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Ingredients for Baryogenesis

¥'B violation
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¥'Out-of-equilibrium or
CPT violation
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Ingredients for Baryogenesis

. Scenarios: leptogenesis,
' EW baryogenesis, Afflek-
o e Dine, asymmetric DM, cold

baryogenesis, post-
sphaleron baryogenesisk

Standard Model BSM

1

¥B violation (sphalerons)
¥C & CP violation ! !

¥'Out-of-equilibrium or L !
CPT violation



Electroweak Baryogenesis

¥' Was Y; generated in conjunction with
electroweak symmetry-breaking?

¥' To what extent can experiment
definitively test this scenario?
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Outline

|.!  Electroweak Baryogenesis in a Nutshell

1I.! Electroweak Phase Transition  Very brief!
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EW Phase Transition: New Scalars & CPV
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EW Phase Transition: New Scalars & CPV

F  1storder A F  2nd order

Increasing m,

New scalars

¥ Loop effects

¥' Tree-level barrier
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EW Phase Transition: New Scalars & CPV
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EW Phase Transition: New Scalars & CPV
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F  1storder A F  2nd order

VvV

Increasing m,

P

< New scalars

Baryogenesis
Gravity Waves
Scalar DM
Collider Searches

EW Phase Transition: New Scalars & CPV

,4$trong4"/'1St order EWPT

l l

Preserve Bubble
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Quench
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|l. Electroweak Phase Transition

Conditions for Electroweak Baryogenesis ?
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Phase Transitions: StOdModel

e The Phases of QCD

| Future LHC Experiments

\ F 1st order \ F 2nd order

A 4

Increasing m;,

Baryon Chemical Potential

QCD Phase Diagram
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EW Phase Transition:

F 1st order \ F

2nd order

Increasing m;,

v

Lattice Authors th (GeV)
4D Isotropic [76] 80+7

4D Anisotropic [74] 72.4+1.7
3D Isotropic [72] 72.3+0.7
3D Isotropic [70] 72.44+0.9

SM EW: Cross over transition

StOdModel

o
=
=
©
—
]
Q.
5
l—

125 GeV

Higgs Mass

EW Phase Diagram
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EW Phase Transition: StOdModel

F 1st order \ F 2nd order
()
E
@©
o
o
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= 125 GeV
Increasing m,, > Higgs Mass
. C .
Lattice Authors My (GeV) \ EW Phase Diagram
4D Isotropic [76] 80+7
4D Anisotropic ~ [74]  72.4+1.7 .
3D Isotmpicp (72] 723407 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



EWPT OPoster ChildO: MSSM
Light Stop Scenario

« ‘ Light Stop

Scenario

Thermal loops
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EW Phase Transition: MSSM

| F  1st order L F  2nd order

The Standard Model of The Minimal Supersymmetric
Particle Interactions Extension of the Standard Model
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EW Phase Transition: MSSM
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EW Phase Transition: MSSM+

MSSM + /", (H, H,)?
F  1storder A F  2nd order

my =100 GeV, tan g = 10

v
X

Increasing m,

P

< New scalars

Light RH stops also affect
Higgs properties

Katz, Perelstein, R-M,
Curtin, Jaiswal, Meade 1203.2932 Winslow 1509.02934
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Beyond the Poster Child

Poster
Chid-

A Light Stop
» % Scenario

¥ Gauge singlets (tree-level)

¥ EW multiplets (tree + loops)
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Beyond the Poster Child

Poster
Chid-

Light Stop
.« Scenario

Vs inql ree-| |
Gauge singlets (tree-level) ' Higgs portal

_ I SUSY or otherwise
¥' EW multiplets (tree + loops)
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EW Phase Transition: Higgs Portal

F  1storder A F  2nd order

Increasing m,

< New scalars
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EW Phase Transition: Higgs Portal

F  1storder A F  2nd order

¥'Renormalizable

A 4

Increasing m,

P

< New scalars

¥'7#: singlet or charged
under SU(2), x U(1)y

¥Generic features of full theory
C)l — /\@H C)T(I) HTH +E (NMSSM’ GUTSE)

