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Introduction

Standard Model cannot explain the Baryon Asymmetry of the Universe.

Observed baryon asymmetry from Big Bang Nucleosynthesis,

ng? =2 =58-65x1071

Y

This asymmetry is generated at the early Universe — Baryogenesis

For Baryogenesis, g, harov’s Conditions

D Baryon number violation
@ C and CP violation o
@ Out of thermal equilibrium must be satisfied.

Some possibilities

- Affleck-Dine mechanism
- Electroweak baryogenesis Kuzmin, Rubakov and Shaposhnikov, Phys Lett. B 155 (1985)
- Leptogenesis

etc.



—lectroweak baryogenesis

Sakharov’s Conditioins
@ Baryon number violation

Electroweak Baryogenesis (EWBG) @ C and CP violation
@ Out of thermal equilibrium
(D Sphaleron process
@ C violation in chiral theory,
CP violation in Higgs sector
@ Strongly first order electroweak phase transition
V(p,T, _
(&, Tn) Bubble wall_ ] _ AUB_#%
v#0 Io '
AB=0 “g‘ CP violation
] _‘“ HBy
| Sphaleron
. - — :/.,,..'."; .......... B
After the first order phase transition, s AN

baryon number is created around the wall.
To decouple sphaleron process

v
TR (T < H(T,) = T—n <1 — "Strongly” first order PT

n



I ’\e C e nt Huet and Sather, Phys. Rev. D 51 (1995)

Kajantie et al. Phys. Rev. Lett. 77 (1996)

« Insufficient CPV
« Not occur first order EWPT

However, EWBG in the SM is not realized.

= Extended Higgs sector is needed !
= EWBG can be tested by the future Higgs precision experiments !

EX) Fromme, Huber and Seniuchi, JHEP 11 (2006); Cline, Kainulainen and Trott, JHEP 11 (2011);
Two nggs Doublet Model Dorsch et al. JCAP 05 (2017); and more

After the discovery of Higgs boson in 2012,

. ) . Aad et al. [ATLAS] Phys. Rev. D 101 (2020);
- LHC exp. SM like Higgs couplings  sirunyan et al. [cvs] Eur. Phys. 1. € 79 (2019)

- Electric Dipole Moment exp. Severe constraints on additional CPV
Andreev et al. [ACME] Nature 562 (2018)

In such Situation, Kanemura, Kubota and Yagyu, JHEP 08 (2020)

- SM like Higgs boson
- Destructive interference between CPV phases

Todays talk about..

We show some benchmarks can explain BAU under current data in THDM.

Also discuss some phenomenological consequences.

K. Enomoto, S. Kanemura, and Y.M, JHEP 01 (2022) 104
K. Enomoto, S. Kanemura, and Y.M, 2207.00060 [hep-ph] (to appear in JHEP) 4



Aligned Two Higgs Doublet Model

The most general potential B, — ( G* ) oy ( H* ))

%(v + hy +iGY)

V =— IM12((I)1T(D1) — /L22((I)2T(I)2) — <M32((I)1Tq)2) + hc) Higgs basis

i
[\]
—~

1 1
+ §>\1((I)1T(I>1)2 + 5)\2(@2T¢2)2 + A3(@1 D) (BT ®y) + Ay (BT D) (D17 D5)

1
+ {(§A5<b1*<1>2 + X610y + A7<I>2T<I>2> ®,'®, + h.c.} , (13,5, X6, A7 € C)

Mass spectrum

1
Charged scalar mi. = M? + §>\3@2 M? = —pu3

)\1 [Re)\ﬁ —Im)\ﬁ ]
2
Neutral scalar M? =v? [(Redg | 2L + datAatReds %I—HTE
2
—Img ;%{—nf,g ME 4 Ag 04— Reds
— T T 7 TN

Experimental fact mixing angle among neutral scalars is small”

By phase redefinition

For simplicity, we set A5 = 0 (Higher loop corrections are non-zero )

2
my, 0 0 _ o _
» | o0 2 0 Coupling consts. coincide with SM ones
o H2 . .
0 0 m7, Higgs alignment

Finally, only the CP phase arg[1,] =6, remains.



