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Introduction i e

Sakharov conditions

1. Baryon number violation
2. C and CP violation
3. Out of thermal equilibrium

What is CP violation: Charge-parity
e i (%,7,2) > (~X,~y,~2)

Right- Left-
Handed Handed
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Discovery of CP violation  suum08l0@ibs.rekr
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d———r 5§ d—/ 3
K° — K° oscillation
Mass eigenstates CP cigenstates
_ 1 0 =0 CP|K;) = +|K;) (CP-even state)
|K1 — 2 (lK ) + IK >) P|K,) = —|K,) (CP-odd state)
1 —
|K,) = = (|K°) — |K°)) P|nm) = +|mm) (CP-even state)
CP|nnrr) = —|mmm) (CP-odd state)

Observe K, — 2m means CP violation

1964: Fitch-Cronin Experiment

First CPV evidence in neutral kaon decays 5/2¢
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1. | | Direct CP violation via decay | |Baryon system
A, - pntr K~

Introduction ibS 7| XDt el

2. CP violation in mixing
Meson system

3. |interference of decay and mixing

CP violation in SM

Ci2Ci3 5 $12Cy3 5 S13€
— 7 )
VCKM = | 7512C23 — 6128238136'35 Ci12Co3 = 8125235136 ” S23C13
(] 1
819893 = €15C535,3€ —C15853 — 815C935,3€ Cy3Ci3

§ /s ~88x107
Identity new CPYV source
SM.: Baryon sector BSM: dark photon, axion...  ¢/9¢
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1. A new U(1) gauge boson acting like photon (), AL FArf
2. Dark: No charge under SM gauge groups

3. SM particle without charge under new U(1)

No direct interaction with SM particle U(1)y x U(1)x

~

1. Abelian Kinetic mixing \\/\/\/\/\/\X\/\/\/\/\/‘ —%XM ym
2. Non-abelian Kinetic mixing Wﬁy XMy :
3. Mass mixing effects 5o L28x V2

¢, (1,2,1/2)(0), ¢, : (1,2,1/2)(1), ¢, : (1,1,0)(1(); ’

These mixing effects enlighten dark photon 7126
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() (L eSS e\ Ay
~ Kinetic +
Z/ — OC@-I-S@LSW— _39+60L3W_ 7
e i-e mass mixing
- . )
&) 0 st apts ) \X
1 1 1 (an(20) 20sy(1 —€)
dan ~
LZ_ZX;LVX“V - ZAP'VA“V - ZZMVZ”V 1 —72
Z. interactipn ‘ 5 .
+J3bm ICA,J — stV Z,)—|co oW Xu) X interagtion
Vi-o? Vioo?
. OSw OSw
+j% |l co+s Z M —sp +c X+
Jz ((9 6 ,—1_02) " ( 0 0 ,—1_02>
1 1 |
+5 (89 Z, + cq X ) . (13
X V 1 — 0'2 # 1 — (J'2 H 9/26
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CP violation ibS 7| 2ot el

Institute for Basic Scien
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& CP violating YMVXW — _E/H/Taﬁaa(yul/)(ﬁ)
2. Non-Abelian . — _Sxp (1, %) Xm BTX Tr(W,, %) X"

G5 XH (sw By + w Zy + ig(W W = WEW,)) (s 4 2
_%X”V [(SWF,UI/ + CWZW>ZO + ZQ(WM_WVJF N W;W’/_)@Z T Zoﬂ

CP violating non-Abelian Kinetic mixin
520 Fuyuto, He, Li, Michael, 2019vfe,
|

- Renormalizable theory -
1 2

—> Tr(WWZ)XW —>  Type-III seesaw
" Q Xf(g_; z+) fi = (1,3,0)(z).

fi fo f2 — (17370)<_xf)7 11/26
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EDM constraints
CPpVv — EDM

10—25
Neutron EDM upper bound
|d,| < 1.8 x 1072%% [e cm]

