—a1—hMY/BE. BEPAE.
INY A D BIEX IR = RIBFIC
SREA T SIEE & EDIRREH

BEX—iE (RRKF)
(9 AN 5 IFKAIST)

HEMFRE
BARERRE ()RKN), RNEBK (KIX)
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Introduction

What is the origin of tiny neutrino mass?

- Minkowski (1977); Yanagida (1979); Gell-Mann, Ramond, Slansky (1979);
u Seesaw me(:hanlsm Mohapatra, Senjanovic (1980); Schechter, Valle (1980)

Right-handed Majorana v’s: N v
(M) e O(M,) = GUT scal
0 y My (My) = scale
| |
ST o N Difficult to test

m Radiative seesaw (quantum effects)

e.g.) Zee model A. Zee (1980) The loop suppression

¢, (2, +1/2) IR
. 1672

Can be tested

(2022.08.29) PPP2022 Page 1



Introduction

A radiative seesaw model
proposed in M. Aoki, S. Kanemura, O. Seto (2009)

Scalar Fermion
New Fields | ®5 | ST | 7§ Nor (@ =aE23)
SU(2)L 2 1 1 1
U(l)y +1/2 { +1 | O 0
2 + [ = = -
¥ ¥
-

tan
@» I
(r'; I
- g
Fa

eL masses : 3-loop diagram ™

o=
-h - .-

eDM : Unbroken Z, symmetry

®BAU : Electroweak baryogenesis by extended Higgs sector

(BAU = Baryon Asymmetry of the Universe)
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Introduction

: Aoki, Kanemura, Seto (2009)
In the previous works, Aoki, Kanemura, Yagyu (2011)

CP-violation was neglected

for simplicity
=) BAU has not been evaluated.

(They have evaluated v mass and DM.)

0. Can this model explain
v mass, DM, and BAU simultaneously?

Our work| Aoki, KE, Kanemura (2022) in preparation

Revisit (and extend) the model considering CPV phases.
= New benchmark scenario

(2022.08.29) PPP2022 Page 3



The model Aoki, Kanemura, Seto (2009); Aoki, KE, Kanemura in preparation

Scalar Bosons
Zy-even) @, O, : (2, +1/2)

Zy-0odd) St:(1, +1), #n:(, 0) realscalar

Extension of 2-Higgs doublet model

e V(I)(q)l’ CI)Z) + VSﬂ((I)la (I)29 S+9 7’])

CP-violation (132

/15
t L A s A g
P12 P D)) |57 ) (D Dy)n” + 2x(P 4
+

6 CP-violating couplings 5+

(2022.08.29) PPP2022 Page 4



The model Aoki, Kanemura, Seto (2009); Aoki, KE, Kanemura in preparation

Mass of Neutral Higgs Bosons

Higgs basis
G+ H+
E(’U"‘ B e/ ) E(HQ+ZH3)

Hi Ho, Hs
M11 Re[)\(;] —Im[)\6] H1

Mneutral X Moo W Ho

(Dz M33 H3
In the limit

e = 0 =p Mixings vanish [Higgs alignment].

(Higgs couplings coincide with SM ones)

(2022.08.29) PPP2022 Page 5



The model Aoki, Kanemura, Seto (2009); Aoki, KE, Kanemura in preparation

Higgs alighment scenario

Kanemura, Kubota, Yagyu (2020), (2021)

Slmple scenario /16 — () KE, Kanemura, Mura (2021)
Kanemura, Takeuchi, Yagyu (2021)

m H,, H,, H; are mass eigenstates w/o mixing
(H; is 125GeV Higgs boson)

m 3 CPV couplings in the Higgs potential
=0
6

(+ Statlonary condition)

Ag =
+,012((D?1Lq)2) |S* ‘2 | 212 ((I)Jqu)z)ﬂz +W]
_|_

S_
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The model Aoki, Kanemura, Seto (2009); Aoki, KE, Kanemura in preparation

Yukawa interaction

Both Higgs doublets couple with the SM fermions.