Aligned Two Higgs Doublet Model

The most general Yukawa interaction

2
— ~ —
—Ly = Z (QL(QS)T(I’kUR + Qrykddy + Loyl @l + h-C-)
k=1

Experimental fact “Flavor Changing Neutral Current must be suppressed”
We assume y7 ={;y; (f =u,d,e)  Yukawa alignment

» CfmCd Ce EC

(@14 C4P2)dr — Ly,

M, _ V2M,
f d \/; ((I)1+Ceq)2)€R+h-C-

(‘I)1 + ¢ @2) up — Qp,
Summary of CP phases in the model

Potential  arg|4;] = 6,
Yukawa arg[(u] =0,, arg[(d] = 04, arg[(e] = 0,



Constraints on the model

|Cal = 1el

Severe electron EDM bound |d,.| < 1.1x107%%e cm hr)
/K o \
- . . o ,
Avoiding EDM bound with destructive interference de = u + 97\@1 )
Oy Qer\’ R 77/»
me = 350 GeV \ ” \) g
:i:ﬁ (a) Fermion-loop. (b) Higgs boson-loop.
10%1 — == Dijrect search exp. Flavor exp.
=== Hs(bb)-TT
o Haz—oTT By - pu
10 H2’3(bb) - TT BS - up
Hy3 - tt B - Xy
100 H* > tb
‘ H* > tv
.\ i
100 E \\{\\
! .......
Bs = pii ¢, is important for BAU and we found |{,| < 0.6
| H* > tb
1071 L — — ;
0.2 04 06 08 1.0
|1l We also considered,
Mme =My, = My, = My+ neutron EDM, STU parameters, perturbative unitarity, vacuum stability



Inputs
M =30GeV, Ay =01, [\ =08, 0 =-09,

3 a ryo g e n eS I S ol =|Ca| = [C.| =0.18, 6, = —2.7, 84 =0, 5. = —0.04.

relate to.. [BAU

eEDM

both

Baryon asymmetry in the relativistic bubble wall velocity ciine and kainulainen, Phys. Rev. D 101 (2020)

) np 400 —"" =::O.45 14
The observed BAU (pink) 3" = — =82-9.2x 107" . I
3801 ean tos a1 11
Electron EDM (blue dotted) 3601 T
) L
T 340<\=._’:‘\ 1_ . e_': . r9
. T i Wiy = SN
We set two benchmarks : ¥ BP1: strongly PT ¢ 320l
< BP2: weakly PT i T 7
EI 3001
First order PT and non-decoupling effect 280l OSteR S5 >
Second order PT )
Deviation of triple Higgs coupling 2600 o0 00 335 350 395 200 255 450 0
Kanemura, Okada and Senaha, Phys. Lett. B 606 (2005) M, (GeV)

(AR = 8Annn/A5pn) E
X) HL-LHC : 50%
Strongly PT (BP1) AR = 61% ILC (500 GeV) : 27%

Weakly PT (BP2) AR = 44% — Detectable in future colliders ILC (1 TeV) : 10%

Capeda et al. CERN Yellow Rep. Monogr. 7 (2019);

N X 10-1!

Fujii et al. [1506.05992]; Bambade et al. [1903.01629]

- . Ellis, Gaillard and Nanopoulos, Nucl. Phys. B 106 (1976);
nggs tO dl phOton decay Shifman et al. Sov. J. Nucl. Phys. 30 (1979); and more works

In each BP
’ M: oBr(H; — — 116 +5f
oBr(H, = yy) =104 + 5 fb SM: 0Br(Hy = y¥)sm 6+5fb

- i .20
Observed: O'BT'(Hl N yy)obs =127 +10fb At HL-LHC, uncertainty ~3%
Capeda et al. CERN Yellow Rep. Monogr. 7 (2019)
ATLAS-CONF-2020-026



Gravitational waves

Gravitational wave spectra crojean and servant, Phys. Rev. 0 75 (2007);
Kakizaki, Kanemura and Matsui, Phys. Rev. D 92 (2015); and more

Sensitivity curves Hashino et al. Phys. Rev. D 99 (2019) 400 o w=045 14
-9 _ 2 Vnsgi{“ (95&___% CL; I11
10 \\ I' % 3601 T S g : 3
\s &, 2 9 7
( NS o
1074 \élt—;/ 7 |>_<|
885"+ S
= [Jor13 5
G
‘:‘c 10-15 2607 575 300 325 me(GeB\Z? 400 425 450 0
A BP1V YV BP1: strongly PT
-=== BP2 4 ; < BP2: weakly PT
10—19 / | /I |
10 1073 10+ 10!
f[Hz] Strong PT is needed for predictable GWs.

BP1 and BP2 can also be tested by GW observation.

Phenomenology of CP violation

various EDM, flavor and collider exp. (see back up)



Summary

¢ SM cannot explain the Baryon asymmetry of the universe
EWBG as a solution of BAU is Higgs physics thus it is testable.

