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Key Themes

The experimental discovery of BSM CPV at the EW
- TeV scale could hold the key to explaining the
cosmic matter-antimatter asymmetry

Electroweak baryogenesis (EWBG) connects this
CPV to the origin of elementary particle masses
through EW symmetry breaking

The ingredients for EWBG are experimentally
accessible through a combination of low-energy
symmetry tests, collider searches, and GW probes

An exciting opportunity exists for inter-frontier
synergy in the quest to pursue this quest
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I. Context & Questions



Cosmic Baryon Asymmetry
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Ingredients for Baryogenesis

Andrei Sakharov

» Russian theoretical physicist
 Nobel Peace Prize recipient

« 1921-1989




Ingredients for Baryogenesis

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

Standard Model BSM

* B violation (sphalerons) Q Q

« C & CP violation A Q
» Qut-of-equilibrium or

CPT violation A Q



Fermion Masses & Baryon Asymmetry
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Fermion Masses & Baryon Asymmetry
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Energy Scale (GeV)

Baryogenesis Scenarios
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Electroweak, resonant lepto,
WIMPY baryo, ARS lepfto...

Post-sphaleron, cold...
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Energy Scale (GeV)
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Baryogenesis Scenarios

Discover (some) ingredients

4 & possibly falsify
S 3
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Baryogenesis Scenarios

4 & possibly falsify

[ 3
i 12 Standard th | lept -
AR I, D 2t :

> 10° <T— Affleck Dine

O

<

@ ]

© I

O |

2 |

>

4b) S T T ey oy mmm—m————— S

Lfl i/ 10 2 < Electroweak)resonant lepto,
l WIMPY baryo, ARS lepto... i
1 107 <« :
| 1
: ——  Post-sphaleron, cold... I
\ v /
e e e e e e o e o o o o o o o o o o o o o e o o B o e e e o o e e e e e e e e e e e e V4

Most directly testable This talk

Discover (some) ingredients

14



Electroweak Baryogenesis

Was Yz generated in conjunction with
electroweak symmetry-breaking?
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Il. EWB in a Nutshell
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EW Phase Transition

' 1st order

Increasing m,

2nd order

\ F

>

SM: 15t order EWPT endpoint

Lattice

Authors th (GeV)

4D Isotropic [76]
4D Anisotropic [74]
3D Isotropic [72]
3D Isotropic [70]

80+7
72.4+1.7
72.3+0.7
72.4+0.9

: More Higgses

1st order EWPT

l

Bubble
nucleation

O
oF &

EWSB

“Strong ”

Cannot occur in the St’'d
Model: Higgs too heavy
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EW Phase Transition: More Higgses & CPV

“Strong ” |15t order EWPT

l

Bubble
nucleation

. * O O
Increasing m, >
< New Higgses O O N\

EWSB

\ [/ 1storder } F 2nd order

T=>T,

—

~ - / A
) 9)

T<T,

18



EW Phase Transition: More Higgses & CPV

\ ' 1st order \ ' 2nd order Strong
T=>T,
~ ‘ AN
e \
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Increasing my, > Q

O o

New Higgses

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

1st order EWPT

l
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nucleation

O

N

EWSB
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EW Phase Transition: More Higgses & CPV

“Strong ”| 1t order EWPT

\ ' 1st order \ ' 2nd order l
Bubble
nucleation

Increasing m,, - O O
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EW Phase Transition: More Higgses & CPV

\ ' 1st order \ ' 2nd order

Increasing m, >
New Higgses
Baryogenesis
Gravity Waves
Scalar DM
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EW Phase Transition: New Scalars & CPV

\ ' 1st order \ ' 2nd order

Increasing m, >
New Higgses
Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong ”

1st order EWPT

!

Bubble
nucleation

/@O

- diffuses
mto interiors
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EW Phase Transition: More Higgses & CPV

V71 Y "
 F 1storder \ F 2nd order St”long 1 15" order TWPT
Preserve Bubble
Y ginitial nucleation
Quench

‘ ‘ EW sph
Increasing m, > \§>
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lHIA. Electroweak Phase Transition

Conditions for Electroweak Baryogenesis ?

24



EW Phase Transition: St’d Model

' st order \ ' 2nd order
FO EWPT
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Increasing my, > Higgs Mass
. C 5

Lattice Authors M, (GeV) \ EW Phase Dlagra m

4D Isotropic [76] 807

4D Anisotropic ~ [74]  72.4+1.7 L

D Isotmpicp (721 723+07 How does this picture change

3D Isotropic [70]  72.4+0.9 in presence of new TeV scale
physics ? What is the phase
diagram ?

SM EW: Cross over transition e



Was There an EW Phase Transition?

What is the landscape
of potentials and their

thermal histories? How did we

end up here ?