¥More robust vacuum stability
¥Novel patterns of SSB

33



Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: &5\ 1 ! ’
Real singlet:  Z, 1 ! !
Complex Singlet 2 ! !
EW Multiplets 3+ i i

May be low-energy remnants of UV complete theory
& Illustrative of generic features
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Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: % | 1 ! i
Real singlet:  Z, 1 ! !
Complex Singlet 2 ! !
EW Multiplets 3+ d d

May be low-energy remnants of UV complete theory
& illustrative of generic features (NMSSME)
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EW Phase Transition: Singlet Scalars
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EW Phase Transition

F  1storder A F  2nd order

A 4

Increasing m,

P

< New scalars

Real Singlet: #! S

Simplest Extension:
two states h; & h,

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010

: New Scalars
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EW Phase Transition: New Scalars

F  1storder A F  2nd order

A 4

Increasing m,

< New scalars

Real Singlet: #! S

Simplest Extension:
two states h; & h,

L1 1 | | I | | |
%00 200 30 My >2m,
m, [Ge |

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 39



EW Phase Transition: New Scalars

F  1storder A F  2nd order

A 4

Increasing m,, m, > 2 m, ————rrr

P

< New scalars

Resonant di-Higgs production:

b
,,hl<5
- om I s
%%

S0 I2(|)0I - I3(|)ol_ m,>2m,
No & RM, arXiv:1310.6035 : LHC Discovery w/ 100 fb -1 m, [Ge' . 40




EW Phase Transition: New Scalars

F  1storder

\F

2nd order

Next gen pp
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EW Phase Transition: Singlet Scalars

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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EW Phase Transition: Singlet Scalars

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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EW Phase Transition: Singlet Scalars

Resonant di-Higgs: bb WW channel @ LHC 13

= |=3000 fb™

Sensitivity [o]

o = 1=300fb"

a1 /A
b

Huang, No, Pernie, MRM, Safonov, Spannowsky, Winslow 1701.04442 44



EW Phase Transition: New Scalars

| F  1st order \F  2nd order
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EW Phase Transition: New Scalars

F  1storder A F  2nd order
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EW Phase Transition: New Scalars

F  1storder

\F  2nd order

Modified Higgs Self-Coupling

ILC gsll\l/ll HL-LHC
200 S /
[ 7~ 500
[ o) = /
1500 3%
[ 30% — . I ]
[ 50% — J. = R
L > 1001 PR LR HI LR I ] >
[ ..:d'.°:.'.'.' i~
SRUPRAA ¥—| FcC-eel 2
:.' /r CEPC -
0 N . vl s -
0 10 207 30 40 50 60
FCC-hh/SPPC
8111

m2>2m1"'

 F

/

<S>

- Trivial Singlet v.e.v.

T T T T T 17T

ixed States:
y Precision "
-..ILC, CPEC,

II|IIII|IIII|IIII|IIII|IIII

Profumo, R-M, Wainwright, Winslow: 1407.5342; see
also Noble & Perelstein 0711.3018

.
III|IIII|I

200 300 My
m, [Ge |

V
N
3
N
1SN
~



EW Phase Transition: Singlet Scalars

| F  1st order \F  2nd order
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let Scalars
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Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: &5\ 1 ! ’
Real singlet:  Z, 1 ! !
Complex Singlet 2 ! !
EW Multiplets ** 3+ d d

May be low-energy remnants of UV complete
theory & illustrative of generic features

** See also K. Mimasu talk



EW Multiplets : Two-Step EWPT

F  1storder A F  2nd order

Increasing m,

P

< New scalars

¥' Step 1: thermal loops
¥ Step 2: tree-level barrier

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195
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EW Multiplets : Two-Step EWPT

F  1storder A F  2nd order

One step V ~

Two step

Small entropy

. h I
Increasing m,, lerons dilution
#0 b.x0)

« New scalars \

®
5.
S,

VvV

Step 1

1 - . h
¥ Step 1: thermal loops 7 0 "
¥' Step 2: tree-level barrier Baryogenesis \
1 # dark
matter

Patel, R-M: arXiv 1212.5652 : Blinov et al: 1505.05195 52



EW Multiplets : Two-Step EWPT

F  1storder A F  2nd order

A 4

Increasing m,

P

< New scalars

Real Triplet &~ (1,3,0)%

Two-step EWPT & dark matter

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195

One step

=

Two step

Quench
sphalerons

Small entropy
dilution

Baryogenesis

matter
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EW Multiplets : Two-Step EWPT

