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Introduction

One hypothesis to solve baryon asymmetry is electroweak baryogenesis
The conditions necessary to generate baryon numbers

fSakharOV conditions 1. Baryon number violation

2. C symmetry and CP symmetry violation

3. Departure from thermal equilibrium

\_

- CKM phase cannot fully explain the CP asymmetry
- Strong 1st-order PT gives an upper limit of 70 GeV for the Higgs mass

Model: Complex singlet extension of the SM (CxSM)

- strong 1st order phase transition and gravitational waves
- CP-violation and electric dipole moment (EDM)
- feasibility of electroweak baryogenesis

2
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baryogenesis . . : :
w/ SM — Chiral gauge interaction, CKM matrix
3. Departure from thermal equilibrium
K — Strong 1st order phase transition J

- CKM phase cannot

Eche SM must be extended}

- Strong 1st-order P the Higgs mass

Model: Complex singlet extension of the SM (CxSM)

- strong 1st order phase transition and gravitational waves
- CP-violation and electric dipole moment (EDM)
- feasibility of electroweak baryogenesis
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Model definition

CxSM (Complex singlet extension of the SM)
-+ SM + SU(2), singlet complex scalar §

Barger etal, arXiv:0811.0393

Scalar potential of the standard model Higgs H and the complex scalar §

2

Vo(H,S) = %HTH — 2 (H'H)” + %HTH|S\2 + %\SP + %5\4 + (alS + %52 + Hec. )

Global U(T) invariant terms Soft breaking term
S — ¢S (¢p = const.)

m?, A, 55, by, d, : real a,, b, : complex

H(zx) = G (x) CPV phase derived

- J% (v+ h(z) +iG°(x)) l from singlet scalar
1 1
S(x) = NG (vs +ivg + s(x) +ix(v)) = 7 (lvs|€™s + s(z) + ix(x))




Degenerate scalar scenario

3x3 mixing matrix Cho, Cl, Senaha 2022

gauge eigenstates O(a) mass eigenstates
l
(hSM, S,X) > (h17h27h3)
/ SM s SN
fy === = hsm /
\\ hl — OlthM T 0215 Bl OSlX
SM Y h2 j— Ol2hSM 0228 032X
s = hs = Orshsat + Onzs + Oz
}LQ ————— v B ) ” -
N = hsw Only hgy, couples to SM fermions
N o N and gauge bosons
Y SM
/ s
h3 _____ | = hgyg-----
Y Y
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Degenerate scalar scenario

3x3 mixing matrix

gauge eigenstates O(a;)
(hSM y Sy X ) >
/ °M , SM
Py === = hgm x ()
. \\ 11
i AN
SM ™ SM
/ SM sV
} . i
19 \\ — h.gm >< O 1 2
SM .,y
SN eat
,// /./
h3 _____ . S h.g\ | A
\\ \‘_‘
Y AN

Cho, CI, Senaha 2022

mass eigenstates

(h17 h27 h3)

h1 = O11hsm + O215 + O31)
ho = O12hgm + O225 + O32)
hs = O13hgy + O225 + O33)

Only hg); couples to SM fermions
and gauge bosons



Degenerate scalar scenario

3x3 mixing matrix Cho, Cl, Senaha 2022

gauge eigenstates O(a;) mass eigenstates
(hSM, S,X) > (h17h27h3)
/ SM S
hy —=--- = hgm X O
= uk 11
N \\ hi = O11hsm + O215 + O31)
, AN
M SM hg — OlthM 0223 OSQX
/ SM e h3 — OlghSM T 0223 - OSSX
g ===- — 4 i
2 N = hgu X 012 Only hg); couples to SM fermions
N N and gauge bosons
M SM
h3 _____ = hg /
= M~~~ 7
N N X014
* SI ™



Degenerate scalar scenario

Cho, CIl, Senaha 2022

hy = OUhSM + 0213 + 031X
= hgyg-~---+ \\ X Oll h2 — O]_Zh‘SM _|_ 0228 —I_ O32X

I'(hy — SM) =T (hgm — SM) (mp,) x O%,
[ (hs — SM) =T (hgy — SM) (mp,) x Oi4

hp ----- = hsm----- X O 12

hig = === = hgy----- .

The orthogonality of the mixing matrix

2100k = 045
e.g., Of; + 01y + O3 =

In Higgs masses degenerate limit

[I’ (hy = SM) 4+ T (he = SM) + T (hg — SM) >~ T (hsy — SM) for mp, >~ my, ~ mhg]

Degenerate scalar scenario



CxSM Extension

S couples to SM fermions only through the mixing angles a

— pseudoscalar coupling & fysf does not arise

Even though the complex phases exist in the singlet scalar VEV,
we do not induce CPV in the matter sector in the SM

One possible extension is adding new fermions that couple to § and a new
contribution to the Yukawa interaction through a higher dimensional operator.

Scalar extension model + higher dimensional operator

- SM + real singlet scalar
w/ top Yukawa extension through dimension-5 operator  Espinosa etal 2011

- SM + complex singlet scalar (no singlet CPV)
w/ top Yukawa extension through dimension-5 operator  Keusetal 2017



Higher dimensional operator

We consider the following dimension-5 operators contributing
to the top quark and electron Yukawa coupling.

Ct

Yuk — T

L:t ukawa __ _qLHAStR -+ H.C, R qr, tr Cy qr.
Yukawa 2 Ce \\ / .

L. — —ZLHKSQR + H.c, ) ;b { —

H = ir?H* w/ Pauli matrix z2 S' ]‘Q S H

c; . arbitrary parameters

A: the scale of the integrated fermion y

() If ¢, is real, EWBG-related CPV arises only from ImsS.

(i) If ¢, is complex, EWBG-related CPV arises from both ¢, and S.




Electric dipole moment

EDM is good probe to CP-violation ‘—

- |
Upper bound on the electron EDM ; ' | WS L_
by JILA experiment [arXiv: 2212.11841] - <
_ hy " Y NG
de| < 4.1 x 107 cm o b o Y LY
c c c e e e
Two dominant Barr-Zee diagrams
In which electron phase enters
Top-loop
1 [« GFU2) - m2 m?
df;’V e = ( = Im (Yeen. ) Re (Yien, — ] + Re (Yeep, ) Im (Yien, —t
(de7)e/ 372\ Vamm, ) 2 (Yeen,;) Re ( tth)f( z (Yeen,) Im (Yien, ) g 2
W-loop
n 2




Electric dipole moment

—) ~
: : : Y N ,-
EDM is good probe to CP-violation T ;
-
Upper bound on the electron EDM p : | w*S -
by JILA experiment [arXiv: 2212.11841]
_ P NN
de| < 4.1 x107%% cm e b YL
c e € e e e
Two dominant Barr-Zee diagrams
In which electron phase enters
Top-loop
1 [« GFUQ) - m2 m?
df;’V e = ( = Im (Yeen. ) Re (Yien, — ] + Re (Yeep, ) Im (Yien, —t
0/ = 523 (™) 2o |1 (ecn) R ttmf( - |+ Re (Veon) T (Vin) 3 | 2
n 2

Ko, U
(dZ/y)W/e - Z 2 92 2 Im (Yeehi)ghivvj{}/

(m;)




Electric dipole moment

The couplings of scalar mass eigenstates /; to top quark and electron

My 1 civ 1 2cv b GUo L
Y; =01;,— +09;,—— + 03, ——— my = —= + 51 (Vg T+ g) ,
rtnhe = 1T Gaig T T P Ty where V2 x| )
v _ 0 Me 0 1c.v 0 1ic.v m = yev_]L Ce (UT +—ivi)
ererh; — 12 D _|_ 215 A _|_ 37,5 A € \/§ 2A S S

() When CPV arises only from singlet phase (real c.c,)

Top-loop
1 aemGFUQ> 5

d?) /e =
( e )t/e 3772 ( \/§7Tmt Z

degenerate o
= 0 01,03 = 02;,03; =

W-loop

(AP )y fe = — oo > {017:037: Cev}jgv (my,) GeBeRCTate - 01;03;, =0

3273w

12=1 rereeeeeeeeee.



Electric dipole moment

The couplings of scalar mass eigenstates /; to top quark and electron

B my 1 civ 1 iciv _ YU G
Vivtans = Onmym 4 Onig "0+ Osig ™=t ar 5T,
. where
m€+0 1cev+0 1 2c.v m :yeU+CeU(Ug+iUg)
*2 A P2 A V2 2A

YéLeRhi — O].’i v

() When CPV arises only from singlet phase (real c.c,)

Top-loop

(d¢7)e/e

3

| If the Higgs masses are degenerate i.e., m, =m, =m,,

Due to the orthogonality of mixing matrix Xx0:xO;r = 6;;

the EDMSs are suppressed in each.

