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Baryon Asymmetry of the Universe (BAU)

Our Universe is baryon-asymmeftric.
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Sakharovs conditions [Sakharov, JETP Lett. 5 (1967) 24]
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(1) Baryon number violation

(2) C and CP violation
. (3) Out of equilibrium

) after inflation (scale is model dependent)
T before Big-Bang Nucleosynthesis (T=0(1) MeV)




EW baryogenesis (EWBG)
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+ B violation: anomalous (sphaleron) process 0« » (3¢}, +17)
i=1,2,3 (LH fermions)

* chiral gauge interaction
+ CP violation: CKM matrix and/or other sources in beyond the SM

+ Qut of equilibrium: 1st-order EW phase transition (EWPT) with
expanding bubble walls

J

Lt =t 4+ At np =0 — np # 0 (sphaleron proecess)
sym. phase (B=0)
G e
br. phase O #
é) bubble @@

expansion

BAU can arise by the growing bubbles.



EWBG mechanism
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EWBG mechanism

symmetric phase

(®) =0 H: Hubble constant
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EWBG mechanism
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EWBG mechanism

symmetric phase

(®) =0 H: Hubble constant
¢ PS) i changed by sphaleron. twan < tsph

/f,' (2)np =|ng|+ng — np #0

broken phase
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CP asymmetric but no B asymmetric
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EWBG mechanism

symmetric phase

<(I)> — H: Hubble constant
¢ FS) i changed by sphaleron. twan < tsph
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, How do we test this scenario?
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EWBG mechanism

How do we test this scenario?

-> cannot redo EWPT in lab. exp.
So, test Sakharov'criteria instead.
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EWBG mechanism

How do we test this scenario?

-> cannot redo EWPT in lab. exp.
So, test Sakharov'criteria instead.

symmetric phase

<(I)> — 3 ¢ H: Hubble constant

/ FS) > H
broken phase 2l probe by CPV physics
. ....... f,f .............. » EDMs, h—iff, b—Dsy’ o

probe by collider physics
i Higgs couplings/spectrum, etc

@e by gravitational w@

In SM
ve/Te=1 is not satisfied for my=125 GeV. -> Multi-Higgs

CPV in CKM is not sufficient. -> new Yukawa, Higgs-self couplings




BSM models

SUSY models
- Minimal Supersymmetric SM (MSSM)
( strong 1st-order EWPT ) cpy¢ )
light stop (< top mass) chariginos, neutralinos
-> viable window is closed. = light sfop scenario is ;—C Z 1 not satisfied

inconsistent with LHC data ¢

[D. Curtin, P. Jaiswall, P. Meade., JHEP08(2012)005; T. Cohen, D. E. Morrissey, A. Pierce, PRD86, 013009 (2012);
K. Krizka, A. Kumar, D. E. Morrissey, PRD87, 095016 (2013)]

- Extensions of MSSM
Next-to-MSSM (NMSSM), nearly-MSSM (nMSSM), U(1)'-MSSM, etc

Non-SUSY models

SM + additional scalars/fermions

2 Higgs doublet model, SM + singlet scalar/fermions, etc.



EWBG after LHC-Run2

LHC indicates Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)
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EWBG after LHC-Run2

LHC indicates

[Higgs sector = SM-like]
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LHC indicates Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)

-1
I S e 1o (S TV
o A 100 ¥ «, is a free parameter £ | > TE . = 12538 GeV t.
£ — SM prediction z % E H ' w Z.
iggs sector = SM-like | . :
-— N W 2 [ "x
-1 ‘."‘
E>|§ 10 EE 6 10—1 é_ ‘-“’,-
§> C E~—| 5 E "”',”

o 102 S F
= E>|“>’ = / Leptons Quarks 102 F T .8
g - E e
S M- | e ¢ S M < 1 _SI;_/l/ i I ‘ | i Vector bosons
=« !

[ 0 [+ ] - IEN !
Force carriers  Higgs boson 10°F u J
Izl 3 , i Second-genera tion fermions 7

1 11111 II 1 I II 1 1

Wha.l- iS SM-like Higgs Secll'or 11(.)44:%”" SR ' 10_43' -+ SM Higgs boson
Compaﬂble with EWBG? 12_ l - . T wsﬂ :

1.0 E....T. ....................... }...{. ................. ;gg-

0.8F

.......

