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Back ground: Baryon Asymmetry

Baryon asymmetry: imbalance in particles and antiparticles in the observable universe

Sakharov conditions 1. Baryon number violation
— Sphaleron
Electroweak 2. C symmetry and CP symmetry violation
baryogenesis — Chiral gauge interaction, CKM matrix

3. Interaction out of thermal equilibrium

— Strong 1st order phase transition

The Standard Model
| I i

K T
Muon Tau

The parameters of the SM do not

Quark

Higgs boson satisfy Sakharov conditions.

= We need to extend the SM !

Gauge boson



Back ground: Dark matter

The nature of dark matter

1, massive
2, no electric charge
3, stable
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on the models including DM.
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CxSM Model Detinition

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:E <@+h)’ S = (vg+s+ix)/V2

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

Mass eigenvalues

h] ’ h2 2 21}5 DM
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Mass eigenstates
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Degenerate-Scalar Scenario

Abe, Cho, Mawatari arXiv:2101.04887
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EWPT in the degenerate-scalar scenario

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.

— _C(Spa f)

93

sym sym . L )
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)]

T m;
Ver (@, 05:T) = Vo(o, 05;T) + an [VCW (m7) + on2 BF ( Z >]

T2

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

AE scheme Vdaisy (907 PS; T) — Z _nii [(ME)S/Q B (m?)B/Q}

i:hl,z,x
WLaZLaPYL 7



EWPT in the degenerate-scalar scenario

Parametrize the two scalar fields using radial coordinates as Ps > o

@ = 2CO87Y,pg = ZSIN 7Y + Vg
HT potential
VI (2, v T) = co + c12 + (co + 5T?) 2% — c32° + cu2* pat B 5

In the case of first-order EWPT

© = 23 e 2 2 ] T Teo Condition of SFOEWPT
\ H

rse = T%lb vs(T) Ye > 1
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EWPT 1n the degenerate-scalar scenario

. 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
Uc
— > 1
1.
\_ J
About T T~ — small, 6,— positive and sizable

o 2 5 0 : .. T
)= - (m3, — th v = small, @ — the maximal mixing 7



EWPT 1n the degenerate-scalar scenario

IH|2

+‘H! °1S)? +

(alS—l— A2 ce. )

AbOUt VC

\H *
\S N +S\4
v~ — large with an amplification factor (UgYéH)Q
(sym) +Asym_|_B_O S
ym :
Voo 18 scaled by 1/4/d,

A=2(by +by+2Xg) /ds

B:4\f2a1/d2
2 i \/ia ]
_ 2 2 2 2 1
doy = 3 | My + (mh2 — mhl) cos” av + .
S S

[

2
-2
Ug

rCondition of SFOEWPTX
v
TG > 1
_ ° .
(1 Vs / Usym)
. dy — small

a; <0

(1) large o, with a positive sign i.e.,

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

Numerical results

the varying parameter

Inputs | v [GeV] |my, [GeV]|my, [GeV]|a [rad]|a1 [GeV?]
BP1 246.22 125 124 /4 | —6576.17
BP2 | 246.22 125 126 —m/4 | —6682.25
Outputs [m? [GeV?]| by [GeV?] | b2 [GeV?] | A |a1 [GeV?]
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

Calculate the DM relic density Qxhz 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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Numerical results
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Q

Numerical results . X

10 o ; ’ll,}lz
N NS i o asi
10 Qparh? = 012 e XENONIT «sseeeee P1 pP3
‘ 10? ) 1.\, o T ) lti)"‘ 10' The scattering of
iy (GeV] i [GeV] dark matter y and quark ¢ ¢ q
DM relic density Qxhz SI scattering cross section og;
2 Strong 1st EWPT
1 1 2 52 2 2
. 9 2 ay . 2V a1
OsI X ST QCos™a | 5= = 5= | F = g 1o 0, — large
mhl mh2 US mhlmh2 ’US

N4 vg — small
2

0g = -~ (mil — mi2) SN (¢ COS Qv (less than 1 GeV)
S

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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BP1

BP2
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| results

Parwani/AE
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BP1

BP2

Numerical results

HT/PRM Parwani/AE EX) BPI
" ot | _\\ o e : [
—— v, Te (PRM 1-"-‘ = =Ml Bl)l
--------------- . Scheme HT PRM Parwani AE
v T 1844 _ 901956 _ o r|201.5 __ al202.7 __ (
o ve/Te 85.3  ““| 782 — “Y|106.8 — 1.9 107.8 1.9
- N Y 5 e
SR - =2EE vse [GeV]| 1.5 1.2 1.2 1.2
........... gl £ S SYM [/ \7 . . R y
“f - —~—— l‘.s'(' [(I(‘\ ] 11;1.() ll; ‘ -l; 111.8 1‘1').!;

Strong 1st PT !

