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Strong CP problem

The chiral rotation induces GG as a chiral anomaly.

chiral rotatlon

_ = Xs ~a Aapv ~ s
£P,T = — CZ;H Im(mg)qivsq + HGS—T‘_GW/G H . GC” (Janv
A physical parameter: =60, - » 0,
doP < 1.8%x107%*° e cm » H <1071
ol too small!

Strong CP problem

------
PAS s

g A the CP phase in CKM matrix >> § ?
) ~ O(1)
." proton “. F
neutron > . neutron ind out the reason of such an ultra
/'ﬁvg ~0 QWNN\‘\ suppression in 0.
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Today’s theme

Application of the conventional evaluation
0 = 0, + arg Det| ./ 4 ;| to loop-level should be modified!

We estimated the 6 parameter induced in the LR model
at loop-level by the new method.
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Parity solution of the strong CP

The parity symmetry forbids GG

0 Z—;Gﬁyéa“ ” : renormalizable P- and CP-odd gluonic operator
SM Left-Right symmetric (LR) model
SUB)c x SU2)L xU(1)y SUB)e x SU2), x SUR2)g x U(1)p_1
P violation generalized parity P

gen

_% a apy _(0)% apv _% a Yapv
047TGWG H/HQZVG/_I_ 5947TG“”G

tree quantum correction
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matter content: under Pgen:
SUB)c | SUQ)L U()p-r

Qr = (ur,dp)?
Qr = (ur,dr)’

X > —x
SU(2); < SU(2)p
QL) UL) DL7 H < QR) UR7 DR7 Hl

new particles vector-like

mass matrix (i, /... : light flavor, a, b... : heavy flavor)

T ] i T 0 7,V up,
—Ly = QLalULH + Qi UfH' + MLULU, (“L’ L) ( v Me® ) ( Uk )
+ Qi D H + Qi DY H' + M3 D} D # 7 oY ( 0w\ ([ d
+he. ( o L) ( i M§se ) ( Dr, )
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O(1) v’

£9 p— |H,‘2 Gal/éa,uv \ Gal/éauy
Mgy H M2, ~H
2 19 2
v’ 1.2 x 107 GeV
9 ~ 10_10 / 1.9 1 13
* (1.2>< 1013 GeV) ( Muy ) v L2l Gel
Mass matrix (i,j .- light flavor, a,b---: heavy flavor, p,q : all flavor ) SM

_; T=a 0 x@bv W’ = 0 Y

(uln UL) ( a:j&“jv’ M35ab ) ( U% ) — Z/{LM& )qu/{?{ Im :Yu‘JJ u_.zy5u3.v
+Im de} d ivysd’ v

<o>] — ] — |
* arg det {./\/lu vo'arg |x,al| =0 arg det [Y, Y]

0 =0 + aLg—de’c’%VlﬁG)M&U)] + arg det [5/\/1&1)5/\/1((11)} + arg det [5/\4&2)5/\4&2)} + -
tree
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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 6.

0 Z&;;MG)M;U)] + MwL arg det [5/\4&2)5./\/1;2)} + -

1-loop

- & -

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 ct

Fh

-

- e R
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Question:
Is this evaluation of @ correct?

0 = 0g + &WMG>M&U)] -+ M—I— arg det [5./\/1&2)5./\/1&2)} + -

1-loop

Answer:

No! We propose a new method,
diagrammatic evaluation.
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Fujikawa method (conventional method)

2
L0300 emp7Ga GO 4 mpiip + mying

3272 where
1 mr\ ¢° = (1+10'v5)Yp, 0 = L my
— 6) S ,ul/paGa Ga M 7, y 9 m
( 2 mR) 3072 v Gpo T MY Pn &
o o lmy lm; 16my ,
loop correction to CP-odd mass: 6 =10 > 0 (mr — my + dmy)
2mR QmR 2 MR

diagrammatic evaluation (New!)

the method to calculate loop corrections to GG directly

2 2
gS Vpo a a gS VpoO a a
932772 P0G, Ghe — (0 +00) 39,3 PG, G,

Problem: GG » total derivative » non-perturbative

Strategy: Fock-Schwinger gauge or Operator Schwinger method
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The wrong point in the con

Why IS 9 =64 + arg det [MS))M;O)] + argdet 0O M,0M4] wrong?

