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. What 1s the mechanism to generate the baryon
Baryogenesis . : :
asymmetric Universe from the symmetric one?

baryon-to-photon ratio n = ny/ny

Sakharov’s 1. AB ;é 0 Particle Data Group

Condition — 2. C and CP violation

Sakharov 1967 | 3 Departure from thermal equilibrium

SM cannot satisfy these conditions



EW Baryogenesis

Sakharov Conditions

1) Bnon-conservation map Sphaleron transition at high T

Kuzmin, Ruvakov, Shaposhnikov (1985)

C violation (SM i1s a chiral theory)

2 ) C and CP violati
) Can violation  map CP 1n extended Higgs sectors

3) Departure from B [WPT is strongly 15t OPT
thermal equilibrium

SM : KM phase not enough, EWPT not Istorder ... EWBG not viable

Extension of the Higgs models: new CPV and EWPT being 15 OPT .... EWBG possible!

Strongly First order PT In one-step EWPT scenario,
D¢ non-decoupling quantum effect
= Z 1 of additional bosons make it possible

2HDM etc 9

In the broken phase, sphaleron should
quickly decouple to avoid wash out 1.




EDM 1n 2HDM

* 2HDM with softly broken Z2 symmetry

Fromme, Huber and Seniuchi (2006);
Dorsch et al. (2017);Basler et al. (2021), and more

* Suppressed FCNC

Observation
* One CP phase |d,| < 4.1x1073% ¢ cm
- CP violation for observed BAU — |d,| = 0(107%%) e cm Roussy et al. 2022

Difficult

* General 2HDM Viable EWBG as the aligned 2ZHDM, but ...

Fuyuto, Hou and Senaha (2019); SK Kubota and Yagyu (2020);

- Assuming the Yukawa alignment for avoiding FCNC 2%021?;“0 iK and Mura (2021), (2022); Idegawa and Senaha
* Multiple CP phases EDM cancellation
- EDM depends on the parameters not related to BAU. d. ~ _ r\j\)
e — 2 \
+ .
, - 7%
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(a) Fermion-loop. (b) Higgs boson-loop.



EDM 1n 2HDM

* 2HDM with softly broken Z2 symmetry

Fromme, Huber and Seniuchi (2006);
Dorsch et al. (2017);Basler et al. (2021), and more

* Suppressed FCNC

Observation
* One CP phase |d,| < 4.1x1073% ¢ cm
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Is such cancellation really neessary? ~ ~ 7/L7
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(a) Fermion-loop. (b) Higgs boson-loop.



SK, M. Kubota, K. Yagyu (2020)

Aligned 2HDM (a Viable ScenariO) K. Enomoto, SK, Y. Mura (2021)

General Higgs potential in the 2HDM Higgs basis
(ot f f G+ _ H*
V== 1 %(®17®1) — 2 (P21 @y) — (/L?, (®1'®y) +hc) B, = (\L@(v+h1+iG0)) Py = (%(hg—f-'l:h:;))
1
+ 5)\1(<I>1T<I)1)2 + 5)\2(@2]@2) FA3(,TD)(DoT®y) + Ny (DT (D, TD5) Davidson and Haber (2005)

1
- {<5A5<1>1T<1>2 + Ae®1 '@y + A7<I>2*<1>2) O, 1P, + h.c.} , (13, A5, X6, A7 € C)

1
m%{i — M? + 5/\31)2
To satisfy LHC data  avoid mixing between 4 and heavy Higgs bosons: A,~ 0