F  1storder A F  2nd order

A 4

Increasing m,

< New scalars

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195

One step v :
<H]') Two step

Triplet Mass

mg=125GeV, bs=0.75

200 T 520% (SM)
Two-step EWB
0l
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+10%

Higgs Portal Coupling
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EW Multiplets : Two-Step EWPT

F  1storder

Increasing m,

P

<

~

G

\F  2nd order

One step v :
<H]') Two step

mg=125GeV, bs=0.75

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195

Higgs Portal Coupling

200 T e=0% (SM)
- Two-step EWB
180}
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& ol
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Strong 1 st Order EWPT

L appiness is just
alewsteps avway

Light Stop\

Scenario '

Beyond the MSSM:
singlets , 2-stepE.

“The doctors never gave up.”

Definitive probe of the possibilities
LHC + next generation colliders
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EDMs: New CPV?

System Limit (e cm) * SM CKM CPV BSM CPV
199 Hg 7.4 x 10-%0 1033 1020
ThO 8.7 x 10-29 ** il il

n 3.3 x1026 10-31 il

*9500 CL  ** e-equivalent
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EDMs: New CPV?

System Limit (e cm) * SM CKM CPV BSM CPV
19 Hg 7.4 x 1030 il 02
ThO 8.7 x 10-29 ** il il

n 3.3 x1026 10-31 il

*9500 CL  ** e-equivalent

Mass Scale Sensitivity

@D

sin#.,~11 M >5000 GeV

M <500 GeV! sin#., <107
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EDMs: New CPV?

System Limit (e cm) * SM CKM CPV BSM CPV
199 Hg 7.4 x 10-%0 1033 1020
ThO 8.7 x 1029 ** 10-38 10-28
n 3.3 x1026 10-31 il
*9500 CL  ** e-equivalent
X neutron
proton
& nuclei
*  atoms
~ 100 x better
Not shown: sensitivity

muon
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EDMs: New CPV?

System Limit (e cm) * SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 1033 1020
ThO 8.7 x 10-29** 10-38 1028
n 3.3 x 10% 1031 1026
*9500 CL  ** e-equivalent
Mass Scale Sensitivity
WBG.
Qe fol 50 sin#.,~11 M >5000 GeV
C‘(\.a:-\)‘e"‘ /7 " _
C M <500 GeV! sin#., <107

e
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EDMs: New CPV?

System Limit (e cm) * SM CKM CPV BSM CPV
9 Hg 7.4 x 1030 1033 1029
ThO 8.7 X 10-29 ** 10-38 10-28

n 3.3x 1026 10-31 1026

*9500 CL  ** e-equivalent

Mass Scale Sensitivity

\NBG, .
32N\> ¥ EDMs arise at > 1 loop
N

e fO!, .
C‘(\a,-.\\ej\g’ IR ¥ CPVis flavor non-diagonal = **
e ¥ CPV is Opartially secludedO **

** Back up slides
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EDMs & EWBG: MSSM & Beyond

Heavy sfermions: LHC Sub-TeV EW-inos: LHC & EWB -

consistent & suppress viable but non-universal phases
1-loop EDMs

E

d,=10%ecm ACME: ThO

Compatible with |
observed BAU =

sin(uM,b")
sin(uM,b")

\ d,=10%° e cm

A
\ — N L
> d,=10% e om - Next gen d,
/0‘0%00. L .1;0. - ,2(1)0. L IZ;OI L 1\300 00+ L. L T
Next gen dn M, [GeV] \ylso M,Zf()?c v 250 300

Li, Profumo, RM A19-A1D Compressed spectrum 63




CPV for EWBG

Theoretical creativity

64



CPV for EWBG

Theoretical creativity

¥ Two-step EWBG (back up slides)

¥ Flavored EWBG (back up,

¥' OthersE

Senaha, Konstandin talks)
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V. Outlook

¥' Explaining the origin of the matter-antimatter asymmetry
IS a forefront challenge for BSM physics

