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Lecture lll Goals

Introduce the key ideas for relating the electroweak
phase transition and WIMP dark matter in the context of
electroweak baryogenesis

Provide general considerations regarding dark matter
model building

Explain how electroweak baryogenesis works

Discuss simple EWPT-DM scenarios and their collider
probes

Invite questions !



Lecture lll Outline

.  Electroweak Phase Transition & Dark Matter: Overview
Il.  WIMP Dark Matter: Context & Properties

lll. Electroweak Baryogenesis: How It Works

IV. EWPT & DM: Scenarios & Collider Probes
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[. EWPT & Dark Matter: Overview



Fermion Masses & Baryon Asymmetry
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Energy Scale (GeV)

Baryogenesis Scenarios
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Thermal History
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Ingredients for Baryogenesis

~SeeRaties:-leptegeanesis,
1 EW baryogenesis, iAfflek-
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baryogenesis, post-

Sphaleron baryogenesis...

," Standard Model BSM
!
'.' v v
]
x v
® v

:'- Out-of-equilibrium or i
i CPT violation i

4 First order EWPT



EWSB: The Scalar Potential

From Nature

What was the thermal history of EWSB ?
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EW Phase Transition: St’d Model

| ' 1st order ) F 2nd order
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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] 724+1.7 . .
3D Isotropic (721 723407 How doe_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 )



First Order EWPT from BSM Physics
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'« Thermal loops involving new bosons

« T=0loops (CW Potential)
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* Change tree-level vacuum structure
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EWPT & Dark Matter

Can the BSM particles that catalyze a
first order EWPT also be viable dark
matter candidates ?
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II. WIMP Dark Matter: Context & Properties
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Dark Matter Properties

Electrically neutral & colorless

Stable on cosmological time scales

“Cold”

e m——————

Thermal Eor Non-Thermal
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Thermal Dark Matter

- Dark Matter example
J x x < ffor VV
d
]
i Increasing <o,v>
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x=m/T (time =)

Boltzmann Eqs:

1) N~ Ngg

2) N starts to depart
from Ngq

3) N “freezes out” at x;

X, ~ 0 (10) —
I ~m/10
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Dark Matter Interactions

Gravitational
Non-grav interactions w/ St’d Model ?

Non-grav interactions w/ itself ?
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Particle Dark Matter Scenarios

WIMP —type Candidates (2 ~1
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Dark Matter Portals

[ Standard Model J < > [Hidden Sector




Dark Matter Portals

 Gauge sector (SUSY neutralinos)

 QCD portal (Axion)

 Yukawa portal (neutrinos)
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WIMP Dark Matter Probes

Thermal Abundance & Indirect

Detection
X SM

SM

e e e )

DM Interactions

21



WIMP DM: Q,,, & Indirect Det

Real singlet exension: “xSM”
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WIMP DM: Q,,, & Indirect Det

Indirect detection
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23



WIMP Dark Matter Probes

Direct Detection: WIMP-Nucleus scattering

% SM

SM

e e e )

DM Interactions
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WIMP Dark Matter: Direct Detection

Spin-independent
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WIMP Dark Matter Probes
DM Production at Colliders

X SM

SM

e e e )

DM Interactions

26



WIMP Dark Matter: Colliders

Signature: pp — X + missing Et (*mono-X" searches)

4 DM(m,)

Irreducible background:

DM(my) Pp —* Z (VV) + jets
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lll. Electroweak Baryogenesis: How It
Works
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EW Phase Transition: New Scalars & CPV

| ' 1storder \ F  2nd order

T=T. / TaT.

T<T,
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EW Phase Transition: New Scalars & CPV

| ' 1storder \ F  2nd order

T=T. / TaT.

T<T,

Increasing m,
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EW Phase Transition: New Scalars & CPV

| ' 1storder \ F  2nd order

T=T. / TaT.

T<T,

Increasing m,

New scalars
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EW Phase Transition: New Scalars & CPV

| ' 1storder \ F  2nd order

Increasing m,

New scalars

« Loop effects

» Tree-level barrier

32



EW Phase Transition: New Scalars & CPV

i ”” t
| [/ 1storder \ F 2nd order Strong ™ 15" order EWPT

Increasing m,,

o

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches
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EW Phase Transition: New Scalars & CPV

“Strong”| 15t order EWPT

| ' 1storder \ F  2nd order
T>T, l
Bubble
TaT / nucleation
S -—

¢)

Increasing m, > O O

New scalars O O CD\

EWSB

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches
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EW Phase Transition: New Scalars & CPV

| ' 1storder \ F  2nd order

Increasing m,

o

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong”

1st order EWPT

Yz CPV &
EW sphaleron

!