{(0322 A ) (Olz v “|’O27,2 A>f<miz>+(0h v +0212 A)(OSZQ A)g<m,2h

Im (Yeehi) Re (}/tthi> Re (Yeehi) Im <nthi>

degenerate o
= 0 01,03 = 0203 =0

W-loop
3
Nem CeV d t
(@ w /e = 32730 Zl {O”O?’i 2A } Ty (mn) 2 =00 - 01,03, = 0
Im (Yeeh )



Electric dipole moment

Benchmark points where strong first-order phase transition occurs

Inputs

v [GeV]

ve [GeV]

vh [GeV] | my, [GeV] | my, [GeV] my, [GeV]

oy [rad]

oy [rad]

246.22

0.6

0.5 125.0 124.0 124.5

almost degenerate

10

wid

0.0

Ct

SM
Yi

2 SM

Je

A [GeV]

1000
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Benchmark points where strong first-order phase transition occurs
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Electric dipole moment

Benchmark points where strong first-order phase transition occurs

Inputs | v [GeV] | v% [GeV] | vk [GeV] | my, [GeV] | my, [GeV] my, [GeV] | ¢q [rad] oy [rad] ¢ | ce | A [GeV]
246.22 0.6 0.5 125.0 | Variable 1245 7 /4 0.0 ™M | ySM | 1000
almost degenerate

10~

28

10 3
=
3
L
— -29
wy 10 ] ',
=S VO g eeeeeeeeenIEAZ022 bound
-
- :

10" : ® :|(d)wl

f ® . |(d),]
' ® (@) + (d)w
-31
10 T T T T T
0 50 100 150 200 250 300
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Electric dipole moment

Benchmark points where strong first-order phase transition occurs
|

Inputs | v [GeV] | v% [GeV] | vk [GeV] | my, [GeV] | my, [GeV] my, [GeV] | ¢q [rad] oy [rad] ¢ | ce | A [GeV]

| : . .
246.22 0.6 05 | 1250 |Variable 1245 /4 0.0 M | ySM | 1000

almost degenerate

27

10~

28
10 -
-y ]
& .
o 4

The Higgs mass degeneracy provides the large dip
Also by cancellation between top-loop and W-loop contributions, the EDMs are suppressed.

-
o

30

1073 : ® :|(d")w!
‘ - ® :|(d})
' ® :|(d) + (dw

10 7 T T T T
0 50 100 150 200 250 300

mp, |GeV|
10




Electric dipole moment . .. ..

Benchmark points where strong first-order phase transition occurs

Inputs | v [GeV] | vk [GeV] vk [GeV] | my, [GeV] | my, [GeV] my, [GeV] | ¢ [rad] | o [rad] ¢ ce | A [GeV]

246,22 0.6 0.5 125.0 124.0 124.5 /4 0.0 y>™M SN 1000

almost degenerate
Top-loop contribution  (d™7), = —4.4 x 107°" [e cm]
W-loop contribution (d")w =5.9 x 10730 [e cm]
Sum of two contributions  (d™7); + (d*")w = 1.5 x 107°" [e cm]

<4.1x107% [e cm]
(JILA 2022 bound)

11



Electric dipole moment

(i) When CPV arises from singlet phase and new Yukawa couplings

(cr = ¢ +ict = |es|e™, ce = & +ict = |c|e?e)
1 Ot G 1702 5
Top-loop hey _ em T F § /
' ' (de )t/e 372 ( Vv 2mmy ) :

Re (Yeehi) Im ()/tthi)

degencrate 1 Com G P07 23: U_Q (02 ccl — O3 crci) f _m? + (02 cret —
— 3772 \/iﬂmt AN2 21-et 31 et m% 21-et

1=1

To suppress d,/e ¢!

IS heeded

3 .
_ hy B Qlem Z | CU CQU degenerate



Electric dipole moment

Benchmark points where strong first-order phase transition occurs

Inputs | v [GeV] | vk [GeV] vk [GeV] | my, [GeV] | my, [GeV] my, [GeV] | aq [rad] | oo [rad] el | lcel | A [GeV]
246,22 0.6 0.5 125.0 124.0 124.5 /4 0.0 ™M [N 1000
almost degenerate
h h
P+ ()
3 .
Counters display
;. de| = 4.1 x 107°°[e - cm]
(JILA2022)
l -
s
= 07
e
_1 -
_")_ -
_3 -

(]

6; |rad|

13



Electric dipole moment

Benchmark points where strong first-order phase transition occurs

Inputs | v [GeV] | vk [GeV] vk [GeV] | my, [GeV] | my, [GeV] my, [GeV] | aq [rad] | oo [rad] el | lcel | A [GeV]
246.22 0.6 0.5 125.0 124.0 124.5 /4 0.0 M| 2M | 1000

almost degenerate

(d27) + (d7 )

Counters display
de| = 4.1 x 107°°[e - cm]
(JILA2022)

In addition to mass degeneracy of the Higgs boson,
top and electron phases must coincide and
cancellations between top-loop and W-loop are needed.

6, |rad] 13



Conclusion

- EWPT and EDMs were investigated in the CxSM with dimension-5 operators.
The coefficients of the new Yukawa interaction may be real or complex,
and in the former case the EWBG-related CPV arises from ImsS.

We focused on three Higgs degenerate regions that suppress collider signals.

- There are two types of Barr-Zee diagrams including electron phase:
top-loop and W-loop.

- electron EDM suppression conditions are as shown in the table below;

top-loop Barr-Zee diagram W-loop Barr-Zee diagram
Real ¢, ce Higes mass degeneracy Higgs mass degeneracy
Complex ¢, ¢, Higgs mass degeneracy and @, = 0, Higgs mass degeneracy

Depending on the degree of mass degeneracy, the cancellation between
the top-loop and the W-loop contributions are necessary.

14
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electron EDM



hy-type Barr-Zee diagram

2 n 2
(dZ’Y)t/e_ 1 (aemGFU )

2
m m
- I (Yo, YRe (YVir ) £ | 7 | 4 Re (Yoo ) Im (Yie ) g | 2
372 \/iﬂ'mt ; m( hz) e( tthz)f m%% e( hz) m( tthz)g m%%
where
ooy Tt 1=22(1-2) [(r(l-2)
J(T’:QLdT:v(l—:r)—Th ‘\ T )
T [- 1 r(l—1x)
9(7) = Q_A dlaf(l—;r)—'r]n( T )
mn
(d)yw /e = — Z Com? Im (Yeen, ) gn,vv Ty (M)
¢ — 3212 s, mi, LI '
where

2t 1 mé mi m?
T (mp) = ——— |- 6——2)+(1-— e
w TR, , g, ] ey 2 Dara2 2
In‘_,, m Vv 772-“,' ~n W e W

x (I (myw,mp.) — I (my, my))

m% | m%- 1 m% m:t:i
' I+ =)+ 7|6-= )+7|1-5-5 2
iy 4 iy 4 2y, / Miy
x (L2 (mw,myp,) — I (mw,mv))]

with

. ”
: ms . [ ms
I (my,my) = -2 2f( l) ,

2 2
M ms5

5 2
A
I (mi,ma) = =2—=2g (—1) v

29\ 2
my ms;



General from of W-loop contribution

Kem ?: i
dw /e = ~ 393, {011021 T (mp, ) + 012022 oA jW (mp,)
jW (mp,) + 011031 2A 1 (mp,)
jW (mp,) + 013033 2A (mhs)}
(em 1 ) (8
~ 3278 2A {(CeOnOzl + .01 0s1) (T (mny) = Ty (mng))
(62012022 + C£012032) (j%/ (th) - jI;[Y/ (th))}
em 1 7 T
— _‘;2773 oA {(08012022 + 06012032) (jv’xy/ (mhy) — jgv (7, ))
)

(cL013023 + cL013033) (T (mny) — Tgr (mny)) }

If a, =0, this line vanishes




EDM for thorium monoxide d;,

The effective EDM for thorium monoxide (ThQO) is given by

drho = de + aThoCs arho = 1.5 x 107

The CPV interactions between the nucleons and electron are defined as

G .
LN ——7§cs< N) (eiryse)

Furthermore, the CPV 4-fermion interactions between the quarks and electron are
represented as

CPV Z qu 67/}/56) where qu _ Z Re (YCYLC]ha') Im (YéLGha’)

, 2m?
(

A1MeV 79MeV
Og = —202 [6.3 (Ce + Cge) + Cool 40, 200

ms me

6.2 x 1072GeV (C”e + Cte)]

mp ez




EDM for thorium monoxide d;,

(i) When CPV arises only from singlet phase (real c,.c.)