¥ Electroweak baryogenesis remains one of the most
theoretically rich & experimentally accessible scenarios:
OWas the baryon asymmetry produced in conjunction
with electroweak symmetry-breaking 20

¥ EDMs & collider studies (LHC & beyond) provide
powerful probes of the ingredients & results to date
challenge theoretical creativity

¥' Exciting array of possibilities to be explored

Refs: 1604.05324, 1206.2942 66



Back Up Slides

¥ Baryogenesis scenarios & energy scale
¥ MSSM LSS

¥' Real Singlet w/o Z,

¥' Real singlet w/ Z,

¥' Flavored EWBG

¥ Two-step EWBG
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Energy Scale (GeV)

Baryogenesis Scenarios

1012

10°

1072

101

-
=

Standard thermal lepto

Affleck Dine

Electroweak, resonant lepto,
WIMPY baryo, ARS leptoE

Post-sphaleron, coldE

68



Energy Scale (GeV)

o TE EE Em Em

Baryogenesis Scenarios

1012

Standard thermal lepto

10°

Affleck Dine

{4

Electroweak, resonant lepto,

WIMPY baryo, ARS leptoE

Most direct

——  Post-sphaleron, coldE

ly testable

A e T T T T T T T Tt 54
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Energy Scale (GeV)

Baryogenesis Scenarios

Discover (some) ingredients
& possibly falsify

GO 3
: 12 Standard thermal lepto :
A I T :
10° <_‘I'_ Affleck Dine

|

|

|

|

|

|
ST T T T T T e ——— ~
| 2 Electroweak, resonant lepto,
: 1 WIMPY baryo, ARS leptoE i
100 — |
I ——  Post-sphaleron, coldE I
| |
\ v J
\ 4

Most directly testable

———————————————————————————————————————————————————————————
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Energy Scale (GeV)

4 & possibly falsify
(T 3
12 Standard th | lept -
R N
10° # Affleck Dine
|
|
|
|
|
|
{ 10 2 - Electroweak,]resonant lepto, ‘:
I WIMPY baryo, ARS leptoE i
1 101 S )
| |
I ——  Post-sphaleron, coldE |
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Baryogenesis Scenarios

Most directly testable

Discover (some) ingredients
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EW Phase Transition: MSSM

F  1storder \F  2nd order

N

A 4

Increasing m,

P

< New scalars

MSSM: Light RH stops

Carena et al 2008: MSSM strong 1t
order EWPT: RH stop mass < 105 GeV
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EW Phase Transition: MSSM

T4 production, T—>ti?/c;’c?
UM SN e RN e ENE

CCMS _
FVs =8 TeV - E’;’?gg

| == SUS-13-023 0-lep (2 body decays) 18.9
[ === SUS-14-001 0-lep (2 body decays) 19.4%b"
C SUS-13-011 1-lep (2 and 3 body degftys) 19.5 fb!
= SUS-14-015 1,2-lep (2 and 3 body Hecays) 19.5 fb™!
= SUS-14-011 O-lep (Razor) + 1j#b (MVA) 19.5 fb™
— SUS-14-011 0,1,2-lep (Razor);19.3 b
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— SUS-14-021 1-lep (4 detays) 19.7 o'
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Increasing m,

< New scalars

MSSM: Light RH stops

Carena et al 2008: MSSM strong 1t
order EWPT: RH stop mass < 105 GeV
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EW Phase Transition: MSSM

| 1storder \F

2nd order

Increasing m,,

P
<

A 4

New scalars

MSSM: Light RH stops

Carena et al 2008: MSSM strong 1t
order EWPT: RH stop mass < 105 GeV
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EW Phase Transition: Singlet Scalars

SFOEWPT Benchmarks: Resonant di-Higgs

500E 200 TeV, 30/ab == 4 Pt | Nextgenpp | 7 g Tev 30/ab —
] 100 TeV, 30/ab = 1 100 TeV, 3/ab =—
S0Tev.305b — | 1001 TeV,3/ab == |
100} 1
50¢ r
o f 10 % ]
P4 ! - ! i oS
10p '- = 1R ~
o] S T = BN S 1 1
L[ e e e e e P 0.1 . \_ 1
400 500 600 700 800 200 800
ms (GeV)
8" & 4%

