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Key Ideas for this Talk

 The “electroweak temperature” = a scale
provided by nature that makes EWBG/
EWPT a clear BSM target for colliders

* High degree of complementarity and
synergy between precision Higgs studies,
new particle searches, and low-energy
symmetry tests = exciting opportunities
for the CEPC!

 Non-perturbative computations essential

input for reliable collider pheno
4



Ingredients for Baryogenesis

1

* B violation (sphalerons)
» C & CP violation

» Out-of-equilibrium or
CPT violation

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

v
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Fermion Masses & Baryon Asymmetry
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Energy Scale (GeV)

Baryogenesis Scenarios
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< “WHAPY-baryo, ARS lepto. ..

——  Post-sphaleron, cold...
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l. Electroweak Baryogenesis



EW Phase Transition: BSM Scalars & CPV

“Strong”’| 15t order EWPT
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EW Phase Transition: BSM Scalars & CPV

“Strong”’| 15t order EWPT
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EW Phase Transition: BSM Scalars & CPV

\ ' 1st order \ F

2nd order

Increasing m,

-

VvV

< New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong 1 1st order EWPT
Preserve Bubble
Y gnital nucleation
Quench
EW sph \§>
Y : diffuses EWSB

into interiors
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Il. EWPT: A Collider Target

MJRM 1912.07189

Mass scale
Precision

13



T-, Sets a Scale for Colliders

High-T SM Effective Potential

V(haT)SM — D(T2 — TO2) h2 —+ )\h4 4 s

3 1
Ty = (8X + loops) (4)\ + 592 4 5g/ 2 | 9y2

—1
_|_> 2

T,~ 140 GeV

TE w
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First Order EWPT from BSM Physics

Ve T>T.

< ° Generate finite-T barrier

tunnel -

NOT SURE IF HIGGS

Introduce new scalar ¢
interaction with h via
the Higgs Portal
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First Order EWPT from BSM Physics

Ve T>T.

< =L Generate finite-T barrier
/ T<T
— h
t el.“
¢ ¢ %
A A A
T¢ N—EW T
TEW EW
>—> h > h Z—> h

a,H¢? : T>0 a,H*¢?> : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect 16



First Order EWPT from BSM Physics

Veff

a,H2¢2 : T>0

a,H¢? : T=0 a,H¢: T=0

e Simple arguments: Tg,, +
first order EWPT >
< M, <700 GeV
T<T. \
nnel N
¢ ¢ i ¢ Collider Target: ¢
| . g
A A ! A pair produgt/_on &

: Higgs precision
|

T¢ Tew ] T

Tew E EW.
>—> h > h —

!
|
|
|
|
|
|

loop effect tree-level effect

tree-level effect 17



T, : Higgs Boson Properties

__ SMHiggs BSM Scalar
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First Order EWPT from BSM Physics

* I'(h 2 yy)
* Higgs signal strengths
* Higgs self-coupling

 Exotic Decays

19



First Order EWPT from BSM Physics

* Higgs signal strengths

* Higgs self-coupling

 Exotic Decays

i H?¢? Barrier ?

___________________________________________ ,

¢: EW Multiplet

/

6"

—

Collider Target: —
Precision

May not have observable ZZH effect

‘/¢L1’W"V’V

I
T vy y
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H - yy:Is There a Barrier ?

-0.05]
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-0.15}

-0.20};

-0.25+

EWPT - Decrease in rate
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H - yy:Is There a Barrier ?
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First Order EWPT from BSM Physics

 Thermal I (h - yy)

* Higgs signal strengths

* Higgs self-coupling

 Exotic Decays

i H?¢ Barrier ?
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First Order EWPT from BSM Physics

Ve T>T.
B T=T, Higgs - ¢’ Mixing
/ T<T
h
t 1
P oo I
o ¢ ¢ |
? ? 4 ;
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T, Tew | - :
Tew ! EW. :
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| |
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First Order EWPT from BSM Physics

« Thermal I"(h -2 yy)

.+ Higgs signal strengths

i ' H2p Barrier ?

i » Higgs self-coupling 1
 Exotic Decays \

H-¢ Mixing
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First Order EWPT from BSM Physics