¢ Aligned Two Higgs Doublet Model

« SM like 125 GeV Higgs boson
« We showed the BAU can be explained under current data.

« Additionally, some of BPs can be tested using GW signal.

¢ Phenomenology
« Higgs triple coupling = HL-LHC, ILC (500GeV, 1TeV)

« Higgs to di-photon — HL-LHC
« Gravitational waves — LISA, DECIGO, BBO
« Additional CPV — EDM, Flavor, ILC (see back up)
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Back up



Predictions of CP violation

CPV in the future flavor experiments

Acp = Acp(BT = XFy) — Acp(B® = X2y)

TX-7)-TX-Y)

Acp(X = V) = I[X->Y)+TX-Y)

Solid : current excluded
Dashed : future excluded (Belle II')

(4 can be constrained from the future flavor exp.

6, (rad)

CPV in the decays of the neutral scalar bosons (|{;|< |, | case)

Azimuth angle dependence in Hy 3 = 7777 - XTvX v

/) A(bﬁ/ ;/ FL_/ 2
B

Detectability of the phase of {, in ILC
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Neutron EDM

Experimental bound:  |d,| < 1.8x1072%%e cm

(4 is restricted from neutron EDM. In BP1

The leading graph is chromo Barr-Zee type of down quark.

L L
—— == e

X I(ull(dlSin(Qu _ Hd)
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_____
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Also, from Weinberg operator d,,(Cy,) < [y ]|¢4|sin(6, — 04), 0
but the sign of d,,(Cy) is not determined.

Solid: current
Dashed: expected

Red: dB% + d,,(Cy) case
Gray: d3% — d,,(Cy) case
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Velocity dep. of baryon density

4
For the predictable GWs,
" relativistic effects must be included.
Q 2
o
)
c Blue: Fromme and Huber, JHEP 03 (2007)
O Red: Cline and Kainulainen, Phys. Rev. D 101 (2020)

16 16¢ 107 102 167 100

Vi — L,=0.05, T=100
— L, =0.05 T=85
3 — L,=0.05, T=80
Velocity dependences
differ in nucleation temperatures. , 2
=
1_
0_
1o 16T 100

Vw 14



Velocity dep. of efficiency tfactor

Efficiency k, (@, v,,) means how much the latent heat is converted to the sound waves.

No hydrodynamical eq. exists whena ~ 1, v, < c;.

1009 -

1072

— a=0.01
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—
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15



-W Phase transition

My, (GeV)

500

Az =0.1

My, (GeV)

Two step

Two step [ %
1.07, or ' or

3001 -~ Second order PT 300 Second order PT

0 100 200 300 0 100 200 300
M (GeV) M (GeV)
When M and A, are large, 0,0 |4 becomes small. Red dotted : v, /T,
Colorsolid : L,, T

Source term  Sg = —v, Kg(m?20") + v, Kgf'm?(m?)’ Black dashed : 0,0 max
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Scatter plot for eEDM and

SAU

|de| / [de™®]

Ay = 0.1, mge = 350 GeV, M = 30 GeV, v,, = 0.1,

10_2'E

0=<6e| <1072

1072 < |6/ <1071

107! = |6e| =5%x 1071

10t 100

|ns| x 10!

o

= [0, 27), |Cqa| = |C| = [0,10], |A7| =[0.5,1.0], 67 = [0, 27).

These points are allowed from various constraints.

Fermion loop contributions

are proportional to |{,||{.|sind,.

((SeE Hu - Qe)

Many points are satisfied from eEDM data
and they generate sufficient BAU.
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Velocity dependence of

SAU

Baryon asymmetry in the relativistic bubble wall velocity ciine and kainuiainen, phys. Rev. D 101 (2020)
Assuming the velocity as a free parameter