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

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

in the both cases my, > my, and my;, <my,_ .
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Summary

We adopted CxSM as a model to explain dark matter, and discussed it from the view
point of the strong 1st order phase transition necessary to explain baryon asymmetry.

We analytically showed that the suppression of og; driven by the smallness of 0,, which

could be realized by a ratio of the mass difference of two scalars and the singlet VEV vy,
conflicts with one of the necessary conditions for the strong first-order EWPT.

Our numerical analysis also confirms that 6q; 1s not suppressed by the degenerated scalar
masses. Nonetheless, the allowed regions are still present at around m, = 62.5 GeV

4
and 2 TeV.

We analyzed EWPT in the viable DM regions by four different calculation schemes:
HT, PRM, Parwani, and AE and all the calculations indicate the strong first-order EWPT.

16



Back up



CxSM Model Detinition

The general scalar potential

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

01 2 03 02 D12 Cloz , 2 o A1 44 A3 4o 2
—|H|*S + =2|H|*S*+ =54+ =85>+ =9|S —S5* 4+ =285%|S .C.
b (S + FIHPS + 2IHPS? 4 5 4 5 4 LS+ L4 PSS+ e
The minimalization condition Mixing angle a
A ) 55 A2 2
2 N2 92 9 Zovg 20° — A
m_QUJrQUS’ tan 2a0 = )\2 , COS2a = 22 5
0o 5 do 5 a1 2 h1 ho
—by = —v® + Vg + b +2V2—
2 2 (S
: 1 (A ApZ A2
Mass eigenvalues 2 — | Zp2 L A2 2
5 "M, ho 2 <ZU + T Ccos 2« )
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CxSM Model Detinition

Scalar trilinear interactions

1 2a , 2a
=g { (v + 22 Yt (4220 o
2@5 (S Vs

Yukawa interactions

F(mp,)cos* a+ F(mp,)sin® a ~ F(mp,) for mp, ~ mp, ~ mp,,
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Degenerate-Scalar Scenario

Degenerate scalar scenario(@ one-loop Azevedo etal., 1801.06105
fxN fNTUN 2(777% — m%)
: 2 2
oNLO _ Sln2a< X ) L) loop func. o< md, —m2,
mhlmh2 (v US
4 4
I S Sy tmeanenneas =C O SR ¢,
hy 1y h I, hy )
q q
2 2 2
(SoCe) Sy, sy, ) =2(s,,)" fmy, , my, ) (—S,Ce) " flrmy, , my, )

Sum = (5,6, (f(1,1) = f(1,2)) + (5,6,)°(f(2.2) = f2,1)) —> O for my, ~m,



Degenerate-Scalar Scenario

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

@ LHC
5CMS H— vy 19.7 fo” (8TeV)+51fb 7TeV)
S - ' = Q
© 45F = X
g Z 7 -
g 4:_ E >
E F 1 2
< 3.5:— E
af E |
2.5 - 4
2 gt
1.5 —
- Expected SM H 1 -2
15_ —_— 1 =
0.5F 20 47
- 1 1 1 l 1 | 1 I 1 1 1 l 1 1 1 l | 1 l: -
0o 0.2 0.4 0.6 0.8 1 0
X
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Degenerate-Scalar Scenario

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

@ ILC
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EWPT in the degenerate-scalar scenario

. 1
HT potential yHE (i, 05;T) = Vo (p,0s) + 5 (ZHQOQ + ngpg) T?  the gauge-invariant thermal masses

A0 3¢5+ 97  uf 82 + do
Sygo= o4 2 2t oyg =
TTsTu T T T4 T 12
OVerr (¢, IVert (0,
PRM scheme fg(gp f) = —-C (90, f) fgij €> the Nielsen-Fukuda-Kugo (NFK) identity

V (O U?gyr?ree ) + Vl (O vgyr?ree 7T> — VO (Utree 7US, tree ) + Vl (Utree 7US, tree 7T)

Ve, Vge and v S ™ are determined by the use of V!

C

T4 m?
Vet (0, 5;T) = Volg, 3 T +Zm [VCW( i)+ 55 iB.r <T2>]

_ 4 _9 o
VCW (mf) — mi2 (ln 7?/27’ — Ci) y IB,F <a2) — / diCCU2 In (1 == e—m)
0

Parwani scheme Replace /% with thermally corrected field depending masses M?