1
032 C = degenerate

O1; =4
qu(q:u,d,s,c,b)zz ST 5 — 0

m;

()

. — Z (Ou% -+ 027;5;%) (037, - Ce v) dege;erate 0
5

(i) When CPV arises from singlet phase and new Yukawa couplings

_) degenerate

qu (q:u7d78767b): 2 - O
. m.
; ()
1 c’ 1 Ci’U 1 CZ’U 1 CZIU
(01 + 023 52 = 03,3 %) (023 5% + O05i s 57
Cre =2 :
. m.
- 1
degenerate Z 2 O%zct Ce — O%icicg Cé Ci v, v
STy m? e T T
i €



Re-phasing invariant CP phases

the re-phasing invariant phase

0, = 20,, — 6y, — 20, — 0, =20, —0,. <« case ()

! 4 /
By = Oyu — Oy + 0y — O — Bl + 0 = Oyu — O + 0.

03 = Oya — Hccli. + 0, — 054 — (92(11 + 0;_1 = Oya — gcjl +0,,, case (i)
64 = de — 961: + 9@; — 9'1,6 — 6% + 9;_- = de — QCT + 6’a;.

degenerate

case (i) d,(65,04) X sin(fs — 64)

To vanish d,, 0, =6, is needed.  .°. 9071‘ = Oce

Therefore, the number of the rephasing invariant phascs is only 4. We may take the convention
that 91,/1: = 8}-1 = ch = gbl = 0.



CPC CxSM

“Electroweak phase transition in a complex singlet extension of the Standard Model
with degenerate scalars”, Phys.Lett.B 823 (2021) 136787, arXiv:2105.11830



Model definition

Complex singlet extension of the SM (CxSM)  Barger etal, arXiv:0811.0393

2 A ) b d b
Vo= "o [HP 4 JIHI + ZIHPISE + ZISP + Z11 + (S + 282+ ce. )

Global U(1) and soft breaking terms (minimal set of S.B. operators to realize pNG DM)

1 0 .
H:ﬁ <v+h)’ S = (vg+s+ix)/V2

! DM (DM stability <> CP sym.)
h ([ cosa sina) (h
s)] \—sina cosa/ \ ho

Mass eigenvalues

hl , h2 2 2Vg DM

1 (N by 2 5 2 a
milm — 5 —U2 + A2 + \/(§U2 — A2> -+ 4 (52?}?}5> mi — _bl — \/5—1

Mass eigenstates

2

23



Model definition

The general scalar potential

m2 )\ 52 b2 d2
= HIP+ ZIHI*+ ZHPPISI2+ 2812+ 221814
Vv 2\|+4||+2\||\+2||+4|!

01 1712 03 17202 | Pla2 | Clag | C2 2, 014 A3 22
—|H —|H|[*S* + —5“+ =5+ =S|S|"+ =5+ =5%|S .C.
b (S + FIHPS + 2IHPS? 4 5 4 5 4 LS+ L4 PSS+ e
The minimalization condition Mixing angle a
A 0 82 A2 2
2 N2 92 9 Zovg 20° — A
mo=3v T 5 US> tan20z:2)\2 ,  COS2a = 22 5
09 9 do 9 a1 2 h h
—by = —v® + Vg + b +2V2—
2 2 (S
L[ A 292 — A2 A= %U% B \@;71
' 2 2 2 __ 2 S
Mass eigenvalues 7 = 5507+ A? F —

24



Degenerate scalar scenario

Abe, Cho, Mawatari arXiv:2101.04887

V2a, X X
2 <
: : fmhl_i_ Vs _ S~ Pt
iMp, = o T =) sin v cos a u(p3)u(p1), \\r/
2a |
mmig—l_\/;l ihlahQ
iMp, = +i—2 —2— sinacos o u(p3)u(pr), i

my

~ z@ sin o cos ati (p3) u (p1)

my

i Smacos at (p3) u (p1)

~ O (mhl ~ mhz)




Degenerate scalar scenario

Degenerate scalar scenario(@ one-loop Azevedo etal., 1801.06105
: NJNMN (m )
O'ij]l\}o = Sin 2« (,ux / > hy = X loop func. mil — mig
Mp,Mp, U US
‘4 4
Sa‘:' """""" :'Sa Sy lrmmmmmaaaaan _Ca _Ca REEEEELEEED _Ca
( DS —2(s,¢,)° S ) oCa)”
SaCa)” 1y, 11y ) SaCo)”J MYy, Ty, J(my, . my, )

Sum = (5,6, 2(f(1,1) = f(1,2)) + (5,¢)%(f(2,2) = f2,1)) => O form, ~m,

26



Degenerate scalar scenario

Scalar trilinear interactions

1 2a , 2a
o= (7 20 B+ (i 22 Yo
2@5 Us Us

Yukawa interactions

m r . i 1 : 2

EY:——fff(hlcosozhgsm) :h :h
vV | |

hi1 = hgpcosa — ssina, ho = —hgym sina + scos o

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

(F(hl — SM) + I'(he — SM) ~ I'(hspm — SM) for my,, =~ mhz]

27



Degenerate scalar scenario

CMS collaboration, V. Khachatryan et al.,
Eur. Phys. J. C 74 (2014) 3076, [1407.0558].

@ LHC
5CMS H— vy 19.7 " (8 TeV) + 5.1 fb™! (7 TeV) q
S - BE Eh . Q
O =l = =
5 4.5E : - ,,D
—  4F .
e F = 2
< 35F —
F= E E
2.5 - 4
2 1=
1.5F =
E Expected SMH {1 2
e E
05F 20 =k
- 1 | 1 | 1 | 1 l 1 | 1 I 1 1 1 I 1 1 lE -
O 0.2 0.4 0.6 0.8 10
X
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Degenerate scalar scenario

Sachiho Abe , Gi-Chol Cho, Kentarou Mawatari,
arX1v:2101.04887

@ ILC
10° — -
— Vs =250 GeV
':_ ILC detector
e hi, ho . 104
/ 1 :
hl,hz d T
- 7 ) N
10 -
e - 2‘ 10° ]
2 T | i
[ [
Q
+ 2
& 104}
)
pa—;
-
Q
>
w

—
o
—

.

P —

124.0

1245 1250 1255

126.0°

120

122

124
Mrecoil [GEV]

126

128

130



EWPT

Strong 1st order phase transition
(SFOEWPT)

& > 1 T~ : critical temperature
Tc ™~ Ve o higgs vev at 1

[Two calculation schemes on the scalar potential (gauge independent)]

. 1
HT potential V™" (¢,05:T) = Vo (9, 05) + 5 (Sue” + Tspl) T°

PRM scheme 3%%(50,5) — _C(p, €) 8%12(90,5) M. J. Ramsey-Musolf, JHEP 07 (2011), 029.
¥

Sy1m SyImn . _ .
VO (07 US, tree ) + Vl (Oa US, tree 7T) — VO (Utree » US, tree ) + Vl (Utree y US| tree 7T)

Sym . HT
Ve, Vse and vl are determined by the use of V

[ Two resummation methods 1n evaluating one-loop effective potential (gauge dependent)]

T4 m2
. _ . — 2 7
%ﬁ(gﬁ,g057T) — VO(W?SOSaT) T E :nl [VCW (m%> + 27T2[B,F (TZ >]

Parwani scheme Replace mm* with thermally corrected field depending masses M?

T — o\3/2 _o\3/2
AE scheme Vyaisy (@, 05;T) = Z _”iﬁ [(M@'Q) - (mf) / ]

i:hl,z,x



EWPT

Strong 1st order phase transition
(SFOEWPT)

I~ : critical temperature
Ve o higgs vev at 1

PRM scheme OVer(p,&)

M. J. Ramsey-Musolf, JHEP 07 (2011), 029.

8€ — _C(Spa g)

Sy1m SyImn . _ .
VO (07 US, tree ) + Vl (Oa US, tree 7T) — VO (Utree » US, tree ) + Vl (Utree y US| tree 7T)

Ve, Vs and vl are determined by the use of 1%

[ Two resummation methods 1n evaluating one-loop effective potential (gauge dependent)]

T m3
Vet (0,055 T) = Vol 053 T) + Y [VCW (m7) + 55 1B,F ( 5 >]
: 70

T2

Parwani scheme Replace mm* with thermally corrected field depending masses M?

AE scheme Vdaisy (907 PS; T) — Z _nii [(ME)S/Q B (’ﬁl?)g/Q}

i:hl,z,x
WL.ZL,YL 30



EWPT in the degenerate-scalar scenario

Gauge independence

Renormalized Vv

One loop contribution

HT potential

O

/

PRM scheme

O

Parwani scheme

AE scheme

ORRONRONE.