38014 [T <2 3801 V o E
k?;\l (95% CL) Twon I:Eg\' (95% CL) 11
> 3600 T - LS gl i
v ST LT Te=<il ?
S R O (2 el AT -
. 340<\1> Ly o
~~~~~~ "._. n \40 L. —
€ 300 T [Tl %
I . W VT 4 7 o
g 300, M T <
-
05
»801 Twoosrtep 3. 2 Twoosrtep . I5
Second order PT . 5 N Second order PT
260— : : : ' R o Ny ‘ ‘ ‘ ‘ A\ ‘ \‘ ‘ ‘
275 300 325 350 375 400 425 275 300 325 350 375 400 425 450 0
my, (GeV) my, (GeV)
Strongly first order PT (except for gray region) M =30GeV, A= 0.1, | =08, 0-——0.9,
_ BEN _ MB Cul = ¢ = ¢ =018, 0, =—=27, 64=0, 6. = —0.04.
The observed BAU (pink) 7ops = —

—8292x 101

blue: relate to the eEDM
purple: relate to the both

Electron EDM (blue dotted) |4**| < 1.1x1072% cm

Andreev et al. [ACME] Nature 562 (2018)

[green: relate to the BAU

We set four benchmarks : /\ BP1la: small velo. + strongly PT [l BP2a: small velo. + weakly PT

¥V BP1b: large velo. + strongly PT < BP2b: large velo. + weakly PT



Gravitational waves from

-WPT

Strongly PT

Weakly PT

Gravitational wave spectra

Sensitivity curves

Vw mu, |Mpg, x| M n/Ty | LyThy B AR |oB(Hy — v7)
[ small velo. A | BP1a | 0.1 7.8 x 10711
267 GeV [381 GeV|[30 GeV| 2.4 | 2.6 0.61

_large velo. V | BP1b | 0.45 9.1 x 10711
) 104 + 5 fb

small velo. @ | BP2a | 0.1 10.8 x 10711

397 GeV|302 GeV (30 GeV| 2.0 | 4.1 0.44
_large velo. <) | BP2b | 0.45 9.0 x 10711
_9 —_
10 \\\ Il 10 9 T Il
S / ~ 4 /
1071 o LS 10711} oL/
865"+ 865 )
10-13 B
10—15
_17|---- BPla ---- BP2a 277N
1071 — Bp1p | — BP2b 7
1019 / | | 10-19 | /Il
107> 1073 107! 10! 103 1073 10-1 10!
f[Hz] f [Hz]
Strong PT and large velocity are needed.
BP1b and BP2b can also be tested by GW observation.
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Triple Higgs couplings

Vy = 1 =
400 v 50 400- v _;0'45 ;
3801 A ]
! E;“ (95<y CL) L;an <2 380
S 360l Tl
q) 360 it T R O B T 1 0 1 U B N S S ST P
S
L 3401 T %G
T B I‘-.W7;7;.
_______ 5 ~4.0 S )
S 320 s LG e h 0w Nw o | S 32000 Al
Il % 4/?\ -
300
g g
Twostep Q- Two step 5
280- or “ or “
Second order PT . : Second order PT _ )
2 60 1 : . . ' N, . 2 60 ‘ ‘ ‘ ‘ - ‘ ‘ ‘ i 0
275 300 325 350 375 400 425 450 275 300 325 350 375 400 425 450
my, (GeV) my, (GeV)

20



Destructive Interference

Dimension 5 effective operator

S ds— .
Hgpum = —dfm B Lepm = —%fff“'/(@%)fFuv
Time reversal

T(E)=E,T(S)=—-S5 Tviolation » From CPT theorem, CP is violated.

Two diagrams contribute to the electron EDM in our model. JJ

d,~ , % + 4 00
Experimental bound |d,| < 1.1x107%%¢ cm € I e .
N\

Andreev et al. [ACME] Nature 562 (2018)

(a) Fermion-loop. (b) Higgs boson-loop.
Destructive interference between two independent CP phase kanemura, kubota and Yagyu, JHEP 08 (2020)

(684,66)=(0,0) (64,06)=(0,Pi/4)

D i pana Ty ——r——r ——

s ’

6 [rad]

200 400 600 800 1000
my [GeV]

6, [rad]

6, and 6,, are important to generate BAU. )1



Angular distribution

Detection of CP phase 6, in ILC

Decay process of the heavy neutral scalars Hy; - t¥t7 - X™vX v

Kanemura, Kubota and Yagyu, JHEP 04 (2021)

. P

=

ht T
- 0.25¢ —
9 ]
IS 0.20} \
(_U 4
£ 015 \
E‘ 010 — —_— 99 - n/ ;
£ oost . — 6,=714 ]
g H decay B = 17/2
0'00' ................................
0 1 2 3 4 5 6

A@ [rad]

rbitrary normalization

A
o
o
S

o 16 — 7% cos (20, — Ag)

0.25¢
0.20f
0.15
0.10[ -

0.05}
