierarchy —>  SM up-type quark mass hierarchy

M; > M? > M? My <K Me < My

down-type Yukawa (x,;) components —— SM down-type quark mass hierarchy ("." mild)
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Seesaw mechanism

ix (I | w mechanism
mass matrix (light flavor: Q; ., heavy flavor: U}, ., D} 1) seesaw mechanis

D — 0 oy J
oo ot () (e i) ()
—Ly = QpalfURH + QuaitUgH' + MLULUS, - v Mo U,
+ QL DH + Qi DLH' + MEDEDf (@ 25) (o wrtw ) ()
_l_ h.C. ajd U MC(;'(SGI DR

Yukawa (light X heavy X Higgs) Dirac masses

CP phases
Ty = V(;fKM ” 77:} D (043, 0u3) Vs o 1(Vexwm) + 2(0us, 0ug) +1(Vy) =4
/Mg — \/ M - A 1 (i —
g = ﬁ%(ed N \/Ud 2003, amy—+HVp) = 3

(Vu/p: CKM-like matrix, ®(0,3,0,8): two U(1) phases)

Assumptions: M = M% = M! > M2 > M?
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0 parameter in the minimal LR model

tree
G, G*  prohibited by P

gen

X g

L1 eft—Right 2 0G 3

1-loop (Fujikawa method)

the mass matrix

Jpp— 0 2o w) — 0
(“L’UL) ( xliady  Mo§wb ) ( U, ) = U MU

arg det [M, My] =0 = (
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Higher dimensional operator (HDO) inducing &

: _% a apv
the spontaneous P, breaking 987TG G

B Hl 2n . /2n - s
HDOs inducing #: Y _ Cn il L e G, G — C P o G:,G*™  dueto P, (H < H)

M2n \ 7 ] gen
vV > v — 0

/ 2” . I . .
(9_ — Cn (v—) Im It (Ag [Ag/ ,ACC]//]) f(M;, MS/, qc//) (AZJ)ZJ — $za$:[]aj

totally antisymmetric no SM quarks
totally antisymmetric
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Non-vanishing radiative 6 corrections

1 1
4 a Ab a b a Ab a b b jpa a b
O(x”)--- Im Tr (Aqu,) f(MZ, M) = §Im Tr (Aqu,) fOMG, M) — 5 Im Tr (Aq,Aq) f(MZ, M)
1 a Ab a Ab a b
= 3 Im Tr (Aqu, — Aqu,) f(MZ, M)
J— O

f is areal loop function

cyclicity in 1t
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the lowest order: O(z*) the next order: O(z°)

/ . .
. Y mass insertion
o000 o000
ooooO . ooooO0>
o000 . o000 ?i/

P~ — ( u)2 P P
_ Z-U/SPL 1 ;ETa’jaj‘jb 1 ZETbi
7000 70000 p*— (Mg)> " " p?— (M) "

symmetric
Im Tr (A [Ag , AC)]) F(MS, M, MS,)

* 7' : gauge bosons from SU(2)p

¢’07 Sp,“ - H”s NG bosons

p— O (analytically & numerically checked!)
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(A2)Y = gl ]

VM = v My,
Ty = V(JJfKM - O ((9“3, eug) VU W
N A/ TTd \/Md
SRV
5O~ —— " It (AG[AY ) ACT) fa2
(167’(’2)2 M2 d uw? “tu duu
— 3
4 v MM, Mg mymg \/me £33 1 13b7 b3 130y 1te27 23\ Fhe
~ (].67T2)2 M2 U/S ,03 Im (VCKMVZ} VU V(} VU VCKM) duu

free parameters

the hierarchy in the VL quark masses M = M% = M, > M2 > M> =/
angles: 3 mixing anglesin V;; + (2+1) CP phases in D & Vi
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Induced 0 in the LR model

-
ek
-
-

Probability Density
-
-
ek
o

0.001

excluded

parameter set

mass hierarchy in VL quarks
M=M$=M=M?=103M3

6 angles are taken at random [0,2 7]

excluded region (f;;,, = 1)

o max(x,) < 4w 58.9%

Log10(60duu/T qun)

including uncertainty of a loop function

o max(x,) < V4r 10.6%

This model can be probed by a
little experimental improvement!
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a mass matrix in the LR model corrections to 6 the diagrammatic method

X

tree

1-loop corrections e x =0

A A
.. 0.100} n EDM bound
- = z_M‘
t_ H//,":\\ \\H’ up to %‘0010 &&Q
2-loop corrections NIRRT - : ﬁ
FEVEIRS a loop function £ oo e
'H' 'H * e
10—4 ------------------------
~13 -12 -11 -10 9 8
L0g10(59duu/fduu)
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Summary

1st result: novel method to calculate radiative corrections to &

Lo 10(66duu/fd )

high sensitivity!
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axion and quantum gravity

Peccei-Quinn mechanism : SM x global symmetry U(1)y,

L3 (9 ; ) g—SGzyé&W - () a :axion field
a (s

The U(1)pq symmetry has to be exact.