) A e[\ —TIml\ 2 :
Mass matrix . . o @ IIE Mh g 0 Higgs
of neutral scalar ME=TL el S 20+ Aa ot RelAd]) ~recs - 8 m(? g 02 alignment
bosons d —3lmfd] M+ 3(As + A1 — RelXs)]) "M Hs arg[1,] = 6,
rephasing
Avoiding FCNC: Yukawa alignment is imposed y]? =( fy} (f =u,d,e)
Yukawa
_ V2M, ) M 21, ,
Ly=-Qp \/_U <<1>1 + G, 4)2) ur — Qp, V2, (@1 + Ca®2)dr — Ly v (®1+ CeP2)er + hoc. alignment
Multiole CPV phases Higgs potential arg[A,] = 0, Pich and Tuzon (2009)
P P Yukawa couplings  argl[{y] = 6y, arg[{4] = 64, arg[l.] = b,



Constraint from eEDM

dy
9

LEDM = for (iv°) f Eu

T violationif #0 2 CPV (CPT theorem)

d., =~
— e
|d,| < 4.1x1073% e cm
Roussy ef al. arXiv:2212.11841
Aligned 2HDM
Higgs potential argl1;] = 0,

Yukawa couplings arg[dy] = 6y, arg[{y] = 04, arg[l.] = 6,

|(:u| |Ce| Sill(@u _ 96)

Barr-Zee type diagrams

o 10%°e cm
|A7|[Ce| sin(67 — 6e)

when Ce: Cu - Cd

cEDM data can be satisfied by destructive interference (cancellation) among multiple CPV phases

dy = dy(fermion) + ds(Higgs) + ds(gauge)

Fuyuto, Hou and Senaha (2019); SK Kubota and Yagyu (2020);
Enomoto, SK and Mura (2021), (2022); Idegawa and Senaha (2023); and more 9



Evaluation of BAU

Aligned 2HDM

Chemical potential

0.001

tbp

bottom
singlet top

Top transport
0.0005} higgs —— 1 scenario

-0.0005

H(Gev)

-0.001}

-0.0015¢

-0.002

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

z(GeV'

In symmetric phase, B is produced by sphaleron

sph dz (LB fS Nz sphz/(4vw)

B =

Frozen at the Broken phase when v,/T,, >1

Cline, Joyce, Kainulainen

L, : wall width M =30GeV, \=0.1, [\|=08, 6;=—

T, : nucleation

16| = |G| = || =0.18, 6, =0,=-2.7, §.=-0.04
temp

K. Enomoto, SK, Y. Mura, 2022

Vo =_O.45 |

E;T“ (95% CL)

Two step
280+ or

Second order PT

275 300 325 350 375 400 435 450
My, (GeV)

BAU data reproduced (pink region)

BBN _ "'B _ ~11
Tobs = — 8.2-9.2 x 10 P




Test of strongly 15t OPT

h

Example ‘

A ‘ Aligned 2HDM

Stronlgly 1% OPT ),
— Alarge deviation in the hhh coupling

SK, Y. Okada, E. Senaha, 2005

The hhh coupling can be measured at HL-LHC,
or future e*e colliders

et 7 et
~h WS 5, h
W S~ h
~h
e Ve e

EW Baryogenesis can be tested
by the hhh measurement

Deviatim\l\ in the hhh coupling (%)

K. Enomoto, SK, Y. Mura, 2022

Two step
280+ Ar

Allgned ZHDM
260

N X 10_11

mey, (GeV)

300 335 350 375 400 435 450

Higgs@FC WG November 2019

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee€| -

ILC

CEPC

CLIC

\\ R \ N\ N f\ AR .-, \\\‘j\]
N \ra |,

0 10 20 30 40 50
. 68% CL bounds on x, [%]
arXiv:1905.037

di-Higgs  single-Higgs
HL-LHC HL-LHC
...... 50%....cocerernen e % (ATH),
HE-LHC HE-LHC
AAAAA [10-20)%........ =2 50% (40%) ...
. FCC-eeleh/hh D FCC-eeleh/hh
% 25% (18%)
LE-FCC LE-FCC
15% n.a.
FCC-ehy,, D FCC-eh,,,,
...... A7+24%, ... ==2na .
4P
FCC-ee;
24% (14%)
FCC-ee,,
33% (19%)
FCC-ee,,,
............................... 49%, (19.( |
ILC, o ILC, 100
10% 36% (25 %)
ILC,,, ILC,,
27% 38% (27%)
ILC,,
............................... 49% (29%)......
CEPC
............................... 49% (17%)......
CLIC,,, cLic
T%11% 49% (35%)
CLIC,,, CLIC, .,
36% 49% (41%)
CLIC,,
50% (46%)