« Thermal I"(h -2 yy)

.+ Higgs signal strengths
i i H2p Barrier ?
i » Higgs self-coupling 1
 EXxotic Decays
"""""""""""""" y \ H-¢ Mixing
/
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Strong First Order EWPT

* Prevent baryon number washout

Collider Target: Precision*

e Observable GW and single ¢ production
_ 2
’a1’ | sin6| > 0.01

2A mw | AL/ | > 0.003

* Note scale for ZZh coupling deviation
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First Order EWPT from BSM Physics

e I (h 2> 144 ) _- h,
hy - - .@:
* Higgs signal strengths T
* Higgs self-coupling
» Exotic Decays* H?¢? & H¢

Barrier ?

* Visible or invisible ”



lll. EWPT: Models & Phenomenology
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Model lllustrations

Simple Higgs portal models:

 Real EW triplet (SM + 3)

30



Light Singlets: Exotic Decays

h, > h, h, > 4b

cos@d = 0.01
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies

& pp 2 h, > hy hy
Pl Cr..’\ "m .cf:
100 OQy A\l \\\_— O\ r*‘\ Next gen pp 100 TeV, 30/ab ==
: ' i 100 TeV, 3/ab —
900f | SFOEWPT e 1001 TeV,3/ab — ]
800§ Max oxBR
é 700% Min oxBR  * x_.l
QO 600} Ny
g 5005 EWPO 1
400}
30f | N
094 095 096 0 800
h-S Mixing —2> cos@ m, (GeV)

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442;
Li et al, 1906.05289 22



Model lllustrations

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

—————————————————————————————————
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Real Triplet

H i
¢ | ¢ ¢
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Non-perturbative results T

EW precision tests 2>
too tiny
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Real Triplet: One-Step EWPT

FOEWPT
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Real Triplet & EWPT

FOEWPT

-3.5

-3.0

-2.5

S 2.0
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Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Non-perturbative
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Real Triplet & EWPT: Novel EWSB

FOEWPT

Phase Diagram

« Two-step region :
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Real Triplet
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Real Triplet & EWPT: Novel EWSB

Potential B

Higgs Portal Coupling {19
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IV. CPV for EW Baryogenesis
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EWSB Scenarios & CPV

 BAU generated by CPV during first order transition to
Higgs phase

« Stringent constraints from EDM searches

¢ ¢
A A
o P
( EW™ ™ 1
i 1> h =1
a,H¢? : T>0 a,H*¢?> : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect



EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
ThO 1.1 x 10-29 ** 10-38 10-29

n 1.8 x 10-26 10-31 10-26

*95% CL  ** e"equivalent

Mass Scale Sensitivity

P singcp ~1 — M > 5000 GeV
Yy /\\N\MV
@ M <500 GeV — singcp < 102



EDMs

: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-35 10-30
ThO 1.1 x 10-29** 10-38 10-29
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e"equivalent
% neutron
proton
& nuclei
*  atoms
~ 100 x better
Not shown:

muon

sensitivity
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EDMs & EW Baryogenesis: SUSY

Electron EDM

Compatible witrlf O\

observed BAU ‘}\\xA

sin(uM,b")

- d, =102 ecm

-

New d, /I

)))))

Li, Profumo, RM ‘09-"10

Previous d,

Compressed
spectrum
(stealthy
SUSY)
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EDMs & EW Baryogenesis: SUSY

Electron EDM

Compatible with .~ X .~ 7 7+ . _——— Previousd,
observed BAU f , de = 19'28 ecm

sin(uM,b")

M~
——— s
00— Lo v L T L
N ew d I(K) 150 ) 250 300
e

Li, Profumo, RM ‘09-"10
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CPV for EWBG

Theoretical creativity
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Flavored EW Baryogenesis
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a = g D iV
P2 abe=1 Mass basis (T=0)
CPV h 2> 1t
—— m I ST
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Guo, Li, Liu, R-M, Shu 1609.09849
Chiang, Fuyuto, Senaha 1607.07316
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Flavored EW Baryogenesis
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CPVinh 2 1t

PHYSICAL REVIEW D 88, 076009 (2013)
Measuring CP violation in 2 — 7% 7~ at colliders

