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Introduction



Baryon Asymmetry of the Universe : BAU

Cosmological observations show that our Universe
is baryon-asymmetric.

Vi = %B — (8.59 +0.11) x 10~ 11

P. A.R. Ade et al. [Planck Collaboration], arXiv:1303.5076

np = ny — 1Ny > Entropy density

Ny(p) * (Anti-) Baryon number density



Many possibilities

There are many scenarios for baryogenesis.

|. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from

primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis.

9. Electroweak (EWV) baryogenesis. 10. Local EVV baryogenesis. | |. Non-local EW baryogenesis. |2.
EWV baryogenesis at preheating. |13. SUSY EW baryogenesis. |4. String mediated EW baryogenesis.
|5. Baryogenesis via leptogenesis. | 6. Inflationary baryogenesis. | 7. Resonant leptogenesis. |8.
Spontaneous baryogenesis. | 9. Coherent baryogenesis. 20. Gravitational baryogenesis. 2. Defect
mediated baryogenesis. 22. Baryogenesis from long cosmic strings. 23. Baryogenesis from short
cosmic strings. 24. Baryogenesis from collapsing loops. 25. Baryogenesis through collapse of
vortons. 26. Baryogenesis through axion domain walls. 27. Baryogenesis through QCD domain
walls. 28. Baryogenesis through unstable domain walls. 29. Baryogenesis from classical force. 30.
Baryogenesis from electrogenesis. 3 1. B-ball baryogenesis. 32. Baryogenesis from CPT breaking.
33. Baryogenesis through quantum gravity. 34. Baryogenesis via neutrino oscillations. 35.
Monopole baryogenesis. 36. Axino induced baryogenesis. 37. Gravitino induced baryogenesis. 38.
Radion induced baryogenesis. 39. Baryogenesis in large extra dimensions. 40. Baryogenesis by
brane collision. 41. Baryogenesis via density fluctuations. 42. Baryogenesis from hadronic jets. 43.
Thermal leptogenesis. 44.Nonthermal leptogenesis.

M. Shaposhnikov, J. Phys. Conf. Ser. 171 012005



Many possibilities

There are many scenarios for baryogenesis.

9. Electroweak (EW) baryogenesis

Electroweak Baryogenesis  uumin, Rubakov, Shaposhnikov, PLBISS, 36 (1985)

Baryon asymmetry is created during EVV phase transition

Since energy scale is O(100) GeV, collider physics can probe.



Sakharov’s criteria

Sakharov’s 3 conditions can be satisfied as follows:

(1) Baryon number violation

Sphaleron process

(2) C and CP violation

Chiral gauge theory and CP phase

(3) Out of equilibrium

|5 order EVV phase transition with
expanding bubble walls



Manton, Phys. Rev. D28 (1983) 2019

S P h aI e ro n P roc es S Klinkhammer and Manton, Phys. Rev. D30 (1984)

(B + L) non-conserved process due to chiral anomaly

- Sphaleron transition rates (/time/volume) aw = g3/4n

Symmetric phase : FS) ~ k(o T)* k=0.1~1.0
Broken phase : Fg) ~ T4e! Eson/T Egpn ¢ Energy of sphaleron

B-changing process is active at finite temperature
but is suppressed at T=0.



| st order electroweak phase transition

The Higgs VEV discontinuously changes.

v(T) Ve (T) T>Te T=Tc T=0
v
\'Ye; Ve
I
Tco Vv

T¢c : Critical temperature vc :Higgs VEV at T



Basic story

If the first order EWPT is achieved, bubbles can
be nucleated around at T~

Symmetric phase

Bubble v — 0

Broken
phase
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Ex) Boiling water



Basic story

If the first order EWPT is achieved, bubbles can
be nucleated around at T~

Bubble

Broken

phase Symmetric phase
v 7& O V= O

EWPT ends when the Universe is filled with bubbles.



Basic story

(1) Particle and antiparticle interact with bubble wall.

«
<«— d.
Br;])ken Symmetric phase
phase
v =10
vV =+£0
€< Or



Basic story

(1) Particle and antiparticle interact with bubble wall.

o L a Symmetric phase
Broken 4ﬁ:fz v =20

phase

V#O < R

~
S

The transmission to bubbles is different between
particles and antiparticles under CP violation.



Basic story

(2) Sphaleron process changes the number of
the left-handed particles.

a.
a. |
L

« A

Broken
phase

<€ Oy

V#O dr

a

Symmetric phase
v =10



Basic story

(3) With the expansion of bubble, np # 0 can be
included in it.

AL a. a.

o[ I\

q :

« " Symmetric
Broken
phase
phase
vV # 0

U - Velocity of bubble

QR



Possibility of EWBG

In the SM, |5t order PT and enough CPV are not obtained.

