Electroweak baryogenesis
In two Higgs doublet model
with alignment scenario

Yushi Mura (Osaka Univ.)
Collaborators: Kazuki Enomoto (KAIST), Shinya Kanemura (Osaka Univ.)
2023/06/07
Higgs as a Probe of New Physics 2023 in Osaka

Based on
K. Enomoto, S. Kanemura, and Y.M, JHEP 01 (2022) 104, arXiv: 2111.13079 [hep-phl,
K. Enomoto, S. Kanemura, and Y.M, JHEP 09 (2022) 121, arXiv: 2207.00060 [hep-ph],
S. Kanemura, and Y.M, arXiv: 2303.11252 [hep-ph]



Introduction

- SM cannot explain Baryon Asymmetry of the Universe

. . Np—Mp —
From Cosmological observation, n%PS = % ~ 8.7 x 10711

- Baryogenesis in the early Universe

Sakharov conditions

(@M Baryon number violation

@ C and CP violation

@ Departure from thermal equilibrium

« Well motivated scenario

Electroweak Baryogenesis

(D Sphaleron process
@ Electroweak theory with CP violation
@ First order electroweak phase transition



-lectroweak Baryogenesis

- Expanding bubble walls created at first order PT

- Sphaleron process must be decoupled inside the bubble

rbrk(r,) < H(T,) = v, /T, = 1 —Strongly first order PT

sph
Bubble wall ] AUB: 0
In the SM, however, AN 70
. ~ Jr
- Cross over phase transition v#0 fr
- Insufficient CP violation AB=0 CP violation
] UBr,
$ Extended Higgs sectors are needed Sphaleron
Y ST B
Ex) Two Higgs Doublet Model : SM + Higgs doublet / L

- Experimental constraints

- Higgs alignment supported by LHC
- Measurements of electric dipole moment for additional CP violation 3



Aligned Two Higgs Doublet Model

- Most general two Higgs doublet model _ G* _ H
9 99 @1 = (%(H m4ic% ) 2= (g + i)
V= — i 2(@1101) — 1o2(057dy) — (M32(q>1*q>2) + h.c.) Higgs basis

1 1
- §A1(<I>1T<I>1)2 + §>\2(<I>2T<I>2)2 + A3(P @) (BT Do) + Ny (P21 (2, TDy)

1
- {(§A5<1>1T<1>2 + X601 10y + A7<I>2T<I>2) O, 10y + h.c.} , (u3, X5, A6, A7 € C)

1
Charged scalar m%ﬁ = M? + §>\3v2 M? = —,ug

)\1 [Re)\ﬁ —Im)\6 ]
2
Neutral scalars M?* =v? [(ReXg | 2L + dstaudlicds %
2
_Im>\6 1 5 JUWQ + )\3+)\42—Re)\5
“Mixing angle among neutral scalars are small” — consider 1, = 0 region
mi 0 0
_ 2
» =| 0 myg, 0
0 0 m7, Higgs alignment

*Only arg[A,] = 6, remains in the potential



Most general Yukawa interaction

- General structure of Yukawa interaction h  SM Higgs

H, ; Additional scalars
up-type quark ’

P4 s g Hs + h.c.

V2

- Small FCNC couplings related to the heavy scalars

- Top-charm sector can be sizable under current data. EX) pie S 0(1)

« Consider two cases

Top transport scenario

pu :leag(yua yCay_t)a pd — Cd diag(yd7 Ys, yb)? pe — Ce diag(yea Yus y7‘>7

Top-charm transport scenario

o pws (= § =3)
“=10 cc c ) d e and eZO
P 0 Pec Pt P {O (others) P

Ptc  Ptt




Summary of the model

- Alignment scenario
One SM like Higgs and three additional scalars

- CP violating parameters

Potential arg[1,] = 6,

Yukawa Top transport arg[(,] = 0y, arg[{y] = 04, arg|l.] = 6,

Top-charm transport arg[pi”j] = 0;;, arglppp] = Opp

* Electron EDM constraint

0
|do| < 4.1x1073% e cm :

/
Be 7/

d, = oy

-

/K—\\
J
oY
Qe // 112/7
f o) .
9 >

\J

(a) Fermion-loop.

