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Barger etal, arXiv:0811.0393
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BP1 246.22 125 124 m/4 | —6576.17 0.6 62.5
BP2 246.22 125 126 —7m/4 | —6682.25 0.6 62.5

Outputs |m? [GeV?]| b1 [GeV?] | b2 [GeVZ] | A |a1 [GeV?]|  da 2
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BP2 |—(125.5)%| —(108.8)% | —(178.4)%| 0.520 | —6682.25| 1.70 1.59
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CxSM

The general scalar potential

m2 A 52 b2 dQ
:—H2 _H4 —H2S2 _52 _54
V= "o HP 4 S+ 2HPISE + 218 + 218

0 0 b d d
n <a,15 + THPS + 2HPS? + 5 + %153 T %515\2 + 580+ 22SP + e )
The minimalization condition Mixing angle#
A ) P 2 2
2 Ao 02 9 “2\/Vg svo !l |
mo=5v T 5 lss tan2! = 2 , €0S2 = % .
) d a MR mhl | mhz
—by = 20+ 20 + by +2V2—
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' 20 | 2 1 2] %Vé"géi
. 1 ! Sver | -2 2v
Mass eigenvalues m?2 = Z y24+12) 2 S
? hihz = 2 2 cos 2
0
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Degenerate scalar scenario@ one-loopAzevedo etal., 1801.06105

= 2(tn2 >
N My (mhl! mhz)n

| NLO = gjp 2" loop func ! m2 " m?
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% %
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S#“E' """""" : 'S# S#“E' """""" "1 C# ’ C#“:' """""" :"1 C#
hy ; Ny hy ; : hy h,:  h,
q g

(4G (M, M), 2(s,6)°f(my,my) (0 suC)*f(my,, my )

-1 = (s.c)A(f(1,2), (1,2)+ (S#Sf)z(f(Z,Z) , 1(2,0) N>0formy, 1y,
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CMS collaboration, V. Khachatryan et al.,
I§ur. Phys. J. C 74 (2014) 3076, [1407.0558].
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Sachiho Abe , Gi-Chol Cho, Kentarou Mawatati,

@ ILC arxXiv:2101.04887
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HT potential V"' (1, 1s;T)= Vo (!, ! s)+ %'! 12+ 118 T°

the gauge-invariant thermal masses

S
R 1T SN Y
8 24 16 4 12
OVett (¢, OVt (0,
PRM scheme fg(gp S) — _C(%f) fgij S) the Nielsen-Fukuda-Kugo (NFK) identity

whereC(' , () denotes some functional that is calculable order by order in perturbation theory.

One can obtain the NFK identity to given order by expanding each term in the both sides in pOwers of

In our work, T Iis determined td (0) using the following degeneracy condition

Vo OvIM.. +Vy OV T

S, tree S, tree ! - VO (Vtree , VS, tree )+ Vl (Vtree » VS, tree ;T)

Ve, Vg andvX" are determined by the use\dt''
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T m?
‘/eff(gﬁ,gﬁs;T):Vo(QO,QOS, +an [VCW( )+_[BF ( Z)]

272 T2
' [ 1] 4 n 2 ~ ' 1 ’U! a #
. A [2F - _ 2 n " X2+ a2
Vew @7 = —— In—-! ¢ ,lgg a* = dxx?In 1" e
! 64! 2 > 0
At high temperature,
| " - J Lo T o P arTEmE
g m?2 = dxx®log 1! ¢ X**'°m e m? = = dxx“log 1+e |
0 0
"4 n 2 m2 " &m2 3/ 2 1 m4 m2 . 7"4 # n 2 m2 # 1 m4 IO m2
il st 12l 5 T2 ! 3Td 99,0 360 24T2 " 3274 g T2

ap = 16! 2exp (32! 2"g)(log a, =5.4076
a; = !%exp(32! 2'g)(logas =2.6351

Parwani scheme Replacew with thermally corrected field depending mas¥¥s

T — o\ 3/2 _92\3/2
AE scheme Viaisy (0, 0s5:T) = Z T {(ME) - (m7) }

’Z',:h,]_,Q,X
Wr.Z1,7L
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VAT (z,1:'T) = o+ ciz+ (o + & TH)Z? ! z° + cuz?

= ZawA(T)+ Gl + b+ 20 STAMAT)? + (AT,
| 1
|
=  2a+ %(bl+ b +21 sT2)VE(T) + %d4(v§(T))3 sin! ,
Cp = }#(bl + bp)sin®! + m?cos’ ! $+ %#de sin?! + ", co§!$(v§(T))2,
. 1# $

G = 5 | 4 coS! + | gsin?!