-26
10 The bands ranging from low to high
correspond to my, from 300 to 600 GeV.
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10—27
n2EL de
= dn W\
; Electron EDM upper bound
— |de] <1.1 X 1072° [e cm \)
= 10-29 R sdn ... Tees
o
!G de V)
.
arXiv:12084507
10-31 Case I: Bxvs/A=Bxvs/A=5/N2 x 10~4
axy=0, mx= 60 GeV
Case ll: Bxvs/N=5 X 10—4, Bxvs/IAN=0
10732 Axy = 1072, my =60 GeV

10> (10- 10! 10°
Vzlle 12/26
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Global fits for EW fits 231006526 o JEru AT

Observable Experimental data Our work (my > my) sunj in0810 @ibs.re.kr
% ~00366:£00010  -0.03814:+0.00022 | e -

gy —0.0367 & 0.0023 L o/ — 0O

9y ~0.03817 = 0.00047 Iz 2SwCw 78 V gAYS)f
A ~0.50204 + 0.00064 —0.499784 + 0.000084 =1 -20s2.3 =1
PA ~0.50120 = 0.00054 Vo3 TEIWeA TS
g ~0.50111 = 0.00035 _ Y

g 0.266 + 0.034 0.19106 £0.00026 |/ ~ g/ | 1+ 0253, : < d i)

g4 0.51970928 0.499784 + 0.000084 -7 2(1-7)?

9y —0.387005 —0.34629 =+ 0.00017 , I
94 ~0.527:0 %8 —0.499784£0.000084 r o |, 2o (=€ 1-e¢

Br, .- (3.3658 +0.0023)%  (3.38080 + 0.00091)% 4 ~ &4 W\ T2a-—pe  1-R
Bry, (3.3662 +0.0066)%  (3.39090 = 0.00091)% ]
Br,.,- (3.3632 £ 0.0042)%  (3.39094 + 0.00091)% ‘

Br.; (1203 +021)%  (11.5862 = 0.0074)% .

Br,; (15124 0.05)%  (14.8783 + 0.0015)% Fit results

Br(cesum)2 (11.6 + 0.6)% (11.5891 + 0.0074)%

Bruarssishys (156 £0.4)% (14.9390 + 0.0015)% € o my

P, —0.144£ 0015 =0.15176 £0.00090 | 1_1.374+046  0.074+0.021 275+ 39
P, ~0.1515 £ 0.0019 1 0.488
P, ~0.90 = 0.09 ~0.93627 + 0.00022 1

P ~0.923 + 0.020

P, _0670+0.027  -0.66708 £000059 | _X/d-of=19.75/16=1.23

my (GeV) 80.4028 + 0.0067 80.408 + 0.019 13/26
p 1.00038 +0.00020  1.00003 = 0.00015
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Dark matter 2503.21083 ibS J|xperp el

inelastic dark model

. 8D, __ _
Jp == 17()(2;'”)(1 -0 )

10“E }{'L/"
C—

LEP

1 11 111

1072

i

1 1 lllllll

107

1 1 lllllll

100 10" l 102 14/26
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Lop=0-2G.¢ Wy Axion 0 — alf,
ST

1. Coupling with gluon 4G - Ga,/8xf,
2. Coupling with photon  g,,aF - F/4
3. Coupling with fermions 9,aa¥y"y°¥/2f,

DFSZ axion : SM quarks charged under PQ (2HDM)

Standard version: Hi2, S
QL 0, Ug: X, = Xl, Dy: Xd_ X, Ly 0, Eg: X,=-X,, .