All future collidelsl:ombined with HL-LHC




t K. Enomoto, SK, Y. Mura, 2022
Test of stronglv 15t OPT oo va=0as y
Bubble Collisions Example 380}V o I
BBN &%)
“Sound waves” Ahgned 2HDM / nobs. (QSA CL) 11
“Turbulences in.the plasma”
-9
7
Two step

K. Enomoto, SK, Y. Mura, 2022
10—11 J
GWs for benchmark > 10-131
points of BAU ol
N
< 10—15 i
They may be tested
by future GW experiments —17 |~ BPlb
y p 10 - BP2b
10—19 / ) |
10~> 1073 10°! 101
f[Hz]

~

Aligned 2HDM -

~ 275 300

Dotted curves: Sensitivity Curve
M. Breitbach et al., arXiv: 1811.11175

Solid curves: h?Qpigc [SNR criterion]
J. Cline et al., arXiv: 2102.12490

12

N X 10~ 11



Alternative scenario for EWBG in 2HDM
without EDM cancellation?

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236
* This old scenario (aligned 2HDM) relies on the cancellation of Barr- Czi

Zee-type EDM diagrams due to multiple CPV phases

* Barr-Zee type diagrams are given by light fermion couplings with #- (Jd
Higgs bosons. If we just switch off them, EDMs via the BZ diagrams ..
vanish, while the CPV phase in top Yukawa can generate BAU. 7’%

* Still, the CPV phase of the top couplin%for EWBG can lead the top-
quark (C)EDM, which causes n, p, ¢ EDMs

* We examine whether this scenario works well or not under all
theoretical and experimental constraints.

* The scenario 1s viable under current experimental bounds, and also
testable at future EDM experiments as well as other experiments.



Minimal 2HDM Scenario for EWBG

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236



Starting from the general 2HDM

Most I potential Higgs basis Gt H*
° ost gencecrail potentia — = 1
8 P ®1 = L(v + hy +iG%) 2 E(hz + ih3)

V2
V = —‘u%q)Iq)l + MZCDE(DZ _ (#%cbicbz + h. C.) Davidson and Haber (2005)

1 2 1 2
+§/11(c1>1c1>1) +§/12(<I>§<I>z) + A3 (D] 1) (D] D2) + A4 (] D2) (9] P, )

1
+ {(EASCDICDZ + AP D, + /17c1>§c1>2) did, + h. c.} (U2, s, A, A € C)

* Most general Yukawa sector

[’Y = — Z (Q_LYI;l:uEISkuR + Q_LYk,chde + EYR,ICDkeR + h. C.)
k=1,2

i =diagw, Ve, ye)  Yia = diag(Va, Ys: Vb) Y11 = diag Ve, Y ¥r)

* Y, is general complex matrix

P P Pt
e.g.) Up type N v FCNC couplings are bounded
Yz,u = | Puc Pec Pre to satisfy experimental constraints
Put Pct Pttt Y €Xp .



General two Higgs doublet model

* Stationary conditions and mass spectra

av 1
ET ui = 5/117?2, us= 5/16772
i
A v? Re[A4]v? —Im[Ag]v?
%V 1 1
— ]V[n — Re[)l,6]172 ]W2 + _(/13 + /14_ + /15)172 __Im[A5]
oh;oh; T Y “ .
—Im[A4]v? — ilm[/ls] M? + E(/lg, + Ay — A5)v?

