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Washout and Sakharov conditions

Inflation washes out initial baryon asymmetry (almost)

Sakharov conditions

e C and CP violation
e Violation of BNC
e Departure from Equilibrium*



Electroweak baryogenesis

How it fulfils the Sakharov conditions

Inflation washes out initial baryon asymmetry (almost)

Sakharov conditions

e C and CP violation <— — CPV interactions with Higgs

e Violation of BNC <— — Non-perturbative processes (sphalerons)
e Departure from Equilibrium* <— — Electroweak phase transition



Electroweak baryogenesis

BNC violation: sphalerons 9.7, ~WW
0t ~ GG

Sphaler

Want more details? read my book!



Electroweak baryogenesis

Electroweak symmetry at high temperature

V(T) V(T)

S §




Electroweak baryogenesis

Electroweak symmetry at high temperature

g Morrissey and Musolf



Electroweak baryogenesis

Electroweak symmetry at high temperature :

Sphaleron

<0>=0

Bubble Wall =%

!/ / nF =
Dopg = vwpp — RL,,(2)pp = TFWS(Z)’%(Z) Morrissey and Musolf



Electroweak baryogenesis

Experimental signatures:

Gravitational waves
Collider signatures
EDMs



Electroweak baryogenesis

Experimental signatures of PT: GWs 1

1st order transitions have 3 contributions:

e Acoustic contribution
e Turbulent contribution
e Bubble collision

All obey a broken power law

T.=59.6 GeV, a=017, fH.=12.5

f[Hz]

arxiv:1801.04268
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Experimental signatures of PT: GWs 3

Sound Waves
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Electroweak baryogenesis

What drives the strength of the GW? ;
ARV NI AN
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SM has N=3, Nf=1, v/A=1.6 - not even SFO!

1812.02747,1806.02332
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What drives the strength of the GW?
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Experimental signatures of PT: Collider 1

100 TeV, 30/ab = ¢
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bbyy and 4r final states
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1605.06123
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Experimental signhatures of PT: Collider 2
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Experimental sighatures of CPV: EDMs 2
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Electroweak baryogenesis

Calculation issues:
CP violating source

Electroweak phase transition



Electroweak baryogenesis

Calculation of CP source

Cartoon of thermal field theory

Four types of 2 point correlators

G*,G*,G* and G




Electroweak baryogenesis

Calculation of CP source

Cartoon of calculation

G =G,+AG

EWG (%) = G (0. )E(Y) = EWAG!(x,y) — AG(x, ) E(Y)

“Semi Classical force” <—> LHS,

Self-energies <—> RH
gies <—> RHS Space time

VEV insertion approach: varying basis!
1. ignore off diagonals

2. Expand around x=y

3. Use electroweak symmetric basis

19



Electroweak baryogenesis

Calculation of CP source

Vev insertion sources

v,-(x ) Vj(Z) v,-(x ) Vj(Z)

9,J* = lim [d4zG+-(x, DEFE,Y) + -
y=x
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Electroweak baryogenesis

Calculation of CP source

Resonant behaviour of sources
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Electroweak baryogenesis
Calculation of CP source

Proper handling of CP sources still an open problem!
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Calculation of phase transition (what to calculate)23

V(@) = Vo(@) + Vi(@, T)
------------ Q.-.----.---- + --.-.--.-.-O---------.-- + Q +
------- il
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--------------- ]



Electroweak baryogenesis

Calculation of phase transition (what to calculate)
V(gh) = Vi(h) + Vi(@h. T)
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AT (p,T) = A" (p,0)+ 67 (p,T)

V1(¢9 T) — VCW(¢) + VT(¢7 T)



Electroweak baryogenesis

Calculation of phase transition (what to calculate)

a2¢+2d¢_dv
dr2  rdr d¢

1
Sp = 4ﬂ[r2dr [5(45’)2 + V(gb)]
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Electroweak baryogenesis

Calculation of phase transition Issue 1:

Gauge dependence

Critical Temperature, T (GeV)