Roni Harnik,! Adam Martin,z’3 Takemichi Okui,4 Reinard Primulamdo,5 and Felix Yu'
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CPVinh 2 1t

Study cos (24 - ©) distribution

Truth level ®

Normalized yield

ILC 250

Normalized yield

i@ Truth level ® and reconstructed © at the ILC for A = 0

=3
=3
&

I3
=3
=

=3
=}
E

=
o
=]

Ap_~ 100 :
3ab’'@ LHC 14

f%o S.-F. Ge, G. Li, P
br Pasquini, MJRM
C‘é}o 2008.NNNNN

TABLE I. Cross section, branching fractions, e;@ed number
of signal events, and accuracy for measuring A for the ILC with
\/s =250 GeV and 1 ab™! integrated luminosity.

I
=
=}

Oete —nz 0.30 pb

Br(h— 7777) 6.1%

Br(r~ — 7~ 7'v) 26%

Br(Z — visibles) 80%

Nevenls Q00

Accuracy 4.4° Stat Only
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EWSB Scenarios & CPV

 BAU generated by CPV during first order transition to the
¢ phase > subsequently transferred to Higgs phase

“Two Step EW Baryogenesis” | - inoue, Ovaneysan, MJRM
1508.05404 [CPV]
 H. Patel, MURM 1212.5652
“Partially secluded CPV” * Blinov, Kozaczuk, Morrissey,
- evade EDM bounds Tamarit 1504.05195

¢ ¢
7 ?
Tew Tew
> h Zﬁ h
a,H¢? : T>0 a,H¢? : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect



lllustrative Model: Singlets + Triplets

2 2
12 My Myg
M* = ( 2% 2

m 12 m 29

CPV: 6= Arg (m,,? ) = 6(x)

myy* =aVvy(x) + b vg(x)

Small entropy

Quench dilution

sphalerons

\ Zg 0 ,/T
® ®
i Y
; \)9
/ H
—& / L

Baryogenesis \
] ]
i 2 dark
matter

CPV asymmetry generated in SM
sector via interactions with the ¢,

» New sector: real triplet (') & real
singlet (S)

* SM Sector: Z, symmetric 2HDM

V(Hi,Ha, X, S)
S (5.5) + bis (5.8 bf;SS? + "%7554

1 3
HoS2 + h.c.] |

+algsi'is + 2&2352—5'2 52 + V(HI,HQ) .

CPV: H, - H, mixing

+
=
| =
gl
!l
R
+

(5)

Inoue, Ovaneysan, MJRM 1508.05404 52




Two-Step EW Baryogenesis & EDMs

Two cases: (A) 6s=0 (B) 65=0

Model A: §5=0 Model B: 6x=0
l T
08 Present d,
06 d,=87+10"ecm
05f |
04t Future d
& - : d,=29+10"® ¢ cm <
g 03 | . Zz 02
I |
02} . Higgs precision?
0.1
No EDM constraints
0.1-1 L ' 1 L L L IR W NN TN NN TN NN SN SN SN N U NN N UGN AN AN AN AN N AN W L L 1 L L L B W T TN U U U U S U U - ...
100 150 200 250 300 350 400 100 150 200 250 300 350 400
mp,|GeV| mp,|GeV|
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1V. Outlook

Generation of the cosmic matter-antimatter asymmetry in
conjunction with EWSB -- EW baryogenesis -- is one of the

most compelling possibilities

The existence of the scale T, = BSM ingredients for
EWBG are experimentally accessible

There exists a high level of complementarity between
experimental probes at the enerqgy frontier, precision Higgs
boson studies, and low-energy symmetry tests = exciting
opportunities for the CEPC !

A rich opportunities exist for further experimental and

theoretical exploration and refined theoretical computations
54
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EW Phase Transition: St’d Model

1st order EWPT

/

\

Critical point

va 1st order W F 2nd order

(]
|
=)
=
©
L=
Q
(o}
5
[ =

125 GeV

Increasing m, E Higgs Mass
. C .
Lattice Authors M (GeV) EW Phase Dia gram
4D Isotropic [76] 80+7
4D Anisotropic [74] 72.4+1.7 . .
3D Isotropic [72] 723407 How doc?s this picture
3D Isotropic [70] 724409 change in presence of new

TeV scale physics ? What is
the phase diagram ?