Ratio to SM

L1 MRS | ol ol | | ool Ll Lol
107 100 10! 102 0.6 10-1 1 10 102
Particle mass (GeV)

(1) Alignment without decoupling
E.g. SM+2nd Higgs doublet (2HDM)
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Higgs-gauge/fermion
couplings = SM-like
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LHC indicates Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)
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(2) New scalars w/o VEVs = “inert scalars”.
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[Higgs sector = SM-like]
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(2) New scalars w/o VEVs = “inert scalars”.

E.g. SM + inert n-plet (n=1,2,3,...)
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(2) New scalars w/o VEVs = “inert scalars”.
E.g. SM + inert n-plet (n=1,2,3,...)

- No mass mixing with h(125).
-> Higgs-gauge/fermion couplings = SM-like
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(2) New scalars w/o VEVs = “inert scalars”.
E.g. SM + inert n-plet (n=1,2,3,...)

- No mass mixing with h(125).
-> Higgs-gauge/fermion couplings = SM-like
However, h->2Y, the hhh coupling = Non SM-like.
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LHC indicates Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)
L S =k, | ‘?!‘f's . 1381071 (13 TeV)
. . 100 7gcl\/ilspa:*ef;?§ti’:;rameter L €] 1_ m,, = 125.38 GeV W z"_’t.."
Higgs sector = SM-like ; e |
s>|§ 10_1? 5 107
j _2: £ |j _ X
. E>(|3§ ;— / b Leptons Quarks ) 102 r‘i

- & B B | s Vector bosons
SM l| ke ¢ SM 10_%_/“/ IZFIrS dHi SSE : ;Third-g eeeee tion fermions |
. : 5 104l . ElE - | v | 103_i % Second-generation fermions_g
What is SM-like Higgs sector oo fumemmini o
compatible with EWBG? S l - P AT T
] 2 i ;:2;_.1. ....................... S S— ook ..

Particle mass (GeV)

(2) New scalars w/o VEVs = "“inert scalars”.
E.g. SM + inert n-plet (n=1,2,3,...)

- No mass mixing with h(125).
-> Higgs-gauge/fermion couplings = SM-like
However, h->2Y, the hhh coupling = Non SM-like.
Feature

Another PT can exist prior to EWPT -> 2-step PT
*confirmed by lattice calculation, L.Niemi et al, 2005.11332 (PRL)
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Precision measurements are
necessary to access "min”.



Pheno. consequences of v¢/T¢=1

~ alignment limit in 2HDM: hVV, hff=SM-like ~

Extra Higgs masses mé:HA,Hi = M? + Mppov?, M?* = m3/(sin S cosf)

Internal structure is essential!

N )\h¢¢?)2

M? 2 Anggv”

loop properties

Ist—-order EWPT

h -> 2 gammas

[1.Ginzburg, M.Krawczyk, P.Osland,
hep-ph/0211371]

hhh coupling

[S.Kanemura, Y.Okada, E.S.,
PLB606 (2005) 361]

non-decoupling
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decoupling
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hhh
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Y )

J. Bernon et al, 1712.08430 (JHEP), etc

*3 degenerate scalars (H, A, H*) could also be consistent with vc/Te>l.
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loop properties non-decoupling decoupling
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[I.Ginzburg, M.Krawczyk, P.Osland, [ 1.04%)59 |ATLAS 2207.00348
hep-ph/0211371] v =Y 1.1240.09 | CMS  2103.06956
. Ahhh Ahhh
hhh coupling KX = S5m = 1 Fx:s e ol
: hhh Ahhh
[S.Kanemura, Y.Okada, E.S., . (—0.4, 6.3) ATLAS 221101216
PLB606 (2005) 361] i (—1.24,6.49)| CMS  2207.00043

AS7H H—7A H — hh 6CDorsch et al, 1405.4437 (PRL); Basler et al 1612.04086 (JHEP);
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J. Bernon et al, 1712.08430 (JHEP), etc

*3 degenerate scalars (H, A, H*) could also be consistent with vc/Te>l.



Towards Higgs precision era

- Higgs date is getting more and more precise.
- Refinement of v¢/Tc=l is necessary.