- Other experimental and theoretical constraints

Direct detection, EW precision, EDMs,
perturbative unitarity, vacuum stability and triviality bound

(b) Higgs boson-loop.



Top transport scenario  w=cev. x=oi i=os o=-os

|Cul = |Ca] = || =0.18, 0, =04 =-2.7, . = —2.66.

vy = 0.45
- Benchmark points 400 L - I14
380+ '
V BP1: strong PT v,/T, =24 Lk _an_Eg_g?iiA) o 11
¢ BP2: weak PT  v,/T, = 2.0 E 360 | T e
~ | BBN |
T . ] . 340 G
Triple Higgs coupling g
Kanemura, Okada and Senaha (2005) 3201 7 >c<n
- h EIm3oo< <
mé = M? + Av?
5 280-
= sz Q Second orderPT \
n’ 'K 26075 300 325 350 375 400\ 435 450
my, (GeV)
VBP1 AR =61%
AR = 61 M
©&BP2 AR = 44% ( nhh/ Ahhh 1077,

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

Fujii et al. [1506.05992]; Bambade et al. [1903.01629] 107114
HL_LHC : 50% de Blas et al. [1812.02093]
ILC 500GeV (1TeV) : 27% (10%) $1077
CLIC 1.4TeV (3TeV) : ~30% (~10%) T Lot

° Gravitational waves Grojean and Servant (2007); _ lo-17]— BP1V

Kakizaki, Kanemura and Matsui (2015); and more

Peak integrated sensitivity curves &reitbach et al. (2019); Cline et al. (2021) 10~19

1075
Future observations : LISA, DECIGO, BBO




Top-charm transport scenario

- Benchmark point (wall velocity = 0.1)
Related to---
me =mpy, = My, = my+ = 350 GeV, M = 20 GeV,

phase transition and BAU o = 0.01, [As| = 1.0, arg(Ar) = —2.4, |pe| = 0.1, Oyt = —0.2,

‘pCC| = 0097 ‘pct| — 0057 ecc == O, ect — —28’ etc _= —02’

constraints and predictions 5
‘pbb| =1.0x107", be = 1.5.

* |p¢c| contributes to the BAU by picking up the effect of 6,

magenta : observed BAU nz = 8.7x10711
T 1.50
+
c 1.25 12.5
3 —
2 1.00 10.07
5 £075 =
S X 75 x
© 0.50 Q
c? 5.0 <
o 0.25
(@)
et 0.00 2.5
| 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200

| ot
Top transport » 8




Top-charm transport scenario

* Flavor constraints on FCNC couplings

Green : By - uu Others : B; — B;, B; — B; mixing and B - X,y
> ex (K° — KO mixing)

 Predictions for future Kaon physics

Blue : AR} = Br(K*™ -» ntvv)/Br(K* -» ntvi)gy — 1 [%6]
ARY = Br(K; -» n%v)/Br(K, » %)y — 1 [%]
Black : (E,/ E)ZHDM X 104

. observed BAU np =8.7x10711

1 50 ARO y : T +_H_ : : : T
____,ARV+((0/(:))) EE— - +1i.|=|_+ ! |occ| = 0.09, |poct| = (?-05, Oct =-2.8, 0yt = O =-0.2,]

5 1250 ey x 10° \/g Hh | |oool =0:001,8pp = 1.3, mo = 350 GaV
© - . w»— | © o) o = o) )
+ & 0.751 — ~ ~ ™M - 1 "'ﬂ"’/ﬁ—
£ = - AT L DR | | H
s 0501 — o< Sl [ IS
? ! —2 : :
Q 0.25 1 i i i i
= : = | | ex

0.00 '. ——0 m. 7 .

0.000 0.025 0.050 0.075 0.100 0.175 0.200
| Ott]

Top transport P 9



Summary

¢ SM cannot explain the Baryon Asymmetry of the Universe
EWBG as a solution of the BAU is well motivated scenario.

¢ Two Higgs Doublet Model with alignment scenario
« SM like Higgs boson
« Multiple CP phases in the model
« Which CPV interactions are important for the BAU ?

¢ Phenomenology
« Common testability
« Higgs self coupling (ILC, CLIC, HL-LHC)
« Gravitational waves (LISA, DECIGO, BBO)
« EDM, Direct detection and Flavor experiments

« Top-charm transport scenario — Kaon physics becomes important.