R. D. Peccei, H. R. Quinn, Phys. Rev. 38 (1977) 1440-1443

The quantum gravity imposes a global symmetry does not exist.

Y. Zeldovich, Phys. Lett. A59 (1976) 254
D. Harlow, H. Ooguri Phys. Rev. Lett. 122 (2019) 191601
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Fujikawa method

Sqcp = / d*x { »  fipf - (Mﬁ{a% + Mgl + MY db d, + M;ijJiRdg)

f=u,d,s,c,b,t

o s a
— GG G G G
8 H

4 H

mass diagonalize (chiral rotation)
—Fujikawa method —

K. Fujikawa Phys. Lett. 42 (1979) 1195-1198

0 = 0g — arg det [M M|

integratinXuarks out
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Effective aspect of the novel calculation method

0 = Og|— arg det [M,My] integratinXuarks out

Consistency is checked.

Im{M] integrating quarks out

the perturbative bound: W = AQCD

My, , Mg, Mg < AQCD
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Non-vanishing contribution of 0

O(x°): Im Tr (A2 [Ay,, AS/]) f (MG, My, MS,)

totally antisymmetric

~
P Yo/
U U
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O(O): Tm Tr (Ag [AL, AS])| w

tota
U

/

direct correction to GG

”U/O
forbidden by £,
4 does not produce a totally antisymmetric loop function
U "’ mass insertion
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B 9 (i gyt | T T — 9 (i g+ 7o d i —
gauge Lwwr = /2 (ULW arW, LY ULWM) /2 (uRV dprW, rRY urW, )
9 i i y iy i = _
= NG (VuPL VJLQ> UJ\ZLW“MJ{%LWJ T (lez VdTLQ> DJ@LWMDJ%LWM}
g

NG (Vu%VJ;Q> Z/_{J\ZRVMMJ{%RW;F + (Vd%VJEQ) ﬁJ@RWMDJ%RW[L_}

DO

P11 _a a < P P11 _a a N —
(VuL T VJRQ) U L DY reT — (VdL Ty, VJRQ> Dir U n®

charged NG —L + =+

T (Vu]gxizangcz> Z/_{J\ZRDJ%LSO/+ — (Vd%xi“VJEQ) ﬁﬂRMJ{%LSDI_
+ h.c.
neutral NG —L 0,0 = 7 Vﬂ’ﬂ?fﬂf) Uy LU e (Vfi g VJRQ) Dirr. DYy pe’°
2 /2
) . _ ] 11. _
VuPZZCZaVTaQ) Z/{P Z/{Q /0 (szxzav"'a@) DP DQ /0
ﬂ ( R uwL MRUMLF \@ dRLd Vdr MR mL¥

h.

)



Mass spectrum

up-type VL quark mass hierarchy —> up-type quark mass hierarchy

M: > M7 > M?

down-type Yukawa (x,;) components —— down-type quark mass hierarchy (*." mild)

Mg = Mg = M;

/
MY ~ Mj~ M > 1001;\

M2

energy scale

universal

ATLAS

/ 3
mw: ~ My ~ My ~ U ~ M2 <
¢ MW Z 6leV, v’ z 18TeV

TeV

100 GeV my ~ 1Mp ~ U
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Loops of SU(2); Higgs

2-loop 2 — | L v

A2 T A2

3-loop

X

@\

n
S

=
~~—"

x.




Collider & flavor experimental bound

ATLAS (charged lepton + missing) > charged boson mass my,

T/ Z GTGV, 2)/ z 18TeV

Future Circular Collider (FCC), 100TeV pp collider

mw,mz ~ 40TeV, o > 120TeV :fine-tuning problem
in the scalar potential

one-loop FCNCs, kaon mixing

6TeV
(AmK)u’Cw—G-l()_mGeV( - ) ek

TN

6TeV> :

TN/

w,c 7-107° (

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

“QCD 6 parameter and the LR model”, Naohiro Osamura (Nagoya U), KMI EDM workshop, March 2, 2023



B anomaly in the LR model

R(D), R(D*) anomaly

B i g G
:

«
NS

e Sy SN e S SRR o excluded

i, N B SO AN o PR LR L
My, < 31eV

ra ‘.,
s -
-
.-
-
-

Figure 4: R(D, D*) scatter-plot is shown by varying gz and My,,,. The boundaries of R(D)
and R(D*) anomalies are shown by black and blue lines respectively. We show 1 ¢ allowed
regions.

