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CP-Conserving(CPC) CxSM Model definition
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Tree-level MPP in the CxSM
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CPC CxSM

CxSM (Complex singlet extension of the SM)
SM+T =3IV Ly NGERIANT—I15

ERERNE Y RIGH &E ERANT B SDODANZ—IRTVIvIL

Barger etal, arXiv:0811.0393

m? A 0o bo do b1
— — |HI?+ Z|HI*+ Z1HI2ISI?2 - =182 + =2|S|4 P C.
Vo 2\ |+4\ |+2| ||Sy+2|5\+4|sy+ a15+45+cc

Global U(1) XIFn Soft breaking term
0
H:L . S = (vs+s+ix)/V2
\/5 v+ h T
DM DODMoZEM~ CP sym.)

HEERFRE h [ cosa sina hq

s) \—sina cosa/ \ ho
BEEEHE

Wl =5y 125 G \ I
h1,ho OR eVd)l:‘/ﬁl*.‘Z A= Svs - V25 -

5



%ﬁ Z ﬁ 7 ~ , I J 7| S. Abe, G.-C. Cho, and K. Mawatari,
Phys. Rev. D 104, 035023 (2021)

VUs

- DM search o, V2
h1
iMp, = —i my 2@5 sin . cos a u(ps)u(pr),
X\ B X vvg T —my,
\\r/

|

|

|

! hl) h2

|

|

|

= X o (o)

q P1 D2 q

(Z 0 (mh1 = mth
- Higgs search

Decay rate from

Iy, xx =cos®al

SM
Lposxx =sin*a T Ly S xx (ma)



Tree-level MPP in the CxSM

2D DEZE: Electroweak vacuum (v, vg) Tree-level potential
. 2 A ) b d
Singlet vacuum (0, v%) Vo= “-|HP? + SIH|' + ZIHPIS]? + 1] + S|’
+ <a15+ %152 + c.c. )

PODELED IR F—EEE

AVy =V (v,v5) — Vo (0,0%)

m2 3\/§CL1 b1 + bQ
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a, # 0 D& =, K. Kannike, N. Koivunen, and M. Raidal,
Nucl. Phys. B 968, 115441 (2021)
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Tree-level MPP in the CxSM
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Tree-level MPP in the CxSM
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Tree-level MPP in the CxSM

_ / Tree-level potential
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Tree-level MPP in the CxSM
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E 551512 & Tree-level MPP

BH/N)AY TR ARROILOHICHERRVWEFIZ—RHERE DG

vc > T : BWRT Vv ILH2DDHER U e R/IMEZE
T 1 O RRE
¢ ve : T TOHiggs VEV

T COBMRNT Vvl

Vet (vo, vso; Te) = Ver (0,v50:Te) = Subleading Subleading
G/o (ve, USCD+ Vi (ve,vse;Te) :[VO (0, U'sc))+ Vi (0,vg0; Te)

with ve = lim o(T), wvsc = lim vs(T), vgo = lim vs(T).

T—Tc T—Tc T'—Tc
- Tree-level MPP Vo (v,vg) = Vo (0,v%) ,
! T R T /AR /
with v = %1210’0 (T), wvs = %1510 vs(T), wvg= Tl,lglo vs(T)
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E 551512 & Tree-level MPP

G.-C. Cho, C.Idegawa and E.Senaha,
Phys.Lett.B 823 (2021) 136787

i 1
HT potential V™" (¢, 05 T) = Vo (¢, 95) + 5 (Sue® + Ds95) T
Y, X - higgs & complex scalar®two-point self energy

* tree level & thermal mass® & (one-loopD&HF S5 = & K75 W)

2 DDANT—BEBERRRT % %>%
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Tree-level MPPZ & U TWAR Y FY—2T A

Inputs | v [GeV] |vg [GeV] |my, [GeV]|my, [GeV]|a [rad]| m, [GeV]| a1 [GeV?]
BP1 246.22 0.6 125.0 124.0 /4 62.5 |—6576.2385
Outputs| m? |by [GeV?]| by [GeV?] A 2 do a; [GeV?]
BP1 |—(124.5)%|—(178.0)%| (107.7)®> | 0.511 1.69 0.87 |—6576.2385
DM relic density &), Tc and VEVs
- vo/Te  |vse [GeV] vyq [GeV]
N~ BP1 |20 =51 (.62 214.6
‘ v Clpaghi 0,12 T fUC .
. ; > 1 Zmicd
m, GeV| TC
\ DM-nucleon scattering (e)
V“V‘Jﬁss section il subleadmg?&one—loop@%?%LCot N
B | e | N » —
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CPV CxSM

CZETDOCXSMD RN T —IRT Vv )LIZCPRIRMENE DT> TWD
INUA VT XV AEBHD DI IZCPXIFIE DI N AN E

2 A 5 b d
Vo(H, S) = %HTH +7 (HTH)2 + EQHTHIS\2 - 52\5!2 + f\sﬁ + +52 + H.c. )

Global U(1) XI# Soft breaking term

m?, A, 65, by, d, : real a;, b, :complex a1 =aj +1ia
b1 = b} + b}

( explicitiCCPZiE 5 1A: af, b{
h - | t CCP IH: U
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CPV CxSM

BE18
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CPV CxSM and CPC CxSM

CPV

arXiv: 2205.12046

CP-conservin
(CPC) CxS

Cho, Idegawa, Senaha
arXiv:2105.11830

Inputs | v [GeV] v [Ce EtFé n%ﬁ ﬁ‘ﬁi@. mr, [GeV] oy [rad] | a2 [rad]
BP1 | 246.22 0.6 0.3 125.0 124.0 1245 7/4 0.0
B2 | 246.22 0.6 0.4 125.0 124.0 124.5 w/4 (1.0
BP3 246.22 0.6 \ 0.5 ) L 125.0 124.0 124.5 ) /4 0.0