SM EW: Cross over transition -



Gravitational Waves
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Heavy Real Singlet: EWPT & GW

Non-dynamical heavy BSM scalars

H . “Duration”
a 5.‘

Bl
)

AN

Collider accessible

10° 4

10!

-
-
-
-
-
-
-
-
-
-
-
S
-
.
Nt
.
- -
-~ -
- -
-~ -~
’
S
- /
f f f
§ fF | -

LISA SNR

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

* One-step
* Non-perturbative 59




Heavy Real Singlet: EWPT & GW

- oo, ‘\‘ - ~— ‘.‘~
100 4. .
S i P Se
S > >
© Dynamical BSM
S -
5’ ol e scalars LISA SNR
: RN TP > ,/
i / B e
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First Order EWPT from BSM Physics

Veff

e Simple arguments: Tg,, +
first order EWPT >
< M, <700 GeV
/ T<T.
— h
t el.“
P mmmmmm— A
¢ : ¢ E ¢
4 4 1
| |
Ty Tew I -
Tew ! : EW.
>—>h | >h — 55
: I
: )
a,H22 : T>0 | a,H¢?: T=0 | a,H¢: T=0
3 loop effect i_ tree-level effect E tree-level effect



First Order EWPT from BSM Physics

V.. T>T. T
AV (h,T) D =My (h, T)*
T=T
/ T<T
N My(h,T)" = |GT% + oo+ 0] .
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First Order EWPT from BSM Physics

- T>T, 1
AV(h,T) 2 =5 My(h, T)"
T=T
/ T<T
Ny, S8 My(h, T)" = [%T2 j;? ) %hzrﬂ
A

4

Choose b, , a, to cancel at T ~ Tg,,
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First Order EWPT from BSM Physics

Veff

T>T. T
AV (h,T) D ———My(h,T)*
(1 T) D = g Malh T)
T=T
/ T<T
a a 3/2
2
TR CL3/2 y
AV(h, Tew) > = 127 2?/§h3 Choose b, , a, to cancel at T ~ T,
2 az 2 2
My(T =0)" = ) (v° = TEw/3)
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First Order EWPT from BSM Physics

Veff

T>T. T
AV (h,T) D —— h,T 3
(h,T) > === My (h,T)
T=T
/ T<T
3/2
NS ® My(h,T) = [%TQ + by + %hﬂ
2
TEW CL3/2 y
AV (h, Tew) D — 197 2i/§h3 Choose b, , a, to cancelat T ~ T,
s M, <350 GeV for
My (T = 0)? = 5 ? — Tgw/3) perturbative a,
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First Order EWPT from BSM Physics

o T>T. Simple arguments: T, +
first order EWPT -
< M, <700 GeV
T<T
wonel N\ Analogous logic: 1912.07198/back up slides
o ¢ ¢
0 1 4
|
7y Tew
Tew E e
>—> h i > h — 5
i
|
a,H3 : T>0 i a,H¢? : T=0 a H¢: T=0
] loop effect i tree-level effect tree-level effect




Higgs Self-Coupling & ZH Production
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EW Phase Transition: New Scalars

\ ' 1st order L F' 2nd order

- Trivial Singlet ve.v.

m > 2 m ! T T T T T T T T I_
2 , ! Mixed étates: .
h 500 N8 ./ Precision ++
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< 400
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EW Phase Transition: Singlet Scalars

\ [ 1storder va

2nd order

Modified Higgs Self-Coupling , " Trivial Singlet v.e.v.
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EW Phase Transition: Singlet Scalars

Real Scalar Singlet Model
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EW Phase Transition: Singlet Scalars
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Higher Dimensional Operators
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Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

|« Baryogenesis — Was the matter-antimatter |
i asymmetry generated in conjunction with i
i EWSB (EW baryogenesis) ? i
« Gravitational waves — If a signal observed in
LISA, could a cosmological phase transition
be responsible ?

Strong First Order EWPT: Necessary condition for EW baryogenesis
74