T — 9\ 3/2 _2\3/2
AE scheme Vg.isy (9, 05;T) = Z AT [(Mf) - (ms) }

i:h172,x
Wr.Z21,,7L,
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EWPT in the degenerate-scalar scenario

Gauge independence

so that tree-level relationships
are also established at the one-

Renormalization,

loop level

One loop contribution

HT potential

O

PRM scheme

O

Parwani scheme

AE scheme

O 1O 0O | %




EWPT in the degenerate-scalar scenario

VAT (2 v T) = co+ c1z 4 (co + hT?)2* — c32° + ca2?

co = ﬂalvf(T) + 1(bl + by + QESTQ)(U;L‘(T))2 + (’Uf(T))4,

16
(\/_al + = (bl + bg + 225T2) ( ) + idzl(vf(T))B) sin’y,

1 1
c2 = ((by + bg) sin® v + m? cos® ) + 3 (3da sin® «y + 82 cos® ) (v (T))?,
1
Cy = 5 (X cos®y + Bgsin® ),
1
3= 3 sin 7y (dg sin? v 4 0y cos? 7) v (T,

1

2 _ 1 s (VI 6 p = 07 (To)
= S ) s o )
5 _ vsc — Vg
B b _|_ b _|_ 3d2 B (52 _|_ d2t3/0) (Usym)Z t2 (e ’
: : 2 A+ 25275,%0 + dgt%c S0 el Vo = Tl}(H%C U(T),
Ve = —2t70 ( sym) (52 —+ dgt ) vsc = TI}‘I%C US<T)7
At 252t70 ™ d2t’70 vge = lim vg(T)
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52:@(771

Invariant under the transformation m; —my

d

The sign of m}i —m

EWPT in the degenerate-scalar scenario
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2 2
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2
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84
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EWPT in the degenerate-scalar scenario

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

local vacuum on the ¢ axis specified by (0,v>™)

AE =V, (0,v8™) — Vo (v, vg)

SyI1mn 1 Sy1mn Sy1n
=V2a1 (™ — vg) + 7 (by +b2) (0F™)° =02 ) + = ((0F

2

m A 52
— —?JQ — —’04 — —7}21}%

4 16 8

Other conditions

Bounded from below

Vacuum stability

Conditions from

Perturbation Theory

S

A>0,dy > 0,\dy > 85

27

AFE could be negative for
0,> landd, < 1.

l

0, and d, have the upper
and lower bound respectively.



EWPT 1n the degenerate-scalar scenario

Phys. Rev. D 93, 065032 (2016)
Local minimum (v, v, v,)

— It might be local min. also in S = v, h = v, subspace

When the coeff. of A? is negative, V,(v,, v, A) has min.

by + b1 V2c do 5 02 o

> | ; vs+zvs+zvh<0 j

m2 v2e; (x—vs)—l—@(vg—xQ)—l—é—Q(vi—vQ) <0
E— 6 4 4

n this study, this inequality does not hold.

nT=#0,itis stable at A=0 due to thermal contribution



Electroweak baryogenesis

~

\—

Baryon number violation

— Sphaleron process

~

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

\_ _J

Energy

S

phaleron

’/_\""\E sph ——
| /'\H f\
. \ /
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Classical vacuum
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Electroweak baryogenesis

@ Symmetric phase

‘ (¢> =0
4 , N
Transmittance, Reflectance
S B’(";;";“;se Left-handed quark qL = Right-handed antiquark q kR
Left-handed antiquark ch = Right-handed quark qR
. _J
@ Symmetric phase @ Broken phase
nQ ng nQ
HL - TIL “ TIL - TIL
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




Electroweak baryogenesis

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 Esp 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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Electroweak baryogenesis

[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) »

N <
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EWPT in the SM

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

Effective potential of the SM - tree level potential

- 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 in the SM

100000
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& Pc
Vo _
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2nd order -
¢ —
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—ET¢? from ﬂnite—temperatu&e boson loop causes a 1st order PT.



EWPT in the SM

AT

Vi (e, T) = D (1% = T;) ¢ - BT, + =~
/ / [ v(T) makes

discontinuous
transition.
(1st order PT)

o \ 4

A barrier Is needed

between the origin,
and v(T)

) 4

¢> contributes.
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EWPT in the SM

In the SM, SFOEWPT condition

™mp 5 64 GeV

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

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 10" cm?

under the assumption Q = Qp,; .

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

-
081 = Ny O8I




Future work

Main topic: About the feasibility of CxSM when CP symmetry is broken.

1. Spontaneous CP violation
m2 A 52 b2 d2
Vo= —|H* + S |H|* + =|H]?|S]” + =S| + —=|9|* ) N=/5” + c.c.
0= o [HP + JIHI* + ZIHPIS? + ZISP + Z18]* + (af NS + e

Investigate the feasibility of SFOEWPT Introduce complex phase

2. Explicit CP violation

Introduce such a dimension-five operator
(coeft.) t;,vstrS + h.c.

There is a phase in the (coeff.) that cannot be removed by the field redifinition,

and 1t contributes to the baryon number generation.