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

~ 2 N
2. GG is induced from the fermion-loop diagrams. 6 128 =G, G
(s

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

1. the momentum dependence in loop corrections: M%) + 5 M(p)

The flow momentum is set for p = 0 in preceding studies.

M #5/\/1(10:())
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The wrong point in the conventional me

2. GG is induced from the fermion-loop diagrams. P (icop momentum)

fermion mass

p=0- «—0oM(p=0)

This type is not included in arg det [0 M, 0 My] .
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(ﬂ}, UZ) ( 0 x?jj’vb ) ( w, ) quark mass
| TP Mo U seesaw /

dy, D] 0 agv A} W = g
( L L) ( z 7y MI§ ) ( Db, ) A
1
CP phases in Yukawa couplings flavor basis mass basis
Ty = VéKM \/?5(9,“3, 0us) Vs \/?, 1(Verm) + 2(0y3,0u8) + 1(Vy) =4
Ty = \/\/?E(edg, 0as)Vp \/? 2(0as, 0as) +1(Vp) = 3

(Vu/p : CKM — like matrix)
combinations of Yukawa couplings ~CP-even~ (We have checked them analytically and numerically.)

O(z%) O(z")
i el SO =0 e QA =0
o o |zl alfall | F(ME, ME) =0
Im [x&“:vjim} f(M$) =0 Im [x&axgajx‘zibxjibz} F(MS, MY =0
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Non-vanishing combinations

upper bound

I T [(2828) [(2%210) , (w5af0)]] F(Mg, M0 M) or  ImTr | (afal’) [(2hall), (zgal)] | F(MG, ML, M)
for M! + M-

lower bound

Im Tr _(xuxL)Q(xd:Ejl)Q(CEuxL)(mdﬂ?;)_ f

anti-commuting loop function is required.
| (M, My, M)
W] (M, Mg, M)

= ImTr :(:ca:(;m) (mZsz) (z5xl) F(M®, M?, M) —Im Tr [(:BZQ:LI’) (QZ‘ZZELC) (20
wrl )] (MG, My, M) — f(M, M, M) )

u

Im Tr [(xﬁazz“) (a?z:v,zb) (332,2132,6)} S (M, MS, M) + Im Tr [(5’33371&) (332,5’3);6) (évaTb)
fey -

e1?) (aal?) (@

u
. i a
= Im Ir ($u ” 0L,
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Upper bound -u/iut-

CP phase

U u

A/ 1T = V Mfu, a _Ta c .Tc a C
Ty = V(];KM D (0,3,0u8) Vi » Im Ty [(2%2]) [(222]]), (xS2I)]] F(ME, M2, ME)

: I I I I I I I I I I : o
: : About 20% has been already
R ‘a RN
5 ‘N
0100 - excluded.
- oy ("“ﬂf‘ ........... ‘| .
_ ’4‘(‘?“ “““““““ > i
0.010 = T ‘ ! _
E a"('-‘ | E
- = _,,*.‘ 1 ]
i adrta : ) : | h | M,2=10"3M,"
~ N ‘ ) gnore the naturalness, M,°= U
00017~ _alt 3 E . 3 An3n s 1
”,:w.“‘ ! ] ====- max[eigenvalu of x,]<4rmt, M,°=10""M,,
) :
- : 1 e max[eigenvalu of x,]< 4 T, M,3=103M,]
107 = : -
) - Ignore the naturalness, M,*=10M,
- d -
1 1 1 mm--- max[eigenvalu of x,]<4rt, M,*=1072M,’
107 = I =
: : ' 1, max[eigenvalu of x,]< V4 t, M,2=10"2M,
1076 = \\ (o)
C | | | | | | | | | | | | | | | 7
~16 ~14 ~12 ~10 -8

Log,,68"° with fixing M,*=10""M," (PDF)
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Upper bound -dui-

CP phase

About 10%

Ignore the naturalness, M,°=1073M,

----- max[eigenvalu of x,]<4r, M,>=107M,]