How can we probe this
T > 0 landscape
experimentally ?

How reliably can we
compute the n evolve differently as T evolves 2>
thermodynamics ? ilities for symmetry breaking -



Was There an EW Phase Transition?

Bubble Collisions

Higgs precision tests

¥ &

Grav Radiation wa R
X060 f_f 66
Direct Production ' N wi %
. A'/QQS \ |
— ~% PR - 7
Oq} y _ SM Higgs BSM Higgs
- ) * How heavy or light can @
NSCRO N
* How coupled to H ?
BSM Higgs
Extrema can evolv >

rich possibilities f¢° Can it be discovered at
the LHC or beyond ? 27



MJRM: 1912.07189

First Order EWPT from BSM Physics

o T>T. Simple arguments: Tgy, +
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MJRM: 1912.07189

First Order EWPT from BSM Physics

Yo T>T. | sin@| > 0.01 | 441/4] > 0.003
Py C Higgs — ¢° Mixing
/ T<T. OII
'der T:
] a gef ____________
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Tew : EW, :
s 5 —> h i _— —> h i
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loop effect tree-level effect ! tree-level effect | 54



lIB. CPV: Baryon Asymmetry & EDMs
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EW Phase Transition: New Scalars & CPV

\ ' 1st order \ ' 2nd order

Increasing m, >
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EDMs

New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-2
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-29
n 1.8 x 10-26 10-31 10-26
* 0
95% CL E E i i x —>lle—
d=dS ‘)
-
dS-(-E)
Veou =~ h
T-odd , CP-odd
by CPT d.; x<0.25mm
C-Y Liu theorem
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-2
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

,‘s:a._":‘fi‘f T T T X neutron
Ry proton
oy - & nuclei
T atoms
QS
ﬂ’j? ~ 100 x better
Not shown: {r sensitivity
muon
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EDMs: New CPV?
System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-2
n 1.8 x 10-26 10-31 10-26
*95% CL  ** e-equivalent

Mass Scale Sensitivity

singcp~1 — M > 5000 GeV

M <500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-35 10-30
HfF* 4.1 x 10-30 ** 10-38 10-2
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity
G
e fol Ev;o‘wa singcp ~1 — M > 5000 GeV

1 /
P M < 500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e SM CKM CPV BSM CPV
Ty
19 Hg 7.4 x 10-30 10-33 10-29
HfF* 4.1 x 10-30** 10-38 10-28
n 1.8 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

G
ge fol E,;\JNE  + EDMs arise at > 1 loop
C[\Q_I‘lej“ SW¥ | WY . CPVis flavor non-diagonal
e « CPVis “partially secluded”



EDMs & EWBG: MSSM & Beyond

K% Singcp~1 — M > 5000 GeV
P l\'\:\rws Y
P M < 500 GeV— singcp < 102
e
15+ years ago...
Universal 1 N
gaugino 0s 1 B
phases “ o | )
(rad) '
Arg(uMib’) = v
Arg(uMb’) N BN
-0.04 -0.02 o ((:,ud) 0.02 0.04
Cirigliano, R-M, Tulin, Lee 06 Ritz CIPANP 09 +

Cirigliano, R-M, Tulin, Lee 06 28




EDMs & EWBG: MSSM & Beyond
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SN SETTHIONS: LG Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs
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EDMs & EWBG: MSSM & Beyond
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Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Compatible with |
observed BAU =

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases
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Flavored EW Baryogenesis
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Flavored EW Baryogenesis

Flavor basis (high T)

_gpLlepton _ _E_}I [(YlE)ij(I)l + (Y'zE)ij(I)Q} 6‘% + h.c.

Yukawa
Mass basis (T=0)
ey

— K+ (COS O, TT + sin ¢ TiysT)h
v

Guo, Li, Liu, R-M, Shu 1609.09849
42



Flavored EW Baryogenesis

Flavor basis (high T)

_gpLlepton _ _E_}I [(YlE)ij(I)l + (Y'zE)ij(I)Q} 63% + h.c.