me, — Y,
fl > Jhir S ¥ .
Py = : fi feHy + 07t fi(Hy + iH3) +h.c.
(0288
SM Yukawa Non-diagonal yg =) FCNC!
To avoid FCNC, (FCNC = Flavor Changing Neutral Current)

m In AKS(2009): Softly broken Z, Glashow, Weinberg (1977)

m Current Work: Flavor Alignment
For quarks,

: ngl 0 g é;j)q 0 8 é’ul — Cuz — Cu3 — é’u
= — m 2 a8
pres & Cf Cn=Cp=Cp=C,

0 0 mf3 0 0 Cf?’
; Pich, Tuzon (2009)
SM Yukawa G €C
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The model Aoki, Kanemura, Seto (2009); Aoki, KE, Kanemura in preparation

Yukawa interaction

1
Z,-odd Majorana fermions: Np EMNQ(NIQ‘)CNIQ‘
(@ —1m05)

Lepton # violating

L e & O I f Lo e 8 O

Lepton flavor violating

Summary of the model

New particles: (Z,-even) H*, H,, H; (Z,-0dd) S™, n, Nj

Alignment: 4, =10 & <y§>ij O My Gyi Oy
(H, is the SM Higgs) (No FCNC)

CP-violation: 47, P13, 617 & G i & G G (V)

(2022.08.29) PPP2022 Page 8



Neutrino masses

Q L, &N, (NjpisZ-odd)

Neutrino masses are generated via 3-loop diagrams

kDD, Sy
(YN)ai m fiR ST

VZm

e
Z:e 5 LiL (I)Z fiR

Input parameters

S =122, |, [ = 0.588, |, | = 0.350, arg[{, ] = arg[{,] = arg[{,] = —2.94
my: = 250 GeV, mg =400 GeV, «=2.0
m, = 63 GeV, My: = (3000, 3500,4000) TeV

0.951 —0.309; 0.187 4+ 0.0582; —0.759 —-0.711i
Yy~| —0.330—-1.03i —-0.0470 —0.200i -—0.723 4+ 0.746i
—0.414+0.174i 1.31 —0.0434:  0.0809 + 0.0588:
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LFV decays|(LFV = Lepton Flavor Violating)

mg = 400 GeV, (0.951 —0.309i  0.187 +0.0582i —0.759 — 0.711; )
Yy~| —-0.330-1.03i -0.0470—-0.200i -—0.723 + 0.746i
My = {3000, 3500, 4000} GeV \—0.414 4+ 0.174i 131 —0.0434i  0.0809 + 0.0588i
B -y
N Processes BRR Upper limits
St o J\S\) | T | 8 T 0o LU teiail M. Lo [
TN, R S L R T g S OO
. No v 0 T uy | 1L.1x1077 | 44x 108
> >
n, - l’ﬂjfk?m Processes BR : Upper limits
TRt VAl 8 0 JEal ) i S B T o ) s
i lin T S T B D 1 D 9 3T
TR R VT o] [ o ) o i i B 1) e
/, / T eue | 51x10 12| 1.8x 1073
( > | T— upe | 1.1 % 10— 12 1.7 x 10~8
CSTh ST e S L VR e Fons v ) e it S B o gap | F b
E:,' —'\’({ f} o —1I1 —8
o B L T—reur | 9.6 x 10 2.7 x 10

(2022.08.29) PPP2022 Page 10



Dark matter

DM candidates : real scalar 77, Majorana fermion N,

n the benchmark scenario, DM is 7.

. I

N 11, Ho, Hy, 01 012
i — | @, |’ 4 ( (<I>’{<I>2>n2+h-c-)

) 2
T , ) ‘ ‘ f

m, = 63 GeV, my, = 420 GeV, my; =250 GeV

g = O e [ =201

Relic abundance Direct detection
Qﬂth —0.12 o(nN — nN) = 2.3 x 107 cm?
Planck (2018) Qpy,h* = 0.1200 % 0.0012 e s
PANDAX-4T (2022) &

(2022.08.29) PPP2022 Page 11



Electroweak baryogenesis| Kuzmin, Rubakov, Shaposhnikov (1985)

The Sakharov conditions Sakharov (1967)
1. B-violation o i P Sphaleron transition

2. C and CP violation <€ =------ CPV phases : 44, P12, 612, C1, &,

3. Departure from

thermal equilibrium TR e A Strongly 1st order electroweak phase transition

Strongly 1st EWPT (EwPT = Electroweak Phase Transition)