10
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About top-charm



Source term with top-charm mixing

- Two flavor fermions system L
129 ——- top
__ T
£mass — _QLM(Z)QR + h-C'a q = (Ca t) 1ol top-charm
: —— Z boson
b lyepr + pec(p2 —ips) pet (P2 — ip3) > 08
M(Z) = . , L
V2 prc(p2 — ip3) yre1 + pr(p2 —ip3) ) "Coe
(5]
¢,: Real part of (#?%), ¢,: Real part of (®2), 0.4
@5: Imaginary part of (®2), 0.21
0.0 N e
+ WKB method -0.2 ~0.1 0.0 0.1 0.2

- Abs[p,.] contributes to source term picking up CPV phase of the potential.

1
2m3.

0" = {(%2 + 1pet|?) (P30 — w20h) + yilprt] ((wzso’l — 195) cos Oy + (105 — o)) sin Qtt) }

1 .
+ 55— (P35 — vai0s) + O(6?), m, : Local mass of heavy fermion
©1 T Y3 + 3

- Contribution of arg[p,.] is negligibly small (below ~0.4%).

M Mool ~ | M Mool = 6 < 0.06 Inconsistent with
[Mal/|Mos] = | Maol/|Mz2] =05 given by VEV insertion approximation (VIA) 13



Previous results

* Both results are under CP conserving VEVs ¢4, ¢, € R.

Top-charm mixing
Fuyuto Hou and Senaha, PLB 776

100

10

Yp/YS™

|Ptt|

Fig. 2. Impact of p; and p, on Yp, where the phases ¢ and ¢ are scanned over
0 to 27, with other parameters randomly chosen (see text for details). The purple
(green) points are for 0.1 < |pg| <0.5 (0.5 <|p¢c| < 1.0).

Tau-mu mixing
Chiang, Fuyuto and Senaha, PLB 762 315 (2016)

o7F T~ r T T T T T T 1]
: Ya/ Y = 0.5 1.0
0.6 I CHINRNRVRIRSE SR a0 E 1437
0.5:-
—= 5 e e e R e e - |
0.3 20
02 L
[ 30
01h o N
0.2 0.4 0.6

[Pl

Fig. 2. Contours of YB/ngs. Br(h — pt) and 8ay in the (|prel, |prpl) plane. We
set my =350 GeV, ma = my+ =400 GeV, M =100 GeV, cg_y = 0.006, |pryu| =
|opzl, e = =57 /4, pur =7 /4 — ¢y and ¢ = /2. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this
article.)
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VIA source terms

* Boltzmann equation for fermion with field theoretical approach
T
(‘95]'1’; = —/dBw/_ dw” Tr[Ei(X,w)Gi(w,X) — X5 (X, w)Gy (w, X)

— G (X, w)E5 (w, X) + G5 (X, w) 53 (w, X)} ,

- CP violations are included in self energy va A G’“.\ ,.‘Pb\
Prime means weak basis (- D /—t,;c,R—\
tr L\ % °L )
. . . nd .
does not contain contribution of 2" generation. Missing

Complex couplings

* As ,assuming CP conserving VEVs @1, 9, € R
V(Y1 + Yz)V}J% = \/§Ydiaga

Vi (=Y1 + Y2)Vg = \/§p,
St'L oc Im[Y144 Yoy + Y1ec Yoy = Im[(ylyg)tt] = Im[(VngiagPTVL)tt]

. . - 0 O
Source of top in weak basis —L,, D ) ; (Y1,i507" + Y2,ij05") ) g,

* Consider charm contribution in weak basis

S+ Ser o< Im[(Y1Yy )ee + (V1Y )ut]
= Im[Tr(Y1Yy)] = Tm([Tr(Yaiagp!)] = —yelm[pee] — yeImlpre], 15



Grossman-Nir bound

- Mixed Kaon states  |K; g) = p|K°) F ¢ |KO)

. . — — A
- Define amplitudes A = (x%wv| H |K®), A= (n"wv|H[K?) and A=12
p
* From measurement, |q/p| = 1 and || = 1. 70 ~ (au— dd)NZ, n*~ du,
K°~5d, K*~35u
» Using isospin symmetry relation A(K° — 7%w) = %A(KﬂL — 7o)
2 ’