2
mHi = 1\42 + 5/13172

Mass eigenstate for neutral scalar bosons 125 GeV Higgs

hq Hy /
Orthogonal matrix R h, |=R| Hz |, RTM™"R = diag(mpy, , my,, my,)
h3 Hj
* CPV rephasing invariants in the model d, - el P,

Potential: Im[A:A2], Im[A£A5], Im[A;4,]

Yukawa: Im[A=pZ ], Im[Agpee], Im[A,p.] (and other p; j related invariants)



Our scenario

ATLAS, Nature (2022);

* Discovered 125GeV Higgs is SM like  CMs, Natre (2022); 2001

e.g.) HiZZ coupling  k, =1 11¢] < 1 150

@1(z) ~ Re(®?)

oRn
B Im[A 3], Im[Asp7], ImlA;pe ) > merme
* From Yukawa interaction of top quark, we get e
-02 -0.1 0.0 0.1 0.2
2 N1 Velpiel / I , , Zleev]
me b ~ — {(p1902 — @291)sin(arg [pe]) + (@301 — P193)cos(arg [pg])}

Top transport scenario
* For sufficient BAU, Im|[4,p;]| is necessary.

- If g =~ A, = 0, tree level potential approximately has Z, symmetry (®, = —®,).
= Qr,P3 K1

* See essential effects: we consider Minimal Setup for EWBG in 2HDM
pij = 0 (except for ps;) and A, =Ac=1,=0 (A4 = 45 is for T parameter)

» My, = My, = Myt = Mg One available CP phase: arg[A-p:]

17

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236



(Used Cosmotransitions)

Electroweak phase transition e 011

» Several fates of the vacuum

5
101 o
1% 8
| )
No EWPT 7 [
81 ] ®
j 6 o e
_ ® . ee 3 .
> o o o 00 &~
< 67 <5 . ee® =
| % EWB‘G possible region ] - 0000 Ly =
] (first order PT) 4 _ 0000
4 . - 0000
;] . 0000 |
‘4 ] . 00000
14 2nd order PT ] 000000
21 2] | o® 0
0 200 400 0 200 400
M [GeV] M [GeV]
* For successful EWBG, at least, 1
- Cf) mzi =M2+§/13‘U2
* O(1) large A3 coupling .
+ Satisfying vy, /T, > 1 are needed. _
mHZ = mH3 = mHi

M. Endo, M. Aiko, S.K., Y. Mura, arXiv: JHEP 07 (2025) 236

18



EDMs 1n the minimal setup

* Top chromo EDM induces Weinberg op.  py=0.1 ‘e‘i‘"/“‘, My =My, =350 GeV.

and light fermion EDMs by RGE running. - ‘11 ]
8 rom 1 loop 1
Kamenik et al. (2012); 10728 \ .
Hisano, Tsumura and Yang (2012); - ]
and more works From 2 loop 1
—| (Minimal setup) \ /
5 ) °
2,
E 10_29;
* At 1 loop level ; :
. - a4 =0 A6 = 0)
1 loop cont. vanishes 1
e.g.) f{ 2_,3\ with my, = my, (A5 = 0). 0.01 -
-, ~ B M H
.’ s 10730 0.02 .
1 \ 2 _ P TP TP TP PSP S SRR &
¢ —t — ¢ < Im|Aspf] (=0) 200 300 400 500 600 700 800
Ptt Ptt
\QQQQQ my, [GeV]
* With the minimal setup, 2 loop diagrams are leading. M. Endo, M. Aiko, S.K., Y. Mura,
JHEP 07 (2025) 236
e.g.) o
Ny
IR 2 At the red point,
' ‘ o< Im[A7py]

A, = e™/* —y2 = 30% GeV? are taken.

t — t
YVt \QQQszt 19
(@ = Hz, H3, Hi)




Renormalization

* UV divergence in mixing-self-energy diagrams

d P
Hl ’/\ H2’3 T ”—\\
\ ! \
]

