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Electroweak Baryogenesis

(p) =10
“ Electroweak Baryogenesis

— strong 1st order EW phase transition ,,‘

% A first order phase transition is characterized by the nucleation of bubbles
of the broken phase.

The sphaleron process should be decoupled in the broken phase.

Fl;)roken De
?3 <H(T) = T 7 1 criterion for the “strong” 1st order PT

C

+ SM : 1st order PT gives an upper limit onm; <70 GeV

mp ~ 125 GeV - crossover



Electroweak phase transition

% Strong 1st order PT : T>T. T=T. T<T.

Vett
There is a sufficiently high and wide potential barrier /
: Pec
separating the two degenerate vacua at T=Tc. - W,

~
~
~

|~\A
Tunneling

% High temperature expansion :

AT
Vet (¢, T) = D(T? — T5)* — ET||” + Is&‘l

+ Two degenerate minima: ¢ =0 and .. ¢ =~

<+ The condition for the strong 1st order PT : T = Ay

The magnitude of E is crucial for the strong 1st order PT.



Electroweak phase transition

* The cubic term arises from the bosonic thermal corrections.

One-loop thermal potential :

T4 m% m
VT — ﬁ Zf:nfjp (ﬁ) —I—EB:TLBJB (W)

m : field dependent mass

3k Boson-loop:

at  7? ™ s 1 4 m
N —— 4 —y— —y2 — —y“l — 3
To) =+ o= 5ot = oo () 4 00),
% Fermion-loop:
Tt w2 1 |y
J ~ — — 9?1 - O(y?
Py) ~ =g oVt 55 Y og(af>+ (y°)

ap = 167T2exp(3/2 —2vg), af = 7T26Xp(3/2 — 2vg)



Electroweak phase transition

R/

* The cubic term arises from the bosonic thermal corrections.

SM : b =

1903 (Gm%‘/ + SmBZ)

BSM: F =

3 3
extra bosonic degree of freedom

< The “non-decoupling effects” is important.
field dependent mass : m3(p) = M? + A\p?
2\ 3/2
© MP> N Vi —|MPT (1 + M)

M2

2

3/2
2
o M? <X Vopp 3 —N2Ty8 (1 + W) — large E

Non-decoupling effect is required.



3 loop radiative seesaw model

MA, Kanemura, Seto, PRL(2009)

MA, K. Enomoto , S. Kanemura, Phys.Rev.D 107 (2023) 11



Radiative seesaw model

Neutrino masses are generated via the radiative effect.

d)\ /d>

VL VL

N
N-loop: mY = ! &<¢0>2
p- g 167~ A

= Due to the loop suppression factor, A can be lower.

Neutrino masses would be explained by the TeV-scale physics.



3-loop radiative seesaw model

MA, Kanemura, Seto, PRL(2009)

0 — a=1, 2

w+ w+
P, = : . Py = 1 2 .
1 ( %(Ul —|—h1 —|—221) )’ ( 7§(U2—|—h2—|—222) )

v% + v% — 2 ~ (246 GeV)2



3-loop radiative seesaw model

%k (softly broken) Z> symmetry :

SU@2), UQ)| Zs Zo
P, — By, Py — —Dy (exact) | (softly broken)
D, 2 1/2 ¥ n
(I)Q 2 1/2 + —
< The tree-level potential : ST 1 —1 — —
U 1 0 — +

V= 2@ — p3|®s|? — (13,®] P2 + h.c.)

A A A Z> even
+ 71@1|4 + ?2@2\4 + A3 D1 ]2 @2]? 4+ \a| @] Do | + {75((1)1(1)2)2 + h-C-} j

1 n?
+ g S + AsISI* + S pn” + Ay + €IS

%

2
‘|‘Z (Pa|q)a|2|s|2 +0a|q)a|2%) T Z {"‘3 €ab(P )T(I)bs n+ h.c. } mixing

a=1 a,b=1

% Phases of A5 and kK can be eliminated.
3k We neglect the phase.