- -

% L}

*F'..'l'
Py >

i . i
T Y [ IERUTEE max[eigenvalu of x,]J< V4 T, M,>=1073M,
I 3 -
IR S . 3 204 1
IR Ignore the naturalness, M,°=10"M,,
T {
- - g . —_
CEASEEERE B i max[eigenvalu of x,]<4r, M,>=107°M,’
SR I
-1 1 . -
L P max[eigenvalu of x,]< 4 rt, M,*>=1072M,,’
} i3 ! | u u u
i
:
:
10710 = ! ! ! | ! ! ! | ! ! ! | ! ! ! —
~16 ~14 ~12 ~10 -8

Log,,66"° with fixing M,*=M,' (PDF)
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When VL quark masses are degenerate completely, only one CP phase in the LR
model is in V-

v = M? =M} = M7 = M,

— V(J;rKM \/\/T ( w3 9u8) VU \/g > Im T1r (:EuZEL)Q(deSj{)Q(ZEuCEL)(xdwjz) f

Numerical result:

1 MJM3; mimem;m;
(1672)2 o012 o

060 ~ J~1x10"2Y
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Summary

We propose a new method, diagrammatic evaluation.

x 0 — 0 + arg det _M&O)_/\/lg))_ M vavmy

«/ Fock-Schwinger gauge or Operator Schwinger method

The contribution to 4 at two-loop level vanish.

The upper bound of 6 induced at three-loop Ievel is comparable
to the experimental constraint 0 < 1.2 x 10~V
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Strong CP problem

Z ocp is the CP violating theory with two CP violating sources.

- ~*G9,G ; renormalizable P- and CP-odd gluonic operator | "°t@tion 1
Gzyéa,uu _ §e,uup0'Ga, G@

ur ~ po

@ is unphysical parameter.

Yi9at uwho + Y, dy dbv + h.c. : Yukawa interactions. Y, are complex matrices.
Not hermitian!

Y,ijuLuRv + Y550l v = Re Y| wulv + Im [V | @' iysu’v (flavor basis)

CP-odd quark mass

chiral rotation

> Mab ub, (mass basis)
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Mass diagonalization

—V  Vau5- L
__ U M, _ w M.,
V’U,L — (LZBT 1 ) 9 VuR — v’ ZET 1 9
M, “u M, ~u
var = 0 gt 1Md ’ Var = | o 1 1Md
Md d ded
LooGRY o 1 oG
OG) 1 ) ""Tlo) 1
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Mass spectrum

A

—- < 100 to realize mn, by the seesaw
v

— g gv’ cos 0, v
/ / ) — — T 71 — I O —
W . Z mw QU o 24/ cos 20, (0’2)

T SM

N. Craig, I. Garcia Garcia, G. Koszegi, and A. McCune, JHEP 09 (2021) 130
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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 6.

L. J. Hall and K. Harigaya, JHEP 10 (2018) 130

< They revealed the relationship between LR model and SO(10) GUT.
< They estimated non-vanishing loop corrections to 0.

wrong point
(] 0=04+arg det {M&O)M&O)} + arg det [0 M, 0 M ]
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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 6.

0 = 0+ arg det (M M| + arg det [JM,dMa]

//""X‘\\
7 \\,
M

a loop of neutral NG bosons a loop of gauge bosons I

. TN N T s

wrong points
[ ] 6 =0+ arg det [M&O)M&O)] + arg det [0 M, 0 M ]

[ | CP-even diagrams
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K. S. Babu and R. N. Mohapatra , Phys. Rev.

o /’—*‘\\O'
fermion () 2 N
U P PR UL
quark: ©:(2,1,1/3),0x(1,2,1/3),
W, (1,1,—1),Wg(1,2,— 1), . e

B.W B.Ws,
VL up-type: P, r(1,1,4/3), (b) —m— ) PL P Up  Ug

VL down-type: N r(1,1,—2/3),

EL,R( ,1,—2) . oL oL~~~ O
(c) -——-li:—/—x—-:l—-— (9) P ,u u \ P
scalar P, U P, U R UL R L
SU(2); doublet: 1 8
SU(Z)R doublet: XR 2 B.W3, (h) .._r‘_'(:w_?;b\_iz_
(d) P Fr AL AL
L P Pr u_ u_
Cr = \/z R€ ){0 FIG. 1. One-loop radiative corrections to the up-quark mass
L AL matrix. The cross on the internal fermion line stands for all
C 0] ,_,ol‘\ possible mass insertions.
GR — \/gRe XR //’ \\\\
- (e) -.—J,—-—-)(-—.-—A—-o-—
Pl Ug P Ug
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L. J. Hall and K. Harigaya, JHEP 10 (2018) 130

They revealed the relationship between LR model and SO(10) GUT.
They estimated non-vanishing loop corrections to 0.

s

H H'™

4 |
| |
o4
| |

Xb q,j .
MogTak kb 157 pon_ hermite!