Qutputs| m?* by [GeVE]  b] [GeV? A 82 da aj [CeVY] |a} [GeVY)
BP1 |—(124.5)2 —(121.2)2 —7.717 x 107*2|  (L.511 1.51 1111 —(18.735)3| (14.870)°
BP2 |—(124.5)2 —(107.3)* 5.145 x 107" | 0.511 1.40 0.962  —(18.735)% (16.367)*
BP3 |—(124.5)% —(90.82)* 0.0000 0.511 1.29 0820 —(18.735)* (17.630)*

Inputs | v [GeV] |my, [GHEIEL [GeV]|a [rad]|a; [GeV?]|vg [GeV] my [GeV]
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 l 125 124 ) w/4 |—6576.17 0.6 2000

Outputs|m? [GeV?]| by [GeV?] | by [GeV?] | X a1 [GeV?]|  do 82
BP4 |—(124.5)2| (107.7)% | (178.0)2 | 0.511 |—6576.17| 1.77 1.69
BP5 | —(124.5)% | —(1996)% | (1991)% | 0.511 |—6576.17| 1.77 1.69




%55 *E E‘E*z arXiv:2105.11830, 2205.12046

CPV CxSM and CPC CxSM

(0,0%, %) @symmetric phase

!

(v,v%,v%:) @broken phase

103

102 4

8%

101 1

\
'.'*.'

| Y
\

L]
L]
u
*

IDD?llll---l-lll---l-'lll

\

T and VEVs [GeV]

10! - . "
] . # I
| - . -,[:JG
102 - ew M
] Uso
10-3 4 - e
E lllll .PI'IE{:_"
104 T . III:J T
102 101 . T
ke ph =0.5

CPV

CPC

ve!Te
5 [GeV]
e [GeV]
e [GeV]
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~
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m, — 62.5 GeV m, — 2 TeV

un /T
Vo [GeV]
vy [GeV]
iy [GeV]
By [GeV]

A

230.0 __q ¢
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2117

—
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- S ETITIVZAIVHES

_ C1 C2 2
L=— LH(1+—S+—S
ytq A A2 ‘ ’
C DHEEERIEWFERIRDCPY
CxSM)DCP-violating phase
2.0 :
— vl =0.3 [GeV]
—== i =04 [GeV]
L N P vy = 0.5 [GeV]
1.0 -
h&-ﬁ ____________________________
H&t}? 0.5
S
0.0
—0.5
—1.0 . . .
0.00 0.05 0.10 0.15

r [GeV™!]

coupleT RIEZEMUL/NU AV BERDAREEZES

q,: '£&Z doublet

_I_ C_BSQ) tR _|_ H.C ) S
A2 H = iz>H* w/ Pauli matrix 2
¢ FRDBER/INGA—F —
A: the scale of
the integrated fermion
0 =5 (o )+ 80 = 5 (50 + k()
V2 \ p(r) 2

(1)
ps(r)

)

EWBGICEE% 3 3CPV  0(r) = tan™ (

e.g., Dimensional-5 D1 E /EF %z & h0

MEERZ R Dtop mass

m(r) = P (1t () 4 i) ) = ()] 7
pis(r)
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CPC CxSM



CPC CxSM

The general scalar potential

m> A 0o b d
= —|HP+Z|H* + 2|H]?|IS]? + =S| + = |S*
V= -2+ [ H A+ ZHPST + 1817+ 1S

01| 1712 03 7202 , P12 | Clgs | C2 2, diqa | A3 oo 2
—|H = \H — — = — - c.
+<a15—|—4| |S+4| |S—|—45—|—65—|—65|S|+85+85|S|—|—CC
The minimaization condition Mixing angle «a
A 0 S A, 2 2
9 Ao 02 9 2pvg v — A
me=35v T 5 Vs tan2a:2)\2 , COs2a = 22 5
_/U2 _ A2 m — m
62 2 d2 2 aq 2 h1 ho
—by = —v” + Vg + b +2vV2—
2 2 Us
. 1 [\ ApZ A2 2:@ 2 ./ 41
Mass eigenvalues ;7 , == | Z0® + A* 5 2 AT = o \@2115
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CPC CxSM

2

_ A2 2 2 .2
)\_v2( h, COS”™ a+ myj,_ sin a),
0 :L(m2 — m? )Sin2a
2T g VM 2 ’
m ° a
h . h 1
d2:2< - ) cos2oz—l—2\/§—3,
v
S

DM mass® S S output parameteridb, D H
AV,IClEb, + b, EWDTETEIGZ T 5726
ERIEb, DEF S5 ZZ TR

= AVplem DFSIFIFIFERU



Abe, Cho, Mawatari arXiv:2101.04887

ANZ7—3RMHAIER

1 V2a1 \ V2a4 ,
Lg= _% { (mil + e ) smozthQ + <mh2 v >2X2}

X< - XX .
SN sSinao - S . COS v -
S~ .~ ~ -

T T
|

Ly = —%ff (hl COS Oz@ hz) ;hl i ho

//\\ A \
A
q

qa q q

hi = hgpcosa — ssina, hy = —hgym Sina + scos o

I'(hy — SM) = I'(hsm — SM)(my, ) X cos® a
['(hy — SM) = I'(hgm — SM)(my,,) X sin® o

{F(hl — SM) + I'(ho — SM) ~ I'(hspm — SM) for my,, =~ thJ
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(B-L) IF1RF
(B+L) &R EF S 1178 L)
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N
Baryon number violation

— Sphaleron process

NIRRT HER

o —l6m?/g2  1n—162
Finstanton =€ /92 ~ 10

, A7 7 LAOYEBER
(per time per volume)

@broken phase

(b) d, —Espn/T
FSph ~17e »/

@symmetric phase

I’éf))h ~ k (aw T)"

aw = g3/ (4m), K = O(1)

Energy

Sphaleron

Baryon number
quark : 1/3
antiquark : -1/3
lepton - O
boson : 0O

neling effect
. o Ny .