Yukawa

Mass basis (T=0)
CPV h — tr

%/{T(COS G+ TT +|sin ¢, TiysT)h
v

Guo, Li, Liu, R-M, Shu 1609.09849
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Flavored EW Baryogenesis

7 -
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HR™
/ \
() |
T T T ';F'l T T "'%',* ]
» -
04f “/J)/_\ ”\\/x Qé\ ] Flavor basis (high T)
— GO/ .. \Q/ e @ i
L l5t-—-""*‘-._"_-‘ I Y. 2 — i Lepton T ]
o) 10 - -—-- %=~~~ A ] Lo = —E5 [(YF)i;®1 + (Y57)i; 2] €} + hec.
< | < N -
- | !
—~ 0.0 . Y TT .
SR _—‘ISQ;— —--d--.__ T . ] Mass basis (T=0)
=025 T - ] CPVh — tr
L FwBG i, ] m _ : .
W lee . 7/«;7(008 G-TT +H|sin ¢, TiysT)h
oilen_non i) ..“':Il.l... T .x."'.:l... Ll ...‘?%1\1!&./%. L
06 07 08 09 10 11 12 13
Kr COS @y .
Guo, Li, Liu, R-M, Shu 1609.09849
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Flavored EW Baryogenesis

—0.4+

K., COS 'gb;

Flavor basis (high T)

Lepton
izghkawa

= B [(%);j@1 + (VF)ij®3] e + hc.

Mass basis (T=0)

m
007

(cos ¢ TT +

: )
\ Guo, Li, Liu, R-M, Shu 1609.09849

\
Ge, Li, Pasquini, R-M, Shu 2012.13922

CPVh — rr

sin ¢, Tiy57)h
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Two-Step EW Baryogenesis

: <¢@?>
<H° /
Quench 3_//776:_// entropy
sphalerons Hution
\ 20 ./T
[ ®
g S,
77 25
- / 4 ® H h
/ 0 (v.0)
Baryogenesis \
| i) a8
2 dark
matter

Illustrative Model:

New sector: “Real Triplet” X
Gauge singlet S

H — Set of “SM” fields: 2 HDM

(SUSY: “TNMSSM?”, Coriano...)

Two CPV Phases:

Oy . Triplet phase
Os ! Singlet phase

Inoue, Ovanesyan, R-M: 1508.05404
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Two-Step EW Baryogenesis & EDMs

§ EDMs are Two Loop
RO Two CPV Phases:
! | .
\ . ) ,// Tr./plet phase
74 S T 7 X Os : Singlet phase
S
f Insensitive to os : electrically

neutral — “partially secluded”

47
Inoue, Ovanesyan, R-M: 1508.05404



Two-Step EW Baryogenesis & EDMs

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

Model A: 65=0 Model B: 65=0
1F
08¢ Present d,
06F d,=8.7s10""ecm
05t .
04+ Future d, v 0.
& - d,=29+10"% ¢ cm <
s 03 . ‘= 02
» |
02} .
0.1} 1
No EDM constraints
o.l-l 1 L 1 1 1 1 1 U U TN NN WU NN NN SN SN U SN NN NN SN N NN AN AN AN W AN N 1 L L L L 1 1 1 ) N W U T NN SN SN N N N . .-
100 150 200 250 300 350 400 100 150 200 250 300 350 400
mp,|GeV | mp,|GeV|

Triplet phase Singlet phase
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CPV for EWBG

Theoretical creativity

49



2HDM CPV : EDMs

CPV & 2HDM: Type Il illustration Ae 7 = 0 for simplicity

All Constraints All Constraints All Constraints

Theoretically inaccessible

0.1

001

|sin ap|
|sin ap|
|sin ap|

f e
0.001¢

107*

2014 /VG’VV,%Q Present & Future: Future:
’ d, x 0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin a, - CPV drmo X 0.1 drmo x 0.1
scalar mixing da(Ra) [10-27 e cm] d,(Ra)

50
Inoue, R-M, Zhang: 1403.4257



2HDM CPV : EDMs & LHC

CPV & 2HDM: Type Il illustration Ae 7 = 0 for simplicity

All Constraints All Constraints

LHC 300 fb" 1

Theoretically inaccessible
Hg
o1l 01 LHC 3 ab -
S 005k .
_ _ P H 2> Zh
5 S 001y = --
E g 001F
0.005
0.0017
00016 N | d
10 05 1 2 5 10 20 50

Alignment limit 4, g

Chen, Li, R-M: 1708.00435

Present /VG’M/,%Q Present & Future: Future:
’ d, x 0.1 d, x 0.01
ds(Hg) x 0.1 da(Hg) x 0.1
sin a, : CPV drno X 0.1 0o X 0.1
scalar mixing da(Ra) [10-?7 e cm] d,(Ra)

51
Inoue, R-M, Zhang: 1403.4257



2HDM CPV & EWBG

2HDM CPV: Source for EWBG?

Dorsch et al, 1611.05874

/2
EWBG viable o(’&
L 6099 0“3
= 6&6‘3
bcl? 10! o\’(\
| v N
GO
A
CMS search
—  ¢EDM
— nEDM
0 15 50 25 30 3% 10 13 50
tan 3

ay ¢ 5]—52
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1V. Outlook
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Questions for this Workshop

« What are the most interesting probes of BSM CPV
for the LHC and beyond ?

* How do these collider probes complement EDM
searches ?