B
- <—]att: 126.8 GeV ‘
120 ) _ *
OR* HAVSE(T): 104.2 GeV «
1 1 -
-~ -~
N N
80 + Landau:
[ 78.0 GeV
75
O(k): 70.6 GeV
70 F
-20 ~10 0 10 20

A=0.035 (my;~65 GeV)

Gauge Parameter, £

1101.4665
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Electroweak baryogenesis

Calculation of phase transition Issue 2:

Renormalization denendence

2.07
1.91
~ I-loop Parwani resum. | 142.6 4= 18.0
E 1.0 BM I-loop A-E resum. 162.5 + 21.0
12 2-loop Veg in 3d 104.9 + 2.30
0.5 3d lattice 112.5 4+ 0.01

0900 125 150 115 200
T

1904.01329



Electroweak baryogenesis

Calculation of phase transition Issue 2:

Renormalization dependence
e 3d (dimensional reduction)
* Integrate out heavy matsubara modes
Manifestly gauge invariant
Super-renomalizable - only need to go to 2 loop level
2 loop calculations are easy in 3d
Includes all order resummations by construction
Lattice calculations more tractable
Only works in when HT expansion is valid
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Calculation of phase transition Issue 2:

Large couplings
or many BSM flelds

x> 0.11: crossover
0 \ /

10 -

107 -./ x—0: BSM degrees of Lana = 3!

1- and 2-loop fore;‘edngl ,h"",":“f'ln,c fl_ynnm!t(:nl'
cancellations or dim-6 operators important
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107 -
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1903.11604 Croon, Gould, Tenkanen and White, upcoming



Electroweak baryogenesis

Summary of calculation techniques in EWBG:

Great deal of theoretical uncertainty on both the calculation of CP
violating sources and phase transitions

Very much a work in progress!

30



Electroweak baryogenesis

Status of some favourite EWBG models
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Status of EFT baryogenesis

First an odd feature:
Consider the source generated by 2 dim-6 operators related by eom

. | . a o
s{ffm ~ Az (w(x)d (0,0Mv(x)) — dv(x) (0,0"v(x))],

~ 1 o [ OVem R AT
SGavion ~ 12 ["(")0’ ( OH ,,(_,_)) ) ‘)"'(")( oH |

Degeneracy is broken unless
dim 8 piece is included!

& -
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..............................

Acp(TeV]

1710.04061



Electroweak baryogenesis

Status of EFT baryogenesis

Appears to be viable with a tau source

107

SL = ccH® + copyH Lt

Quark transport (unfortunately) 0} |
killed by EDMs |

10*'.—‘ A A A A
0.001 0.005 0.01 0.05 0.1 0.5

1811.11104



Electroweak baryogenesis

Status of NMSSM baryogenesis

e Z3 invariant potential for simplicity
e Singlet (rather than stop) can catalyze 1st order transition
e Singlino-Higgsino interactions with Higgs can be a weakly constrained CPV source

34
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Type-H-and-8 Type-Only-H
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Electroweak baryogenesis

Type H and S is optimal

Type only S means soft terms can be

Large enough for Boltzmann suppression to matter
Even still type only S is viable

log, | Y3

A15f
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Electroweak baryogenesis

How high can the CPV be?

A simple example

2
Ll

~Z2om A+ m2|B|* + [y+ ]A*HB+(K|A|2+xB|B|2)|H|2+h.c.+S.B.Ts

Quantum numbers

A=(1,2,1/2) B=(1,1,0)
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Electroweak baryogenesis
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How high can the CPV be?

Source estimation: tree level Source estimation: loop
; | EIHI | .
/ 2 v(-x)2 ’
~ Im[p i, | COv(x)“I(m;, 1) ~ Im[ug] A vV (x)I(m;, I')

_YB_

SL‘
B

10* < Max




Electroweak baryogenesis

How high can the CPV be?