EWPT

Parametrize the two scalar fields using radial coordinates as Ps >

sym

© = ZCOS7Y,ps = zZSIN7y + Vg

HT potential

1
VI (0,05 T) = Vo (0, ps) + 5 (Zae® +Xspg) T7 7 ?
— VY2, v T) =co+ c12 + (ca + HT?) 2% — c32° + a2

In the case of first-order EWPT

T ~ 1 2 (vgyén )2 5 ve = lim U(T) r \
c = —QZH —ms — 9 2 | T Tc Condition of SFOEWPT
\ vSC = Tl}fg vs(T) Ve |
C -

25 sym 2 sym _ T T
vcz\/ 2(”3(1 ) (1_ Zﬁi) Usc T{(I%CUS( ) L C )

A VS
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EWPT

. m> A ) b d b
Tree level potential Vo = T\H\Q + Z|H|4 + 52|H|2|S!2 + §2|S]2 + ZQ|S|4 + (a15 + le2 + cec. )

To ~ \ I (—m2 — 5 g 52>, g Condition of SFOEWPT
H
Ue
— — >
Ve ~ \/252 (Usyc )2 (1 vsc ) T ~J ]‘
— T sym C
A\ Usy(; k j

About T T~ — small, 0,— positive and sizable

o _ 9 5 5 : .. T
)= - (m? — th v — small, @ — the maximal mixing 7
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EWPT

. m> A ) b d b
Tree level potential Vo = T\H\Q + Z|H|4 + §2|H|2|S\2 + §2|S|2 + ZQ|S|4 + (a15 + jSQ + cec. )

Condition of SFOEWPT

e >
T, ™~
\_ _/

About T T~ — small, 0,— positive and sizable

o _ 9 5 5 : .. T
)= - (m? — th v — small, @ — the maximal mixing 7
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EWPT

Vo= i+ 2 . 1 ( N ) ( Condition of SFOEWPT |
Cc = “w | — — 2]
2> 2 (V)
+ 21HPIS? + 2+ 2 s’ \ 2= = >1
sym 2 T ~
+ <a15—|— bZlSQ + c.c. ) Ve~ 202 (USYC’ ) 1 — vsc k ¢ J
A vso
About v, v — large with an amplification factor (vgyén)Z (1 —vsc/vsn)
sym sym
+ Avgs, + B =0
(05 ) Ve is scaled by 1/4/d, .. d, — small
A=2(by +by+2Xg) /ds
B = 4\/5&1/612
2 | V2a; 2 | _
d2:—2 m%1+(m}2l2—m;2ll)cos2a—|— 2_2 m}%l_'_ a1<0
Vg Us Ug Us
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Vo =

Y b d
+ S HPISP + 1812+

EWPT

m? A
—|H|? + = |H[*
5 [HP + J1H|

b
+ <a15+ 2152 + c.c. )

About v,

(S.Ym) +Asym_|_B_O
A =2 (b1 +ba +2%s) /do

B = 4V2a /d>
-

dy = —5 |mp, +
Us

(

2 2

th - mhl

o )se
Vo = 3

v — large with an amplification factor |(

rCondition of SFOEWPT\

SC

) C082 o

\/ial -

Us

34

[

vl is scaled by 1/4/d,

2
2
Ug

. d, = small

a; <0




EWPT

o )
|H % + \H |4 T Condition of SFOEWPT
cC = ’
22 U
+‘H! 2182 + \512 +S\4 ! £ >1
4 sym \ 2 T ™~
(alS—i— 182 4 cec. ) Vo~ USyC ) (1 _Usc ) \_ _J
A Ve
About v, v — large with an amplification factor |(v2")? (1 — vge /o)
sym sym
+ Av +B =0
(Vs ) Ve is scaled by 1/4/d, .. d, — small
A=2(by +by+2Xg) /ds
B = 4\@&1/d2
> | Vo] 2 [, v
do = — |m? + (m?. —m? )cos®a+ ~ = m? +
2 U% h1 ( ho hl) Vg ’U% h1 Vo ay < 0

T
(1) large 6, with a positive sign i.e., |a| = 7 and vy < 1 GeV

(2) small d, i.e., a; < 0 with its moderate absolute value

24
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Conditions imposed on the parameters

Other conditions imposed on the parameters

* The energy difference between the electroweak vacuum prescribed by (v, v¢) and the

local vacuum on the @ axis specified by (0,v2"™)

S
. AFE could be negative for
AE =V, (0,v3™) — Vo (v,v3) 5> landd, < 1.
Sy1n 1 Sy1mn d Sy1n
=V2a1 (0™ = vs) + 7 (b +b2) (™) = 0F) + 72 (8™ = o) ﬂ
m? 5, A 4 02 o 4 0, and d, have the upper
- I’U - 1—6U - g“ Us and lower bound respectively.
2
» Bounded from below A>0,d2 > 0, Ady > 95
ey 2\/5 aq
* Vacuum stability A <d2 -+ 3‘ |> > 65
Us
- , 16 16
» Conditions from perturbation Theory AS —m,dy & —r
p— 3 Y — 3
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Benchmark points

Two benchmark points

Inputs | v [GeV] |my, [GeV]|my, [GeV]|a [rad]|a1 [GeV?]|vs [GeV]|my [GeV]
BP1 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP2 246.22 125 126 —7 /4 | —6682.25 0.6 62.5

Outputs|m?® [GeV?|| b1 [GeV?] [ b2 [GeVZ] | X |a1 [GeV?]|  do 2
BP1 |—(124.5)2| —(107.7)2 | =(178.0)2 | 0.511 | —6576.17| 1.77 1.69
BP2 | —(125.5)2| —(108.8)2 | —(178.4)2 | 0.520 | —6682.25| 1.70 1.59

Calculate the DM relic density Q%hz and SI cross section with the nucleons og; in BP1.

(For the moment, m,, 1s treated as the varying parameter.)

X
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Benchmark points

Two benchmark points the varying parameter

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

BP1 246.22 125 124 w/4 | —6576.17

BP2 246.22 125 126 —7 /4 | —6682.25

Outputs [m” [GeV?]| by [GeV?] [ b2 [GeVZ] | X |a1 [GeV?]

BP1 |—(124.5)2| —(107.7)2 | —(178.0)2| 0.511 |—6576.17| 1.77 1.69

BP2 | —(125.5)2| —(108.8)2 | —(178.4)2 | 0.520 |—6682.25| 1.70 1.59

Calculate the DM relic density Q%hz and SI cross section with the nucleons og; in BP1.

(For the moment, m, 1s treated as the varying parameter.)
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Benchmark points

52:@(771

Invariant under the transformation my = my

do =

The sign of m,fl -

2
2
Ug

2

2
mp, -+

hi

(

2
my,

2

2 2
mh2 —mhl

2

) COS

2

2
m}, Y§in a cos &

2

84

V2a;

Us

Y

cannot be compensated by that of a

2
2
Ug

2
mhl

— —(m}i—mé)andaé —a

Vi




DM

We use a public code micrOMEGAs to calculate Q h* and oy .

The value of Q%hz should not exceed the observed value

Qpnvh? = 0.1200 & 0.0012

In the case of m, = 30 GeV, for instance, the maximum value is o5 ~ 4.1 x 107" cm?

under the assumption Q = Qp; .

In cases that Q < Qp,,, we scale og; as

-
081 = Ny O8I
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Degenerate scalar scenario and
strong 1st-order EWPT

It | ooy

0,

The scattering of

DM relic density Qxhz

2 2,2 2
.5 1 aj 03V aj
ogr X sin“acos“a | —5 — —— | — 5

dark matter y and quark g

P2~ " Pa
hl ' h;-

P

- I', -

| 2 D3
I”

q

— 4
mj. my,. Vg 4mh1mh2 Vg

N

2 :
09 = — (mil — mi2) sin ac cos «

Strong 1st EWPT
0, — large
Vg — small

(less than 1 GeV)

The core of the cancellation mechanism in the degenerate-scalar scenario:

The suppression of 0, owing to my, =~ ny, with moderate values of vy.

