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Research Motivation

ANFRRa L
Lagrangian for quark and neutrino mixings

L= _\%ULVC_K%”YMDLWJ — %ELVPMNSFYMVLWM_ -+ HC

&L Siginify CPV :

5(§{M ~ /2 oM ~ —7/2

$

55M—|—5ZKM:0, 55M27T/2
2 Accident? ‘ Correlation? &
Spontaneous CPV Model

Relate these two Dirac phases




Parameterization

PDG standard parameterization

G i e ®

| _a 1ol ol 00 (A A RO A R 1 ¥ I
Vi= §1@ ClaS93513¢ " C1alos — S1pSp1at™ Sl

R R R R Y ¥ 1ol o1 10 1
\ S19893 — C19Co38136"  —Ci9S93 = S19lo3S13€" (o303
KM parameterization
() —sidl —s}s}
Vi = 5”1@ cichch — shstel cﬁc§5§+s'§c§ |
sisy AsiF s dsysy—ade® | 1=l

Angles and phases are parameterization dependent.




Decompose KM

N
T T s
— 1 Al VAl AL Gl Gl 5104 (PN 1 Al 5104
Vi= 1 sicy ey —sys5e™ cichss + socqet™
0 g gi i

§189  C1S9Cs + C989€™ (8585 — CoCs€

Vi-Via=0

Vi = Vi1 + €V

O TRG 8 oo U
—_ (AN (PN APN (PN _ 1,1 PN
Vii=| 816, a6es 168y Vo= 0 —sp55 8503

S189  C1S9Cs 18983 ()




Convert angle and phase

PDG
Quark mixing v

Lepton mixing . rx

NH sy = 0.7503
(SPD(;/W = —(0.6016

H s, =0.7517
5ng/W — —(0.4393

see backup for details

(923 — Hl =7/4

5KM /PDG —

KN(V\?%@TUW -

Quark mixing

52 /T = 0.4950

Lepton mixing

5KM /w = —0.5757
H s =(.7202
Oteni/m = —0.4275

—7/2 ey = T} 2
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Multi-Higgs Model
Gauge Group SU(3)¢c x SU(2)p x U(1)y x U(1)pg

Q1 :(3,2,1/6)(0), Ur: (3,1,2/3)(+1), Dr: (3,1,-1/3)(+1)
Lp:(1,2,-1/2)(0), Ep: (1,1, =1)(+1), vg: (1,1,0)(+1)

g L

b1 (1,2,-1/2)(+1), ¢3 (1,2,-1/2)(=1), 8+ (1,1,0)(+2)
Spontaneous CPV‘ with PQ Symmetry

oy = eOH; = e ((v; + R +id) V2, 07T, § = &85 = e (v, + R, +iA,) V2
Why 3 doublets and 1 singlet?

Lb = =Ly Y, 03m — Ly (Y01 + Y00 B - S5 Y, ST




Higgs Potential

a1 B
V = —m2HIH) — m2H}Hy, — m2H Hy — m?, <H1H26i<92—91>+h.c.> m2sts  HIH,

Y (H{le) Y (HgHQ)Q Y (H§H3)2 A (57)° (H}H;)?
g (H{H) (HH) + X (H ) (HH) + Xy (B3 ) (HH) (H!H,)(H|H;)
+ (H}f Hg) (H*H ) Y (HTH3> (H*H ) Y (HTH3> (HTH ) (HIH,)(H!H)
+ %Ag, ((HTHQ) 20020) 4 e, > Iy (HTH1> (HTH et 1y ¢ )(HT Hy)(H! Hy)

Iy (HQHQ) (H} Hye®=0) ¢ h.c.) s (H§H3) (H{f Hyel®=) 4 h.c.</H{f Hy)(H H;

400 (H{Hy) (H{H ) O 4 xo (L) (HIH; ) 0 (1] H)( HiH,))
+ fLHH\S'S + f,HIH,S1S + fsHIHyS™S + dy (HTH =) o HIH, el o)) sts
(H] ><STS)

+ fis (Hjﬂgse ) I h.c.> + fos (Hgﬂgse s 40:—0)] 4 h.c.>( 1)