AOKEEwianER A REpaleh Blue point : Benchmark scenario

300|

.~

~
~ )

my= = my, = 250 GeV,

s my = 420 GeV, mg =400 GeV
QA h \ ‘.\
':£ N | Sphaleron decoupling condition
E \\_\22233’ | Vn/Tn = 1.74
e | Triple Higgs coupling
Ry Kanemura, Okada, Senaha (2005)
"""" 420 440 ALV SM b

(2022.08.29) PPP2022 Page 12



Electroweak baryogenesis
L, : Wall width
(®;) =0 Y4

R

(®;) #0

4

Vw: Wa” VeIOCIty Joyce, Prokopec, Turok (1995);

WKB approximation (L, 7, > 1)

Cline, Joyce, Kainulainen (2000); Cline, Kainulainen (2020)

v, = 0.1 is assumed

(2022.08.29) PPP2022



Electroweak baryogenesis Chemical potential
<q) > -0 Aoki, KE, Kanemura in preparation
e

4

0.00001

mEEN
~
ﬁ-,?nﬁh

0.00000 - e

~~
3 |
wa =0.00001-
| Charge |
-0.00002 . accumulation
40 20 0 20 P

2/Bn

WKB approximation (L, 7,> 1)

VW' Wa” VeIOCIty Joyce, Prokopec, Turok (1995);
9% : Cline, Joyce, Kainulainen (2000); Cline, Kainulainen (2020)
v, = 0.1 is assumed

Experimental value Explained !!!

(&)

—10 -10
2= d e—kZ — 6.14 X 10~10 BBN) 58x107" <n;<6.5x%x10
Lofers [ 0 “Ha CMB) 6.04x107"% <753 <6.20%x 107"
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electron Electric Dipole Moment (eEDM)

Two kinds of Barr-Zee type diagrams Barr, Zee (1990)

Fermion loop Scalar loop

®._._
C // Z.:e // I—LZ/'
e
o o .

eEDM can be small by destructive interference
S. Kanemura, M. Kubota, K. Yagyu, JHEP(2020)

my, =420 GeV, my = my. = 250 GeV In our benchmark scenario,

2 3 3 I

2| = 0.835, arg[4,] = —2.34 |d,| =0.41 x 107%° ecm
g, =0.246, arg[l,]=0.245

ACME (2018)
(| =122, arg[l]=—294

|d,| < 1.0x 107 ecm

(2022.08.29) PPP2022 Page 15



How to test the benchmark scenario

EDM measurements

m One order improvement is expected in future ACME experiment ACME(2018)

Flavor experiments

" B> Xyor Bg — utu” in Belle-ll experiments E. Kou, et al [Bell-ll], arXiv:1808.10567 [hep-ex]

B CPviolationin B = Xy (AACP) Benz, Lee, Neubert, Paz (2011); Watanuki et al [Belle] (2019)

® | epton flavor violating decays H — €Y MEGII u — 3e, 7 — 3e Bellell

Collider experiments

. e e . . : . : ,
m 22— H29 H3; gg — H_fb; qq — H2 3H_ Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu (2021);
. S. Kanemura, M. Takeuchi, K. Yagyu (2021)

mgg— STST; ete” = STS™; ete™ > NN M.Aoki, S. Kanemura, O. Seto (2009)

. . . Ay Sensitivity @ ILC (/s = 500 GeV)
Higgs triple coupling AR = =38 %
ol Sl ke o : AR =27 % K. Euijii, et al, arXiv:1506.05992 [hep-ph]
m Azimuthal angle distribution of H, ; — 77 at e™e™ collider

: , S. Kanemura, M. Kubota, K. Yagyu, JHEP (2021)
Dark matter direct detection

Observation of gravitational waves Details of these are currently under investigation.

(2022.08.29) PPP2022 Page 16



Summary of this talk

B The SM cannot explain some observed phenomena (tiny v masses, DM, BAU),
therefore, we need physics beyond the SM.

B |n the previous work, the authors proposed a model where tiny v masses, DM,
and BAU can be explained simultaneously at TeV-scale.
However, they neglected CPV phases for simplicity.

B \We have revisited the model and found a new benchmark scenario including

CPV phases, where tiny  masses, dark matter, and BAU can be explained
under the constraints from the current experiments. (LFV, EDM, ...).