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Prospects

More general Yukawa structure

Cd

Ex) Down type quark couplings to the heavy scalars
Yd,2 = Cdyd,l CdOij — Cs
. i b/ i
Various possibilities about CPV r ~N
. Top Belle I
« Top-charm mixing KOTO
. Bottom Neutron EDM
Chung (2010) ° Tau E|eCtr0n EDM
Chiangetal. 2016) |+ Tau-mu mixing Muon EDM
Fuyutoetal. (2018) | | Restrict each scenario | Tau EDM
EX) Bottom EWBG and B physics Modak and Senaha, Phys. Rev. D 99 (2019)
Cg-a = 0.1, pyt = Ay, my+ = 600 GeV Cg-a = 0.1, py = Ay, my+ = 600 GeV
0.15F . ] 0.15F T s
Blue: g/ n8Ps = o
Red: AA.p (Belle II) 3 ’ -
S g
Green: B — sy (BelleIl) E ’ E
-0.05
=0.1
Left (Right): Central value is the SM (Current) one
e 0. 005 0. 0.05



-ffective potential

Thermal resummation — Parwani scheme
1 loop potential — Landau gauge (¢ = 0)

Renormalization condition
— MS-bar scheme (4, ;, M) + On-shell scheme (other parameters)

oV — 0 Weused cutoff my; = myp ~ 1 GeV to avoid IR divergence.
ahz h2h:1h:3U:O 4OOK- Enomoto, S. Kanemura, and Y.M, JHEP 01 (2022) 104
<‘92—V - M2 380/
8h28h3 hi=v v
ho=h3=0 —
S 360
()
e
: : : 3401
Higgs triple coupling at 1 loop level EI
SM 3201
AR = Ahhh = Aphh I
N ASM = 300
hhh S Two step
1 {Q(mi — M7 (m3;, — M?)° . (mi, — M2)3} or
T 127%0%mi m2 mi, mi, 280 second order PT
260" - ‘ ‘ ‘ L ‘ ‘
275 300 325 350 375 400 425 450

Relation between ¢ /T and AR (right figure) My, (GeV)
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CP violating bubble

Order parameter h; = h,h, = Hcos@y, h; = Hsingpy

Vi
It
|\““
A
Al

AN

Vertical: Heavy scalar mode
Horizontal: Light scalar mode

CPviolating bubble profile

Large VEVs ¢, 3 during PT are needed for BAU.

Localized top phase

BIR 4]

I in(0 + 0
0:0(2) = _%ang — 0, arctan ( Culpn sin(@n + 0.) ) ’
CH, T PH o, + |Culpr cos(0y + 6,,) 02

VH = \/Ma QH = arCta’n(SDHQ/SOHBL 0.0

00 01 02 03 04 05 06 07
radius(GeVv1)

We used CosmoTransitions to calculate the bubble wall profile.
Wainwright, Comput. Phys. Commun. 183 (2011)



-stimation of baryon density

TOD transport Scenario Tunneling profile

CP violating source is the top quark which has large yukawa coupling. aol:,‘f,zrf?';gi’:ﬁs —

, _ Yt i0(2)
Localized top quark mass my(z) = \/iv(z)e

Higgs potential at finite temperature determines the bubble profile.

v(2),0(2), Tn6 o]

“Semi classical force mechanism” (WKB method)

Boltzmann equation  (0; + vy - Op + F - 0p) fi = C|[fi, fj,. -]

OjO 0:1 0j2 0j3 0j4 OjS 0:6 0:7 0j8
radius(GeV™1)

Y Pz (1 n 89_’ m> ) /L Overall signs are flipped between particles and anti-particles.
7 Ky 2 E2Eq,

o _(m2)/ N (m20/)/ @/m2(m2)/ Vg —»
=

2Fy  "2EoEo, | 4E3E., /%» E,

WKB wave packet

Particle distributions are small away from its equilibrium form 1

Ji= eBVw(Ei+vwp:)—pi] 4+ 1

+4f;
26



Transport equations

Boltzmann equation  (0; + vy - 0x + F - 0p) fi = C|[fi, f5,- -]

Pz 9/ m2 k g . . . . .
vy = = (1 + 5— > Overall signs are flipped between particle and anti-particle.

Eo 2 E2E,,
- (m2)/ (m20/)/ elmz(mz)/
Fe = =By T52E.By, | * 4E3E,
fi = ! +4f
Particle distributions are small away from its equilibrium form I T oBVe (Bitvwps)—mi] + 1 i

Boltzmann equation can be expanded by small wall velocity, and after integrated in momentum,