Two Higgs Doublet Model

< Parameters in the Higgs potential

2 2 2
i, My, Mizs A1—s
2
— Mp, M, A, Mg+, U, tanﬁ, COS(ﬁ—Oé), M9
125 GeV 246 GeV

< Mass eigenstate h CP-even neutral (SM-like Higgs boson)
H CP-even neutral
A  CP-odd neutral
H= Charged

%k Mass matrices can be diagonalized by the mixing angles a and B.
wf\ [ cosfB —sinf w* 21\ [ cosfB —sinf z
wi )~ \sinB cosp H* )~ z9 )\ sinf8 cosp A )7
hq cosa —sSih« H
— U2
( ho ) ( sina  CcoS ) ( h ) tan 0 = —

U1

10



Two Higgs Doublet Model

** Scalar masses:

A
mi = M? cos?(8 — a) + (A sin® accos? B + g cos® asin® B — 5 sin 2arsin 23)v?

A
m?3, = M?sin?(8 — ) + (A1 cos® acos® B + Mg sin® asin® B — 5 sin 2a¢sin 23)v?
m?4 = M? — \sv?
; ; 2 A= A3+ A+ A5
Mg+ = M= — ()\4 +)\5)?

M2 — IU%Q
~ sinfBcosf

< Alignment limit:sin(8 —a) =1 ==lip mgpi — M? 1+ \0?

11



Two Higgs Doublet Model

<* Yukawa interactions

—Ly = (y2)i; QL ®au}, + (y3)i; QL Padf, + (Y7 )i L ®al + hic.,
I
L {(y7)i®1 + (y7)ij @2} £

In general, the Yukawa couplings are not simultaneously
diagonalized by the same biunitary transformation.

— Flavor Changing Neutral Current

< Avoid FCNC,

v - introduce a Z2 symmetry

12
= Yy, Y¢ can be simultaneously diagonalized. (Yukawa alignment)

12



< Four types of Yukawa interactions

Two Higgs Doublet Model

Type-1 + — — — — +
Type-ll || + | — | — | + | + +
Type-X + — — — + +
Type-Y | + | — | — | + | — +
*Type ll, Type Y : b-sy y - y
H_ vV,
my+ > 800 GeV /\““N o

13



3-loop radiative seesaw model

2
M;; = Z 4K’ tanzﬁ(ySth?)(yS’JMh?) {Fll(mHiamSi»mNgamn) + F (mHiamsivaga mn)}
a=1

= Possible values turn out to be
my+ ~ 100 GeV, ktan g = O(10)

Type-X Yukawa interaction
%k Neutrino mass matrix is related to the data by

M;; = U;qadiag(my, ma, mg)Ut:g U : PMNS matrix

14



3-loop radiative seesaw model

All masses are between
AKS09 0(100)GeV-O(1)TeV.

1

1 TeV 7

500 GeV 1 [\ @

dh (SM like
100 GeV + m
50 GeV 1

** Relic abundance
m — f S WIW ™ Z2Z, vy

1N b (T7)

15



Electroweak Phase Transition

% Higgs self-coupling

2HDM SM
)‘hhh . )‘hhh

5)\hhh —

83 )\SM
97 Veff[¢]| = Anhh i
p=uv
+h h ,h Deviations in the hhh coupling
{ ! L from the SM values
h-- = h --=< N
'O\ 'Q\ + h Q f, @
\ \ ‘\ | N
d h h A SM=100%
400 i
- HL-LHC
Js =14 TeV, 3000 fb-1 >
S
5>\hhh ~ 50 % E<
¢ - h 200 -
l - - &
g h s i | ug=200GeV
mn=SOGeV
I

200

16



3-loop radiative seesaw model (2023)

MA, K. Enomoto , S. Kanemura, Phys.Rev.D 107 (2023)

17



EDM constraints

< The EDM measurements put severe constraints on the CPV source.

de
~ £ (195) f Fyw N@?

electron EDM : |d.| <1.1 x 107%Y e cn acME (2018) g=——— =—¢

LEpM = —

de] <4.1x1073% e cm LA (2023)
< 2HDM

* Barr-Zee diagrams give a larger contribution.

i R N 7
o < p Q;/;‘,. Z (W)
e ——e gl —p
1 | .
X —— Yo X ——3,
(4/ )" ' (—171')1
e
de = - ., <de (exp)
- .’ ] A‘KLLL Kanemura, Kubota, Yagyu (2020)
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3-loop radiative seesaw model (2023)