B This benchmark scenario includes some new particles
at a few hundred GeV scale, and they would be testable

at various future experiments.
%@% éz‘%/

Summary (2022.08.29) PPP2022 Page 17
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Benchmark Scenario

Masses of New particle
Zz even. mH+ — 250 GCV, mH2 — 420 GGV, mH3 — 250 GGV

Z,odd: mg =400 GeV, m, =63 GeV
(My,, My, My,) = (3000, 3500, 4000) GeV
Higgs potential
uy = (50 GeV)*, pu; = (330 GeV)>, py =~ (62.7 GeV)>, (u;,=0)
A=01, A;~198, A, ~188 1.~1.88 i =0,

4, = 0.821, arg[&] = — 2.34,

Backup (2022.08.29) PPP2022



Benchmark Scenario

Yukawa interaction

|Cl =141 =025, [£[=035 [,|=0588, |[C[=122

( yt’Cul s 0.25, yb|Cd| ~ H X 10—3, yTlch ~ 3.6 % 10_3, )
le‘Cﬂ| = 3.6 X 10_4: ye'Cel — 3.0 X 10_4

arg[C ] = 0.245, arg[{,] =0
arg[l. ] = arg[é’ﬂ] — 0, eyl = = 208,

0.951 - 0.309: 0.1874+0.0582i —0.759 —0.711:
Yy~| —0.330 - 1.03; -0.0470 — 0.200i —0.723 + 0.746i
—0.4144+0.174i  1.31 —=0.0434;  0.0809 4 0.0588i

(2022.08.29) PPP2022 Page 20



The Higgs potential
7 = Vp(Dy, ©y) + Vs, (P, Dy, ST,1)

Vo =p2|®1[2 + 13|2a° + (13,8} + hoc.)
A A
—|—71\<b1\4 + 72!@2\4 + 3| ®1]%|P3|* + >\4\<I>J{<I>2\2

A
+{ (5 (@]@2)2 + Ao|®1 [ + e @2 ) (2] D) + h.c.}
.
2
+01|21[2[SF|® + po| @2|*|S7|* + (Plz(‘b{‘i’2)|5+|2 3 hoC’)

Vs =N%15+|2

o) ) :
+ 1120 + 2 @sn? + (2 (]@s)n? + hec.)

2
4 A A &

1. o S +14 n_4 > +12,..2

+(a§b_ln(eab@a¢>b)8 77+h.c.) AT [ S S 2|5 “n

(2022.08.29) PPP2022 Page 21



Masses of scalar bosons

1 1
T 5/13\/2, mflz = us + 5(/13 + Ay + AsV2,

1
m%k = //122 + 5(/14 + /14 S /15)\/2,

2 I 2 I

2 2 2
Mg, = Uy + Eplv , My =i, +561V

2

mg = 400 GeV, m, =63 GeV

uy = (50 GeV)?, pul = (330 GeV)>, pu; =~ (62.7 GeV)?,

Aly~198, 1, ~188, A~188, p, =190, 6,=11x10""

Backup (2022.08.29) PPP2022 Page 22



CPV phases in (Yy) ,»

Rephasing of lepton fields

CL,R CL,R Vel Vel el 0
TL.R TL.R VrL Vrr, 0 0 e“”*
Pes Pus &+ € R

Lagrangian except (Y]\,)ai]%fmé”r Is invariant under this rephasing

= Three of phases in (Yy),; are not physical (not CPV phases)

We use this degree of freedom to vanish 3 phases from PMNS matrix.

Vel e Upmns = Py Upmins

: Unitary matrix : 6 phases
V;LL = Pc_z') UnL [ p
V;'L Ve,

Using P¢, 3 of phases can be 0. (CPV phases)
Ocp> 01> 0

In this talk, we consider the basis where PMNS have only 3 phases.