Next gen pp: Kotwal, No, R-M, Winslow 1605.06123
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let Scalars
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Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: % | 1 ! )
Real singlet:  Z, 1 ! !
Complex Singlet 2 ! !
EW Multiplets 3+ i i

May be low-energy remnants of UV complete

theory & illustrative of generic features
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EW Phase Transition: Singlet Scalars

F  1storder A F  2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

¥ Loop-induced 1-step transition
¥ 2-step transition for ug? <0

* Singlet two step: see also Profumo, R-M,
Shaugnessy 2007

Aps

-4

2 Step* f
N
& 1 Step
2+ o« ) us*> 0
24 Q
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EW Phase Transition: Singlet Scalars

F  1storder A F  2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

¥ Loop-induced 1-step transition
¥ 2-step transition for ug? <0

| Significance

VBF @ 100 TeV pp: _z\w 3000 fb 1

pp! hijji,h! invis IR\
T_pNon-pert

* Singlet two step: see also Profumo, R-M,
Shaugnessy 2007



EW Phase Transition: Singlet Scalars

F  1storder A F  2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

¥ Loop-induced 1-step transition
¥ 2-step transition for ug? <0

| Significance

VBF @ 100 TeV pp: _z\w 3000 fb 1

pp! hijji,h! invis IR\
T_pNon-pert

* Singlet two step: see also Profumo, R-M,
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EW Phase Transition: DM Direct Detection

F  1storder A F  2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

¥ Loop-induced 1-step transition
¥ 2-step transition for ug? <0

Scalar singlet DM: direct detection
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A

s st
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-4

LUX Exclusion
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EW Phase Transition: New Scalars & CPV

Increasing m,

P

F  1storder A F  2nd order

VvV

<

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

,4$trongAl'/'1St order EWPT

l

Bubble

nucleation
Yg :ICPV R EW EWSB
sphale/ons _

A== A




Flavored EW Baryogenesis

% %
<
~

-
-

Hr %0
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Flavored EW Baryogenesis

% %
AN
~
/JR%/
/ \
V(x) )
Flavor basis (high T)
__1 "
L gopon = w Bl (YE)i 1+ (YE)j! 2 € + hec.

Mass basis (T=0)

n\]/—f%(cos& B +sin & Bi$s! )h

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

% %
AN
N
/JR%/
/ \
(x))
Flavor basis (high T)
_ "o
L \I/_uekF:vc\)/g = E|i_ (YlE)ij ! 1+(Y2E)ij Iy e’R + h.c.
Mass basis (T=0)
CPVh! $$

n\]/—f%(cos& B +in & Bi$s! )h

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

% %
‘\
N

-
-

Hr %0

9209 Z
o ;S = Flavor basis (high T)
Aar \)*
. 3 "
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% COS& Guo, Li, Liu, R-M, Shu 1609.09849
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Two-Step EW Baryogenesis

lllustrative Model:

New sector: OReal TripletO &%
% 9% Gauge singlet S %

H/ Setof OSMO fields: 2 HDB#

Quench Small entropy (SUSYZ OTNMSSMCEOH&I’IOE)
sphalerons dilution
N TO’”) / Two CPV Phases:
N //_ I l¢: % Ydiplet phase
Baryogfne&s . \ !S : Slnglet phase
1 & dark
matter
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Two-Step EW Baryogenesis & EDMs

§ EDMs are Two Loop
;7 S \ 3t Two CPV Phases:
{ | .
\ /\/// % Ysiplet phase
/§ o \ Is: Singlet phase %
> A
f Insensitive to /¢ : electrically

neutral / Opartially secludedO
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Two-Step EW Baryogenesis & EDMs

Two cases: (A) /s=0 (B)!/,=0

Model A: §5=0

08 Present d,
06 d,=87+10"ecm

., 041 Future d,
‘2 d,=29+10 % e cm
@

l“ 1 L 1 lléol L 1 125”IIII2%II§&II§%II415”
mp,|GeV|

—sin dg

Model B: 6x=0

No EDM constraints

IEw 1 1 1

lléol 11

mp,|GeV|

200 250 300 350 400

Inoue, Ovanesyan, R-M: 1508.05404
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