K. S. Babu, B. Dutta and R. N. Mohapatra, JHEP.O1 (2019), 168
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Neutron EDM experiment

neutron EDM (nEDM) experiment

Paul-Scherrer Institute (PSI)

ultracold neutron
_|_
Ramsey method

https://www.psi.ch/en

result in 2020 (measured in 2015 ~ 2016)

d,| < 1.8 x107*°ccm  (90%C.L.)

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

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

= . _27
Canada & Japan Aim: |d,| S1x10"*"ecm
S. Ahmed, et al., Phys.Rev.C 99 (2019) 2, 025503
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Proton EDM experiment b

proton EDM (pEDM) experiment

CERN, CPEDM collaboration

d .
storage ring d—: =uxB+dxE (S:spin)

10—19 1 ] I - I _
|dp‘ 5 ].0_296 cIn A\ I '::)Li:)r:rllig:\jlll\?n((ﬁr:;t (Accjr)wieved)
1 \ —i— Proton EDM (Planned)
10 \ —¥— Deuteron EDM (Planned)
— 'g 1023 \A‘
& parameter B .
% 107 \‘—*A\k
improves at three order from nEDM CH
1622 \

1960 1970 1980 1990 2000 2010 2020 2030 2040
Year
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Probability Density

PDF and future experiments

M, /M, =107%, M, = M;

excluded region

nEDM (|d, | <1 X 107%7ecm)

max(x,) < 4w 94.0%
max(x, ) < V4w 82.5%

pEDM (|d,| < 1 x 107*e cm)

max(x, ) < 4m 99.9%
Log10(60dun/T du) max(x,) < V4ar 99.8%
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¢/ parameter respect to SU(2),, SU(2),

L3 eggﬁwjyvv&“” TR T proceeding study
TC

8T
+ QraitUgH + Qralt UL H' + MiULUR
+ QL2 DY H 4+ QRaf' DY H' + M$D$ D% + h.c.

sphaleron proces

8 2 8 2
exp( A ) — 10169
2 2
gr )

1: Two 0 terms has a same coupling €, due to P, g;, = gr = 0.637

A. A. Anselm, A. A. Johansen, Nucl. Phys. B412 (1994) 553-573

1
2: axial U(1) angleis f = — (6’R — HL)

- - ~- - ~—

2
chiral rotation: Qr — €*Qr, Qgr — €""FQr The 0 parameter of

SUQ), SUQ)g SU2);,SUR2),
can be an observables,
3: U, D have vector-like symmetry but it is too small to verify.
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Neutrino

If the LR symmetry is generated to the lepton sector,

no neutral VL lepton
\IJL(172717_1) — ( VL ) 9 \IJR(171727_1) — ( VR )7 EL/R7 NL/R

charged lepton mass matrix
0 TV
Me = ( ziv" Mg )

| | Certain benchmark points can
Dirac neutrino mass explain the neutrino oscillation.

Oscillation 30 range Model prediction

parameters NuFit5.1 [48] | BP I (NH) | BP II (NH) | BP III (IH) | BP IV (IH)
Am3, (107° eV?) 6.82 - 8.04 7.42 7.38 7.35 7.35
Am33(107% eV?)(IH) 2.410 - 2.574 - - 2.48 2.52
Am3; (1073 eV?)(NH) 2.43 - 2.593 2.49 2.51 = =
sin? 0,2 0.269 - 0.343 0.324 0.301 0.306 0.310
sin? O3 (TH) 0.410 - 0.613 - - 0.510 0.550
sin? 653 (NH) 0.408 - 0.603 0.491 0.533 - -
sin” 6,3 (IH) 0.02055 - 0.02457 - - 0.0219 0.0213
sin® 613(NH) 0.02060 - 0.02435 0.0234 0.0213 e -
dcp (IH) 192 - 361 - - 236° 279°
dcp (NH) 105 - 405 199° 280° - -
Miight (1073) eV 0.66 2.04 14.1 8.50
Mg, [Mw, 917 45.5 1936 1990
Mg, [Mw, 0.650 0.43 0.12 0.11
Mg, [Mw, 0.019 0.029 0.015 0.012
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