SU(2). U(1)

2 1/2

2 1/2
~1
0
0

a=1,2, 3

19



3-loop radiative seesaw model (2023)

** Higgs potential = @ = o
99 P P = ((U+H1 +z‘G0>/ﬁ) S <<Hz +iH3>/ﬁ) |

2
Aa
= > (B21®al? + FH@al") + (uF, @] @2 + hic.) + Ag|@1[2|a]? 4+ | @] @

2 2
It Oq
(D]) + Ao|®1 | + el @s]? ) (@] ®2) + huc. | + ud|SH2 + o + Z(pa\SﬂQ ) |

o ~ _ A An
(pralSH2 + T202 ) (@] 2) + 26(B] @) S + hee. | + 2|5+ + T +g R

* Complex parameters:
2
Uiz, A5, A6y A7, P12, 012, K.

* The stationary condition of the vacuum
Qs =—=Xv*, 2is=—AgV".

* Four independent CP-violating phases:
)\67 )\77 P12, 012
06', 07, 0@, 00’,

20



3-loop radiative seesaw model (2023)

< Higgs alignment S. Kanemura, M. Kubota, K. Yagyu (2020)
H, H,
A0 Re[\g]v? H,
M7? = | Re[Xg]v? M2 , H
—Im[Xg]v? —Im 2 i,
% For simplicity, )\6 = — Higgs alignment

H is the SM-like Higgs boson at the tree level.

21



3-loop radiative seesaw model (2023)

% Yukawa interactions
<+ quarks and charged leptons

—Ly = (y2)ij Q7 ®atif + (43)i; Q7 Pad} + (47 )is L ®aly + hic.,

- introduce a Z2 symmetry

\/ - Yukawa alignment Pich, Tuzon PRD(2009)

m m
1 . J* 2 J*

(?/f)z‘j ’ ( y >5ija (yf)z’j — Cf’i (T) 0ij
=7 i MrN i .

—» Ly =——fifrRHL + Cpi | == ) 055 f1 fR(H2 +iH3) + hc. + - -
—
SM Yukawa

sk We assume the flavor universality for quarks.

Cu:Cc:Ct Cd:CS:Cb Cea C,ua CT

<+ right-handed neutrino

—Losn = hd(N&)lnST +he. a=1,2,3

22



EDM constraints

% Complex parameters:

)\7, P12, 012 Cua Cd, Cea C,ua CT? h?

0 7, 0@, 00’, Ou, Od, 0 e, Oﬂ, 01:,

% Electric Dipole Moment

3k eEDM can be small by destructive interference.

o
de = 0. + 07 9@, \,' <de (exp)

0. ge

23



A benchmark scenario

<~ Parameters in the Higgs potential

us = (50 GeV)?, ujy =0, pus=(320GeV)?, A =0.1, X¢=0, |\;|=0.828 6;=—2.34,
p12] = 0.1, 0,=-294 py=0.1, o7 =|opp]=11x10"" 0,=0, 02=0.1, k=2,
Ag=1, N\ =1, £=1.

<+~ Parameters in the Yukawa interaction

me

Dric, =218 x 1070, ZE(¢, | =128 x 1073, ZE[¢,| =0.174, 6, = 0.246,
(Y (Y

(V)

Ml =471 %1076, Z2¢, =942 x107°, ¢ ) = 4.21 x 1073, 6, = 0.246,
(v (Y (¥

Me _ m _ m., _
7|Ce! = 2.5 x 10 4, TMICM\ = 2.5 x 10 4, 7|§T| = 2.5 x 10 3, 0. =0, =0, =—2.94,

hi hy h3 1.00e793M0.196 592" 1.04 23
hi hs hy| =] 1.08e" 1% 0205e~ 1"  1.05e*3%
hi h3 hj 0.449 €™ 1.31e70-0951  (.100 "-92%

24



Baryon asymmetry

450 ———————————————
 BBN(95%C.L.) Vn/Th=1.0 |
mCMB(95%C.L) ... Vn/Th=1.5

4007, Benchmark point e Vn/Th=2.0
< | overproduced

@ 350/

T

S |

IIWle 300+

I

S

250
200

200 250

450

BP :
Tn ~ 100 GeV
vnh/Tn =1.7

hhh coupling
OAnnhh ~ 38%



< ldeas to make the EWBG successful :