The conditions for the strong 1st EWPT 1s incompatible with the suppression mechanism.
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1st-order EWPT

HT/PRM Parwani/AE

— L(T) ] 250 e I I I I | | I I I ' e v(T) (Parwani)
I sane gg(T) (Parwani)
""" vs(T) : Xy~ D) @B
~
o— uvc,Te (PRM) 200 = vs(T) (AE)
E 150 F ] 'E 150
% ..'lc % ’ I I 1 1 1 m'-m.'ﬁl .ﬁ'..._-r-
BP1S | e SR i
_r'q B = a. .'! T —U] B ~ 0.
.-.L—d: ]-{-_l[-_l - 1.25 ..i 7 hl‘..*. a ;_-1 100 | 1.00 j‘ ;
b"’ : 100 ‘-"‘ } ..*-: E-"-_j" : EH?a__ —-—-—II—‘“ ]
- - 0.75 ‘__..-" . {1~ L 0.50 F .
a0 [ os0f ] _ 50 L o025 f - i
: 0.25 - . : [ 000 ] ] ] ] ]
, , , [ 0 20 40 60 80 100
- 0.00 1
0 20 40 60
EI ---------------------------- - e EE n EI—— ] B § B B D S D S ) S " E—_—— S
0 50 100 150 0 50 100 150
T [GeV] T [GeV]
- orn [ T T T T T T T T ! I ! , . .
—_— L(T) 250 - (T} (Parw &mJ.
B s pg(T) (Parwani)
""" vs(T) : Xy,  —— uT) (AE)
—e— uc.Tc (PRM) 200F — - vs(T) (AE)
= = |
& 150 .. 1S 150 B T T T,
=~ 1.50 . : : o el = 1.25 | -
™ L ..' | _r_q | ..
BP2:IDD- 1.25 '..- -._.”_ = 100k 1.00 “p" -
= - Loof et 12 i i
= L 075 F _,.-"" - | L 050 F -
50 F osof "t . - s0f o ’ :
T 0.25 -1 T : 0.00 1 1 1 1 1
i ] i 0 20 40 G0 80 100
- 0.00 1 1 1
0 20 40 60 i
NIRRT . () [ = = 2 2 i — — — —_—
o s 10 10 0 50 100 150

T [GeV] 41 T [GeV]



BP1

BP2

1st-order EWPT

HT/PRM

ﬁ
Qondition of SFOEWPT

Ye >
1. ™

\—

Ex) BP1

Parwani/AE

BP1

'U :” o ............................ %m :m T T ‘/ T '
S ’ - "] Scheme H'I PRM Parwani AE
JO .......... y )U ........ T -;uv - ()(J-—--—-_._.__)(.)__T_(J:_mﬁ . - ' l'\' l. l B ‘) ‘) l!).—)'(’ B ) - 2(’1’.-) B ( 2(’2'7 B (
— __\\!\ — ve /T 85.3 — <4782 — “Y106.8 — 1.9 107.8 1.9
no\\ + (11-) (PRM) | 200 S - “‘L;:?:;J £ .
L o vger [GeV] 1.5 1.2 1.2 1.2
................. : /’\,,:
.................. N T sy g 1 p . Y ) y
v [GeV]|  134.6 137.3 144.8 145.3

............................ H ===

The consequences found in BP1 all apply to BP2 as well.

Strong first-order EWPT 1n the degenerate-scalar scenario 1s possible

in the both cases my, > my, and m;, <my, .
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-I St-o rd e r EW PT Qondition of SFOEWPTﬁ
Uc > 1
T ~

HT/PRM Parwani/AE EX) BP 1 \. _J
250 T 1 9 " T — o(T) (Parwani) | 1
I 1‘(7(_;) 2'0——\\ ,(,T()T,(TPM-MJ\)
R s == o(T) (AE)
200 —e— ve,Te (PRM)| 20 S =+ ) (AB) 13 l ) 1

) S S 1
3 s o TTI z A
BP1 <™ 1 T 3 ’

e g Scheme HT PRM Parwani

Ofeernnannns TS PN P S —

" v ve/Te 184.4 9 o NL95.6 9 5 \20L.5 | () 202.7

i B S S % /2 85.3 “<)78.2 < 106.8 a 1u 8
===+ v5(T) (Parwani)

2110\\ Z:(Tiv 200 A T 1‘1(7)'::11)

—e— ¢, Te (PRM) | 2 - " ' - ¢ ‘
§ ............. gmn . e e — l‘.\,’( y {( '(‘\V" J l o) 1 -2 1 .2
w2 L y B e L
N O e . Yr ::;:_ ------- ] \\'lll 1 r) ‘ . D Lo ) = ¢
e v [GeV]|  134.6 137.3 144.8 145.3
............................... — = ()—'—'—'—'—;U—'—'—'—'—')ﬁ ' |
[GeV] [GeV]

Strong 1st PT !

The consequences found in BP1 all apply to BP2 as well.

Strong first-order EWPT 1n the degenerate-scalar scenario 1s possible

in the both cases my, > my, and m;, <my,
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1st-order EWPT

The viable DM regions: m, = 62.5 GeV, 2 TeV

When m, = 2 TeV, one can find the first-order EWPT in the HT, Parwani, and AE schemes

while not in the PRM scheme.

A

4 N
VO (07 /U,SS}:r’?ree ) —|_ Vl (07 /U‘SS'}:Tree ;T) — VO (vtree ,US, tree ) —I_ Vl (vtree 7/US, tree ;T)

the right-hand side has to be lower than the left-hand side at zero temperature,
otherwise, the degeneracy point where 7~ 1s defined would not exist.
Ex) BP1

Form, 2 700 GeV, the right-hand side would exceed the left-hand side.
- J

— This bound could be relaxed when one includes higher-order corrections.
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EWPT

~

\—

Baryon number violation

— Sphaleron process

~

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

\_ _J

Energy

E.'spn'.: -

S

phaleron

\ f/

45

\ f
meling effect J
r - LT "

1

Classical vacuum

i _'"'l.'r.f; g



EWPT

2, Symmetric phase

(¢} =0
4 . N
Transmittance, Reflectance
- : : —R
= B’E’;":‘S‘e Left-handed quark qL = Right-handed antiquark g
Left-handed antiquark ch = Right-handed quark qR
. /)
@ On the wall @ Symmetric phase @ Broken phase
nQ ng nQ
.TIL - HL “ .TIL - HL
changed!
nf —nk nf - nER Not to wash out
generating
baryon number
nqznﬁ'—né‘+nqﬂ—n§= nqznﬁ—né’—l—nqﬁ—n{?#{]

B o | e
baryon number geggration I‘gp;'h <H H Hubble constant




EWPT

The change rate in the baryon number in the broken phase Fg,’) (T)

To generate baryon number

(b)
FB (T) must be small
(b) Coph /
-~ spir —EBspn /T
FB (T) — ( pre ) T3 - ( pre )6 " Esph ------ sphaleron energy

A

Sphaleron rate/time/volume

Fé?))h ~ T4~ Eepn/T

[ESph X v (Tﬂ »

Higgs vev must be large

S &E
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[rg” (T) < Hj > TYN(T) ~ ( pre Je P/ < H(T) ~ 1.66,/¢: T2 /mp

[ PERTT massless dof

mp...... Plank mass

Esph — 47'('?)8/92 — gz - SU(2) gauge coupling constant

°_(42.97 + logcorrections)

In the case of the SM

mp, = 125 GeV, & = 1.92(T = 0) »

S| <
|V
p—
—
@)
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EWPT

Effective potential - tree level potential
- zero-temperature one loop potential
'] = —/d4$%ff (®c) (the Coleman Weinberg Potential)
- finite-temperature one loop potential
N m?
Vet (0, 05 T) = Volp, ps: T i |Vew (m3) + =1 7,
ﬂ-‘(%p ¥s ) 0(90 ¥s )_l_;n [ CW (mz)+27T2 BaF<T2)]

CW mz)—64ﬂ_2 l'lla2 Ci |, IB,F (CL) = . Tr 11 + e

High temperature expansion

N e 1 ) = [t L+ VT
° 0

oA 22 2N\ 8/2 m41 m2 7ad 2 02 1 mA 1 2

T T T s\ T 371 5T ~ 560 T o472 3974 108 o T2



EWPT

Effective potential of the SM - tree level potential

M. Quiros, [arXiv:hep-ph/9901312 [hep-ph]]

- zero-temperature one loop potential
[ [p] = —/d4iUVeff (¢c) (the Coleman Weinberg Potential)
- finite-temperature one loop potential

AT)
4

V(¢e,T) =D (T° - T7) ¢2 — ET¢; o

D — QmW—I—mZ—i—th
81;2
E _ 2mW—|—mZ
%WU3
T2 _ mh—8Bv

B = & %4 (2mW +my _4mt>

2 m2
)\(T) — )\ — 167‘(%1)4 (2m log AL T2 —|_mZ 1Og Ap T2 4mt log A T2)

Higgs field

X1+ X2 O RTINS real background field
H — ¢c+h+2X3

V2

Xa (@ =1,2,3)--goldstone bosons
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EWPT

100000 i 100000
75000 - 75000 -
50000 - 50000 -
25000 - 25000 -
> 0- > 0-
~25000 - ~25000 -
—50000{ —— ~50000 -
~75000 - ~75000 -

- ... T<T 1st order 2nd order

_100000 L L L 1 L) L L L L _100000 L L L L L L) L T L

80 -60 -40 -20 O 20 40 60 80 80 -60 -40 -20 O 20 40 60 80

& Pc
Vo _
H . UO
\\
\‘\
vc lllllllllll X
2nd order -
¢ —
1st order o]
Te EE—
T(GeV]

—ET¢? from ﬂnite—temperatu;e boson loop causes a 1st order PT.