Theoretical uncertainties

Y

vl Te

- gauge-dependence 1" is a just rough number.

o)
e \
- renormalization scale dependence _ Depends on sphaleron

- More proper temperature is profiles (model-dependent).

nucleation tfemperature Tn.
[K. Funakubo, E.S., 2003.13929 (PRD-RC)]

Lattice studies ve/Te > (1.1-1.3)

[K. Kainulainen et al, 1904.01329 (JHEP);
L.Niemi et al, 2005.11332 (PRL), etc]

Perturbative calculation gives useful .. min <
guidance qualitatively but not quantitatively. precise enough
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EWBG-related CP violation

- CPV in CKM matrix is not sufficient.
- Many CPV sources exist in BSM, and some of them are related fo EWBG.

EWBG-related CPV

Set of CPV phases

&

collider physics
b—sY, h->ff etfc

CPV we need:

(CPV interactions between the bubble wall (Higgs VEV) and some -

\par’ricles (SM fermions or new particles) with masses of O(100) GeV.

.

(1) Yukawa interactions, (2) Higgs self interactions.
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EWBG after ACME-II

CP-violating Higgs-fermion coupling

Kfy —
i — \fﬁfhf

VUep =0 — h is pure CP-even

Uop =7/2 — his pure CP-odd <- excluded by LHC
1212.6639 (CMS), 1307.1432 (ATLAS)
However, h(125) can still be a CP mixture state.

(cos Wap + 15 sin Wap) f

y
Electric Dipole Moment (EDM) g
electron EDM receives the strongest bound: / Q /
e
il 1] <10 ecm heth va\ 7 %z;
[ACME, Nature 562,355(2018)] (ACME-II) e ® 2 e

Most EWBG scenarios are now in danger. -> needs suppression mechanism (cancellation)
*Models that have only 1 CPV phase -> no cancellation mechanism.
e.g., Z.-2HDMs (type I, II, etc)



EDM cancellation in general 2HDM

K. Fuyuto, W.-S. Hou, E.S., 1705.05034 (PLB); 1910.12404 [PRD-RC]
No Z, symmetry -> extra Yukawa couplings exist (p;; € C)

Extra top Yukawa coupling p: is responsible for baryogenesis

myg =ma = mg+ = 500 GeV, cg_, =0.1
R e >\€ R 10 e ———— 5
e = ]! A Pt . lequired by |
\ EWBG
Imp,.. = 1 (—8) Impy, st |pul>0(0.01-1)
>\t g
|Pec/ Pt is SM like if r=0(1). S
2 1 FACME-TII (Futur
- cancellation occurs at r=0(1) ol ) |
lda] s g
[ laThoCs| ]
- Collider probes of CPV Higgs Yukawa - e e

couplings play a complementary role. . :
o ROy P 7 cancellation region

top-driven EWBG
is still viable!

ke = 0.837030 Wep = 11°755. ATLAS ATLAS-CONF-2022-016
ki cos Wep € (0.86,1.26), kysin Wep € (—1.07,1.07), CMS 2208.02686



Summary and Outlook

- No EWBG possibility in SM and MSSM.
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Summary and Outlook

- No EWBG possibility in SM and MSSM.

( __» constraints on sub-TeV new particle spectrum B
strong 1st-order EWPT . i i :
y ™ min < deviations from SM in Higgs couplings < max

Ve/Tc = model dependenf constraint by experimen’rs
QEWBG—reIa’red CPV —> celectron EDM, h— ff, b—sy, etc -
Now LHC, ACME, Belle are probing EWBG possible regions.
Future

2022 2029 2030 2037 2040
>

(LHC Run3 ) ( HL-LHC )

([ Superkeks | [ LISA

+ lepton colliders (ILC, CEPC, CLIC, FCC-ee, C3, etc)
+ EDM experiments: electron (ACME, JILA, etc), proton (IBS-CAPP, BNL, etc)

- EWBG verification keeps going on, and most scenarios would be tested by future
experiments if theoretical uncertainties are under control.






2 Higgs doublet model (2HDM)

Higgs potential

i &

Vo(®1, Bs) = m2®] Dy + m2didy, — (m2d!dy + hc.)

A A
+ = (@19,)% + 72(@@2)2 + A3(D]01) (D] B5) + Ay (B]B5) (RS P:)

2
A
+ {75(@1@2)2 T {%(q’hﬁ) 5 )\7(<I>£<I>2)}(<I>‘£<I>2) + h.c} ,
K m%,)\5,)\6,)\7 = CJ
nggS fields gb+(a:)
D (7] — ( 71-§(U¢—|—hi(£6)—|—iai(:c)) ), =i 2

Parameters
In softly-broken Z;-2HDMs: 8 parameters = {m;3, A 15, As=A,=0}

: ki :
mn, Mg, M, Mg+, M? = m2/(sin B cos 3) if CP is conserved.

tan B = va/v1, (v = \/v? + v2 ~ 246 GeV)

«: mixing angle between h and H



Yukawa interactions in g2HDM

general (no Z; sym.)