- Destructive interference

- CPV vacuum at intermediate stage

26



Multistep Phase Transition

strongly 1st order

Baryogenesis

CP-violating 2HDM

Neutral CP-odd
scalar field

1<t 2nd step

step Neutral CP-even

scalar field 1

Neutral CP-even
scalar field 2

27



Multistep Phase Transition

CP-conserving 2HDM

1 step 2 step
¢2 MA, Komatsu, Shibuya, PTEP (2022)
P2
2nd-step

1st-step




Two Higgs Doublet Model

% The one-loop corrected effective potential at the finite temperature :

V=VWo+Vow +Vor + V7 @Z:<£>

V2
% The tree-level scalar potential :
2

m%2m22 2 Al g A2 4 1 2
VO(¢1>¢2):7¢1+7¢2_m3¢1¢2+§¢1+§¢2+Z()\3+)\4+)\5)(¢1¢2)

% The Coleman-Weinberg potential :
_ 1 4 mz(¢17 ¢2)
Vow (¢1,92) = £ > ngmi(¢r, ¢2) |log P — Ck
k

6472
+(-) for boson (fermion) . — H* [ h AW, Z,~,t,b, T

* The counter term potential : V-

* The one-loop thermal contributions : V7

29



Two Higgs Doublet Model

% Parameters in the Higgs potential

2 2 2
4, My, m37 )\1—5

tan 3, cos(B — ), m3, v, mp, My, Ma, My




Constraints

* Theoretical constraints :

-Stability  X\; >0, A >0, — VA <As, — VA + A < A3+ A — s

- Perturbativity An| <4m (n=1,2,---5)

Type-1 [Halleretal (18)]

tan 3

< Experimental constraints

- Electroweak precision data

Mg+ = MMA OF T

ST A0 T [Gev
- Flavor experiments N e F T+
m,=12509GeV,ly |<25 Exp. 95% CL
Ba— i tanf 22 pre BT
- Higgs couplings strength 1 |
| cos(B — a)| <0.25
[ m——y- 5

31
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Multistep Phase Transition

MA, Komatsu, Shibuya, PTEP (2022)

Type-I (ma = mpg+)

ma [GeV] mpg [GeV] tan 3 cos(f8 — ) ms [GeV]
180 1000(/10) | 130-1000(/10) | 2.10(/0.5) | —0.25 0.25(/0.05) | 0-100(/5)

2 2-step PT The VEVs after each step of the 2-step PTs

250
200}
S 150
Q
O,
K, 100
« VEV after 1st step
50 VEV after 2nd step
| o V7 +¢2 =246 Gev
O i ?“‘:W:.“.W‘::L. - 1 A

0 20 40 60 80 100 120
1 [GeV]

7/

KX m% < 0 with large |m%|

— The first step in the 2-step PT tends to occur along the ¢ axis.



Type | (MA=mH+)

Minimum conditions :

1 1 . 1 .
ms = m3 — =(m3% —m3)cosasina| — =(m3 cos® a + m7 sin® ).
tan 3 2
0.0 0.0r
111
Sl [ TTLLLLH LTI AARARE
9‘ _1.0 2‘ -1.0-
£ _15} S —1.5}
1-step PT
® 2-stepPT
—2.07 + 3 or more step PT —2.0
"5 6 7 8 9 10 =02 -01 00 01 02

tanp cos(B — a)



Type | (mMA=mH+)

tan 3 =2, cos(f—a)=-0.2, mg=0

800 r
[ 1-step PT + 3 or more step PT
700 « 2-step PT »  strong 2-step PT
600}
% 500:
- + %+ +
o [ vyt ¥ $¥ ; .
< A00( l
S 400» l
300' Illl i
200} . l I | ¥ :!%i%i
7300 400 450
mH [GeV]

% strong 2-step PTs : The first step PTs of the 2-step PTs are strongly first order.

% The strong 2-step PTs occur only with the mass hierarchy m 4 > my.