4 C
[ v(T) makes
discontinuous
transition.

(1st order PT)

¥

A barrier Is needed

between the origin,
and v(T)

¥

52
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EWPT

In the SM, SFOEWPT condition

™mp S 64 GeV

Conflict with observation at LHC — We need to extend the SM!

53



CPV CxSM

“CP-violating effects on gravitational waves from electroweak phase transition in the
CxSM with degenerate scalars”,-accepted for PRD, arXiv:2205.12046



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

Even though a, # 0, one could encounter another domain wall

in the case of spontaneous CPV (called CP domain wall) with a = b =0

In this case, V,, is invariant under Z, transformation y — —x.

Once the Z, symmetry is broken spontaneously, the CP domain wall would appear.

i gt 2\ domm? b \@a{
TN T B o

-
p) Vg

this vacuum degeneracy is resolved when the explicit CPV is present,
making the CP domain wall unstable.



Parameters
CPV CxSM

Nine degrees of freedom in the scalar potential

2 T 1 LT L
{m 7>\752ab27d27a17a17 17b1}

{mz, bs, b{} . traded with three scalar VEVs (.. tadpole conditions)
?l — 0 :al is absorbs the phase

Five left : traded with {mp,, Mp,, Mp,, @1, a2} (- Mass matrix)



Parameters
CPV CxSM

By using tadpole conditions

A 02 2
m? = —=v* — = |ug]
2 2
52 d2 2 a’ CLi
1 1
52:—502—5|US|_\/§ Y
Vs Ug
a’  al
b1 = —\/§ —1 + — 2 v? Fovg
1 T 2 r
v v 2 8oy, dagr2 _ Y241
S S Mg = 5 Vg 5 Ug v
: T
By using (Ms)z-j = E 03 Ojmy,,
k 1 0 0
2 9 9 O(O&l): 0 C3 —S3
)\ — ﬁ ZOlimhi 0 S3 C3
i
2 2
02 = " ZOliOQth = ool ZOliOszmh
S i
2 | v2ar o] 2 | V2 >
b= 2 |2 Ot | = 2| Y2 O
s | Ys ; ] S | S p

ds 32

o1

UgUg

2 Us

)

02 )10 yi
2 UVs

b?[ do .r .1
5 T 5 Uslg
V2a! bt "
Y20 B
S

2'05

C1 —S1 0
S1 C1 0
0 0 1

2
E O2;03;m,
i




Parameters
CPV CxSM

By using equations of 4,

Vg Vg 2
CLT _ — O 2 O 72 O 1 5 my, .
T2 _Z@. ) ( i 3U§> "
- vt | v* _
a; = \% Z Os; (OBi — O%i) mi

a; 1S not an independent parameter and determined by equations of 6,

S0, {0% 032} o M)y (MB)ys

hi — r o 7
Ug Ug



Degenerate scalar scenario

The interactions between Higgs (k) and fermions (f), gauge bosons (V= W*,2)
Lhgp=——Lhif = ==L 3" rishif |
1=1—3

1 1
Ly,vy = —h(m3Z,Z" + Zm%VWjW_“) = — Z kivhi (m3 2, 2" + Qm%VW;W_“)
(V) (V)
i=1—3
hi1 = O11hsm + O215 + Os1x
ho = O12hsm + O228 + O32x ki = Kif = kKiv = O,
hs = O13hsm + O225 + O33)

[ (hsm — SM) (my, ) x O74 W W W

' (b1 — SM) =
I'(hg — SM) =T (hgm — SM) (mp,) X OF,
' (hs — SM) =T (hgm — SM) (mp,) x O74 w@ M M

the orthogonality of the rotation matrix X50;xO;r = 0;5 .. O3, + O3y + O0f3 =1

[F (hl — SM) + I (hg — SM) + I (hg — SM) ~ I (hSM — SM) for mp, = My, = mhg]
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Degenerate scalar scenario

The interactions between Higgs (k) and fermions (f), gauge bosons (V= W*,Z)
Lhgp=——Lhif = ==L 3" rishif |
1=1—3

! 1
Lrivy = Sh(mz2,2" + 2mig WIW ™) = = 3 | wivhi (m72,2" +2miy WiW ")
1=1-3

r ~
h1 =|O11hsm H O215 + O31)
ho =|O12hsm H O228 + O32x (/ii = Rif = Ky = 017;)
hs :pl3hSM)+ O225 + O33X

[ (hy — SM) =T (hsy — SM) (m,) x O, m M M

the orthogonality of the rotation matrix X50;xO;r = 0;5 .. O3, + O3y + O0f3 =1

[F (hl — SM) + I (hg — SM) + I (hg — SM) ~ I (hSM — SM) for mp, = My, = mhg]

60



Higgs coupling
CPV CxSM

The interactions between Higgs (7)) and fermions (f), gauge bosons (V= W+, Z)

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;

In SM Ilmlt, Klf — KlV — 1 aﬂd K2,3f — K2,3V — O



Degenerate scalar scenario
CPV CxSM

For example, the cross section of the process gg — h; — VV*

would be cast into the following form

amplitude

1
M = MM g : ki MM

997 him V VT zzl g9—hf o mj, 4 imp, 'y, WV ho VY
Squared amplitude
) 3 QfKUQV
(4 1

’Mgg—m —VV* ‘ — ‘Mgg—>h| |Mh—>VV Z 5 2

| i=1 (S_Wh) +mh L5,

RifRi+rR;vVKj
—|—2R€Z 1fvg fhaV vy

2 . 2 .
i< ] (5 —myj + zmhifhi) (s — My — zmthhj)




Degenerate scalar scenario
CPV CxSM

Due to T'j, < I"M(~ 4.1MeV) <« my,, (~ 125GeV) , we can use NWA

70 (s — m2) = lim ml N / ds ! !

[0 (s —m2)° + m2I2 o0 27 (s — m2)® + m2T2 ~2ml

It i =1, j =2, iInterference term cast into the following form

[ /OO ds Re 1
o2 (s —m?3 +imil'1) (s — m3 — imal')
B /OO ds (S — m%) (s — m%) +myimol'1T5

oo 2T {(s—m?) (s —m3) + m1m2F1F2}2 + {m1T'1 (s —m3) — mal's (s — m%)}2
mil'y + mol's

(m2 — m2)% + (miT1 + mals)?

When M1 = M2 =M I =




Degenerate scalar scenario
CPV CxSM

miI'y + mal'y

I = 5 o 2 2
(m7{ —m3)” + (m1'1 + mel's)

When (m% — m§)2 <mil'y + mel'y — ‘mhl — mh2| ,S Fhl + th
iInterference term is important

In our benchmark points the smallest mass differences is 500 MeV and
the sum of the total decay widths are at most '’ = 4.1MeV.

Experimental constraints on Higgs total decay width

7P < 14.4MeV (ATLAS ) and I'7® = 3.273-MeV (CMS)

which are not precise enough to constrain I, in our scenario at this moment.



Degenerate scalar scenario
CPV CxSM

Cross section )
2 2

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

L 1

~ oM SM . 217SM
Og9g—hi—=VV* = Oggsph° Brh—>VV* L, = kRIS azl‘i? =1



Degenerate scalar scenario
CPV CxSM

(./\/l2 S Z Osz]kmh — 5z]mh

%vz 527}1)5 5—21)?)5 - 0 0 0
. Co —S9 1 —$1
02 pyr da 12 fal by vy b dor i
_/\/l%: 5 VVg 5 Ug — ’ + 2 o 5 USUS O(a;)=1| 0 ¢33 —s3 0O 1 0 s ¢ 0
So i b} d2 r d2 \/_a1 b vS 0 s3 c3 so 0 e 0 0 1
=20V —5 + Fv v v +
2 S 2 SYS S 2 vt
S S

2
2 E : 2
'Ogimhi — —Uvi OliOgimhi
S

One may consider the cases |§,| < 1 and |d,| < 1 to satisty the orthogonality
of the rotation matrix. However, the size of §, is closely related to the strong

First-order EWPT.

Thus, we have to take vé’fii/v < 1 while maintaining 6, = 6(1) and d, = 6(1)



Electroweak phase transition

Strong 1st order EWPT
Uc

1

T, : critical temperature

> 1

v Higgs vev at T,

Ve [GeV?Y]

¢c|GeV]

Ordinary PT : The cubic terms of field derived from
boson-loop at finite temperature is important
CxSM PT : structure of tree level potential is most important

VI (0, 0%, 05 T) = Vo (0, 05, %)

radial coordinate ¢ = z cosy,

T
4+ —

2

2

pg = zsinycosf + vg,

Yap? + Dsp? + D]

ps = zsinysin§ + 0

— V(2 v T)=co+ciz+ (co + AT 2 — c32° + ca2?