'K — 7o)

we can find ~ sin’ @ ,where )\ — 20
'K+ — ntwy) A=e
. 200 - k0T0 96% CL
- We obtain upper bound
. GN exclusion E——
Br(K; — 7%v) <4 xBr(KT — ntww) 3 ._1/”
lg / (&)
with 7, [T+ >~ 4.2, o g
T BNL
» SM predictions S _, 787/949 E
m
4
Br(Kt — 7tvv)sy = (8.4 4+ 1.0) x 107 et

Br(K; — mvv)gm = (3.4 4+ 0.6) x 1071



Direct CP violation in Kaon decay

X K, - 2m

* K; (Ks) coincides with CP-odd (CP-even) state if CP is conserved.
Q KS — 2T

+ Mixed Kaon states  |K, ) = p|K°) F q|K9)
I : Isospin of two pion system

(I =2|T|Kp){(I =0|T|Kg) — (I =2|T|Kg){I =0|T|Kg)
V2(I = 0|T |Ks)" N .
0 — - 0 rephasing invariant quantity
X <I = 2‘ T ‘K > <I = 0‘ T ’K0> — <I = 2‘ T ’KO> <[ = 0’ T ‘K > represent direct CP violation

/
€

6_/ _ v ImAy (1— Q) — llmAz a, Qs - Isospin breaking effects
¢ V2|ex| | Redo ) 4 ReA, w = (2|T|K°)/{0|T|K°)
¢ € €
- (G O
€ € /SM € /NP
¢ GFOJ

X Y AQi(1))Usj (y i )Ims; (pce).

(2]

(?)NP - 2|ex|ReAy

* Hadronic matrix elements with lattice results

e This operator also causes K — mvv decays.

(—) = (21.7+£8.4) x 10~
SM

€ 17



Collider constraints

The most stringent constraints to p;.
cqg — tHQ/Hg — ttc

Same sign multi lepton signal

Due to interference b/w cg — tH, — ttc and cg — tH; — ttc, total cross section vanishes

withmy = my and Iy, = I}y, .

Difference of widths is small as 0(0.1) GeV,
so that cross section is efficiently small.

Solid : H, =
Dashed : H g

Other collider constraints relevant to p¢;
are weakened by large p¢..

00 02 04 06 08 1.0 12 14

18



About BAU (top transport)



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

+0f;
21



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

22



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 23



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.