Only CPYV Source

S B
3 phases 6, —60, 6;+60,—6; 05+0,—0,

¥

Only2 53}9:91_92 53293—|—(93—91 5s+5sp

Minimal condition of potential
f13V1V3Vs SIN 05 + [o3U9V3V, SIN (55 + 5Sp) — ()

f23?)2 sin 53]9
J13V21 4 fa3v2 cOs O,

tan 0, =

the only source of spontaneous CPV Osp
Maximal CPV Og, = T / 2




Absorb phases

T I

Yukawa coupling

Ly = _LLYV(,b?)VR LL( el¢1 T Ye2¢2)ER - -VRYS Lepton
~Q1Y,05U5 = QY01 + Yyon) Dy + HC. Quark

Absorb phases to redefine fermion fields
|937 _98/27 _<93 - 98/2>7 _917 _(01 1 (93 1 93/2) — UR) VR, LL; DR) ERI
58}? T (91 — ‘92

Ly = ~Dy Mg - Uy MU - EyM.Ey —%Mm - My
My = Mg + Mage®» | Mo = My + Mee®D | My; = Yoih
M, = Yuv_gZ 7 Mp = YVU_32 7 MR — Ys%; M, = —MDM;M%




Relate Dirac phases to CP phase

e —N

My =VAMVE M, =VIMVE — V, =V V= V¢
Solution?

VKM _ V;{(M e €Z5i‘/;5{M

o S
My =V MVe=MVe My =VIMVE = MVs
Absorb Vg into fermion field

VL= (ReV, +ilmV)My = (Mg + M) Oy =Cp)
= ] = (0 ) ™ B

Ofnt + Oty = 0 Only CPV source
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Physical fields

ANFRa L
Additional Higgs bosons ‘ New Interaction

/Al\ /?}2/?}12 —vy0305/v1eN,  vifv vE /N, \ /al
A, —v1/vs —Vu3Vs[v19N,  vafv wyui fuN, (19

A 0 vigls /Ny v3/v —viyus/uN, h,
AS/ \ 0 vigU3 /N, () s (V) / \ 0 /
( hl_\ [ wfug  vusfovy vfv\ [ |H | Axion field

= —Ul/Ulg 0203/01}12 Uy H2 ysical DoF

\h / \ 0 —1y wsfv )\ Dy

v? = v} + vi 4+ v3, vy = v¥ + 03, Nf (V3,03 + VZv?) ~ V2’

Same rotation (Rl,RQ,Rg,RS) — (Hf,HS,Hgo,HE)

arXiv:0705.0399, 1010.5204




Mass Eigenstates

aaC=="0

Yukawa coupling
Ly = =LY, 03 = Ly (Yo, +R
Q1Y 03Up — Qu(Y01 + Yian) D + HT: = Yol
My= My + Mpés VM = VI 4 Vi

Neutral Higgs
Ly = —Up2eUp [U”””S (HY +iag) + HY — i (HO + za)]

V112

T (IDLV2%2 YDy + ELVpV) ERD %(Hl —ia )+ H.C..

—N(DL—dDR + E; 2 Ep) [ 2 (H) —iay) — 25 (Hy — iag) + Hy + (HO — za)]




Numerical Analysis

ANl
M, =Y, :}3— | top quark mass
Mg = My + Mdgewsp down-type quark mass

Couplings around 1 to not upset perturbative calculation

Uz ~ U, ”012/’03 ~ mb/mta U ~ U1

4

va/(v1v1a) ~ (1/v)(my/my), via/(v1va) ~ (2/v)(mye/my)

‘ even stronger constraint

U27é’01
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Flavor Changing Neutral Current (FCNC)
ANFRRa L
/ 0 (| \

Vio=1 0 —522(9% SECE ‘ FCNC between 2 and 3
\0 C)Sy  —CyCh / ‘

T — juy
Constrain T — WL

New scalar mass scale _ ( g — 2) y

Bs — B,




Radiative Decay

g L

T =
H, a
7T~ Br(r— )™ < 4.4 x 1078, 90%CL

s
\ .
M. Tanabashi et al. PDG2018
T d T, Y \ H
F h_“-‘ 4

M1, M A1

Y

Slcl 2m4 v 2
Br(r — i) = t, 2= (B2l 1 (1 ()22 )