R el

C3 —

o Svyc C’Yc
67 4

2
(Cgcﬁg -+ SQC?AJ’Z;SY) (52 -+ dgtic)



Qualitative discussion
CPV CxSM

HT potential v. 00 ¢} -+ Back ground fields of H,ReS,ImS

. . T2 .
VT (0, 0%, 05 T) =Vo (p, 05, 05) + = [Zue® + Ls9§ + Ssp]

2
m? A 0 . ; do , . o 2
:TSOZ + 1_6904 + §2902 (9052 -+ 8052) -+ 1—; (9052 -+ 8052)
o b -
+ V2 (alps — alol) + b (05 — %) + ZZ (0§ + %)

2

+ 5 (B¢ + Ts¢s + Ysws]

Three scalar fields are reexpressed in terms of the polar coordinate

= zcos7y, (g =2zsinycosf+ vg, (g = zsinysinf 4 vg



Qualitative discussion
CPV CxSM

Potential at 7,

C
V(zc,70,00:Tc) = eaz? (2 = 2¢0)" . 2c = i
4

yHY 5 —0323 -+ C4Z4
2

S C )
YC T vyCo ~ ~ 2
C3 = — 1 (CQCUE’ + S@CUZJQ) (52 + d2t’Yc)
C4
_ 7c 2 4
Cqp = _16 ()\ + 252t70 -+ d2t’Yc)
T ~r ) ~7
P Usc —VUsc  VYsc — VUsc
YC T o )
VCChs VCSoo

When [ty <1

252 - . . - vE
Ve = \/T (\USC\Q — Vsc (Uf’sc — tecvgc)) (1 - ~§C)v

1 do .. 2
Tore | —— |—m2— 2
¢ \/QEH[ TS Usc! ]




Qualitative discussion
CPV CxSM

When 1st-order phase transition occur

20 e . Ve @tron 1st-order PT
Ve = )\2 (\USC\ Ufé*c (Ufs*c — tecvgc)) (1 - ~fc>> J
Usc Ve S 1
T 'V,
To =~ \/L [—m2 02 Usc| ] A . - J
2 1 , \

By exchanging the indices r and i

we have equivalent expression of v,

large 6,, small v, v’ are preferred

02 =

There 1s a contribution
to the CPV CxSM specific PT

2
>
Oyimj, = — E 01;03imj,,
bUs

’UUS

small v¢, v are preferred



Qualitative discussion
CPV CXSM Qe R

Phase dependent part of HT potential /

r T ) 1 r r ) T
VHT (95) = V2 (afeps — a1@s) + 151 (9052 — 9052) rs
r T 1 r 2 2 - 2
— \/§gps (al cos /g — a7 sin 195) - Zblgps (cos Y¢ — sin 195) :
pg =pscosls 5= pgsindg
Temperature dependent structure

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

(¥5(T)) = 05(T) stays on its zero temperature value 05(T = 0) = tan—(vy/v%).



Electroweak

(0, 0%, %) @symmetric phase

!

(v,v%,v%) @broken phase
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i :__,,1-'" :
F ]_DD_;Illllllllllllllll-'lll-'-:/ :
A ] .
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= 10~ 3 . — -
& ] '-—" E— TC
E‘EI:I 1" I . “f:f
10_2 -E H B B a7
] Vs
10-3 - - Usc
1 e i
104 - — " Usc|
1|:|_2 lﬂ_l
v [GeV]

phase transition

CPV CPC
v = 0.3 GeV |t = 0.4 GeV vy = 0.5 GeV|my =62.5 GeV|m, =2 TeV
wiTe | =17 | Fi=ta | B1-11 | Bi-10 | =10
vl [GeV]|  1.249 1.6:34 2.403 1.250 1.171
vl [GeV]|  0.624 1.089 2.003 — —
e [GeV]| 1379 118.3 94.82 144.2 146.2
it [GeV]|  68.97 79.01 79.01 - -
€ <1 for vy 2 0.5
Te ™
CPV CPC
vh — 0.3 GeV vy — 0.4 GeV vk — 0.5 GeV|m, — 62.5 GeV m, — 2 'TeV
en/Tw | B30 -36 Ull_o) | 12 4 | H&_43 282_49
vy [GeV]| 0,657 0.921 1.446 0.636 0.634
vhy [CeV]|  0.328 0.614 1.205
vy [GeV]| 143.7 122.3 97.26 150.1 150.2
Bhy [GeV]| 7183 81.55 81.05 — —
A 40.5% 16.7% 7.3% 46.0% 46.7%

Bubbles do not nucleate v < 0.3

/2




Electroweak phase transition

~lr‘ ~7; °
(0,75, vs) @symmetric phase CPV CPC
l v = 0.3 GeV |t = 0.4 GeV vy, = 0.5 GeV|my = 62.5 GeV|m, =2 TeV
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» ¥50 VS i [GeV]|  1.249 1.634 2.403 1.250 1.171
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& 1
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Electroweak

(0, 0%, %) @symmetric phase

!

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

CPV CPC
oy = 0.4 GeV vy = 0.5 GeV|m, =62.5 GeV|m, =2 TeV
vo/Te s =19
v [GeV]|—TZa9 1.6:34 2.403 1.250) 1.171
2.003 — —
94,82 144.2 146.2
749.01 — —
Tc ~
CPV CPC
vh — 0.3 GeV vy — 0.4 GeV vk — 0.5 GeV|m, — 62.5 GeV m, — 2 TeV
owiTe | B=36  Biio21 | H2oia | Hg-42 -0
WLy [GeV]|  0.657 0.021 1.446 0.636 0.634
vy [GoV]|  0.328 0.614 1.205
iy [GeV]|  143.7 122.3 97.26 150.1 150.2
By [GeV]| 7183 81.55 81.05 — —
A 40.5% 16.7% 7.3% 46.0% 46.7%

Bubbles do not nucleate v < 0.3
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Benchmark points

CPV CxSM and CPC CxSM

CPV

CPC

arXiv:2105.11830

Phys.Lett.B 823 (2021) 136787,

Inpuss | v [GeV] g [GeV] vk [GeV]  |ma, [GeV]|mn, [GeV]|mp, [GeV] oy [rad] | a» [rad]
BPl | 246.22 0.6 0.3 125.0 124.0 124.5 7/4 0.0
B2 | 245.22 0.6 0.4 125.0 124.0 124.5 m/4 (.0
BP3 246.22 0.6 0.5 125.0 124.0 124.5 /4 0.0

Outputs| m® by [GeV?] b [GeV?] A 2 d2 4 [CeV) |ai [GeV]
BP1 | —(124.5)2 —(121.2)? —7.717 x 107*2| (1511 1.51 1111 —(18.735)3| (14.870)°
BP2 |—(124.5)2 —(107.3)% 5145 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, [GeV] mp, [GeV]|a [rad]|a; [GeV?]|vs [GeV]|m, [GeV]

BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 125 124 w/4 |—6576.17 0.6 2000

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

CPV CxSM and CPC CxSM

CPV

CPC
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Phys.Lett.B 823 (2021) 136787,
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Benchmark points

CPV CxSM and CPC CxSM

CPV

CPC
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BP3 | —(124.5)? —(90.82)* 0.0000 0.511 1.29 0820 —(18.735)% (17.630)*
Inputs | v [GeV] |my, [GeV] mp, [GeV]|a [rad]|a; [GeV?]|vs [GeV]|m, [GeV]
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 125 124 w/4 |—6576.17 0.6 2000
Outputs|m? [GeV?]| by [GeV?] | by [GeV?]| X a1 [GeV?]| do 82
BP4 | —(124.5)%| (107.7)2 | (178.0)2 | 0.511 |—6576.17| 1.77 1.69
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Benchmark points

CPV CxSM and CPC CxSM

CPV

CPC

arXiv:2105.11830

Phys.Lett.B 823 (2021) 136787,

tnpuss | v [GeV] | 0 [G G GeV]| o [rad] | as [rad]
BP1 | 246.22 0.6 0.3 125.0 124.0 1245 7/4 0.0
BI2 | 24622 0.6 0.4 125.0 124.0 124.5 /4 (.0
BP3 | 246.22 0.6 L 05 )\ 1250 124.0 1245 ) /4 0.0
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BP1 | —(124.5)2 —(121.2)? —7.717 x 107*2| (1511 1.51 1111 —(18.735)3| (14.870)°
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Inputs | v [GeV] |mfdegeneratepv]|a [rad]|a; [GeV3] vg [GeV] my [GeV]
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 § 125 124 w/4 |—6576.17 0.6 2000
Outputs|m? [GeV?]| by [GeV?] | by [GeV?]| X a1 [GeV?]| do 2
BP4 | —(124.5)%| (107.7)2 | (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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Benchmark points