24



Supplement figures



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 d
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 LT -
. 340<\1> Ly o
~~~~~~ "._. n \40 L. —
€ 300 T [Frmaly %
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



-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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-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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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

a=0.1

—

02 03 04

0.5

0.6

0.7

0.8

0.9

1.0
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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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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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di-Higgs production at linear collider

Higgs production at e+ e- collider Abramowicz et al., Eur. Phys. J. C (2017) 77 475 o
: __no qua.”.za.t'?f‘

T F ]
s [ e,
n
Lepton collider T E
e’ -:3): E
0k
TF
107" ;— |
102 _I A P . | ! !
0 1000 2000 3000
/s [GeV]
CLICdp 4:1 pol. scheme
£ 14 ]
& T = 68%CL |
o ; (\ = 95%CL. ]
Higgs self coupling at CLIC Stage-3 (3 TeV) 2105 \' I
I B
N 4 D’\
Philipp Roloff et al., Eur. Phys. J. C 80 (2020) 11, 1010 T Q\K \
0.95( . \W
C differential
0 93 HHvv: 3 TeV; 5 ab™
0.5""1""13.3
gHHH/gHHH 32



A, Measurement at future colliders

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

...... [10-201% ... 50% (40%)......

. FCC-geleh/hh @ FCC-eefen/hh
5% 25% (18%)

1L§;{FCC nLEa-FCC
rCC-eh&.m 5 FCC-oh3500
17424% n.a

§ FCC-eej,,

24% (14%)
FCC-ee,,.
33% (19%)
FCC-ee,,,
............................... 49% (19%]).....
ILC, 00 § ILC,
10% b 36% (25%)
ILC_, ILC,,

27% 38% (27%)

’ CEPC
...... CLICégLTéum)
3000 N 3000
T%+11% & 49% (35%)
cLic,,, < CLIC,,,,
36% ) 49% (41%)
’ JCLIC,,

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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Testing CP violation

* Future flavor and EDM experiments for testing CPV

31 S i
Blue : B - X,y *Kﬁ ________ |d,,| < 1.8x1072%e cm
24 X [ pp———
Black : 1 /," -------------- .
Mep = Acp(BY > X3y) 3 . ( Red: d, + C,, case 3
— 0 0 - NS 22— g
Acp(B? - X29) Q§_1< X V\\ =
[(X) — [(X IR Gray : d, — Cy, case
Acp(X) = M -2 P \/ Mcp
I'(X) + I'(X) ( ______________________
—3},7 LX pmmm==mmemTmT
0 2 4 6 8 10

- CPV in the decays of the neutral scalar bosons (|{;|«< |{.| case)
Phase of ¢, would be measured at upgraded ILC

120 V5 =800 GeV
3 HY >t~ S5 ytyy— --- Theory(f, =0°)
‘ / H2'3 Tt X VX v 100 - . Theory(6, =45°)
’ = c 1 Signal(g, =0°)
/ - — €
/ / . h™ . 80 signal(e, —15°)
/ _ -~ -1
/Ay / 2 FIT T
Z&) [+ < v P ) .
> . > 40}, % |—{—
"\ /4— T ) ES B g
' 204l 417
o ‘HY
% 1 2 3 4 5 6
A¢ [rad]

« Top-charm mixing effects on the BAU
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Constraints on the model

« Constraints from direct searches and various flavor observables

Direct search experiments

Hy3 > 1T
H2’3 (bb) > TT

H,; - tt

HY > tb

HY > v

Flavor experiments

By = pu
Bs = pp
B - Xy

1Sul = |Sal = |¢e| (Type | 2HDM)

» Experimental upper bound |(,| < 0.6

* Important Yukawa interaction for baryogenesis

Ly D¢,

V2M,

(%

Q31 P2bg + hec.,

« CPV interaction of top quarks to the bubble wall

Local mass term along to the bubble wall

my(z)

Yt
—

V2

(2)

|Cal = 1Ce]

Top transport scenario

103_

102 i

101 740

100_

me = 350 GeV

V : H* > th
1071 £

H*-tb
H*-tv
Hy-TT

H3->TT
—— Hy(bb)->TT
=== Hz(bb)->TT
— Hyott
—-—- H3-tt
—-- B2-pu

02 0.4 06 0.8 1.0

|l

Mme = mHZ

generates BAU

3
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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;.
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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)

d

-3

3_ 7

\ , .
——k=====w=====x=t_
N 7

~

Pl
/

—

- -~

dB4+d,(Cw)

_____

-

-

o~

——

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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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. 28



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

M, [GeV]

L L B L L

9 b=