Backup (2022.08.29) PPP2022 Page 23



Yukawa sector in THDM with Softly broken £,

Ly = ‘[m"‘“@ (@5 + Cu® Juir - ‘fm“ LQir, (1 + Ca®s ) di
\/_"Ing L;r, (@1 5 Ce(I)z)EQ;R + h.c.
I I1 X Y

G |- COlB2: R0t cot [ cot [

(g | cotB | —tanfB | cotf | —tanp

(¢ | cotB | —tanfB | —tanB | cotf
Type-llike : |, | =[5, = [C,] Type-lllike * |G, | = 1/|C,| = 1/]C, |
Type-Xlike : [C,| = |{,| = 1/]C,] Type-Y like * |G, | = 1/|{,y| = |C, ]|

Backup (2022.08.29) PPP2022 Page 24



Constraints from flavor exps. 1
|(:|—|<:d|—|z:| Gl

=l =g

Two-iﬁgs Do.mlstnodel T ypa 1 1
L L] LN L L L] L] ' L)

; e - f 45
| c | v § 25 95% CL excludad regiors = | ¢ I "R 95% CL axclucad regcns
u - 3 _-'x\f = u 40 - B— xﬁ'
i 3 C6; — au
3 e = 38 18 -
[ L : B0, —w
25 3 am, o 30 (7 ~Dy TV
L - o B s v B (R - v
2 - 25
.5 = 20 "
= 15
1 10
05 5
P N [ PR Lo O P ! J A e EPEPEPETE P
200 300 400 500 6800 700 200 300 400 500 600 700 200 900
M, [GeV] M, [GeV]
|Cu|—|Cd|—|C| ICuI—lél—ICel
e ) d
1 TM}»HKE} Nouble! Mode: ,eolon Sl.llx‘jrlﬂ 1 el Two-Higgs Uoublet M)hI‘ s LANLEN B B B B B R B B BB
B S - 9 -
= & . ) ] = 5 $5% CL excluded regions 3
6% Cl excluded regions - .
[ & s e = 1| . EES Xy E
@ B — X1 ] T E
3 ] :: - = 7 s, e =
OB = . lam, ]
zs E Aﬂ‘q _: ) PP Am, _:
— AT, - 5 :
2 N =
: 4 =
15 - ;]
. 3 |
1 2E -
0.5 1 .
llllllllll -- [ I3 B bt e e :AM_J; | ] P == .
200 300 400 500 600 700 200 300 400 500 800 700 200 900
M" [GeV] M" [GeV]
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Constraints from Collider exps.
M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, K. Sakurai, K. Yagyu, NPB (2021)

|é’u| — |Z:d| — |é‘e| Current exclusion; Type-l Current t’ez(glusiol_r); Type-l 1
30- bp-az 1 4 30 _--""" /// Sﬂ‘-”= 1 l | C | e | Cdl = | Ce |
— A-TT /,./ — A-TT u
— Albb) 1t " —— Albb)rt
10} AlbD)=DE ] 10 Albb)=di
A-tt ~ At
1 %‘ — A=Zh I — A=Zh
— ® Albb)=7h . Albb)~2Zh
| CM | bt 3 e H=hh i =17 T s H=+hh |
Ha77 H=ZZ
B HLath — H*-th
N “e=s H*o7v 1 -~ H* o
500 1000 1500 2000 500 1000 1500 2000
1 1

Current exclusion; Type-Y

G = Gl = [ =47

Curyent exc_lusion: Type-X

|C€| 3ot Sg—g =1 ] 30t Sg_a=1 | |Cd|
— ATT ! — A-TT
—— AlBD!Tr —— Albb) 7T
AlGii=izh i Alpbi—ob
10 /) oo 101 At
— A=Zh — A=
Albb}-Zh [ Albhi-7h
3t e H-hh 3t © H=hh
H-Z7 H=2Z
) HE—th i - HT b
—— [ EesTy ’\ - HEaTy
1 -) 1 :
500 1000 1500 2000 500 1000 1500 2000
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Direct search by future HL-LHC

M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, K. Sakurai, K. Yagyu, NPB (2021)

G =l =

G = Gl =

| Z|

Expgeg:tgd e>§c|LJ_sion; Typ'e-l

307

A ——=- H2aTw

Sg-p=1 _
— |ILC250
— ASTT
— Albb)-TT

Albb)=bb

A=t ]
— AZh -
Albb)=Zh 7
H=hh 1
A=ZZ
A= =b

500

1000

1500 2000

1
| Cel

30

10

Sp-a=1
—_— |LC250
— A-TT
—— Albb)=TT

Albb)-bb
- Aottt
— A=Zh
Albh)=Zh
H-hh ]
H—=/7
H = =th
H=->1tv

500

1000

1500 2000

Expected exclusion; Type-l|

/4
30

ILC250
— ATT
— Albb)-T1T
A(bb)=bh -
At '
— A=Zh 1
Albb)=2Zh
H=hh 1
H—=77
1k e HEoTy