Up-type Yukawa couplings:
—EY — C_?z'L (le'j(i)l - Ygiji)z)q]'R o e (i)l,Q o 7;7'2(1)32

In the mass eigenbasis

. . :
_LY — T lAi&ileﬁ | %_j‘cﬁ UjR;LZvS\GeV i
i \/5 —a 5 —

: o v }
m u]RH s ]RA+hC

+ UL CB—a SB—a
V2 V2
G : ' .

i = V2my, /v, pij: 3X3 complex matrices
- Unlike Z2-2HDM, no tan[3 dependence.
- pi; are generally complex. p;; € € = CPV = Baryogenesis!!
- EWBG by p«# (--EWBG), pi (b-EWBG), p+r (T-EWBG), etc.



1st-order phase transition

- Thermal potential driven lst-order PT -

Veg = D(T? — T3)p° — ET@® + —¢

: ___iZlESFty - ve 2k =
2 () == = = =
>\TC TC ATC

e.g., 2HDM

e Heavy Higgs loops can enhance E.

+ 2 2
| T=T — :
- C Mg 4t =M™+ Aip

—_ —— non-decoupling

0 50 100 150 200 250 300 : \
5 12 (%ueV) ; e GE (1 25 ’M2) ;. for M= < Ags,

Ve -

—|M|°T ( X 2)3/2 for M? > \p?
M? ) g
decoupling

Non-decoupling heavy Higgs bosons play a central role in enhancing E.



Anhh=EWPT correlation in 2HDM

[Kanemura, Okada, E.S., PLB606,(2005)361]

450

- Strong lst-order EWPT leads

to large deviation in A wnh. -

350

. 300
- Non-decoupling loop effect

: e oy e
is the origin of the enhancement. & ™' [—— .-
S0 &
= ANppn/ Anpn = 10% AAnnh = K3y — 1
: 150 | Ahhh -
- Heavy Higgs boson masses have to
be sub TeV due fo unitarity and/or 100 F =~ /7 sn(f-a)=tenf=1 -
perturbativity. 50 | andeos . el S -

My = Mg =My = Myy
| | | | | | |

0 20 40 60 &0 100 120 140
M [GeV]

current experimental bounds 0

s (11 1) (CMS)  1806.00408
2 (—8.2,13.2) (ATLAS) 1807.04873

More detailed studies can be bound at Basler et al 1711.04097 (JHEP), Bernon et al, 1712.08430 (JHEP).




Pheno. consequences of v /T.=1

~ alignment limit version: hVV, hff=SM-like ~

h > 2 gammas: [1.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]
( 1 2 i
Il ~0.9 | for M2 <« \v?, Asm = —6.49
3Asm
Hyy =2 4 o : .
| — s o A
\ SASMmHi

0.997017 (ATLAS) 1802.04146

| _{ 1.1870-17 (CMS)  1804.02716
Gl

hhh Coupling: [S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]
;

4

ce |m .
ok Z (1)2 2(1)2 for M- < Vo
Ahhh s
K3h = 55 = ¢ - 23
Ahhh it Z o FLeiv for M=« = N ng,a=1and ng+ = 2
1272 m2v2m?2 2 :
| D AT h @

- Correction is positive.

- Power correction!! (*log corrections are absorbed into m.)



t-EWWBG with pee 5&0
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150 —
- Dangerous diagrams are o
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CPV in b->s+gamma

BAU-related CPV also show up in B physics

~
E.g. b—sy in general 2HDM 1o NN\\
. e
X
b8 ; e -
N 7
new CPV

CP asymmeftry

I'(B— X,v)—-T(B— X,7) -
A — — mzs AACP — ./4 & = e ABO XU
R e g Beoo e

Experimental constraint
Adi " (L2 R0 L0065 0.7

S. Watanuki, A.Ishikawa et al. [Belle Collaboration],
PRD99, 032012 (2019) [1807.04236].

Some EWBG scenarios can be probed by this A Acp measurement even when

eEDM is accidentally suppressed.
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