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]
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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

10

Expected exclusion; Type-|

Current exclusion; Type-I|

Sg—a= 1

A-TT
A(bb)-T1T
A(bb)-bb |
A-tt

A-Zh
A(bb)~Zh
H-hh
H-ZZ
H*-tb

- H*>1v

2000

Sg-a = 1
ILC250
A-TT
A(bb)-TT
A(bb)-bb
A-tt
A-Zh
A(bb)-=Zh
H-hh
H-ZZ
H*->tb

- H=>1v

500 1000 1500

500 1000 1500

2000

Model Sd Su Sl
B 966 (2020) |TypeI| cotf |cotf| cotp
Type II|— tan 8 |cot 5| —tan 3
Type X| cot B |cot B|—tanp
Type Y|—tan 8 |cot 5| cotf
Inert 0 0 0
Current exclusion; Type-X Curlrent exglusion; Type-Y
30 S =1 30 Se=usl
— A-TT —_ A-TT
—— A(bb)-»1T —— A(bb)-1T
A(bb)-bb A(bb)-bb
10 P 10 s
— A-Zh — A-Zh
A(bb)-Zh A(bb)-Zh
....... H-hh veveies Hohh
3 H-ZZ : H-2Z H2,3 - TT
H*oth H*-tb
1 -==- H*oTV 1-/\ -==- HE>T1V H2’3 - tt
+
500 1000 1500 2000 500 1000 1500 2000 H_ - tb

Expected exclusion; Type-X

Expected exclusion; Type-Y

Expected exclusion; Type-ll
o >

2000

7 Sg-a=1 Sg—a=1 Sg—a=1
{ ILC250 30 —_— I‘I;_CZSO 30 e ﬁ_czso
— A-TT — A-TT — A-STT
—— A(bb)-TT —— A(bb)->T1T —— A(bb)->T1T
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A-tt A-tt A-tt
— A-Zh — A-Zh — A-Zh
A(bb)-=Zh A(bb)-=Zh A(bb)-=Zh
....... H_,hh 3 H_,hh 3 H_,hh
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Multl lepton search

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

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

330 GeV Cyan: leptonic tau decay i

Black shaded: H = 11

Black curves: multi lepton search

&

10 10
10 3 10
280 GeV & 7
10" 10"
10 5 5 10

10 10 10 10 10 10 10 10 10 10
10 10° 10
10 S 10' & 10
2 3 O GeV 710 = w710 ok W70
10 10" 2 10
10 10? 0 10

10 10 ICO 10 10 10 10 E) 10 10 10 10 1§o 10 10

e
107 10° 10° 10°
10' 10' g 10' 2 10'
my, = 180 GeV ;. L 1o 1o N
2 2 S

10 10 10 10
10 10 5 2 10 10

10 10 1§o 10 10 10 10 1{0 10 10 10 10 ]CO 10 10 10 10 1Co 10 10

e
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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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About Landau pole



“WPT and triviality bound

- Effective potential with high T expansion V(p,T,)

Ar

Verr(@,T) = D(T?* —=Tg) — ET|o|® + 2 p*

T

- Non-decoupling effect of heavy scalars
Ex) Two Higgs Doublet Model (2HDM)
m3 = M? + v? = v?  (lv? » M?)
1
4mrv3

E =~ (m, +m3 +m3) ~ g3/% + 23/2

- Large scalar self couplings are needed for strongly first order PT.
From RGE analysis, Landau pole appears around 1-100 TeV.

Triviality bound : A < 3 TeV

T

45



BSeyond Landau pole

A new theory is needed above Landau pole.

Ex) Minimal SUSY fat Higgs model

At the high scale above Landau pole,

scalar couplings behave as non-Abelian gauge couplings

Coupling
A

Asymptotic free
gauge theory

Effective theory

D))
R » Scale

Scalar bosons are meson states as a result of confinement like QCD.
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RGE analysis

- Scalar self couplings in aligned 2HDM Scale dependences of couplings (BP1)
A, Ay, A3, Ay, As A | pA2HDM
Re[], Im[2], Re[2,], Im[2,] s ; ;
% 10/ M : |
3 | I ]
L © 5 ' ]
- Beta function with dim. reg + MS scheme : : } ]
(at 1 loop level) o - )
- Consider threshold effect L T
10 100 1000 10*
From SM beta function to a2HDM beta function .. e
A |
5; I/\Gl :
- At matching scale, B S 1 I
o r 1
SM(~y — jA2HDM ~\ (i 5
M@ = A2 (i=1..7) $° :
fi = max{my,, my+} !
-5 |
No threshold effect :
— Landau pole appears around 1-3 TeV (2HDM) L ... Yo
10 100 1000 104

U [GeV] (preliminary) 47



e . 14
RGE analysis .
. E
: . 7 e
- Self-couplings become non-perturbative at A,;,. . o
maX{Ai} > 41 (l =1.. 7) 260 :'j:"d;;‘”";;‘--mgs‘o s 400 42%5\-%450 0
my, (GeV)
- Strength of PT and v,, /T, 400 ———
Te=- 35 Nap =5 Tev
VvV BP1 3801 V
my, = 267 GeV ~ | T
my, = my+ = 381 GeV E 360+— 10 — e |
M = 30 GeV Mg = 67TV T ggo T
x | T
$ BP2 % 320{ °°
my, = 397 GeV o LT "
L3000 0T
my, = my+ = 302 GeV & N
M = 30 GeV Ay =134 TeV  ,g,  Twostep =
Second order PT .
: : 20077575 300 325 350 \:%75 200 435 450
- Benchmark points for GW signal mp. (GeV)
Ha (preliminary)
Landau pole appear around A,,; = 0(10) TeV Vv BP1: Strong PT

< BP2: Weak PT 48