10

17 |6al = 1€ |

500 1000 1500 20

00

Expected exclusion;' Type-Y

—_— LC250
— A-TT
— Albb)=TT

- A-tt
— A-=Zh

H-hh
H=27
S H = —th
1t Y e HEaw

30} T | 53'“=1|Z.:u

10 ;/ Albb)—hb 7

Albb)=Zh

TP

500

1000 1500 20

00
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The measurement of arg[{,] @ e"e™ colliders

H2 — 1t T, H3 —bb S. Kanemura, M. Kubota, K. Yagyu, JHEP (2021)

e*e — Hy H,, { H, > bB,Hy —> 1% 7

. 120 Vs =800 GeV
H? 5t s aton v 'Th ('6 ) ‘
: /... 77 . T - eory(d, =0°
/ A
/ 7t A J . s ¢ 100' o Theory(ﬁf :-150)
//‘4‘ Jla T 2 . '
+ £ 1 Signal(#, =0°)
01 ro 30|
[ Signal(#, =45°)
~ - .
+~ 60 . | - .
C P % - \\
w s -/,’ . %\\
> 40“\ %’, ,' N N
T |- .
2okt 4 L —
% 1 2 3 4 5 6
A¢ [rad]

M =240, mpgo =280, myo =230, mp==230 (in GeV)
|€u| = 0.01, |Cd| = 0.1, Ke = 0.5, |/\7| = 0.3, A2 =0.5
8, = 1.2. 0, =0, 0, = w/4, 0 = —1.8 (in radian)
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Future LFV experiments

Processes BR Expected limits | Experiment
T B T B R N e 6 x 1014 MEG-II
e T P SV O L 3 x 1072 Belle-II
T e e e P T VR 1 Belle-II

Processes BR Expected limits | Experiment
e e TR 1.0 x 1016 Mu3e
T—3e | 6.2x107Y OGO Belle-1I
T—=3u | 24 x10~H Tt | Belle-11
o o e e TR Belle-1I

= ppe | 1.1 x 10712 ST Ll P Belle-11
ey i [ B OEOT  e v L s Belle-II

T —eun | 9.6 x 101 AR Belle-1I

Backup
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The electroweak phase transition in the model

(ngh temperature expansion)

T = Tn S Tc T, : nucleation temperature eff = E(T2 Tg)qu 2y ET¢3 - /1T§04

Verr T. : critical temperature

Sphaleron decoupling condition

Fb”h<H(T) -} — > 1

Barrier

Un 7 & - L Large E is necessary

! Tc 2)\T for strongly 1st order EWPT

C

Tunneling —bubble nucleation

The cubic term E can be large by
the non-decoupling effects of H*, H, 3, S*, and

1
1 M? m? = M? + — 112
E — ]/n3 l l !
12703 2. :

2
m;

WO o =+
s=H",H, 3,5™1 M2 Invariant mass parameter

(m? > M?)
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The electroweak phase transition in the model

Non-decoupling effects of new scalars predicts large enhancement of the 1Al coupling
3

SM 1

>
AR_/lhhh—lhhh p3 4 1_M
> SM o D ) Z i )
i Ve i

2 2y Kanemura, Kiyoura, Okada, Senaga, Yuan (2003)
m: > M Y ’ Ja,
( ‘ ) Kanemura, Okada, Senaha, Yuan (2004)
Kanemura, Okada, Senaha (2005)

Testable at future colliders

—— AR=0.3
- — AR=04
SR AR=0.5
—— V(T =14 |
— = vl T, =17 |

340 360 380 400 420 440
muz (GeV)
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Local mass of the particles

In expanding the vacuum bubbles, the VEV is space-dependent.