M e

Variant version: new Hs H,: (1,2, - 1/2)(+X),H; : (1,2, = 1/2)(=X)
Ly =—-0;YHUy— O, (Y H + Y, H)Dp ~L; (Y, H, + Y, H)Ep+ H.C..
FCNC 16/26
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10°°
CROWS .
107 : ALPS-|
OSQAR
108
SN1987A
: . D Solar 1 T
10 - | CAST
SHAIT : :
1010 SR Globular clusters ~ Piffuse
Fermi-SNe — ¥11k338 2 HST - : ,s'\lgc‘
]O n Ml :\;\‘ Fermi _\--“':l K ; g /{') :
e "~ ‘ T B /“s, Z.
10—12 Chandres * =

MIS NINAavYees

IO 18 XMM-Newton
NuSTAR J
INTEGRAI

L SRLILLALE L] B LALAELE SRSNELIL SRS BURARL BREELLL BRARNE BEL

v N O 9 % 9 P T . T A \ A > 5 q
0207107107 407407 1077407107010 407 107 A0 AT AR 40 A 4T 40

m, [eV] 17/26
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Coupling with EW gauge bosons
gaW a ~Cl v gaB D U
‘gEW —_ 4 CZW’WW HY — 4 CZBIWB'M
‘ photophobic

— 2 2 _
gay}/ = 8awSw T 8aBCw = 0

Flavor-changing ALP
gdz’_}dj D gadidj(aﬂa)C?j}/ﬂe@Ldi +H.c. .

3\/§GFm%,g W x[1 4+ x(logx — 1)]
= — - V. VEf(m2Im2), f(x) =
gad,-dj 1677:2 agct al Ol]f( a W) f( ) (1 _ X)2
30 | 3 guw Yi +YE) g o AP 3 L a m?
8aFF = 4 [4S€'V g2 + Cﬁ/ g’z lOg m_%v + EQF4_7[gayy IOg m_l% 18/26
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Current bounds

Future sensitivity

Log[gaw*GeV]

Log[gaw*GeV]

...............................

Log[m,/GeV]
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arise
Extend SM with singlet to break U(1), ‘ Majoron

Use Type-I11I seesaw to realize flavor-changing Majoron
ER< % @) ‘ S = 1/\/5)(vs+hs:(1,1,0,—2)
A i J =1,

—i5t (VeMrvr — 20 Mpibr) +H.c.  Mass matrix diagonalization

%{ [E ViVt — Vf@W“VL R (VELVELT — VERVER Vv
VTR(VEVE T v Ve s 4 H.c.]

no unitary
Q[ELWV Lye VB, 4 Yy Vetvelt'E; Flavor-changing
20/26
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Majoron constraints
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Process Experimental input Bound (in units of f;/TeV)
M—M P < 8.3 x 10~'/Sp(By) [15]

SB(BO)SS = 0.50 |C"‘l/e| < 0.407

SB(Bo)pp =0.9 0.4 |Cf,;e| < 0.351

SB(B()) (S£P)(S+P) = =0.35 |C#/6/A| < 0.444
1= el Br < 2.6 x 10~° (90% CL) [16] e <364 X107
T — pJ Br < 5.7 x 107* (95% CL) [17] strongest 474l < 6.87 x 107
T —el Br < 3.2 x 1072 (95% CL) [17] 74| < 5.11 x 1074
T — peji Br < 2.7 x 107® (90% CL) [18] 7‘?‘/A||CV/A| < U.379 — U.405
T — pee Br < 1.8 x 10% (90% CL) [18] \/|cV/A||cV/A| < 0.353 — 0.355
T — ppe Br < 1.7 x 10~ (90% CL) [18] 0.4 \/| 7 allhs 4l < 0.346 — 0.349
T — eefi Br < 1.5 x 10~ (90% CL) [18] \/|cV/A||cV/A|<O346 0.347
(g —2). —(0.88°£0.36) x 102 [19] T =82 T T 08—
g—2), (28.02 £ 7.37) x 10710 [19] small CFT| < 3.07
= ey Br < 4.2 x 107"* (90% CL) [20] /| e, 1CY | < 0.011
T =y Br < 4.4 x 10~% (90% CL) [21] \/|C“8A||C 74l <5.14
T — ey Br < 3.3 x 10~% (90% CL) [21] \/|08“A||c 7.1<1721/26
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Final-state lepton polarization to determine chiral nature