CPV CxSM and CPC CxSM

CPV

CPC

arXiv:2105.11830

Phys.Lett.B 823 (2021) 136787,

tnpuss | v [GeV] | 0 [G G GeV]| o [rad] | as [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 /4 (.0
BP3 | 246.22 0.6 L 05 )\ 1250 124.0 1245 ) =/4 0.0
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BP1 | —(124.5)2 —(121.2)? —7.717 x 107*2| (1511 1.51 1111 —(18.735)3| (14.870)°
BP2 |—(124.5) —(107.3)* 5.145 x 107> | 0.511 1.40 0.962  —(18.735)% (16.367)*
BP3 |—(124.5)2 —(90.82)* 0.0000 0.511 1.29 0820  —(18.735)% (17.630)*
Inputs | v [GeV] |mjdegenerate}v]|a [rad]|a; [GeV?) vs [GeV]|mDMHE]
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 § 125 124 w/4 |—6576.17 0.6 \ 2000 |
Outputs|m? [GeV?]| by [GeV?] | by [GeV?]| X a1 [GeV?]| do 2
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Bubble nucleation

2 Symmetric phase
{¢) = 0
>
%} bubble _
expansion
nucleation collision

— completion of PT

Not all bubbles will expand
— the radius of the bubble must be above a certain value (critical bubble)

Ty and bubble wall profile are derived from the energy of critical bubble

Parameters important for BAU realization
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Bubble nucleation
and bubble wall profile

nucleation rate per time per volume

3/2
a7 (S0 s
27

S,(T): critical bubble energy at T

Definition of nucleation temperature T,

' (7 T2
]g( N) = H (T) ~ 1.66~/q. (T )L
H (TN) mp  H(Ty): Hubble parameter at 7,

S (Iv) _ 34 (S?’ (TN)> = 143.4 — 2In (g* (TN)> —41n< Ly )

S:(Ty)/Ty < 140 are needed for EWPT



Bubble nucleation
and bubble wall profile

Gauge-Higgs system

1 1
£gauge—Higgs — _ZF:LLVFGMV T ZBMVBMV + (l),uj_[)]L D'LLH -+ (%S*(?“S — V(H, S)
e |
D'u — a,u, + ’LQQ?A'LL -+ 1d1 §B'u

Energy functional when A, =0

1 a 1a 1 *

Pure gauge configuration

T _ . _
ig2 - Aj = (0,U2) Uy Z%BM = (8,Uy) U
Then,

E— / Pa [(0,H) 0,H +0,5°0,5 + V(H.S:T)|



Bubble nucleation
and bubble wall profile

Energy functional

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

1 0 1 -
H(r)) = — : S(x)) = — "z + 17 “(x
H@) =5 (0 )+ S@) = (5@ +ips(a)
v i 2 2 N\ 2 T
> 1 (dp 1 [ dp~ 1 (dp" . -
S T — 4 d 2 - — ~ S a S ‘/e y T? < 7T
3(T) 7T/0 " 2<d’r) +2(dr>+2<dr>+ ff(,O,OS,OS )
EOMs w/ boundary conditions
2 ¥ : :
2 flré) | %flff %}f — lim p(r) =0, lim p5(r) =%, lim pl(r) = T,
d“ps |, 2dpg oV __ 0 dp(r) dp’s(r) dp% ()
dr? " r dr Ips dr |,_g =0, dr | _g =0, dr |,_g =0
d°ps | 2dps 8V = "= r=
dr2 ' r dr Op's



Bubble nucleation
and bubble wall profile

Thick wall regime

The bubble wall thickness L is larger than the typical interaction length.

At temperature T, the interaction length is expressed as [ ~ 1/T

oLy, >1)T

nBP1 L, ~0.1GeV~!

1/Tn ~ 0.01GeV ™! — thickwal



Wall profiles

Bubble nucleation .

. | (#) =0
, (S(r))=— (ps(r)+1ps(r

). (869 = 5 (5(r) + inb(r)

*The energy of the bubble is smallest

when the configuration is spherically symmetric

— the scalar fields depend only on the radial direction

0
p(r)

=

vl = 0.4 [GeV] — o(1) | vl = 0.5 [GeV] — (0) |

) -== p50)

--—___—————————-

Wall profiles
I profiles

l]{ﬂ 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
I r |GeV™!] r [GeV™!] r [GeV™!
%4

The wall is thinner when a strong first-order phase transition occurs
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Bubble nucleation

Before evaluating the CPV phase related to EWBG

S couples to fermions only through the mixing angles «
pseudoscalar coupling hfy.f does not arise

— Even though the complex phases exist in the scalar potential and the singlet
scalar VEV, we do not induce CPV Iin the matter sector in the SM

One possible extension is adding new fermions that couple to S.

We consider the following higher dimensional operators contributing
to the top Yukawa coupling.

C1

A

~ C C
L:—ythH(l -5 AZ!S\2+—SS2+---)15R+ H.c

A2

g, : left-handed doublet fermion
H = ir?H* w/ Pauli matrix 72
c; . arbitrary parameters

A: the scale of the integrated fermion
80



Bubble nucleation
pfg(?“))

ps(r)
the baryon number arises from the r derivative of ¢

CPV phase related to EWBG 6(r) = tan™* (

2.0 :
— vl = 0.3 [GeV] B _ C1 C2 2 C3 &2
——= vl = 0.4 [GeV] L=—yqrH (1 + KS + E‘S| + ps + ) tr + H.c
S L= 0.5 [GeV]
10 - top mass during PT

P/ P

i) = yt\[;(;) (1 i \/C%A (P (r) + ZP%(T))) = |my(r)] e

et<r>tan1< s (1) )
0.5 1 @_@+ ps(r)

the addition of this term allows

0.00 I{].E]-ﬁ I{].III[] I{].Il-ﬁ
r [GeV™] 0 to vary with r

The change with respect to r is constant for
. — Baryon number would generate!
all benchmark points

— baryon number generation is not possible?
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Gravitational waves

GWs spectrum

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

-0 (1) (1) ()" (gt ) S
5 7/2
Qewh? = 2.65 x 10~ (Hﬁ) <1+&> (100) (f%) <4+3(;/fsw>2>
Qiuebh? = 3.35 x 10~ (Hﬁ> ( ) (100) [ (f/ftii/)ﬁllr?l) + 87 f /hs)

v,, - wall velocity

T. e \1/6
he = 1.65 x 1075 (—) H
8 <1OOGeV> 100 ’




Gravitational waves

1 4 3
~ 1 col = 0.715
For v, freol = 110.715a ( “F o\ )

84

"= 073 1 0.083/a + a
Keurb = (0.05 — 0.1)k,

Peak frequency

3 0.62 1/6
ol = 1 107° H
Jeor = 16.5 > 107 (H 1.8 — 0.1vy + 02 1OOGeV 100 ’
1 /B T
5 *
Jow =19 x 10770 (H) (100(}6\/) ( 100 )

_ 5 1 ( B 9«
Jourp = 2.7 1070, H) <1OOGeV>( 100 )




Gravitational wave

As a phenomenological consequence, gravitational waves from
the first-order EWPT are also evaluated

The amplitudes and frequencies of GWs would be modulated according to
the amount of latent heat (¢) and/or duration of the phase transition (5).

_ E(T*) _ i SS(T)
YT peaa (T) B_H*T*dT< I )

OAV g T2
e(T)=AVog —T 5T

T=T,

Sources of GWs

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

bubble collision sound wave turbulence

The GWs spectrum Q.w(f)h?* is amplified by a larger a and smaller g

realized by a stronger first-order phase transition.
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Gravitational wave

g

—— CPV,v% = 0.3 GeV

o~

—— CPV.?--‘_iS‘ = 0.4 GeV
CPV.U_'IS. = 0.5 GeV
...... CPC'ynx = 2000 GeV
10—1’2 .
™
=
= DECIGO
&
= 14
1L i BBO
/ N\
/ i AR
10-16 4/ / -
Y - L \
/ . \ ‘
/ . \'\ :
10-18 : N —
102 1[]_‘3 10_1 101
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- overlay the sensitivity curves

of the future GW experiments

— CPCimy =625 GeV - The case of BP1 and CPC

has a large spectrum,
which could be verified
by some experiments

- If @ =tan™" (v§/vg) < 0.7,

GWSs are verifiable.