’Ule,u’ + vag(m2)’,u +u — <C’[f]> =0 (K series are z-dependent functions)

—Kqp' + UwK5U/ + va6(m2)’u — <§—ZC[f]> =Sy Sp = —vy Kg(m?0") + v, Kot m?(m?)’
0
Plasma flame Integrated in wall flame
_ _405Tspn [ — 45002/ (404
ong 3 A nB = 47T2’Uwg*T/0 dz ppy fspne
R S el

24T
fspn(2) = min (1, —6_40”(z)/T)
Fsph
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Higgs triple coupling

de Blas et al. JHEP 01(2020)

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC |

Higgs@FC WG September 2019

LN I LI I B | I LI l LI | LI l LI

di-Higgs  single-Higgs

0 10 20 30 40 50

68% CL bounds on x, [%]

HL-LHC HL- LHC

. FCC-eeleh/nh @ FCC-eefen/hh
25% (18%)

LE-FCC LE-FCC
15% & n.a.
FCC-eh,,
-17424%

24% (14%)
FCC-ee,,.

33% (19%)
FCC-ee,,,
............................... 49% (19%]).....
ILC, . § ILC,
10% b 36% (25%)
ILC_, ILC,,
27% 38% (27%)
ILC,.,
............................... 49% (29%)......

’ I CEPC
............................... ~.49% (17%).....

CLIC,,, JCLIC,,,
N

7%+11% 49% (35%)
cLic,,, < CLIC,,,,
36% = 49% (41%)

[ CCmo
50% (46%)

All future colliders combined with HL-LHC

Hadron collider

g ~h
-~ e
g ~h
g > —h
y @
g > —h

Lepton collider
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Higgs to di-photon decay

Non decoupling effect in H; = yy

The constraints on the coupling H{HEH®

1
m%[i — M? + 5)\32)2

Red line is prediction in the case of M = 30 GeV.

SM expected (blue): 6Br(H; —» yy) = 116 + 5 fb

T | T 1 LI I L | I L I UL | T | B | | UL I UL
ATLAS Prelimina
VE =13 TeV, 139 g-1 e Total Stat. [ SySt- | SM
H—yy, m_ =125.09 GeV
g Total  Stat. Syst.
|
ggF + bbH [ 1.02+0.11 (£0.08,+ gg; )
VBF == 1341 o3 (£0.18,% o0 )
WH B 233+ 33 ( ok +% 10 )
ZH  —— DB 5 50 38 F 0 )
#H + tH I—ElH D:02s 3 (2 & on )
11 | 1 1 I | I | | 11 | 11 1 1 | 1 111 | 111 | 1111
-2 -1 0 1 2 3 4 5 6

o /oiM

140
21200/
| -
m
VT A [ ———e
< 100
80
M = 30 GeV
0 100 200 300 400 500
mpy =+ [GeV]

Observed (gray): oBr(H, =» yy) = 127 £ 10 fb

o is inclusive production cross section of H;.

29



Other constraints

STU parameter
Considering Higgs alignment and my, = m,+, our potential has custordial symmetry at 1 loop level.

1 1
V== Su{Te(M{My) — Sp3Te(M{Mo) — 3 g Te(M{ M) + 13 Te(M{ Mors)

1 1 1
+ gAlTr?(zwlTle) + g)\QTrZ(MQTMg) + Z)\gTr(MlTMl)Tr(MQTMg)
1 1 1
+ 5)\5RTI‘2(MIM2) —I— Z<>\4 — )\5R) (TI'Q(MIMQ) — TI'Q(MIMQT:;)) + 5)\5[TI‘(MIM2)TI’(MIM2T3)
+ XerTr(M{ My)Tr(M{ M) 4+ Aer Te(M] M) Tr(M] Myrs)
+ ArrTr(MJ Mo)Tr(M{ M) 4 Mg Te(M3 M) Tr(M] Myrs) ->T=0

S and U parameter in general CPV 2HDM

S and U are very small in our benchmark scenario.

Bounded from below Unitarity bound (M = 30 GeV)

Our result

1.2

A1 >0, A2 >0
A3 > =V A2, A3+ A FAsp > —V A1 A

1 1
| A7r| < Z()\l + A2) + 5()\3 + A4+ AsR)

1 1
|A7r| < Z()\l + A2) + 5()\3 + A4 — AsR)

=
=}

max(|Re a|)
o o
o o]

o
IS

o
N

200 300 400 500 600 700 800 900 1000
me (GeV)
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Shape of the chemical potential

When the top transport scenario, 6, and 6,, are important for the BAU.

vn(2)

_) vW

_\e.

e T

Localized mass around the wall

my(2) = 2L u(z2)e?)

. . 0.0005
makes chemical potential.

v(2),0(2),T,, etc.
depend on models and dynamics of PT.

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

z (GeV)