A7 B // \\
! ) 17315 = Hi -l k- Hj 3 \

t — % t \ci{ H, -\—\—’-"-~H2,3

* Effective potential renormalization

0%V
=0,
0p;0¢;

av
dp;

g O =0
= M,
P@? =0+ =0

P=VEwW P=VEW

* Other renormalization schemes?

e.g.) MS scheme déw_s = dEf + Ad, * Scheme conversion AF = AP + AN

H;

- =~

AEP = 0 does not mean /1? = 0. déw_s =d¢" + Ad, — Ad, + O(h®) , \

t — — ¢
from one-loop \QQQQ{




Other scheme (MS bar

/\S——/\ — /\/\lg—2
. 0g— + ...
o ST 2 mé Ep

J(l) MS n d(z) MS

H;
/,/’——\\\\ Hl ” \\ H2,3
t ’ \ t 'I ‘I
%o £ — = t

MS bar

M. Endo, M. Aiko, S.K., Y. Mura, o 3
JHEP 07 (2025) 236 M3, = Hy--( O

AZP = 0 does not mean A2 = 0.

— d¥ + 0%
H; ,’, @ | Hy
t — M t

EP scheme

EP

In the on-shell scheme,
we also confirmed
the similar relation

ng),Mg _ ngz) +AJ§2)’M§,

AP =

Im [/\7Ptt] 3)\3'0

2m? 2

Im[A¢pu] v 2m?

V2

JOIS _ i

2 9
167 mg — My,

V2

C11[®,t,t] — Cy1[Hy, 1, ]
( )

(011[<I>,t,t] Cn[H, t, t]) log £

mq)

N2 2 _ o2
(167%)2 mg — my, TS

MS



e, n, p EDMs from top (C)EDM from Im|A- o |

1 - . 5 W 1 7 — . 4 1 ~bv L
Lopy = =5 dybouiy VP = 5 g5dy@o,uin™ TG + S fue G, GG A ﬁ
t

Induced Weinberg operator and EDMs

- 2 d, dy, =18x10%ed;, dy=—-20x10"e d,.
ow'" [gs = 5 ~ 9 ~ 8 3 H, - . Has
3272 my d, =—80x10"d;, d;=—-1.7x10"°d,, ’ )

w=—1.4x% 107" GeV~! d,, t \%}\ t

hadronization scale pg = 2 GeV

QCD sum rule

dy, = 0.73dy — 0.18d, + ¢(0.20dg + 0.10d,,) + 23 x 1073 GeV ew,
d, = 0.73d, — 0.18d; — ¢(0.40d,, + 0.049d;) — 33 x 107* GeV ew,



Experimental Bounds on Electric dipole moments (EDMs)

Current bounds Expected sensitivities in the future
_30 - / - —33 Vutha et al. (2018)\
- Electron EDM  |de| <4.1X107% ecm  jiia, science (2023) | |del ~ 107" ecm - n 0004
* Neutron EDM |d,| < 1.8x107%% e cm Abel et al. PRL (2020) |dy| ~ 10728 e cm nEDM
(2019)
* Proton EDM |dp| < 2.1x107%° ecm Sahoo, PRD |dp| ~107*? e cm Alarcon, et al.
(2017) (2022)

. /




Correlation between EDMs and BAU

* Scanning parameter space me = [200,500] GeV, uf = [-m3, 0], |ps:| = [0,0.5]

1A;] = [0,1], A, = [0,1],arg[A;p] = —7/2, v, = [0.1,1/V3]
* Neutron and proton EDMs

|d,,| < 1.8x1072° e cm (current) ldp| < 2.1x1072° e cm (current)

102 1| |d]=2x10"*ecm
10> T (|~
g g 111d,|=1%x10"%ecm
\B) \B)
_ -30 R -30
= 10 1 - 10 7 3 >
S i = =
e = — =)
i o i
° X X
10! °® % 10°'4e® ¢ % 0.1
°
‘v = oo %% 2
: ° 0’. : ) ”
10 T P T 10 T A AT ST
10 10 10 10 10 10 10 10 10 10 10 10 10 10
"B

B

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236 »



Correlation between EDMs and BAU

me = [200,500] GeV, i3 = [-mg, 0], |pe| = [0,0.5]

* Scanning parameter space

* Electron EDM induced by top EDM

Cirigliano et al. (2016), Fuyuto and Ramsey-Musolf (2017)

c. g) * Dipole operators for top are induced
below A = mg.