Bubble
nucleation

Tp]




EW Phase Transition:

 F

Increasing m,

o

1st order \ F

2nd order

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

New Scalars & CPV

“Strong”

1st order EWPT

Y5 1CPV
EW sphaleron

BSM

!

Bubble
nucleation

O \
EWSB
0 1 2 i




EW Phase Transition: New Scalars & CPV

“Strong”| 15t order EWPT

!

Bubble
nucleation

| ' 1storder \ F  2nd order

Increasing m,

o

New scalars /@ O

Baryogenesis 1156 GRS EWSE
. into interiors —
Gravity Waves Al p Fann
Scalar DM AL
LHC Searches
".fl"" 0 AA
0 1 2 i




EW Phase Transition: New Scalars & CPV

 F

Increasing m,

1st order \ F

2nd order

o

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong || 15t order EWPT
Preserve Bubble
Vi nucleation
Quench
EW sph \§>
Y : diffuses EWSB

into interiors
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IV. EWPT & DM: Scenarios & Collider
Probes
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Higgs Portal DM & EWPT

NOT SURE IF HIGGS




EW Phase Transition: Higgs Portal

| ' 1storder \ F  2nd order

Increasing m,

New scalars

C)l — /\(j)]] C)TC) HTH +...
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EW Phase Transition: Higgs Portal

' st order \ F

2nd order

S

Increasing m,

o

New scalars

(/)1 — /\(:)][ (:)T(:) HTH

y Py

* Renormalizable

¢ : singlet or charged
under SU(2), x U(1)

» Generic features of full theory
(NMSSM, GUTS...)

» More robust vacuum stability

* Novel patterns of SSB
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Higgs Portal: Simple Scalar

Extensions
Extension DOF |EWPT | DM
Real singlet:  ZX\_ | T v =
Real singlet:  Z, 1 v v
Complex Singlet 2 v v
EW Multiplets 34 v v

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

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:  Z)\ | 1 v =
Real singlet:  Z, 1 v v
Complex Singlet 2 v v
EW Multiplets 24 v v

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

45



EW Phase Transition: New Scalars

| ' 1storder \ F  2nd order

Increasing m,

New scalars

Real Singlet: ¢ — S

Simplest Extension:
two states h, & h,

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

Standard Model + real singlet scalar

Vas = o (H'H) S+ 32 (H'H) 82

« Strong first order EWPT

* Two mixed singlet-doublet states

47



Simplest Extension

Standard Model + real singlet scalar

Vis = % (HTH 12 (HTH) S?

O

Phenomenology

hi1 =sinf s+ cosf h

ho = cosf s —sinf h

i
m, , ; 6; h; h; h, couplings <”°2/

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010
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EW Phase Transition: New Scalars

' st order ) ' 2nd order

Increasing m,, > m,>2m, —

500 ——'
* New scalars :
400 |

. z

Real Singlet: ¢ — S =, 3005

i 7 2 ‘

Simplest Extension: 7 g 1
two states h, & h, 100

o — m,>2m,

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 m, [Ge™, 49



EW Phase Transition: Singlet Scalars

| ' 1st order ) F 2nd order

Singlets

()
-
=)
ey
©
-
Q
Q.
5
[t

Increasing m, > Higgs Mass

Lattice Authors My (GeV) \ EW Phase Diagram

4D Isotropic [76] 80+7

4D Anisotropic [74] 724+1.7 . .

3D Isotropic (721 723407 How does this picture

3D Isotropic [70] 724409 change in presence of new

TeV scale physics ? What is
the phase diagram ?

SM EW: Cross over transition -



EW Phase Transition: Singlet Scalars

' st order ) ' 2nd order

" Trvial Singlet v.e.v.