Exotic intermediate phases?

such as charge-breaking ones

MA, Biermann, Borschensky, lvanov, Muhlleitner, Shibuya [2308.04141]
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CP-conserving 2HDM with softly broken Z2 symmetry

< Potential:
A2

\ 2 2
Vireo = m2 @1 &1 + m2,85 0y — m2, (qﬂ;% n h.c.) n ?1 (cb‘{cbl) + 2 (cbgcbg)

A 2
+ A3 (qﬂ;cbl) (cb;cbg) + (qf{%) (cpgcpl) + 32 [(qﬂ;%) + h.c.] |

<I>1:L( p1+1m (I)QZL p2 + WeB + 112
V2 \C1 + w1 +ipr ) V2 \ G2+ w2 + i (Yo +dwep) )

% charge-breaking (CB) vacuum:

w(0) )

Conditions for a CB vacuum:

VALA2 = A3 >0, As > |As]. =2 |A3] < y/A1A2  The sign of A3 is not fixed.

A A
2 / 2 / 2 2 3 2 2 3
mll >\2 _|_ m22 )\1 < O, mll < m22>\_2 ] m22 < mll)\_l .
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Il
o

Az > 0

’1}1#0

’UQZO

A toy model (m122=0)

2
mao

A

EW symmetric

A3

— B

A1 &
A2
A3

miyy
V1 =
(%) 7é 0
1 X (A2/As)
2
2|m%2 Mg
)\2 ’ 712

A3 <0
m%Z A
A\ V1 75 0
23 vy =0 EW symmetric
A1
m,
CB v =

V2 7é 0

A2

A3
a1 2
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Temperature evolution

Type-I|
V1 = O, (9) # 0

<+ one-loop high-T corrections:

miy (T) =mi; + aT?, m3(T) = miy + c2T7,

with

1 1
T (3M 4+ 2ha 4+ Ay) - —
=15 B 42X+ ) + o

1 1
= — 2 —_—
Co T (3A2 +2X3 + A\yg) + 6

(3¢> +4¢”) ,

(392+g’2)—|— 1

12

(v2 + 3ys + 3y7)
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High-T limit

mag .
EW symmetric

-
smaller m1y
A]_ ,/,, 11
Ao T —

39



Symmetry (hon-)restoration

0°Vr
Hij = —F— . 4,9 =1,2.
8607;5)(,03' w; ;=0
H H
H = lim o lim Ii{l; }f—]f _ (Tt 0
T— o0 T2 T— 00 T221 % 0 Hos )’

> In order for the stationary point at the origin to be a minimum, all

eigenvalues of the Hessian matrix are required to be positive.

Hqi1 >0 and Hoo > 0.
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0.25

0.00

—0.25

—0.50

—0.75
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CB phase

not required

600 — - . .
« w °
500 B * ° .‘3" *. * 7
— 400 .
g
~. 300 .
< > af *k:_? ’ﬁ——
g ° IOE-TT T mA
200 mas =
100 g---- Restoration 7
*  Non-restoration
000 150 200 250
mpg= [GGV]
St i
*
6 x X oaok
2 -
2t i
Restoration
*  Non-restoration
000 150 200 250
mpg+ [GGV]

600 — - - .
500 .
— 400 F .
% 00
<. 300} ol B
= | S ARt X -
S 200 ——"';—; mH i
100 f--—-"""" i e  Restoration 7
*  Non-restoration
000 150 200 250
mpg=+ [GGV]
250 — - - .
LY e  Restoration
* e *  Non-restoration
200 .
. 150¢ :
)
=

100

o0

010 0.15 __ 0.20

cos(f — a)

§.00

0.05



CB phase required

° Restoration
*x  Non-restoration

150 200 250
mppg+ [GGV]

gy f"% ‘
!,U A \'y‘/‘:_g
S « s, ‘A Y
5 * ex X

Restoration

*  Non-restoration
100 150 200 250
mpg+ [GGV]

600

500
— 400
<. 300
= 200

100

250
200

150

tan 3

100

50

-
-
-
-
-
- -
-

° Restoration
*x  Non-restoration

L —

100 150 200 250
mpg+ [GGV]
| l Restor;tion
*  Non-restoration |
: LA o ’
ey ﬁ% “““ *

Joo  0.05

0.10 015 020 025
cos(f — «)
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