1a
H X €, wly Lg CEd
| |
} } W

wrong point
[ ] 6 =0+ arg det [M&O)M&O)] + arg det [0 M, 0 M ]
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Diagrammatic evaluation

» fa S
el

£(¢> 7757 A) — 1;7@10 — quﬁw — ml¢275¢ T ‘Cgauge(A) (integrating l//)
= Lrr1(G)

Fock-Schwinger gauge

Mgr
" Al (z) = 0 : violation of translation symmetry
a 1 | 4 a
Al (z) = 57 G, (0)+ -
background field-strength
Operator Schwinger method

/D@DD@D exp i/d4xw(ilﬂ —m)y| = Det [i]) — m]
d (—iTr In [zlﬁ — m]) = —¢1Ir | , ! , (le + m) = —1r | : . |
dm (i) — m) (i) + m) _ (iD)? —m? + Lo Ge, e
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gauge interactions

W /B — L

ur/dp, S ur/dr

w"°/B— L

ur/dr S ur/dg

VN
-
N—"
L]
[ 1]



ia taj .9b bt
Im [mu T, T, T,

corrections to

_i T4 0 .CC:ZbU ”U,]
(“L’UL) ( xl®v’ M6 ) ( U?; )

i —a 0 %0 dj
D ) | d I
(dL’ L ( xl;ajv’ M§5“b ) ( D% )

in flavor basis

This diagram cannot be considered as the mass correction.
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1M A (4,7 ---: light flavor, a,b---: heavy flavor, p,r : all flavor )

9
9s UV PO YaQ a
— € G2 (0)GY_(0
9 (167‘(‘2)2 ,u,l/( ) ,00( )

- Pa Lo ir 2y ‘ ) 2
< | M2 (Vi) e (Van)™” M (VjL) el (Vur)™ It (M7)* , (M

2
9s UV PO Ya a
— € G (0)G2_(0
9 (167‘(‘2)2 ,uy( ) pa( )

_ . N |
X {Im P (V) ZELCLZ (VJR)

Mc

(Vi) 2l (ij)jp ()" T* ((35)* ,miy, (M) )

- o tai ] kb _tbj P 1 —n2) |
AU (Vin) 7 (Van) o (Vie) " <P (0,miy, (12) ) [
IR sensitive 0 = Z arg Det[/\/lé@) + oM
1 o\ b 1 1
T \ik (0)—1 . T \ic — cb
(Vir) Mk (Var)™ (Md ) (Vir) M© (Var) — Z arg Det ([/\/léo)] + |1+ /\/lgo)_léf\/lq])
v’ /M

~ Z Im Tr[/\/lgo)_lw\/lq]



Vanishment

U/QQg Vpo a a a . Tat ib_.Tbj
ey G 0G5 O [sf'alo | I (A% M),

loop function

u u

Im [xja’xmixﬁibxz;bj} f ((M3)27 (MQ)Q)

ot el | f((M9)?2 (MD)?) = STm [« allwital | f((Mg)2 (M)?)

u u

il — apaldel | £ (M7, (M])?)
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Vanishment

U/2g§ Voo /Ya a a tai 1 bj a

IR Insensitive: 6 = —15Mq}
q

remaining problem(?):

Are there any other diagrams holding Im Ir lxux;fxdx;] ?
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Upper bound -dui-

Im Tr Kxng;a
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Collider & Flavor constraints

ATLAS, charged lepton and missing > charged boson mass my,-

T/ z GTGV, U/ z 18TeV

Future Circular Collider (FCC), 100TeV pp collider

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

one-loop FCNCs, kaon mixing

TN TN/

TeV )~ TeV\~
(Amg), .~ —6-107"°GeV (6 ev) ek b ev)

uc%7-10_5(

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

R(D), R(D*) anomaly

R(D)

Figure 4: R(D, D*) scatter-plot is shown by varying gr 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 01 (2019),168
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