Hellclty-conservmg decay Lvi; > m, ;
I'rvr rr = Z;'Z;;";” [(Ig |2> (2 — _)
—I—(|g 12 + | g25] )(337 lna:w — 2:1:

+Re (g1 g25") (xij - x;?j — gy In x”)]

13

Helicity-ﬂipping decay Suppressed
Pimne = 5 19412 + 9241 F 2Re(glig2%) |

x(x"'j— L — 2 In(z,)) Tij = M/ my

2 23312 Tij

* 1 1 1 41In 4 1In
A = Lootlrr—Trr—TrRr _ _ o Releyel) s R S le‘”+ i
'+l R+l Lr+1'RR |12+l |2 -5+ —2¢

lepton mass gives small negligibly deviation to 1 22/26
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Spontaneous baryongenesis sunjin0810@ibs.re.kr
Dark Matter abundance(from CMB):

Baryon Asymmetry (from BBN and CMB): .
ogenesl

Thermal potential €)= Amix/34
A 1
Vi) = Lt =~ + T ml (V29 =T = £ + 0T

A
(I)n n MM,
+H.c.=>V,(a) = nfa | —cos[ 22

Temperature dependent DrC

T
) AN, 15—
O+ | 3H+[2—|) 0 = — —m;(T)sin(no,
O=aX, ﬂ/ n




o o
Parameter regions 1| o ddrrin i
A PP 26 AN ': sunjin0810@ibs.re.kr

MeV < my < 20 MeV

107° < sin 6, < 1077

100 GeV < My, < 400 GeV

+ 107 < ¢, < 10°

potential unbounded | mc(l) ~ eV
from below

wl

2~ 10°GeV

1011 1010 1077 1078
Amix 24/26
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1. CP violation serves to both probe the origins of
matter-antimatter asymmetry and stringently test

the SM, where the deficit requires new CP source.

2. Various CP violation mechanisms—such as dark
photon, Axion—can occur in BSM.

3. CP violation is explored in conjunction with
relevant phenomenological implications,
including DM, EWPT, FCNC, baryon asym...
26/26
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121 (1,2, -1/2)(Fay)
—ZLYleH{fR 1= ELYfL2H§fR 2

=40 (g iy ) ()
— - Me \/iMD E
_(ELafL) ( 0 MR ) ( fRR )

Yip11vy  Yrrpiavh YleSU\ Yis1v0s m 0
V2 V2 V2

Y vl Y vl Y v
M — fL21V7 L2205 fL23
D V2 V2 V2

Yrrs1v]  Yyrsavh,  Yprssv
V2 V2 V2

=
|
E
[ \W)
l~<
o S E,;
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fi= (1,3, O)(ﬁf), fo= (1,3, O)(—xf), sunjin0810@ibs.re.kr

ol ED
I I

(©) (@)




CPC and CPYV kinetic mixing 1bS Zzneazy
Ly — _gj\f XK [(SWFW n CWZW)] (vs; + ZO) sunjin0810@ibs.re kr

l 26“”0‘5pxapwﬁewue}y — —X‘“’WG

Bx _
CP conserving X = 3m99xzRe(miYF, )

X [f(mb m27pW7pX> + f(m27m17pW7pX)]

~

CP violating BTX = #ggxxflm(mm f*g)

l X [f(my, mo, pw,px) + f(mo, my, pw,px)]

M =~ Mo < ‘m12| ~ m

Bx /A~ ggxxs|YE |sind/6m*m < 5sind x 1074
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\ H; H”
F T F F i F F g F
() (c)

at one loop level No Z-X mixing Barr-Zee
A 1 0 —€AX A™
Z|l=(01 —¢—ezx || 2™
X 0 ¢ 1 xm

‘l' Cancel

Two loop(dominant) dy = 0