Collider probes

1T 17T 17T 17 17 17T 17T

Mixed States: .
Precision ++ ]

my,>2m; —

..ILC, CPEC,

« Resonant di-Higgs production :
L. .-_ -_'_I.:'_CC-ee

* Precision Higgs measurements

* Non-resonant di-Higgs & exotic
Higgs decays

11 | | L1 1 1 l .I
qOO 200 300 m1 > 2 m2
m, [Ge |
51

Profumo, MJRM, Shaugnessy
‘07



EW Phase Transition: New Scalars

' st order ) ' 2nd order

" Trvial Singlet v.e.v.

m,>2m,

A 4

Increasing m,

Mixed States: .
Precision < ]
..ILC, CPEC, ]

500

Resonant di-Higgs production

400

b

h<_

h, -~ lf

___-.~~h<’t
1

T

%0 I2(|)0I - .3(|)0.. m;>2m,
No & RM, arXiv:1310.6035 : LHC Discovery w/ 100 m, [Ge .
fb-1




EW Phase Transition: Singlet Scalars

SFOEWRPT Benchmarks: Resonant di-Higgs & precision Higgs studies

&
J Next aen |+ roxexeren
s g 100 TeV, 30/ab =
1000E 100 TeV, 3/ab —
900t | SFOEwPT ® \‘N TeV, 3/ab =
800§ Max oxBR : >
> 700} | MinoBR " 1e . \_\\__
O 600} ot T E — N\
é“ 5001 EWPO )
400} A
oo | N
094 095 096 O 400 500 600 700 800
h-S Mixing —> cos@ m, (GeV)
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442 -



EW Phase Transition

 F

1st order

I

wa

2nd order

: New Scalars

m, [GeV]

" Trvial Singlet v.e.v.

m > 2 m T T 1T T T 17
2{ ! Mixed §tates: .
500 o Precision «+
L -
o -..ILC, CPEC,
400 : T -_'_I.:'_CC-ee
- '
300E! ;'
I l-.
200?: B
100 |
:_ 1 1 | | I I - l .I
Y00 200 300 My = 2 my

m, [Ge |



EW Phase Transition: Singlet Scalars

' st order \ F

Modified Higgs Self-Coupling

2nd order

SM

ILC HL-LHC
200, NI -
L 13% — \ «
1500 2070
L 30% i
[ 50% — q. S .«
Q [ . o d 1) ’. .
L > 100 w2 B v
[ . . bo © .
L .'.. o,o: e ]
SO S—_| FcC-ee/
= ,r T~ CEPC '
oL .. . I e L
0 10 207 30 40 50 60
FCC-hh/SPPC
g111

Profumo, R-M, Wainwright, Winslow: 1407.5342;

see also Noble & Perelstein 0711.3018

Real Scalar Singlet Model

1 3 3 Scan
< 2 wrent | iNCIUdES
s e e ' m,>2m
§ 0-100f,, e 2 !
. .
£
‘s 0.010
2
O CEPC  Similarlyy FCC-ee and ILC 250
N 0.001
L — —
- -
O O
8 8
10—4 < © 1TeV = SPCC / FCC-hh / ILC 1 TeV
0.5 1.0 1.5 2.0 2.5
hhh coupling: As/Aggm Huang, Long, LTW, 1608.066 19
" Trvial Singlet v.e.v.
m2>2m1\llllllllll

11 | | L1 1 1 I |
200 300
m, [Ge |

Mixed States:
Precision
-..ILC, CPEC,

£ tenr FCC-ee

II|IIII|IIIIIIIIIII[IIlIIlI

m,>2m,

95



EW Phase Transition: Singlet Scalars

| ' 1storder \ F  2nd order

Singlet-like pair production "~ Trivial Singlet v.e.v.
m,>2m, —

1T 17T 17T 17 17 17T 17T

Mixed States:
Precision
-..ILC, CPEC,

- FCC-ee

m, = 170 GeV, sinf = 0.05 m, = 240GeV, sinf = 0.05

10k t ,j 50 | [ ‘ ;v 2 ' 500

o
Y o 'l
e iy > 0.5%

II|IIII|IIIIIIIIIII[IIlIIlI

e
| s
e, ACOOOOCOOIC0
COPEEIERES
¢ DO .
i
k ‘ ‘\ | g I
2 [/7"" Higgs self-coupling 10} { ! 50
¥ ¥ \
10 ' | deviation = 15% | i
| 18 |
i 0 1 ( 10 1 0 1 ( 10
A Ko A

00 [ |2(|)0| L1 |3(!)0|. m1 > 2 m2
Chen, Kozaczuk, Lewis 2017 m, [Ge' 56




Higgs Portal: Simple Scalar

Extensions
Extension DOF |EWPT | DM
Real singlet:  ZX\_ | T v | *
Real singlet:  Z, 1 v v
Complex Singlet 2 v v
EW Multiplets 24 v v

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

DM Scenario

Dark Matter Stability:

—————————————————————————————————————————

* Invariance under S — -S |

e <S>=0

\\ _________________________________ }_ _______ 4
° Hhs _0 E
v



The Simplest Extension

DM Scenario

a9

Vis = +5 (HjH) 52

\

Qpy & Og




EW Phase Transition: Two-Step

\ F

| ' 1storder \ F  2nd order

Profumo, R-M, Shaugnessy 2007
Curtain, Meade, Yu: arXiv: 1409.0005
Jiang, Bian, Huang, Shu 1502.07574

60



EW Phase Transition: Singlet Scalars

\ F

| ' 1storder \ F  2nd order

Curtain, Meade, Yu: arXiv: 1409.0005 :

Z, symmetric real singlet extension | [
» Loop-induced 1-step transition .l / & ! Step
 2-step transition for ug? < 0 boo

3200 200 600 800 1000

ms [GeV]
| Non-pert
* Singlet two step: see also Profumo, R-M, —rompe o

Shaugnessy 2007



EW Phase Transition: Singlet Scalars

| ' 1storder \ 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

VBF @ 100 TeV pp:
pp — hjj, h—invis

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

\ F

o
Significance
\ w/ 3000 fb!
DALY
4 200 400 600 800 1000
‘ My [GeV]
Non-pert
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EW Phase Transition: DM Direct Detection

 F

1st order

I

wa

2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

» Loop-induced 1-step transition
 2-step transition for us? < 0

Scalar singlet DM: direct detection

\ F

0
<H/
loglo (Q_gﬁ X O'S

-44

8 y h— .
—.l:.)/
/ /
-453
/
6 451
—449
4 ~

SI )
. 7
44.7,-___-_-_-___,,

on1T

ey

LUX Exclusion
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Higgs Portal: Simple Scalar

Extensions
Extension DOF |EWPT | DM
Real singlet:  ZX\_ | T v =
Real singlet:  Z, 1 v v
Complex Singlet 2 v v
- EW Multiplets 3+ v v

May be low-energy remnants of UV complete
theory & illustrative of generic features
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EWPT: Complex Singlet Scalars

' st order

I

wa

2nd order

SFOEWRPT-viable parameters

 DM: Spontaneously & softly-
broken global U(1)

» Possibility of SFOEWPT &

DM candidate

{ | Small window

17
10 80 = 0.7 —-—-- T
89 = 0.55
80=02 —=—=
LUX 2016 -~
10 18 L
100 1000

my [GeV]

Chiang, MJRM, Senaha ‘17 65



Higgs Portal: Simple Scalar

Extensions
Extension DOF |EWPT | DM
Real singlet:  ZX\_ | T v =
Real singlet:  Z, 1 v v
Complex Singlet 2 v v
— EVV Multiplets 3+ v v

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

66



Real Triplet

@)2@3 ~(1,30)

Fileviez-Perez, Patel, Wang, R-M:
PRD 79: 0565024 (2009); 0811.3957

[hep-ph]

Vs = LHISH+ 2H'H Tr X2

EWPT: a,,#0 &

<3U> £ 0

DM & EWPT:a, =0 & <3%>=0

Small: p-param



Real Triplet

Fileviez-Perez, Patel, Wang, R-M:
2t 2 ~(1,30) PRD 79: 055024 (2009); 0811.3957
D J
[hep-ph]

Vs = + %HTH Tr 32

EWPT:a,,#0 & <3">£0
DM & EWPT: a,= 0 & <> = ()

DM Stability



EW Multiplets: Two-Step EWPT

[

| [ 1storder \ F  2nd order T

7 TaT,
One ste
(H]

Two step

Increasing m,

New scalars

« Step 1: thermal loops
« Step 2: tree-level
barrier

Patel, R-M: arXiv 1212.5652 ; Blinov et al:
1504.05195
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EW Multiplets: Two-Step EWPT

2nd order

' st order \ F

A 4

Increasing m,

o

- New scalars

« Step 1: thermal loops
« Step 2: tree-level
barrier

Patel, R-M: arXiv 1212.5652 ; Blinov et al:
1504.05195
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EW Multiplets: Real Triplet

| ' 1storder \ F  2nd order

A 4

Increasing m,

o

« New scalars

Patel, R-M: arXiv 1212.5652 ; Blinov et al:
1504.05195
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EW Multiplets: Real Triplet