« Which probes provide tests of BSM CPV needed
for electroweak baryogenesis and other EW -2 TeV
scale baryogenesis scenarios ?

54



Key Themes

The experimental discovery of BSM CPV at the EW
- TeV scale could hold the key to explaining the
cosmic matter-anfimatter asymmetry

Electroweak ba% WBG) connects this
CPV to the origin [ taryjparticle masses
through EW symmetry bréakin

The ingredients for EWBG are experimentally
accessible through a combination of low-energy
symmetry tests, collider searches, and GW probes

An exciting opportunity exists for inter-frontier
synergy in the quest to pursue this quest
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Back Up Slides
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General Considerations

i

Quench 3_/77?// entropy
sphalerons iiution
\ 20 ./T
[ ®
& S,
77 25
- / 4 ® H h
/ 0 (v.0)
Baryogenesis \
| i) a8
2 dark
matter

2 — New sector: set of BSM

fields ¢;, including at least one
that breaks EWSB at T > 0 during
first step

H — Set of “SM” fields, including
at least one that breaks EWSB at

during second step & persists to
T =20 (e.qg., single H, 2HDM...)
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General Considerations

i

Small entropy

Quench diluti
sphalerons fation
\ 20 ./T
[ ®
- 0
b S"'/)\_,
—e / 4 .H h
/ 0 (v.0)
Baryogenesis \
| i) a8
2 dark
matter

2 — New sector: set of BSM
fields ¢;, including at least one
that breaks EWSB at T > 0 during
first step

H — Set of “SM” fields, including
at least one that breaks EWSB at

during second step & persists to
T =20 (e.qg., single H, 2HDM...)

What are possibilities for
generating CPV asymmetries
needed for baryogenesis
during the first step ?
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General Considerations

i

Quench 3_/77?// entropy
sphalerons iiution
\ 20 ./T
[ ®
& S,
77 25
- / 4 ® H h
/ 0 (v.0)
Baryogenesis \
| i) a8
2 dark
matter

2 — New sector: set of BSM

fields ¢;, including at least one
that breaks EWSB at T > 0 during
first step

 New sector contains additional
LH fermions that contribute to
the B+L anomaly: CPV
interactions with ¢ — n;
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(H°)

Small entropy

Quench diluti
sphalerons fation
\ 20 ./T
[ ®
b S“'/)\_,
—e / 4 .H h
/ 0 (v.0)
Baryogenesis \
| a8
[
2 dark
matter

General Considerations

2 — New sector: set of BSM

fields ¢;, including at least one
that breaks EWSB at T > 0 during

first step

 New sector contains additional
LH fermions that contribute to
the B+L anomaly: CPV
interactions with ¢ — n;

« CPV asymmetry generated for
subset of ¢; , then transferred
to SM sector
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(H°)

Small entropy

Quench diluti
sphalerons iiution
\ 20 ./T
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= 0
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/ 0 (v.0)
Baryogenesis \
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[
2 dark
matter

General Considerations

2 — New sector: set of BSM
fields ¢;, including at least one

that breaks EWSB at T > 0 during
first step

 New sector contains additional
LH fermions that contribute to
the B+L anomaly: CPV
interactions with ¢ — n;

« CPV asymmetry generated for
subset of ¢; , then transferred
to SM sector

« CPV asymmetry generated in
SM sector via interactions with

the ¢, 61



(H°)

Small entropy

Quench diluti
sphalerons iiution
\ 20 ./T
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matter

General Considerations

2 — New sector: set of BSM
fields ¢;, including at least one

that breaks EWSB at T > 0 during
first step

 New sector contains additional
LH fermions that contribute to
the B+L anomaly: CPV
interactions with ¢ — n;

« CPV asymmetry generated for
subset of ¢; , then transferred
to SM sector

« CPV asymmetry generated in
SM sector via interactions with

the ¢, 6




lllustrative Study

(H°)

Small entropy

Quench diluti
sphalerons iiution
\ 20 ./T
[ ®
= 0
b S“'/)\_,
—e / 4 .H h
/ 0 (v.0)
Baryogenesis \
| a8
[
2 dark
matter

CPV asymmetry generated in SM
sector via interactions with the ¢

Considerations:

» Renormalizable interactions in
scalar sector

« At least two new sector fields
get spacetime varying vevs
Vnew (X) during step 1, at least
one of which is EWSB
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lllustrative Study: Model
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lllustrative Study: Lessons

Two-step electroweak baryogenesis is viable
No fine tuning of parameters necessary (yet)

CPV from a partially secluded sector can evade
EDM constraints: direct CPV probes are
sensitive to non-singlet sector

LHC & beyond may discover the new light
states

Rich variety of scenarios yet to be explored

72