* Matching to d, at u ~ my,

where top, Higgs, W and Z are integrated out.

271 = [0,1], 2, = [0,1], arg[A7p4] = —7/2, 1, = [0.1,1/V3]

0.4

1072 H=mz
1 JILA (2023)
10730
=31
g 10
\B]
= 107 =
S
33 4
10 7 +----8Bs -V il =~ - - - - - - - 0 |-
] |d,|=1x10"%e cm I
4 € g
34| o @ ®ele
10 -

"B
M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236

10" 10" 10

—-13 10—12 10—11 10—10 10—9

25



eEDM from the top EDM from Im|[A;p¢]
[—]1 ,'\ H2,3

Effective operators below the scale A (= mg)

/

1 g il TP g rayp a F
Log = ( Ct,BQLO'M tR(I)1Bw/—|— —thQLO'p“ trTD,

(5 7

AP = %Im[CtB],

After RGE flow, by integrating out t, W, and Z at the scale y, eEDM is obtained

d, = € (£>2(10g é>2 [(Ae — D )Im[Cig| + (B, — Ee)Im[CtW]]

20 \A 1L

Wi, + h.c.) 7

ke = _5-)}6(9% +9§)a

Ve

Neyeys/ (4m)

H pu—
mt, mh, mZ



Correlation among EDMs M. Endo, M. Aiko, S.K., Y. Mura, arXiv: 2504.07705

* Strong correlation among EDMs (dashed: future prospect bounds)

10734 10733 10732 10731 10730 10734 10733 10732 10731 10730

|d.| e cm |d.| e cm

* All of CPV quantities are correlated by Im|[A;p¢¢].
=>. Characteristic prediction of our scenario

* Null results of EDM in the future experiment
=. We need to start considering a cancellation mechanism. 27



Phenomenology

15t OPT

Deviation in the di-photon decay and in the hhh coupling, gravitational waves, ...
CPV
cEDM, nEDM, pEDM, Colliders (gg — H,/JH; — tt, H W7, ...)

Shape of the 2HDM

Deviation pattern in decays of h(125) via the quantum effect
Detect heavy Higgs bosons H,; — tt, H* — tb

Detailed study to be done



Summary

For BAU, additional CP violation 1s necessary, strongly 1st OPT 1s realized
* Inthe SM, 1nsufficient CP violation, Smooth Cross Over
 In2HDM, additional CP violation can be introduced, and 1%t OPT is realized
Rich predictions, but severely constrained by eEDM data (B-Z type)

We have considered a Minimal scenario for EWBG 1n general 2ZHDM
* take p;; = 0 except for p;; to avoid constraints from B-Z type eEDM.
* Im[A;p¢] 1s the most important rephasing invariant for EWBG.
* In the minimal setup, only Im[A,p;| causes EDM and BAU.