Classical vacuum
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expanding bubble

('2) Symmatric phasa
() =0

\ . .
- E‘ ,x\ )X%j K

EsxEs1—0 8 = aEERIA—2 G

(3 Broken phase

(p) £ 0

EBERIA—T G- = BABEIA—7 ¢~
\_ J

Q) {08 @ Symmetric phase 3 Broken phase

L L
"q n,

Symmetric phase ™
Esn /N 7 VED
LIRS NEWeHITiE .

Pg’)<H

R !
nq - nq
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expanding bubble

(2) Symmatric phasa
() =10 O):{08= (@ Symmetric phase (3 Broken phase
‘ ng nQ ng

L L
Hq n

Symmetric phase ™
ESnfc/NU A D
WS NBWEHITIE — —

Fg’)<H

(3’ Broken phase
(@) £ 0

n, —ny,

Broken phase®/\ U o >z {k= TV (T) - ~
" r® [Esph x ”U(T)j - 21

s (T) = ( pre ) TI;, ~ ( pre )e~ Feen/T ¢ )
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INU A EDIREN

expanding bubble

[rg’) (T) < Hj - TY(T) ~ ( pre Je  Poro/T < H(T) ~ 1.66,/g:T2/mp

gy ------ massless dof

™p------Plank mass
Esph — 47'('?}5/92 —> g2 - SU(2) gauge coupling constant

% > 5—25(42.97 + log corrections)

In the case of the SM

mn, = 125 GeV, € = 1.92(T = 0) » % > 1.16
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Effective potential of the SM - tree level potential

- zero-temperature one loop potential
['¢p.] = _/d433Veff (¢c) (the Coleman Weinberg Potential)
- finite-temperature one loop potential

\(T)
4

V(¢e,T)=D (T? —T7) ¢7 — ET¢? o

D — QmW—I—mZ—i—th
81)
E _ 2mW+mZ
éﬁv3
T2 _ mh—SBv

B = i 2,04 (2mW—|—mZ —4mt)

ANT)=X— 1675’%4 (QmW logA T +mZ logA £ 4mt log + T2)

Higgs field

X1+ X2 O JARTITE real background field
H =1\ g¢.4htixs
Xa (

V2

a=1,2,3) " goldstone bosons
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.............
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75000 -

50000 A

25000 A

0.

—25000 H

50000 H

—75000 -

2nd order

-100000 T T
=20 0 20 40 60 80

T(GeV]

—ET¢> from finite-temperature boson loop causes a 1st order PT.
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4 C
[ v(T) makes
discontinuous
transition.

(1st order PT)

cbi% . 4

A barrier Is needed

between the origin,
and v(T)

¥

¢> contributes.

Ve, T) = - T7) <b — ET¢;




EERREOESHHER

In the SM, SFOEWPT condition

v _ 2F N cubic coeft. > 1

Te MTIgo) ~ quartic coeff. ™

¥

™mp S 64 GeV

Conflict with observation at LHC — We need to extend the SM!
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CPC CxSM
MHEBORE(1R,2R) 2 RET DIEHICENRT VI vILZAWS
[one-loopDEMNT > v ILZFHE 9 % 2 DDFA(gauge dependent)]

T4 n?
Vet (0, 05:T) = Vo, ps; T +an [VCW ) + -1, F <—Z>]

tree level T RE BIRARE
one loop one loop

. . . - ® \
Daisy resummation: multi-loop%# 2% & PR Ly
=im CRBRMANMEET S \‘K
— field dependent masszZ=#1% 3 &N {

N N\ VAN

Parwani scheme m?%thermally corrected FDM M2ICEE# X %

T _
AE SCheme Vdaisy (907 SDS;T) — Z — N 1971 {(ME)S/Q ( )3/2} %7][]2_%)

i:hl,Q,X
Wri.Zr,vr
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CPC CxSM
Vet (¢, ps5;T) = Volw, 0s5;T) + E@:”’b [VCW (m3) + T—4[B’F (_gﬂ

— cZ) , IB F (CL2) — / dxx® In (1 Fe x2+a2)
0

_ mi m?
wweﬁszﬂ<mﬂ2

At high temperature,

Ip [m252] :/ dzz? log [1 — e_\/x2+52m2}
0

7T4_|_7T2 m? 7w [ m? 3/2 1 m‘"1 m?
~ — — | — — ——1lo
5 1272 6\ T2 32 T4 8 4, T2
I [mzﬂz} = / dzz? log {1 + e_\/x2+52m2}
0
Tt w2 m? 1 m* m?
~_— — —— — — o

T 360 2472 3274 ° a1
ap = 1672 exp (3/2 — 2vg) (log ap, = 5.4076)
a; = exp(3/2 — 2vg) (loga; = 2.6351)



B I9HER
CPC CxSM

[RlD2D DETE 5% (gauge independent)]

i 1
HT potential V™" (¢, 05;T) = Vo (¢, 95) + 5 (Sue® + Ds9s) T

Xy, X¢ - higgs & complex scalar®two-point self energy
* tree level &thermal mass® d+(one loopDESZ & X))

PRM scheme the Nielsen-Fukuda-Kugo (NFK) identity

8‘/eﬂ:(907 5)
0§

8‘/61Cf (907 5) M. J. Ramsey-Musolf, JHEP 07 (2011), 0209.