[
| ' 1storder \ F  2nd order T
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Higgs Portal Coupling
Patel. R-M: arXiv 1212.5652 : Blinov et al: 72
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EW Multiplets: Two-Step EWPT

Using BR(H—ZZ*) from FCC-ee (known at ~0.3% from dgnzz~0.15%),
production ratios o(H—=XY)/o(H—ZZ*) for pr>100 GeV return the

following stat precision on the absolute value of rare BRs

YY

M. Mangano ~05%  ~1%  ~1%

L= FCC-ee: <

2% on &y,

mg=125 GeV, b4=0.75

_ ‘ 0T e T
Increasing m, ’ Two-step EWB |
180+ —20% 4
. favorable / .
[ +10%
P 160
) New scalars |
%] L -30%
4 4of
§ 1205 o // o
S+ _ N % 2 ) —-50%
h “ = /
J -~ 100 | |
@* ' == N
y R AN, § N 1 .
—l(iAIIO.S‘I”O.OI“‘O.S‘”Il.O‘lIIISKI“ 0
Higgs Portal Coupling

Patel, R-M: arXiv 1212.5652 ; Blinov et al:
1504.05195
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Lecture lll Key Ideas

Role of 15t order EWPT in electroweak baryogenesis

Thermal WIMP dark matter: relic density, indirect &
direct detection signatures, collider probes

Higgs portal EWPT & dark matter: simplest singlet &
electroweak multiplet scalar sector extensions; Z,
symmetry; multi-step EW symmetry breaking

Collider implications: resonant di-Higgs production;
modified Higgs self-coupling, Higgs signal strengths
(mixing), Higgs di-photon decay
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Research Opportunities

Finite T, out-of-equilibrium quantum field theory
Model building

Collider phenomenology

Inter-frontier connections: high-energy, cosmic,
& high sensitivity

i34
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Back Up Slides
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EW Multiplets: 2HDM
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EW Phase Transition: SUSY

MSSM: Light Stop Scenario

' 1storder \ ' 2nd order
| | Lattice: Laine, Rummukainen
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EW Phase Transition: SUSY

MSSM: Light Stop Scenario

' 1storder \ ' 2nd order
| | Lattice: Laine, Rummukainen

my= 1 TeV tanB =3 (m, =95 GeV)
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EW Phase Transition: SUSY

MSSM + 6, (H, H,)?
| ' 1storder \ F  2nd order

my =100 GeV, tan 8 =10

v
X

Increasing m,

o

- 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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Vacuum Stability & Perturbativity

Preserving EW Min “Funnel plot”

Verr
top loops

EW vacuum /
/\ \

naive stability ___,
scale A Log, (A / GeV)

By =

9
2 —
— (4/\ +12a2 36yt+12)\yt OAg® — 3N + 79 +2gg +

7N\

DM-H coupling top loops

Gonderinger, Li, Patel, R-M




Temperature Dependence of V(¢)

Standard Model Effective Potential: High-T expansion

. 2 2\ ;2 A
Veii(¢, T') = D(T" —T) " I<1'>4 +....

» Potential is gauge-dependent

* T is gauge-independent: Nielsen identities

 Detailed discussion: H. Patel & MJRM:
1101.4665 [hep-ph]
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EW Phase Transition: Singlet Scalars

SFOEWPT Benchmarks: Resonant di-Higgs

] r = = 0| ANIAvwVF ~~A»r» | " m = g = m = = g = =
1000 \ ] A Next gen 100 TeV, 30/ab ==
500 = 200 TeV, 30/ab=— 1 -\ 100 TeV, 3/ab —
100 TeV, 30/ab == 1 N

~—— ‘ . NTCV’ 3/ab m—
50 TeV, 30/ab = 5

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442
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Real Triplet & EWPT

FOEWPT

. 4.0
» Two-step region |
* Pert studies to s A "3.5
t
date 30
-2.5
3 -2.0
£ 1.5
S
S 1.0
g Crossover (r > 0.11) .
§ B First order PT (0 < z < 0.11) o5
§ B DR breaks down (z < 0) '
r T T T v 0.0
100 200 300 400 500
My,
* One-step

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

Non-perturbative
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Real Triplet & EWPT
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4.0

3.5

-3.0

-2.5

-2.0

2 115
S
3
3 Crossover (z > 0.11) -1.0
§ B First order PT (0 < z < 0.11) o5
§ B DR breaks down (z < 0) '

r T T T v 0.0

100 200 300 400 500
A'IE
* One-step

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

Non-perturbative

85