Successful scenario for EWBG needs

|) New Scalar for the |t order PT

2) New CP violation



Possibility of EWBG

In the SM, |5t order PT and enough CPV are not obtained.

General Two Higgs Doublet Model

|) New Scalar for the |t order PT

Two Higgs doublet : @ 5

*Two doublets couple to fermions.

2) New CP violation

v/ Complex Yukawa couplings



General Two Higgs Doublet Model



General Two Higgs Doublet Model

Yukawa interactions : 4, j : Flavor indices

—ﬁy — l_iL (qu)l -+ Y2(I)2)ij €iR -+ h.c.

V1 = v Cos

_ b o
P12 = (%(v@ + hy + da;) vy = vsin S
We take 15 = 1.

Y:, Y5 : Complex numbers Important couplings!



General Two Higgs Doublet Model
CP-violating interaction with expanding bubble:
—,CY = l_iL (Yl V1 + Yg UQ)ij €iR + h.c.
Bubble

' 7/
Broken Y, s TR’(MR ¢

Y-
phase /2/ \i




General Two Higgs Doublet Model

CP-violating interaction with expanding bubble:

—ﬁy = l_iL (Yl V1 + Yg v2)ij €iR + h.c.

Sakharov’s 2" condition: N ’
np ocIm (Y1), (Ya)]; >2/ ‘ \Y\

Imaginary parts in Yukawa interactions lead to the BAU.




General Two Higgs Doublet Model

After diagonalizing mass matrices

_ Yi 1
—Ly 3 éir 7%5@735—@ T \ﬁpij%—a e;rh  +h.c.
Yukawa : ¢t Complex : ‘pijfeqbij
v

Sg—q =sin(f —a) *SMlimitis sg_q =1

@ : Mixing angle between 7 and H
with 125 GeV



General Two Higgs Doublet Model

After diagonalizing mass matrices

_ | Y 1
—Ly De; | —=0;iS_a + —=piiCs—a|€iph -+h.c.
Y L /21 B \/5103 B JR
Relationship :
) = VLT gy — sap) V}]; er, — Vier
Yo =V [sgy + cap] V3 er — Vrer

Nonzero P can be induced by the nonzero Y, andY,.



T. Liu, et al, PRL108(2012)221301

APP roximate C| iago nal Ization HK Guo, et al, PRD96(2017)1 15034

KF, et al, PLB 776 (2018) 402
Assumption: ¢ = 1, 2

(Yi)ee 0 0
Y; = 0 0 0 and (Y1) = (Y2)r
0 (Yi)rn (Yi)rr

In this case,

Vi (Yicg + Yosg) Vg = dia(0,0,y-) with Vp =1

Im [(Yl)T,u(YZ)iLJ = —y,Im(prr)
BAU Low energy

BAU parameters can be related to low-energy parameters.



T. Liu, et al, PRL108(2012)221301

APP roximate C| iago nal Ization HK Guo, et al, PRD96(2017)1 15034

KF, et al, PLB 776 (2018) 402
Assumption: ¢ = 1, 2

(Yi)ee 0 0
Y; = 0 0 0 and (Y1) = (Y2)r
0 (Yi)rn (Yi)rr

In this case,

Vi (Yicg + Yosg) Vg = dia(0,0,y-) with Vp =1

Im [(Yl)T,u(YZ)iLJ = —y,Im(prr)
BAU Low energy

v How large low-energy parameter is necessary for BAU ?



Lepton flavor phenomenology



Lepton flavor structure

Yukawa interactions at low energy:

_ | W 1

—Ly 3 €L 7%57;3'85—@ + ﬁpijcﬁ—a e;rh
Off-diagonal parts cause
flavor-changing process



Lepton flavor structure

Yukawa interactions at low energy:

; 1
—Ly 3 &r, %5@'85—@ + ﬁpijcﬁ—a e;rh

Off-diagonal parts cause
flavor-changing process

Our setup: 0 0 0
P = 0 0 Pur |/0,u7'| = |p7u|
0 pru  Prr

v/ We discuss the possibility of creating BAU and
lepton flavor processes.