Dy

— _0(907 5)

sym sym . L .
VO (07 US}: tree ) + Vl (Ov US’, tree 7T) — VO (Utree » US| tree ) + Vl (Utree » US, tree 7T)

vevse £ vt (& VHT 2> TEHET %

*one loopDHFEESZEE
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CPC CxSM

R D A AP EEE
(tree level DEEM

J—IKRFMH : One loopD&H &
i one loop THED P
IZo>TW3BH)
HT potential x
PRM scheme x

Parwani scheme

O

AE scheme

X
X
O
O

O

O 1010
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CPC CxSM

2 ODRN 5 —BEBEERTT B "
© = ZCOS7Y,Ps = ZSIN7Y + Vg
HT potential .
HT Y 1 2 2\ 2 ERY
|4 (9079057T)_V0 (¢7¢S)+§(ZH¢ +ES¢S)T 0 ©

— V(v T) =co+ 1z + (ca + AT?)2? — c32° + c42”

— RO B & =
1 2Sym )2 oy
Tc ~ \ 25 <_m2 - | Sg ) 52)» e Tl}‘r%c o(T) réﬁL\—ij’tﬂ‘ﬁﬁifﬂ‘%’vd)%#IEw
UVsc = lim vS(T) UC

T Tc > 1

255 (VM) v Sym __ - q;
ch\/ 2 (Vgo ) (1_ Sgg) Vso _T{(H%CUS(T) L 1 )
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CPC CxSM

About v,

= 1 s N

EMNDRE LY

2 2
Mp, — Mp,

EMDKRER 6,

(2) NS TR d,

and v¢ < 1 GeV

soap <0 DD BEHRE

(Sym) —I-Asym—|—B_O
A=2(by + by +2Xg) /ds

B = 4v2a, /ds
-

d2 — 5 mil —|-
Us

(

2 2
th —mhl

vl [E1/\/dlE K 2 TRT—=ILENS

cos? o —+
)

\/§CL1 _

vs

41

Y

2
5 |
S S

. dy — small

a; <0
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CPC CxSM

PODNRNYFI—TMA VK

Inputs | v [GeV] |my, [GeV]|my, [GeV]|a [rad]|a1 [GeV?] v

BP1 246.22 125 124 m/4 |—6576.17

BP2 246.22 125 126 —7 /4 | —6682.25

Outputs |m* [GeV?]| b1 [GeV?] | b2 [GeVZ] | X |a1 [GeV?]

l) L

BP1 |—(124.5)%| —(107.7)% | —(178.0)% | 0.511 | —6576.17| 1.77 1.69

BP2 |—(125.5)%| —(108.8)% | —(178.4)% | 0.520 | —-6682.25| 1.70 1.59

BP1Ic & 3DMDEEEQ 1* & DM-ZFHEMEE oy £5HET 2.
(LIES <D/, m EZHE LTRS)



TERANZ—2F VAL Eﬁ?ﬁ*ﬁﬁﬂz

CPC CxSM |

DME &S Qb 2

2
. 92 2 a% 52 a%
Os] X SIN” v cos” & | —5— — —5— —4:44 R
mj my,. Vg my, My Vg

2
_ 2 2
52 —_ (mhl - th

) S1N (¢ COS
VVS

MERANZ =V FVAICEIFTRIEIA DXL

BEAKESERD v |

X UTe omy, =my, (KB 5, DD

DMy &0 #—%2q OEE (G

P1 D2 q

58 L\ — KRB #5 %
5, - K

Vg = /_|\

(1 GeVELF)

SFOEWPTD &G IFIMFIA N Z XL EHRT S
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CPC CxSM

BP1

HT/PRM

— u(7)
..... 'L-'S(T)
—— U, TC (PR:\I)
l.:’D T 1 T 4 ' ) ' --,.-
1.25 | - el ]
1.00 LA .“"*.2
0.75 F s 'Iili i 1
[ os0f .y . ]
0.25 | .
160 150
— (D)
..... 'L’S(T)
—— U, Tc (PR:\’D
: 1.50 T T T N e e,
[ 125 f A el ]
[ Lo0F '..' 4 *.:
L 0.75 F . '_,_..--' 4
i DI:)[J-_ [} - i ]
[ 0251 4
3 UUU 1 1 1
0 20 40 60
0 E:D 160 150
T [GeV] 44

o(T), vs(T) [GeV]

150

100

Parwani/AE

B e v(T') (Parwani)
i s==s 25(T) (Parwani)
I ""\ﬁ == u(T) (AE)
: — - vs(T) (AE)
j T T T T T m"l'-'-'"“'-'.?f't——..-
7 S 1
- Loo | $-° ]
[ ol 4 ]
[ 0.75 [ "t
L 0.50 F
[ 025 ) ]
: 0.00 1 1 1 1 1
i 0 20 40 G0 =0 100
0 50 100 150

T [GeV]
= I I | — v(T") (Parwani) 1
i sens pg(T) (Parwani)
[ X, == uT) (AE)
I — ug(T) (AE)
[ kLo BT — — ]
i 12‘3 i T 1 1 T I- -:
- 1.00 F ‘-)ﬁ 1
j o . "’ - i
I 0.7 [ -
L 0.50 E
[ o025 - __
| 0.00 1 ] ] 1 1
i 0 20 40 G0 &0 100
0 50 100 150

T [GeV]
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CPC CxSM

HT/PRM

1) BP1

Parwani/AE

BP1

BP 1 é 100

s0f 0s0f

8
N
.—.—.-—"‘

Scheme

ve/ Te

184.4

HT

85.3

PRM

:@ | .. '. |

Parwani

201.5
106.8

1.?)

()"’

{:

V. R vse [GeV]| 1.5 1 1.2
BP2 ©,, T i
S — T 1 -\\'lll fr r) ‘ . D Ll ) ol
v [GeV]|  134.6 137.3 144.8 145.3
.............................. [ ;w] = —

BP2 CEONSEREHEBPITESNSBHDERU

Strong 1st PT !

MBIRAANZ—FUAICHITHRVNESS
my, >my, & my, <m, DHEHERIDIENTN I

YL

L%

45
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CPC CxSM

INTGX =5 —|cEREN 5]

- IRT VI PILABRISGEBIAET AL

- IBEERN S DEEE 167

28 aim ) il PR

A< —,dyg < —

3

=)

BIEHIE)

)\(dg

2v/2a4

Us

A>0,dy >0
167

>>5§.