2
T 6474 16 v v%




H, a

i
Br(7 — ppp)®™P < 2.1 x 1078, 90%CL

‘ Formula in Backup

M1, M HL

M. Tanabashi et al. PDG2018




Anomalous Magnetic Moment

(9 — Z)M
ILL "'H#,- -ﬁx*\
@ "f L M \\ K 0(103)
Dominz:lt/% IL&})
y

Aa, = (28.02£7.37) x 1071°(3.80)  Aa, = (251 £ 59) x 1071 (4.20)

arXiv:1911.00367 ‘ Phys. Rev. Lett. 126 (2021) 141801

Formula in Backup  "'tal, 1V H1




Bs Meson Mixing

_ g L
B, — B,
5 s[AMEP = (17.757 £ 0. 021)

AMpM = (17.25 £ 0.85)ps

Y fi

2 ‘ UTfit

b U2 % ¥l B mal’ mHlB 0.835
g = \J,

AM §(S3C3> () {12 ( - m2 ) v2  (ms -|-T;3Lb) 2 Bs
my, Mg fp. = 227.2MeV

_ (1 L) mems | s ; 1 2
(m%rl T e ) v? [(ms+mb)2 Bs +_6 By } T3,
By = 0.849 arXiv:1909.11087

(By|(bruPrus) (0" Prs)|B,) = (2/3) 3 mb Br) it )

<Bs‘(bPR3)(bPRS)’BS> — _(5/12)m
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Constraints for F_C

[A2L] Hu




EDM (eEDM, nEDM)
:‘j, a cEDM

dominant

\ H, a

hY

color(?QEDM Weinberg OQperator
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Conclusion I8

/7 IN\T+7 5

1. In KM parameterization, sum rule (5q +0; =0

2. This sum rule can be accommodated in model
with spontaneous CP violation.

3. B, — B, provides very strong constraints on the
new neutral scalar mass scales and the model
allow (e, n)EDM to reach current upper bounds.

4. This model can be tested by future experiments.







PDG
51, = 0.22500, (3¢ : 0.22400, 0.22600)
s, = 0.04220, (30 : 0.04141, 0.04259)
sT, = 0.003675, (30 : 0.003580, 0.003770)
5L /™ = 0.3717, (30 : 0.3606, 0.3828)

Utfit
NH/IH
sty = 0.5568, (30 : 0.5244, 0.5916)
shs = 0.7503, (3¢ : 0.6580, 0.7804)
st, = 0.1496, (30 : 0.1430,0.1560)
dppa/m = —0.6016, (30 : —1.085, —0.0095)

sty = 0.5568, (30 : 0.5244, 0.5916)
shs = 0.7517, (30 : 0.6603, 0.7810)
sts = 0.1503, (30 : 0.1437,0.1567)
dppa/m = —0.4393, (30 : —0.8085, —0.1019)

Nufit, T2K.

KM_/T\a%gTﬁ -

s = 0.2250, (30 : 0.2240, 0.2260)

s1 = 0.03863, (30 : 0.03751, 0.03974)
s1=0.01633, (30 : 0.01584, 0.01683)
o1/ = 0.4950, (30 : 0.4780, 0.5120)

NH/IH
st = 0.5705, (30 : 0.5383, 0.6048)
sh = 0.7894, (30 : 0.4530, 0.9101)
sh = 0.2622, (30 : 0.2372, 0.2885)
Oteri/m = —0.5757, (30 - —1,—0.0094)

st = 0.5706, (30 : 0.5385, 0.6050)
sh = 0.7202, (30 : 0.4677, 0.8882)
sh = 0.2634, (30 : 0.2383,0.2897)
Oleng/m = —0.4275, (30 - —0.8603, —0.1004)






Electrlc Dlpole Moment (EDM)

e —N

CPV in Higgs potential
(H} Hy e, (] H) (B y)e ™, (H{Hy) (H{Hy)e-

(H:;rHB)(HIHﬁe_MSp, (HgHg)(HIH;;)e‘ZéSP

\ 4

0
Hisg — a1

\ 4

Parameterizing mixing
0 0 0 2 2 2
HY — H; + kijaj, a; — a; — ki HY, kg = my; (mg —m¥)

s

EDM




n ~ Td (%dd - %du)A + eny (%dd + %fu)A + e fx{Cw
di" = Semmg [G(my, d) + 3G(m.,d)] , fi* = maG(my, d)

643

2 2 :
CI%VL _ﬁﬂv%ué (1 — (c§)2U—1222> [h (n@b) —h (T;n_Qb)}

al

2’(1-2)
fO dx f() [za:l uzr)+(1—u)(1—2z)]?
Ny ~ 0.166, ny~0.0117,§ ~ 1.2 x 107* arXiv:0705.0399