Y-F Zhou,Y-L Wu, EP| C27(2003)577

Le Pto n ﬂ avor JYH?F?SEE%Eli?fo”zﬁfé‘ﬁ*ﬁ?‘g"f,kfé’fé 19(2016)
Off-diagonal components : Pur Prpu

|) Lepton flavor violating decay of the Higgs

Br( h —> Ut ) < 025% CMS Collaboration, CMS-PAS-HIG-17-001.
BI‘( h — /’LT) <1 43% ATLAS Collaboration., EPJC77 no2 70 (2017)



Y-F Zhou,Y-L Wu, EP| C27(2003)577

Le Pto n ﬂ avor JYHSSSEEibﬁiﬁfonzzﬁﬁﬁ‘éikfﬁsbi 19(2016)
Off-diagonal components : Pur Prpu

|) Lepton flavor violating decay of the Higgs

Br( h —> Ut ) < 025% CMS Collaboration, CMS-PAS-HIG-17-001.
BI‘( h — /’LT) <1 43% ATLAS Collaboration., EPJC77 no2 70 (2017)

2) Muon EDM and g-2 f_Pur  Pral 1

%

—19
‘ d,LL ‘ < 1 * 9 >< 1 O € CIn G.W.Bennett et al. PRD80,052008(2009)

da, = a, " —a," = (26.1+£8.0) x 107"

K. Hagiwara, et al, ]. Phys. G38(201 1)085003.



Lepton flavor Electron EDM
Diagonal component: POrr

d.| < 87! 107°Y e cm

ACME Collaboration, Science 343 (2014) 269

d.] < 1.3x107%% ¢ cm R

W.B. Cairncross et al., PRL.119,n0.15,153001(2017) 6 /




Lepton flavor Electron EDM
Diagonal component: POrr

d.| < 87! 107°Y e cm

ACME Collaboration, Science 343 (2014) 269

d.] < 1.3x107%% ¢ cm R

W.B. Cairncross et al., PRL.119,n0.15,153001(2017) 6 /

All components : Put Prp Prr

Br(t — puy) < 4.4 x 10" ®

K. Hayasaka et al. [Belle Collaboration], PLB666 (2008) 16;
B.Aubert et al. [BaBar Collaboration], PRL104 (2010) 021802

L=~~~ H, A, H*

\
\

! Prr Prul

67 Z T



Results



Results : BAU

Ipml=|pml
180 — —

05<lp <10 -
O1<|pr |<05 ;

160 [
[ pu;c

140
120 |

100 |

(I)‘IZ‘E

80
60

40 |
[ obs
20 | YB > YB

0.7 075 0.8

Random scan in

(|pr+|, ¢rr) plane
® 'n|=0
<+ 01<|l,-|]<05

A 05<|pu| <1

Nonzero Pr+ and Prpu
can produce the BAU.

0.7

I
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Results : BAU at benchmark point

My = 350 GeV My = My+ = 400 GeV cg—o = 0.006
¢T,u—|_¢,u7- :7T/47 ¢7‘7‘ :7T/2

Yg/Ys% = 0.5 1.0

02 04 06 08 10
|P:l

Black lines :

Yg/YS™>® =0.5, 1.0

Colored region (G,B,R) :

0a,, within 1,2,3 sigma



Results : BAU at benchmark point

My = 350 GeV My = My+ = 400 GeV cg—o = 0.006
¢7'H + ¢,U7' — 7-‘-/47 ¢7‘7’ — 77/2

Yg/Ys% = 0.5 1.0

0.7["

Black lines :

S F W W A YR/YS»* =05, 1.0

Muon EDM:

_ € tan(dry + dur)
2m,,

|Pzul

dlu — 501”

~ 107%% e cm

02 04 06 08 10
|P:l



Results : BAU at benchmark point

My = 350 GeV My = My+ = 400 GeV cg—o = 0.006
¢7'H + ¢MT — 7-‘-/47 ¢7‘7’ — 77/2

Yg/Ys% = 0.5 1.0

0.7["

Black lines :

S F W W A YR/YS»* =05, 1.0

Colored region (G,B,R) :

0a,, within 1,2,3 sigma

|Pzul

Dashed line :
Br(h! p7r)=1.43 0.25%

02 04 06 08 10
|P:l



Results : BAU at benchmark point

My = 350 GeV My = My+ = 400 GeV cg—o = 0.006
¢T,u—|_¢,u7- :7T/47 ¢7‘7‘ :7T/2

YB/YBObS =0.5 .0

0.7["

Black lines :

S F W W A YR/YS»* =05, 1.0

Colored region (G,B,R) :

0a,, within 1,2,3 sigma

|Pzul

porr| = 0.8 ~0.9




Tau decay

Br(! ' W") for|!',,|! 0.1 exceeds the current limit.

New top coupling ! tt cause an accidental
cancellation between |- and 2-loops.

L=~ H, A, H* T, 1
// \
P prpa
O TT TH !
T N IlhaHaA
T — !

Y. Omura. Eibun Senaha, K. Tobe,
JHEP05(2015)028, PRD94,055019(2016)



Tau decay

Br(! ' W") for|!',,|! 0.1 exceeds the current limit.