B 99 HER %
CPC CxSM

AJEE7RDMEEEIH: m, = 62.5 GeV, 2 TeV

m, =2 TeVD & E, HT, Parwani, AEAF—LTIE—REEHEB L R5H. PRM
AFXF—LDEETIEZED7E57RLN,

A

4 I
VO (07 v;%r?ree ) =+ Vl (07 U?S’}:Tree 7T> — VO (Utree » US, tree ) + Vl (vtree » US| tree 7T)

FTOREETCAUNEDLDIELZSRLE WFARL
ZO2TIRWE, T, NERIND L OLGEERANETNZL

Ex) BP1

m, 2700 GeVD & =, AHEMNEL%Z E[@>TLES
- /

— Higher order®&H5Z &HNIEDMBEND/\T Y RiFEN I NS HH Lgun



Tree-level MPP in the CxSM

AVy =V (?},’Us) - W (O,’Ufg)

2 3v/2
_77; 2 4 \ZCM(US_UZS)

V2a; b 3 b
=0 — 2
2 TS T T T s TG,

0
2v2+v5

. __2[?1+52 B
S do do

Vg —|—4\/§2—;

T C C Lal@*ﬁl_b§bub%

1/d, CAT—I)LENTWN3S

2 2
d2:2<mh1> sin2oz+2<mh2> cosza+2\fa1

vs vs S

L

FIEDcoeff. 1/v]

AV,
|

()

(b)

200

T T
1060 (i)
vs[GeV]

mp, = 1000 GeV

(b)




) BERER & DL

AN 7 —FFER RIS

Qpuvh? =
vh? = 0.1200 & 0.0012

Os] = < h
Ny 0S1

10 -

""" QDM h 'E'_O. 12

T
10°
T
1o’
m, |GeV] §

aa e

.....
......
1" "
--------------
.. "
""""
-----

......

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

O8I
- LZ

T
l[l"

' .
10

m, |GeV]



LHCSE5% & DELER

AN 7 —FFER RIS

The Higgs signal strength u
0.92 < u < 1.20 at ATLAS 0.90 < u < 1.16 at CMS

The total decay width
PP < 14.4MeV gt ATLAS — TI'YP =3.2732MeV at CMS

Inputs | v [GeV] |vs [GeV] my, [GeV] my, [GeV] |« [rad] my [GeV] | a1 [GeV?]
BPI 246.22 (.6 125.0 124.0 /4 62.5 6H76.2385 ‘
| ve/Te  |vse [GeV]|vge [GeV]
BP2 246.22 10.0 125.0 10.0 0.0uU] b2.H —707.1913 ‘ l
| . f : : f ' | BP1 |£82 =51  0.62 214.6
Outputs| m?  |by [GeV?] by [GeVe A ‘ 8, dy a1 [GeV3) .
— BP2 |25 =49 10.3 226.2
BP1 ‘—<124.5)4 ~(178.0)2 (107.7)>2  0.511 ’ 169 0.87 ‘—6576.238-3 | | 49.7 | |

BP2 |—(125.0)?| (60.20)2 —(61.69)> 0.515 |0.013 7.1 x 10-% _707.1913 |
h, — hyh, & WS decay channelh$ifzlc it %
1= 0.956

ATLAS,CMSOD#5ER & consistent
['y, = 4.29MeV R



CPV CxSM



Model definition

CPV CxSM

Tadpole condition with respect to 4,s, y

8VO m2 A 2 52 2
Yo _ 1 A 22 —0
<8h> v[Q —|—4v—|—4|v5|
oV, . [ba d9 ds o b7 N
<E>:”S 5t sl | Vel — b
oV . [b2 69 dy 2 by i 1y
<§>:”S ot el = | - V201 - by
Mass matrix N 5o 1
E’U 7’0’05 o
8o do 1 2a7 b] v
Mz =] 3VUs 7”52‘ ot o
92 oyt by dy gy
2 UUs —2 T 2 Usls
Mixing matrix
1 0 0 co O
Ola)=1 0 c3 —s3 0 1
0 S3 C3 S92 0

=0
=0
) i
| %vvs
b] do .r .1
—3 T 3 UsUs
do,i? | V2ay | bjvg
2 US + vé, + 2 ’Ug
—S2 C1 —S51
0 S1 C1
C9 0 0



CP domain wall
CPV CxSM

a, b ER B UL q, #0 1D al =bl =0 DEE
Vo(H, S) |& Z2XI¥NVE y — — y IEXF U TAZE
72 FED B FEMICHE LD & CP domain wallh’&4Ed %

2\ ( domm? \@a{)
| | b2 |

oS N\ U T2 2\ ds N oL

explicit CPV(al, b)) D' NI, CDMEBRE L 22D Dminimald@HE S
domain wallldf~ZE (LR S — explicit CPVZRFE




Parameters
CPV CxSM

ANZ—IRTYIvI)LOODDBERHE

2 r 1 LT 1.1
{m ,)\,52,[?2,6{2,&1,&1, 17b1}

{mz, ba, b{} : vev3D &R HA(. tadpole conditions)
b: =0 :al HphaseZ RN

%D5D : {mp,, Mp,, Mh,,Q1, A} EHE(. Mass matrix)



Parameters
CPV CxSM

tadpole conditions&k D

A 0o 5
m* = —-v® — = |vg]
2 2
52 d2 2 a’ CLi
by = — 2% — ZugP—v2 (2 -4
9 2 " vl
S S
a’r a/z T )
bqln — —\/5 (—1 —+ —1) 202 20 o '%2'01)5
Ve V? 2 82 o dagr2 _ V2ai by v by dy
S S Ms=1 2Vs ZVs o T2 n 2 T 2 UsUs
2 4yl by 2 )\ oyl 2 .02 v2a! bl i
M? 0..0 2 Fovy —3 + G5V Fs TN T A
( s)z--: E, ikUjkMp, KD
J
k 1 0 0 C2 0 —S9 C1 —S1 0
2 9 9 O(Oé@): 0 C3 —S3 0 1 0 S1 C1 0
)\:_QE:Olimh- 0 s3 «c3 s2 0 ¢ 0 0 1
(V) : ¢
)
2 2
2
(52 — - E Olegimh, - E Olegzmh
UUS i UUS i