No EDM cancellation necessary

Two loop EDMs and BAU with the minimal setup
* We evaluated leading 2 loop top EDMs in the minimal setup.
* Correlation between EDMs (n, p, ¢) and BAU.

e Qur scenario 1s viable under current bounds, and would be testable 1n the future. N



Thank you

Dr. Wani



EW Baryogenesis

* 15 OPT = bubbles of the broken phase

P
! AB#0
"o Profile
broken symmetric Bounce solusion
phase phase D(z)
L . -

Figure by Funakubo 1996

Broken
phase

Symmetric Phase




Symmetric Phase
<p>=0 AB #0

EW Baryogenesis
J
* 1t OPT = bubbles of the broken phase B
* CPV = charge flow around the wall /fL

<@>¢O
Broken Phase CPV

32



Symmetric Phase
<p>=0 AB #0

EW Baryogenesis
Ji

/E

* 1t OPT = bubbles of the broken phase
* CPV = charge flow around the wall

<@>¢O

Broken Phase CPV
-
BB >0

Dirac equation solved by WKB method
Cline, Joyce, Kainulainen 2000

Boltzmann equation
(8¢ +’Ug ¥ (‘9;,3 + F - 8p)fz = C[fz.fj. ‘ ]

L Different sign between » ITransport eq
for

particle and anti-particle

+9f;

fl o Cﬁ["fu:(Elﬁ+'Uu:pz)_Il-i: :t 1 33



Symmetric Phase
<p>=0 AB # 0

EW Baryogenesis
Ji

* 1** OPT = bubbles of the broken phase

* CPV = charge flow around the wall l/ f1
* By accumulated charge in symmetric phase, <p>#0 AB=10
baryon number is generated via sphaleron Broken Phase CPV
-
BB >0
B asymmet
Chemical potential Y A 4 B
broken Produced
. \;L B Fsph phase T~ via sphaleron
"B=TTT | sym. phase 7

wall 34



EW Baryogenesis

* 1** OPT = bubbles of the broken phase
* CPV = charge flow around the wall

* By accumulated charge in the symmetric phase <p>#0 AB =0
baryon number is generated via sphaleron Broken Phase

* In broken phase, produced baryon number is near wall

frozen, if sphaleron process decouples non-equil.

\

BAU n~ 10719

- -

B-number !

Sphaleron decoupling Pe < 1
~ frozen S

in broken phase T.




WKB method

Bubble

* Transport equation for chemical potential

Con"(z) + Cy pu'(z) + C3 u(z) = Scpy

where, u(z) = py — Uy
By solving Dirac eq. for 1 with WKB approximation, we have
Scpy = Cy4 (mfbgztb)’ + Cs mlngltb (mtzp)’- C; are functions of z, T, m, and v,,.

Final BAU:  np = (const.) T f dz ug, e g~ (const) Tgpy z

washout

sph

Comments on VEV-Insertion-Approximation (VIA) method

* BAU evaluated by VIA method tends to be larger than that by WKB method.

* Main difference: CPV source is derived by SK formalism.

* LO-term used as the CPV source vanishes by correct resummation.
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We evaluate BAU using semi-classical force method 1504
with WKB approximation. -

(3‘ 100 A

CPV source term 1n the transport equation 0 0.

_ o (a2 0 Y NS oy o200 (22 N9
Sg = —1 L‘,w(m 1 Hfl) Q7 + yowmy, by, (m fz) Q, N
02 -0 0.0 0.1 0.2
z[GeV™]

Top transport scenario
In the Minimal setup, the local mass and the phase for the top quark are given

1 .
m; = 3 (yftp‘f + 11?93 + ©3) + 242| pie| 91 (02 cos B + o3 sin 9tt))=

4

1 .
mib; = 5 4 Yielpul ((99399’1 — P15 cos b + (1165 — paipy) sin 9tt)

+ lpul* (Pl — eaih) ¢ + -



baryon density parameter Qph*
1072
—

BAU and Baryogenesis -
Baryon Number s T sy 10710 = A
of the Universe s n, n, (=( )X ) :

TLi/H

. What 1s the mechanism to generate the baryon
Baryogenesis . : :
asymmetric Universe from the symmetric one?

baryon-to-photon ratio n = ny/ny

Sakharov’s 1. AB ;é 0 Particle Data Group

Condition — 2. C and CP violation

Sakharov 1967 | 3 Departure from thermal equilibrium

SM cannot satisfy these conditions
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