Optimistic estimate with A"'=3x107°

vvvvvvvvvvvvvvvvvvvv

x107%F
x107%¢
x107F
x107%F .
x 107}
.x10'9§‘ o
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White, Morrissey (preliminary)



Electroweak baryogenesis

Summary of current status

e Many favourite models are still alive and very well
e EDMs usually but not necessarily the most stringent constraint
 Always have the caveat of theoretical uncertainties

40



Electroweak baryogenesis

Extensions to the minimal EWBG framework

e Extensions to ways of realizing CPV
 Modify B violation
e Modify departure from equilibrium

41



Electroweak baryogenesis

Extension 1 departure from equilibrium

SU(3)xSU(2)

0000000000000000000000000

SU(3)xSU(2)

SU(3)xSU(2)

SU(3)xSY{2)

SU(3)xSU(2)

SU(3)xSU(2)
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Electroweak baryogenesis

Extension 1 colour breaking baryogenesis

Lagrangian and model for COB

C, = (3,2,1/6)

(B) — Spontaneous and Sphalerons

CP < J; Restrict to 3rd generation

Departure from Equilibrium — Colour breaking phase.
Can happen at multi TeV scale

43



Electroweak baryogenesis

Extension 1 colour breaking baryogenesis

T=500GeV, m,(T)=100GeV, y, o=0.1

)
o

-
o

(Y/Yops) / (sing F)

—_—
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Electroweak baryogenesis

Extension 1 colour breaking baryogenesis

Experimental constraints

Experimental signal: flavour anomalies, Gravitational waves, neutron EDM,
leptoquark production at upgraded LHC?

45



Electroweak baryogenesis
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|| [ | 5
Extension 2 Changing sphalerons T.~s
5
l—‘ss ~ g%
Case 1: Modifying couplings "“‘“‘1";"“"“"
through a PT
(p)=10
1 (1 ¢ 11 ( A )"2
LY | —+a,— |GG = — — G4 Ha _ ¢ T 1
¢ v v 83eg — 83 5 sb
: (832 A¢) " 4 83gpy " ' 4830 + Ny (p)# 0
Tl‘:W' -T= (S(I ?E ()

T, + =
UV completion: 1. triangle diagram M ()=0

2. Dilaton-like field
Tgpn + X = Qg




Electroweak baryogenesis

Extension 2 Changing sphalerons

Case 2: oscillating dilaton @, — a,(T)

l d | d
oL = | — Lyxd) A}“'A SRR N - ixd) Waybwu
4 gY 4 ga

32
v 2fomPom T 0.10
P = cos(my(t —v-x+ ) 0.08}

my, Tems

0.06F |2~

Planck Suppressed coupling 0041

Can be large in the early universe

Joum

0.08 004 002 (.01 davg = 0.005

(/) [/
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m, (eV)
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Electroweak baryogenesis

Extension 2 changing sphalerons
Apply paradigm to quark SMEFT
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Extension 2 chanaina sphalerons
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Extension 2 changing sphalerons
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Electroweak baryogenesis

Extension 3 modified CPV

What if CPV was different in the early Universe compared to today?

Example: CKM can be less suppressed in early Universe if you have
dynamical Yukawas

g ni+n; .
Ly = <M> QZLHCIIJQ

51
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Extension 3 modified CPV

28
S
Original idea: Jarlskog invariant ~ <—>

M
If S was close to M in the early Universe there would be no suppression

Recent idea: if Yukawas vary during the phase transition, CPV is no longer
Loop suppressed

52
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Extension 3 modified CPV

y(yo, y1,¢,n) = (Yo — 1) [1 - (9) ] + 1

v

Varying the up charm yukawas cos aouy s ,
Can produce enough BAU

1706.08534
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Extension 3 modified CPV

Lots to be done on this front:

Both the cases where the Yukawas vary or are simply larger need
testing with other methods of calculating the CP asymmetry
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Electroweak baryogenesis

Conclusions

Electroweak baryogenesis is a testable and minimal explanation for why we are here

The phenomenology is rich - from colliders to GWs to EDM searches
Much theoretical uncertainty remains

Many of the most popular models are still works In progress
Extensions to the basic paradigm are phenomenologically rich and underexplored
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