Vg Vg p Ug Vg p UVgUg

2 | v2ar 9 24’ 2 |
dy = —5 | =+ ) 03mi, | = =5 | ==+ O03mi, | = —— | ) 020smj,




Parameters
CPV CxSM

d, DRILKD
o | Ve _
a; = — \/Si Z O2; (O2i — OB@é) m%
| v _
al = \% Z Os; (OBi — O%i) mj,

a; [FIRIITIFIR LS, DRADSEMILUTORLDSZ 51D

S0, {0% 032} 2 (M3),,  (M3),

h; r 7
Ug Ug
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CPV CxSM
Higgsé:fermion(f) gauge boson(V = W%, Z)Mcoupling
£hiff hff— E— Z lith ff
i=1-3"
1 1
Ly = ~h(myZ, 2" + 2miy W)W ) = = 37 kivhi (m5 2,21 + 2miy W, - W)

i=1—3

hi = 011hSM H+ O215 + O31)

ha = O12hsm H O225 + Os2x (ﬁ;@- = Kif = Kiy = 012)
ha A O13hsm [+ O225 + Os3X

['(hy — SM) =T (hsm — SM) (m WWW
O

['(ho = SM) =T (hspm — SM) (my, )><

[ (hg — SM) = T (hgu — SM) (m MMM

0 R THIDERM 21010, = 045 & D

(F (hl — SM) + I (hz — SM) + I (hg — SM) ~ I’ (hSM — SM) for mp, = Mp, = mh:)]




Higgs coupling
CPV CxSM

Higgs & fermion(f), gauge boson(V = W*, Z)Mcoupling

Lhgp=——Lhff = ==L 3" rithiff

1=1—3

! 1
Ly = ~h(myZ,2" + 2mi, WIW ) = = 3" wivhy (m5 2,21 + 2miy W, W)
1=1—-3

ki = O14, Kiv = Oq;

SM IImlt—C‘ci Klf — KIV — 1 and K2,3f — K2,3V — O



MRANT—2FUA
CPV CxSM
gg — h; = VV WS 70w %5£213%

amplitude
1
M
M %wv*_EjMS K , kv MM
" e Ts—m2 +imp,, Ty, VY
1= 1
Squared amplitude
-3 2 .2
2 Z Riphiv
‘Mgg—mi—ﬂ/\/* ‘Mgg—ﬁb ‘Mhﬁvv* 5 5 > 5
| 1=1 (S o mh@) —I_ mhi th
RifKjfRiv RV

2 ' 2 :
i< ] (s —mj + thifhi) (s — My, — zmthhj)
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CPV CxSM

I, < TPM(~ 4.1MeV) <« my, (~ 125GeV) & O NWADMEZ %

70 (s — m2) = lim ml ds ! !

[0 (s —m2)° + m2I2 ~ ) e (s —m?)” + m?T? ~2ml

i=1,j=2&79 % &interference terml&

S —
oo 2m (s —m?3 +imil'1) (s — m3 — imal')
[T ds (S — m%) (s — m%) + mimol'1Is
B /_oo 21 {(s —m?) (s — m3) + m1m2F1F2}2 + {m1T'1 (s —m3) — mal's (s — m2)}2

1
mil'y + mol's

(m2 — m2)% + (miT1 + mals)?

1

mi=mo=mamEE [ =
m(F1—|—F2)




MBIRANZ—2F VA

CPV CxSM
miI'y + mal'y
= 2 2 2 &b

(m2 —m2)” + (miTy + maT)

(m7 — mg)z <mly+mely = |[mpy —Mpy| S Thy +Th, DEE

interference termI3EE & 4515

LWE. mass deferenceld 500 MeV. total decay width®&&tid 4.1 MeV
BE RO Tinterference termi3\ERTE 5

Higgs total decay width® E &Rl RE
7P < 14.4MeV (ATLAS ) and I'7® = 3.273-MeV (CMS)
Z DETILDtotal decay widthZHIfR 9 % 1F & precise Tl ALY




MRANT—2FIA
CPV CxSM

Cross section

2 2 ]

K: K
_ SM Z of iV SM
Ugg—)hf,;—H/V* — O-gg_>h Fh Fh AVAVE
i 7

. SM SM
Og9g—hi—=VV* = Oggsph° BryLyye o L'y, ~ %ZZF%M azl‘i? =1



MRANT—2FIA
CPV CxSM

(./\/l2 S Z Osz]kmh — 5z]mh

%vz 527}1)5 5—21)?)5 L0 o .
\/_a bl b C2 — 82
My=| gos g Ried Mg | oq- ( ) o ) ( : 0
) ’ a 0 0
Foug -3 d_2’U§'US Lol + fsl + bz zj o > C2
262
_ 2 2 2 2 2
52 OQth [(mhl — th) S$1C1C3 + S2S3 (mh3 — mp,

(M3);; (i #)) ICIE8, P, EEN D

FRZE®=TICIE]6,| <« 1,|d,| < 1 THBIENH DD

EWPTDIR S [CIEHE

ZITYIv<1&ULTS=0(1) and d, = 6(1) ICIRD

5, DRSS

C1 —S1
S1 C1
0 0
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CPV CxSM

arXiv:2205.12046

PHEFEOBEINNT > v )L % 5
o High temperature(HT) potential

. tree level potential + thermal mass

o one-loop full potential w/ Parwani resummation

. tree level potential + zero temperature potential
+ finite temperature potential w/ resummation



TEERIR T, v DI

CPV CxSM
CP phasezE& A U HPTICEL %15IE3DIC
HT/RF> > +)L @, 0% @t H,ReS, ImS DI\ 77570 Rig
VI (0,05, 05 T) =Vo (0,05, 05) + T; SHe® + 250 + Tsp§]
2%2902 + 1—A6904 + 5—82902 (¥5 +¢5) + f—é (0% + ¢i2)°
+ V2 (af o — ajpl) + %b"{ (¥ — 9%) + %2 (¥ + ¢5)
+ T; Eue’ + Esps + Bseld]