The mass of the particles also varies with spatial coordinate (Local mass)

fl) A

cgmass o m(Z) l/_jPRl//+ m(Z)* l/_jPLl//

= Re|m]|py +|iIm[m] yysy

CP-odd
P-odd

CP-violating Force

Foga == /ISigH(PZ){

(|m|*0') |m|29’(|m|2)’} +: Particles. —: Anti-particles

2E\Ey, AEGE, ) helicity & chirality

0 = argm(z)] Ej=pf+pi+pi+m* E.=p’+m’
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Bubble profiles and Nucleation temperature

1
Euclidean action : Sp = JddX{ 5((9,440)2 g5 Veff(éﬂ)}

Finite temperature d = 3

Rate of the nucleation per volume : T/V = @T* 5T (0 = 6(1))

Probability of the bubble nucleation per I

— ~ 140 T, : Nucleation
one Hubble volume is O(1) n- Nucleatl

T

n temperature

Bubble profile is given by the bounce solution of the following equation

d? ad Bounda
dp?  p dp P() = @p v ) m\
: ,
Finite temperature a = 2 151 =10
S Figure from 1109.4189

(2022.08.29) PPP2022 Page 33



The WKB method

Joyce, Cline, Kainulainen (2000); Fromme, Huber, (2007); Cline, Kainulainen (2020)

B WKB approximation CosmoTransitions

m(2) is obtained Tunneling profile

\ 125

CPV Force F  (|ml|*€¢"), &'(|m|*)

75 -
¥

Boltzmann eq. Y =
* (at + ‘U@z + Fapz )f [ C[f] 0.0 01 0.2 0;3 0.4 0.5

«

0.00002
".-_\.
0.00001 (NG

0.00000 —

0.00001 |l Sphaleron process s
S N ~ Liws / dz Har, (z)e—kz
J0

-0.00003

0.00004 | e ng: baryon to photon ratio, I, ;: weak sphaleron rate

E=pIT,

-0.00005
-40 -20 0 20 40
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L., dependence of baryon asymmetry

Cline, Laurent (2021)

Generated baryon asymmetry is roughly estimated as

HBNJ dz >(2) AJ sz;—?

0 1A

— Q0

Ais a function of v, ,and L, 100 -
With some value of A,

the first and second terms
are canceled.

url

10_13

5 ————————,
Figure from Cline, Laurent (2021) Lwl
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Relativistic effect of v,

We used the linear expansion of v,,..
The higher-order effect has been investigated in Cline, Kainulainen (2020)

4 | llllllli T T TTH | llllllli T TTTTT T T T
—CK-s A

_l | IIIIIIII [ | [ LIl] | IIIIIIII l IIIIIII| [ rrarn

107 10 107 1072 10! 10

v
w

0
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Landau polelZ D U\T

The non-decoupling effect
by large scalar coupling
predicts the Landau pole.

Y

A . <100 TeV

cut
Kanemura, Senaha, Shindou (2011)

What is physics
beyond the Landau pole ?

=
P
=
o~
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Landau polelZ D U\T

A Higgs as mesons Fundamental theory [Gauge theory]
A 1
o i | (like QCD)
I
|
|
|
|
8%, -
|
(1 |
1 >
A EW Ayt < 100 TeV
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New physics beyond the Landau pole

e.g.) SUSY SU(2), gauge theory Kanemura, Shindou, Yamada (2012)

Higgs as mesons Gauge theory
Superfield [SU(3)¢: [SU(2) 1 |U(1)y Z3
Field |SU@3)e|SU2)z U1y | Zy .
] ] 2 | 0 41
H, 1 2 +1/2 |+1 h (Tz)
Hy 1 2 | =1/2|+1 Ty 1 1 [+1/2 +1
&, 1 2 | +1/2|-1 S IR B el
Ts 1 1 F1/2 1
Dy 1 2 ~1/2 -1
Ty 1 1 | -1/2 -1
ot 1 1 +1 |=1
n' . ;”“
Q_ ]. ]. —']. _]. }-<~’~ 0 —:— —t H
H, o H, § :
F PN v B B mi
f\r, *Nr(p, _'\frg 1 1 0 +1 Vi 2 ; ‘ R Y }_C.Tf\’. ?:*
0 Q- o, N g,
' : y !
C$ U 1 1 O 1 \ M, E/' U’ ‘;\
by YR M 7 (hy)si l B wn)

Predicts all scalar fields
in the model of Aoki, Kanemura, Seto (2009)
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