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Wall width dependence of BAU

Cline and Laurent, Phys. Rev. D 104 (2021)

100?

N5

10_1?

10 10t 102
L,T

WKB formalism has accidental zero-crossing behavior.
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Triviality bound |

Scalar coupling often diverge by non-decoupling effect.  my =~ Av? + M? »> M?

In BP, the largest coupling A ~ 3,
Landau pole appears around 1-3 TeV when couplings are run from Z boson scale.

However, the scale of Landau pole depends on whether threshold effects are considered.

12000

— Landau pole

10000} | -~ 1—loop pert. I The largest coupling A ~ 7
.| ==~ 2—loop pert.

== Effects of heavy particles are included at

6000 -

A [GeV]

u ~200 GeV (black)
1 ~500 GeV (red)

g000F _ "

2000F -+~

950 460 470 480 490 500
ma, [GeV] 33



Triviality bound 2

Our result (preliminary)

400

3801

~
S~
~
~
\\
~

=
T=a
S=a
-~
~

-~
-
~
~
~
~~
~~
~

~—a
~—a
~

Two step
280+ or

Second order PT

350 375 400

mgy, (GGV)

275 300 325

We consider threshold effect at u = max{my,, my+}.

A4 (TeV) : Where couplings become non-perturbative

A (TeV) : Landau pole

Couplings at BP1

A f
Ao
15+ .
i A3
(7] L
g 102_ Aq ]
B_ L
> F ]
3 i ]
5j / ]
10 100 1000 10*
p [GeV]
T A
5; |A6| ]
I |A7]
[72]
[@)]
£
a 0
> L
o)
o I
sl ]
10 100 1000 104
v [GeV]



Triviality bound 3

Our result (preliminary)

Am = 50 [GeV]
550
500
%J 450
9
+
T 400
S
. 3;: - P ! L
350 ¢ > ~
A 7 L
e o .21
L - 2
300 — P
100 150 200 250
M [GeV]

Am = my, —my

A=+ 1,

We set matching scale u = M.

Below 2 TeV, couplings...

become non-perturbatively (gray)
has Landau pole (dark gray)

To obtain sufficient BAU, small M is needed !
(see the slide “CP-violating bubble”)

Upper bound
my+ < 400 GeV

v, =04

Am =50 [GeV]

=

Nan <2 TeV

v, = 0.1
Am =50 [GeV]
550 550
Nan <2 TeV 1 6
500 14 500
— 12 —
> 450 0T > 450
) S 9
H 8 X i
T 400 @ T 400
S 6 & &
350 4 350
— 2 g
300 £ — 300 4
700 150 200 250 300 100

M [GeV]

150

200 250 300
M [GeV]

Inputs : same as BP1 and BP2 except for |(,| = 0.5,]4,]| = 1.2 35



Mass dep. beta function

Consider Gell-Man-Low renormalization group equation.

Ex.) A¢* theory

Renormalization conditions

@ (p2 =m?,m?,\; QQ) =0, = Parameter m become physical mass
0
9 @ (2 m2 A Q) e = 1
Op? (p7,m”, A Q7)p2=—q2 ; = Momentum subtraction scheme
4 2 y. )2
F( )(p“m ,)\,Q >pi'pj:_Q25ij+%Q2(1—5ij) = —>\. :
0.8+
Mass dependent beta function 0_65
T |
302 4Q% ! z(l -z <
BOm/Q) = o 3 [ar T Sor
1672 3m? J, 1+%%x(1—x) [
0.2
= f(Q/m) (right figure)
o 2 4 6 8 10

Threshold effects should be included at u ~ (2 X physical mass) am
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analysis In previous work

—— de(Total)
= d(fermion

— de(Higgs

— ds(g2nyde)

M =240, myg =280, myy=230, mpys=230 (inGeV).
N [[Gl=001, [Gl=01  1&l=05 Pd=03 lo=05
) B,.i—=12. 0y =0, 6. = /4, 6; =—1.8 (in rad).

p [GeV]

|As.|As],|A

Kanemura, Kubota and Yagyu, JHEP 08 (2020)

101" 100

108

108

v [GeV]

1611
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Direct detections

Kanemura, Takeuchi and Yagyu, Phys. Rev. D 105 (2022)

¢y, = 0.1 case Orange:B - X; +vy o
Magenta: B; — uu

330 GeV Cyan: leptonic tau decay e

Black shaded: H = 11

Black curves: multi lepton search

Ign
e
10 10
10 3 10
280 GeV X e
10" 10"
10 5 5 10