New top coupling ! tt cause an accidental
cancellation between |- and 2-loops.

PLB776(2018)402 :
' tt can produce enough BAU. —

Successful region :

'¢|! O(LO 2)

#

—#%;

"

0/}) i

~
.
~.

Vde| >87x1072 e cm
\

I
[}
I
1
\




Tau decay

Br(! ' W") for|!',,|! 0.1 exceeds the current limit.

New top coupling ! tt cause an accidental
cancellation between |- and 2-loops.

m,=350 GeV, my = my#=400 GeV, c-. =0.006, Arg( ly)= Arg( | ,}90°

1

Br (1 — py) ~2x 107° °'6§

gl

0.4

This setup can be examined
by the tau decay.

B! W) <44 107
FOI’l!tt|! 0.5 and |||||I 1, 08 - ]

0.2

between 2 green lines




Electron EDM  mu =350GeV ['t¢]|=0.5 ¢u = 7/2

(lpn |, @1 ) plane Black lines :
Y5V = 0.5, 1.0
Current limit :
., d.| < 8.7! 1072 ¢ cm

ACME Collaboration, Science 343 (2014) 269

B X |pTT| = 1.0, Grr = n/2

| T, t
0.2 0.4 06 08 10 :

IpTTI ,Ih, H
e d e

Current electron EDM constraint is avoided.



Electron EDM  mu =350GeV ['t¢]|=0.5 ¢u = 7/2

(lon |, &1 ) plane Black lines :
Y5/YSP = 0.5, 1.0

Current limit :

d.| < 8.7! 1072 ¢ cm

< 2 \ ACME Collaboration, Science 343 (2014) 269
i = 1.0 |
\ X (lpn |, ¢n ) = (1.0, 7/2)
X 1ol = 10, e = 712 S - g
Ol o d€:3.5! 10° e cm
0.2 04 0.6 0.8 1.0
|p|

Current electron EDM constraint is avoided.
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Electron EDM  mu =350GeV ['t¢]|=0.5 ¢u = 7/2

(Il |, @) plane Black lines :

SRR
\

\\\\\\\\\\\\\\\\\\\ Ys/YS® =0.5, 1.0

30x10%ecm -

Red dashed lines :

(Right)
d. =3.0! 100%° ecm
(Left)
— de =2.0! 107% ¢ cm
02 04 06 08 10
| o7+l

This benchmark point can be tested by the eEDM.



LHC constraint

(g9 — A) x Br(A — 77) gives a severe constraint on Orr .

ATLAS-CONF-2016-085 08/04/2016
— I I I I I I I I I | I I I I I I
8 [ ATLAS Preliminary — Observed 1
= 10 HA " 11,95% CLlimits 7~ Expected .
— C {s=13TeV, &13.3 b™ 0% ]
é( - gluon-gluon fusion [ 12015,3.2fb™ (Obs.) 7
i |
il E
+ B ’
& _ i
107
1 OO/2 E_ C lep” had (EXp) _E
C 1 | | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200

m, [GeV]

The current setup

prr| ~ 0.9

prul = |pur| ~ 0.2
|pee| = 0.5

Ogqt A X Br(A — 77)
~ 1.0 pb

Other P couplings are
needed!



Conclusion

- General 2HDM is one successful scenario for EVWBG.

; 1
i s

Yukawa : —Ly D €, \/§ ijSB—a T ﬁpijcﬁ—a eth

- We have discussed the possibility with o1t 5 Oip, Pu .

BAU can be explained if
prr| =0.8~1.0 |pru|=01"! 02 |'¢|=0.5

- Extended setup with other £ couplings can reduce
Br(A! 77). Ex ) Coupling to neutrino

Thank you very much for your attention :)
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General Two Higgs Doublet Model

i 1
IL v = UL |:Jy—|_|” S —|—J.—_"iljJC!!":|Uth
2 2
y’L 1 U
T, 5@"65—04 —,0@"3[3—@} u'RH
\/* J \/é J J
i
_TZW”_ I :jj UjR A



Approximate diagonalization

Assumption:
0 0 0 0

Y= (Y1)21  (Y1)22 Y2 = (Y2)21 (Y2)22

with (Y1)22 = (Y2)22

1

Re(l22) = — '] (Yo)arl* + [(Y2)21l?
Y2
IM(122) = | = Im(Yo)21(Ya)b
Y2
o= 11522

| o0 ——
| Y21]



Electroweak Phase Transition

4507 wwwwwwwwwwwwwwwwwwwwwwwwww N .
: N Ma = IMy+
L 030' |

400 ¢+ =0.00¢

VclTC