1 . # $
Zsin!l dysin®! + ";cos ! VA(T),

C3 = 1
#
Cy = 1_16 d, sin*! +2",sin’! cog! + #cog!
T2 _ | 1 n | 2| (Vsym) I t
cT 2 e 2 .
' H I g |
’ %3d e 2 C (
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V —
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MBEANT—FUAICE T Z1EEER
b2 = g hy b, Smacosa

Invariant under the transformatiot , mg $ , (7%, mp)ands > . #

e

2 " # 2a, , 2 ﬂ
d= — mg, + mi ! mi cos! + #o— mﬁl+
Vg Vg Vg

The sign oimf1 , rrﬁ2 cannot be compensated by thatrof
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Local minimum (V, Vg VO/) Phys. Rev. D 93, 065032 (2016)

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

When the coeff. of % is negative, Vy(v, v, % has min.

This inequality does not hold.

In T2 0, it is stable at %= 0 due to thermal contribution
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M. Quiros, [arXiv:hep-ph/9901312 [hep-ph

Effective potential of the SM - tree level potential
f - zero-temperature one loop potential
_ 4 . .
LM e] =] d*xVer (!¢) (the Coleman Weinberg Potential)
- finite-temperature one loop potential
! " "(T)
| — 21 T2 12 | 3 | 4
V(eT)=D T?1 T3 151 ETIg+ — =1
e
S
-|-02|: mh!4[E;BV .
By= sz2ve 2myy + m% ! 4m{ ¢
(T)=1!! =57 2m{, Iog%+ m4 Iog%! 4mf|ogA':%
Higgs field
1+ 0! PR real background field
H = L cHh+i"3

> l.(@a=1,2,3) goldstone bosons
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V(:T)=D T2' T2 121 ET!2+

y

I V(T ) makes

¥

A barrier Is needed

between the origin,
and V(T)

¥

discontinuous
transition.
(1st order PT)
¢4
\\C/

3 .
I 2 contributes.
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In the SM, SFOEWPT condition

mp 5 64 GeV

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

39



(B-L) I X547

(B+L) IZRAE S 1178\

. YR TR
| 16! /g 5 |

!instanton I e

, A7 7 LraviEagis

(per time per volume)

@broken phase

[ (B) | Egph /T
M Sph M

@symmetric phase

(s) " 4
Lo ! 1 (

lw = 63 (&"),#= O(1)

N

10‘ 162

Byg/\UAI TRV

\_

Baryon number violation

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

— Sphaleron process
Y
Energy
\_
Sphaleron

meling effect

Classical vacuum
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@ Symmetric phase

‘ <¢> =0
| )
Transmittance, Reflectan:
® B(;};“O Left-handed quar\qL = Right-handed antiquarch
Left-handed antiquarg” = Right-handed quar ¢**
\_ J
@ Symmetric phas @ Broken phast
nQ nQ nQ
| HL . HL | TIL . ’."IL |
changed!
nf —nk nf - nER Not to wash out
generating
baryon number
nqznﬁ—né‘+nf—n§= nqznﬁ—né’ﬂ—n?—n{?%{] ,
baryon number ggneratic Tion < H H-eoe Hubble constar
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The change rate in the baryon number in the broken phase Fg,’) (T)

To generate baryon number

(D)
"B (T) must be small
(b) F(b)h /
N Sp ~ _Esph T
FB (T) —_— ( pre ) T3 T ( pre )6 Esph ------ sphaleron energy

A

Sphaleron rate/time/volume

(b) 4 ) Eqon /T
!Sph! T7e &sp

[ESph > U(Tﬂ » $ 1

Higgs vev must be large
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@g’)(T)<HJ - 1O(T)! (pre)e E=» /T <H(T)! 166 G T?mp

g ... massless dof

[TIp------Plank mass

Esph =4l VE/g 2 —> Yz - SU(2) gauge coupling constant

v, %

T (42 97 + logcorrections;

In the case of the SM
my = 125 GeV, E = 1.92(T = 0) » % | 1.1€
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We use a public code micrOMEGASs to calculate ) h? and o, .

The value of ) ,h? should not exceed the observed value

Qpv h% = 0.1200+ 0.001

In the case of my,= 30 GeV, for instance, the maximum value is & ! 4.13 10 *’ cn®

under the assumption ) =) pu -

In cases that ) <) pu. We scale s, as

I 'SI
- DM
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Main topic: About the feasibility of CxSM when CP symmetry is broken.

1. Spontaneous CP violation

m? ! ", b, d, '
Vo= —|H|?+ Z|H[*+ =|H|?|S|? + =S|+ —=|S|* + +@2+ C.C.
0= - HP+ ZIHI+ ZIHPISP + ZIsP+ FIsl* + (a5

Investigate the feasibility of SFOEWPT Introduce complex phase

2. Explicit CP violation

Introduce such a dimension-five operator
(COe! ) g !5t S+ h.c

There is a phase Iin the (coeff.) that cannot be removed by the field redifinition,
and it contributes to the baryon number generation.