10 10 10 10 10 10 10 10 10 10
1 10° 10
10 7 10' & 10
2 3 O GeV s 10° - 100 ok F 1o
10 7 10" " 10
10 10? 0 10
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e
1 1 I I
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my, = 180 GeV ;. L 1o 1o N
2 2 N
10 10 10 10
10 10 5 5 10 10
10 10 1{0 10 10 10 10 1{0 10 10 10 10 ]CO 10 10 10 10 1Co 10 10
e

my, = my: = 180 GeV 230 GeV 280 GeV 330 GeV

3
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eEDM and

BAU In L7 plane

K. Enomoto, S. Kanemura, and Y.M, JHEP 01 (2022) 104
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Flavor constrarints

Model Sd Su Sl
Type I| cotB |cot 8| cotp
Type II|— tan B|cot B|— tan 3
Type X| cot 3 |cot B|—tan 3
Type Y|—tan B|cot 8| cotf
Inert 0 0 0

Type 1 like
|Sul = |44l

Type X like
Sul = 1¢al

[

—tan

Kel = cotfs

cotf

Haller et al. Eur. Phys. J. C 78 (2018);

tan §

tan §

Two-Higgs Doublet Model, Type |
T

--------

95% CL excluded regions
[ B - Xy
8. -

95% CL excluded regions
[ B - X,y
8. -
8, > u

m,+ = 300GeV, || S 0.4

i Doublet Model, Type Il
R DR R B
2 5

GRS EE R e
95% CL excluded regions

40 @B - Xy =
B - 3
35 B -1t -
@ D, - pv E
30 g, T —

....... B(K — uv)/ B (x — pv)

L 1 N
600 700 800 900
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L L B L L
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95% CL excluded regions =

8 @B - Xy =

CJB. »pup E

7 B, - =

. Am, E

6 —.1H -]

5 =

4 =

3 =

2F e
1 S

et + I det 1 1
200 300 400 500 600 700 800 900

M, [GeV]

40



Collider constraints

Aiko, Kanemura, Kikuchi, Mawatari, Sakurai and Yagyu, Nucl. Phys.

Current

30

10}

tanp

Current exclusion; Type-|

™\ H*otb

Sg—a = 1

A-TT
A(bb)->tT
A(bb)-bb
A-tt
A-Zh
A(bb)»Zh
H-hh
H-ZZ

- H*-1v

500 1000 1500

HL-LHC

tanp

30
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Current exclusion; Type-I|
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H*-tb

- H*>1v

2000

Sg-a = 1
ILC250
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- H=>1v
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Other EDMs

Current

|d,| < 1.1x1072° (ThO)

|d,| < 1.5%1071°(g-2)

|d;| < 0(10717) (Belle)

|d,| < 1.6x10~18(from eEDM)

Theory

d.(1loop) = 0(1073%)
d,(1loop) = 0(107%7)
d,(1loop) = 0(1072%)

d,(BZ) = 0(10728)
d,(BZ) = 0(10726)
d.(BZ) = 0(10725)

Expected

|d.| < 0(10739)

|d,| < 0(1072%)

|d.| < 0(10718)(Belle Il J"‘JJ

—————

k = 0(1), 1 loop contributions are proportional to m3.

my, ~ 200m, \rrvﬁ
m; ~ 3600m,

|C| = 0(1071), BZ contributions are proportional to m,

m,, ~ 200m, LLLL,

m, ~ 3600m, L

1 loop contributions include ¢2 — with no lepton universality, ||, |§ﬂ| = 0(103%) are excluded.
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—lectroweak baryogenesis

V(g Tn)

EWPT is occurred at the temperature T,

T,, determined by the condition

(The possibility of tunneling per Hubble) ~ 0(1).

Sphaleron process (AB # 0) frequently occurs in symmetric phase.

Left-handed baryons outside the wall are converted into baryon number.

Bubble wall I v=20
AB # 0
Sphaleron process decouple in broken phase. \ f
(Baryon number is conserved) v#£0 B L
AB =0 CP violation
Sphaleron decoupling condition ] KBy
b k v Sphaleron
SJh(T)<H(Tn):T_>1 SRR JS— B

n / N\

— "Strongly” first order PT l 43