S3DDAN T —I5=BEERRIT D

SO:ZCOS/Y, @E:ZS?{H’YCOS@—'—@E«, QO;LS:ZSIH/YSIHH_F@,%



TEERIR T, v DI
CPV CxSM
T TDOIRT Vv

. 2 2 C3
V (2,000 Tc) = eaz? (2 = 2¢)”, 20 = o -
4

VT 5 523 + 42

2

_S’YC'C’)/C
4
4

_ C'Y 2 4
Cy = 1—g (X + 20282 + dot? )

(Coc U5 + s6.05) (92 + dat3 )

r ~Tr 7) ~1
_ Ysc —VYsc _ Ysc ~Vsc

t
YC
Ve Chs VCSoo

209
Vo =

1 Oy _ o
T~y —— | —m2 — =
¢ \/QEH [ T Osc] ]’

T (‘@SC‘Q . 6?90 (?’}TS’C’ — tecﬁgc)) (1 _

,
Usc )
—= :
Vsc



TEERIR T, v DI

CPV CxSM

— R D &=

209

~ 2 < ~ ~ Vg Gﬁb\—iﬂ‘ﬁf
Ve = \/T (\’USC‘ — VUsc (USC - th“SC)) (1 o ~SC>>

-
Usc

1 do . o A
T |2 22 _
¢ \/2EH [ meT vsc ]

\

;
KREL v —|[KER 5, |

INE TR T, 2| KRERR 6,
\_ J

5ﬁ5fé77039§1f|:1
Ye >
1. ™ y

EIEANEZTE

ve DRIVTAD LD

@\a« 72 v 07| CPV CxSMISE i

CPC CxSM &

ke



B I5HEE

CPV CxSM

CDETIVIERITS
PTD/INY —>

=& (symmetric phase)
§": (0, VY(T), ¥¢(T))

!

@1K;& (broken phase)
EW, : ((T), vi(T), vi(T))

58 W\ —REERZ IC (L
INS T35, v DN
— INS TR vl DN

Tc and VEVs [GeV]

10.’5
102 -
10} - ///’ :.f
" ./‘ .
o s .:/ :
10 I E E E EEEEEEEEEEENEESESR
" ‘
10 14 — -
/ " / - —— TC-’
. I . -va,
10—2 3 (W r
Usc
10—3 N l::bC'
..... %6
—-= V¢
].0—4 LA | [
102 10—
GGV - BIETRTHS



NIFI—=DIR1T>V

CPV CxSM and CPC CxSM

CPV

arXiv: 2205.12046

CP-conservin
(CPC) CxS

Cho, Idegawa, Senaha
arXiv:2105.11830

Inputs | v [GeV]  vg [ %T'E;\LE mr, [GeV] oy [rad] | a2 [rad]
BP1 | 246.22 0.6 0.3 125.0 124.0 1245 7/4 0.0
B2 | 246.22 0.6 0.4 125.0 124.0 124.5 w/4 (1.0
BP3 246.22 0.6 \ 0.5 ) L 125.0 124.0 124.5 ) /4 0.0

Qutputs| m?* by [GeVE]  b] [GeV? A 82 d- aj [CeVY] |a} [GeVY)
BP1 |—(124.5)2 —(121.2)2 —7.717 x 107*2|  (L.511 1.51 1111 —(18.735)3| (14.870)°
BP2 |—(124.5)2 —(107.3)* 5.145 x 107" | 0.511 1.40 0.962  —(18.735)% (16.367)*
BP3 |—(124.5)% —(90.82) 0.0000 0.511 1.29 0820 —(18.735)%|(17.630)"

Inputs | v [GeV] |mpu, [GHEIEL [GeV] « [rad]|a; [GeV3] vs [GeV] m, [GeV]
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 l 125 124 ) w/4 |—6576.17 0.6 2000

Outputs|m? [GeV?]| by [GeV?] | by [GeV?] | X a1 [GeV?]|  do 82
BP4 |—(124.5)2| (107.7)% | (178.0)2 | 0.511 |—6576.17| 1.77 1.69
BP5 | —(124.5)% | —(1996)% | (1991)% | 0.511 |—6576.17| 1.77 1.69
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Phase dependent part of HT potential

1

4
. 1

=205 (af cos Vs — af sindg) + quga?g (cos? ¥g —sin® dg) ,

VI (0s) = V2 (alpl — alpk) + =) (9§ — ¢%5) s

Vs = pgcostdy @5 = pgsindg
Temperature dependent structure

T°Ys (p5 + %) =T°Ssps  — phase is time- independent

(95(T)) = 05(T) I&T = 0TDIE 65(T = 0) = tan~" (vl /v5) EAL



bubble nucleation
CPV CxSM

T=Ty T=Ty+AT
- T, TIEFPTIFIBE 5780
> - Ty (nucleation temperature)
@ bubble TnucleationF%h
expansion
nucleation collision — PTD5E#E

bubbleh R T 5 I
@9 bubbleﬂ)——&b\—EL/U:T‘

BHBDIEND D

— critical bubble

expand or shrink?
£ TDbubblehVKZE K &2 IF TlEARL



bubble nucleation
CPV CxSM

BN /B /EEH 7= D Dnucleation rate

Eon(T) 32 _E.(T)/T
FN(T) ~ T4 ( ) e b (T)/
27

E, : T CTOcritical bubble® X)L+ —

nucleation temperature T, D E#

I'n (Tw) T2
= H (ITn) ~1.66v/q. (IN)—
H3 (Ty) () = V. (T) Mp  H(Ty): Ty TDINY FILISTA—% —
Eo, (Tn) 3 Eey, (Tn) g« (I'v) Tn
~ 2 = 143.4 — 21 — 41
Ty y ( Ty ) "\ 100 "\ 100Gev

EWPTICIZ E./T < 140 NEFEIND
—RIPEGBHNRT = S & nucleationiFit & 570




bubble nucleation
CPV CxSM

E./T =140 % Ez5

CPV CPC
vy = 0.3 GeV|vy = 0.4 GeV|vy = 0.5 GeV |my = 62.5 GeV|m,, =2 TeV

2 2390 _9gp 211.7 __ i i R 241.8 __ 242.4 __

g D saeR = gl e ol e e P s s e B e e = D
vgy [GeV]|  0.657 0.921 1.446 0.636 0.634
vy [GeV] 0.328 0.614 1.205 — —
iy [GeV] 143.7 122.3 97.26 150.1 150.2
Uy [GeV] 71.83 81.55 81.05 o ——

A 40.5% 16.7% 7.3% 46.0% 46.7%

TABLE III. VEVs at nucleation temperature T in the three BPs and two CPC cases. A =

(Te — Tnv) /T, which characterizes the degrees of supercooling.




bubble nucleation
CPV CxSM

Energy functional

55(T) = / & [(0,H) 0,1 + 0,50, + Ve (H, S: 7))

> 1 dp S| dp” S| dp’ o -
S T :4 d 2 _— - _ S _ S ‘/e T Z°T

O =5 (i ) (S0 =5 (450) + k()

2 V2
EOMs w/ boundary conditions
d°p | 2dp )% 0 | .

5 dr2 ' rdr op lim p(r) =0, lim ps(r) = vg, lim ps(r) = vg,
dps | 2dps OV _ o e iy

%rz. r dr O /6)1(7“) 0. Pg(r) 0. Pj('r) _0
d pg L 2 dpg av _ O " lr=0 " lr=o0 " lr=0

dr2 ' r dr op’



Wall profiles

Bubble nucleation
CPV CxSM

HOV= 75 ( iy )+ (809 = 5 (50 + in(r)

*Critical bubbled T X)L X—%FZ 2 &
Bkt FrdD configuration® & EHDVRE T RKILF—HVNE W
— X T —1i5ldradial coordinatelc @ HMK7F

vl = 0.3 [GeV] — () |

v, = 0.4 [GeV] — 20 |

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
r [GeV™!] r [GeV™!]

—RIBEBHDBWNIEEDEI (L )IFEL

250

vl = 0.5 [GeV] — #() |

[l.lll:l U.Ilﬁ U.:El]
r [GeV™!]



bubble nucleation
CPV CxSM

Thick wall regime Ly, > 1/T

in BPT »
L., ~0.1GeV

— thick wall

1/Tn ~0.01GeV ™+



BH/I\NJAIIRIVA :
CPV CxSM =

1 0 1 :
H(r)) = — . (S(r)) = —= (ps(r) +1pe(r
HOV= 75 ( iy )+ (809 = 5 (50 + in(r)
EWBGIZ B{R 3CPV = tan~" (250
C Bk phase 6(r) =tan -
Pg (T) g, : £ Z doublet
s ) VS I
2.0 i —03(GeV] 1INy A ‘/’;‘E&_&._}iid) =T |Z H:{ng**\;;Pauli ma’;rix 2
h.. C:: %ﬂl\@ ,\/\03)(_ -
1 == Wk=041Gevi - CPV phasez SM®Dmatter sectoric
" 5 =05 [GeV] 'fﬁi% J/X_Fd) c:t 5 7“&1375*%\% the integrated fermion
Sl FOO O Lz—%%ﬁ(y+%s+§asﬁ+§gﬂ+~)tﬂ+Hx
hcg-‘-'l ____________________________
- MERZH Dtop mass
mlr) = Y (L A (050 + k() ) = ()]
—0.5 p@ (’I“)
0;(r) = tan™! ( 2 )
. , . . 2A /et p(r)
1.“(].(](] 0.05 0.10 0.15 @ >

r [GeV™] INUA VT 0 D r ODSFEELS S
— JNU A VEERD R EEMEHD D
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CPV CxSM and CPC CxSM

EE IR & LT, bubble&plasma®dynamicsh 540 %

0B W\ —RABERTZ D E
BN B,
= R DIRIEC R R 2B B (o). BB OMEEEI(S)

__€(T) _ d (55(T)
YT peaa (T) B_H*T*dT< I )

e(T)=AVug — T

E

T=T,

ra T) = — * =

BIIRDARY NS5
QGW(f)h2 — Qcol(f)h2 T st(f)h2 T Qturb(f)h2

bubble collision sound wave turbulence

KEWa, NSV ITK > TQsw(f)R? IFenhanceE %
(R WEBFHEEREIE KR E Ralc XI5
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ENRDARY N L

QGW(f)h2 — Qcol(f)h2 + st(f)h2 + Qturb(f)h2

(/4300104)2 (100)1/3( 0.1103 ) 3.8 (f/ foo1)*®
+a) \ g. 042+ ) 1+ 2.8(f/feot)™"

B

Ouoh? = 1. 1
1h 67 x 10~ (H 1
K

2 1 3 /2
(1—1}%0) (19()())/ (fiw> <4+3(;/fsw)2>

Ouwh? = 2.65 x 10~ (

>_2
) a

o2 Y3 turb)
) (fjiboz) (Zﬂ) vw[1+(f/ftii/){131](01)+87rf/h*)

v,, - wall velocity

T, Gs \ /6
he = 1.65 x 1075 (—) H
* <1OOGeV> 100 ’

B
H.,
Qiueph? = 3.35 x 1074 (Hﬁ
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1 4 3
~ 1 col = 0.715
For v, freol = 110.715a ( “F o\ )

84

073+ 0.083va + a
Keurb = (0.05 — 0.1)k,

Peak frequency

; 0.62 1/6
col = 1 1 0 ) H
Jeot = 16.5> 107 (H 1.8 — 0.1vy + 02 1OOGeV 100 ?
1 B 1 9«
5 _
Jow = 1.9 10777 (H) (100(}6\/) ( 100 )

_ 5 1 (P 9«
Jourb = 2.7 107w, H) <1OOGeV>( 100 )




