ELECTROWEAK BARYOGENESIS AND
STOCHASTIC GRAVITATIONAL WAVES




Outline&preview

* EWBG from spontaneous CPV at the finite T and a two-step
phase transition

* Stochastic gravitational wave signals from two-step PT

Preview

Show you how to avoid constraints on the electroweak baryogengesis from
the energy and intensity frontiers.

Show you the space-based interferometer is an efficient facility for the
indirect detection of the PT with the stochastic gravitational wave signal.
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Baryon asymmetry

* No anti-galaxy was observed

* The abundance of the primordial elements and the height of the CMB power
spectrum depend on the ratio of of baryon to photons

(Planck 2015)
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BAU from First order EWPT
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Electroweak Baryogenesis

* Generate BAU during the electroweak phase transition
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Fate of the EWBG

Three Detectives

LHC

Conventional EWBG mechanism might be found or excluded in the near future
when these three detection methods are combined.

A typical example: Wino-catalyzed EWBG is excluded by the ACME result(intensity
frontier) and the Higgs search results at the LHC(energy frontier).

Questions: Is there a mechanism of electroweak baryogenesis that can escape
from these hunters?




Our little aim: a EWBG with less signature

Exploring the scenario of electroweak baryogenesis that may escape from
the combined detection of the cosmic, energy and intensity frontiers.

: A two-step phase transition may avoid constraint arising
One observation: :
from Higgs searches at the LHC

S
One-step PT SM Higgs is too heavy to 2 Two-step PT
saturate first order EWPT

Broken phase
» &c—icond-step
First-step
h
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Symmetric phase y P °
The barrier between the The barrier exists at the tree-
symmetric and the broken level
phase usually comes from Merits:

1.No mixing with the SM Higgs
2.Correlated with the dark

Vi (9, T) = A(T)@? + o matter

radiative corrections




Our little aim: a EWBG with less signature

Another observation:

sector

There exists spontaneous CP phase in the scalar singlet

Lemma:

different in magnitude

spontaneous CP violation in the
theory of one complex scalar field
may occur only when the related U(1)
is explicitly broken by at least two
spurions whose U(1) charges are

A possible strategy:

Two-step PT

%cond—step
First-step ﬂp/
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Symmetric phase

CP conserved
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Sketch of the mechanism

Basic description

* B Sphaleron

Sakharov: *x C&CP Spontaneous CPV

* First order EWPT |Two-step PT

@ Yukawa interactions Inelastic scattering

sphaleron ‘

PB

Transport equation:

10




The model:

SM+ complex scalar singlets

ISP V= HAHTH) - MHTH)? - (15(S18) + M (STS)? + M (HTH)(STS) - 2u352+ e

ottt

P
_gNXQLHStR_I_h'C'

~Z ~nT St,+MT,T,+h.c. |Tr: vector-like top quark

Jpr)(z) = /000 dtt? In <1 = exp{—\/ﬁ}) e {Z B [ hzs 5)} — anJF m;(zh) - mJp {—m%(;’zs’f)}}
* Vi The tree-level potential * Vi Finite temperature contribution
Vet = Vo F Vow 1+ Voo + Voaiey
* V.- Coleman-Weinberg term * Vi..,s The ring contribution
2
Vow = = (0, 5,€) [1og el —Ci] Vi = == S e {m2(h, )2 = (M2 (h,5,T)?)
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Bubble dynamics

1.Bubble nucleation

Euclidean equation of motion

Euclidean action for the solution of EoM

dig  2dp
e o
S = 47r/r2dr [% (%) + V(¢)

Bubble nucleation rate per unit time per
unit volume

Bounce solution to the background field

V(z) = %U(T) {1 + tanh (3%)}
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Bubble dynamics

Critical temperature Tc:

Bubble nucleation Temperature Th:

PT completed Temperature Tq:

Y Relationships

Tc>Tn >Td

‘/eff(¢symmetri07 T) |Tc = eﬂ(¢broken7 T) |TC

tn S
/ FVH(t)dtz/ . ( S Pl) ¢ o
. .0 T

I Bubble nucleation rate
Vi (t) One-horizon volume

H(T) | Hubble constant
Vw Bubble wall velocity

) Friction of the universe covered
by the broken phase




Bubble dynamics

3. Physical parameters relating to PT

Bubble wall velocity

calculated numerically

Bubble wall width

calculated numerically

Released energy to radiation

— ra
energy - [ Prad
3
The efficiency factor T w(&)v?y2E2de

A:A(V—QT>
dt

Latent heat
e Relevant to the calculation of ]
baryon number density generated
., h_fl‘urmg the EWPT B

Relevant to the calculation of stochastic
gravitational wave spectrum emitted

ug‘urmg the EWPT
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CP phase and bubble wall width

EoM for three background d>¢s | 2de; =
fields: ar? s
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Transport equations

EWBG

: on
Transport equation B
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Diffusions

Top Yukawa
np
Relaxation
weak sphaleron
Strong sphaleron
Yukawa
Q3 Q12
t R< |
I U2

strong sphaleron




Damping of the domain wall




Numerical results

bl
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Numerical results
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Outline

* EWBG with two-step PT and spontaneous CPV

* Stochastic gravitational wave from two-step PT
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GW from the PT

Basics of gravitational wave from EWPT

Gravitational waves are described by
a transverse-traceless gauge
invariant perturbation, h;,in a FRW
metric,

d82 = a2 (T)[—d’7'2 . (513 o hw)dwzdaﬁj]

Einstein eq for transverse-traceless hi,  Ah, = 167G]e p)Y*viv; + 0;00;¢]
part

(hig(t, ©)hi; (t, ©))

Gravitational wave energy density Pgw(t) =

IrG

Energy spectrum
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GW from the PT

<4 Collisions of bubble wall and shocks in the plasma

Sources of GW from 4 Sound wave after the collision but before the expansion has

EWPT: dissipated the kinetic energy.
4Magnetohydrodynamic turbulence : percolation can also induce
MHD turbulence since the plasma is fully ionized.

Fitted results of GW spectrum

Bubble W2Qeon(f) = 1.67 x 1075 (
collision

&k
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2 T _q ( Hn Riu® - (100)% (f/ftu)3
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Total energy spectrum:
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Dark matter in a two-step PT

GW from EWPT, a typical model:

10!

discovery of
Higgs

ol -1
S 10 nvisi

Profumo et al., 2015

1073
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: Xenon 100
Ordinary Higgs portal is dead

since 2013!
TOINK
‘ﬁ

Dark matter
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GW from the PT

The model: SM + two real scalar singlets

1 1 1 1
Vo = _5,,,%@2 4 qu,cb‘* — 5,@52 + ZASS‘* P HHIMHEH)E L) S HH O HIH L )50

Real singlet Dark matter m
Physical parameters:

Conditions for a negligible DD
cross section:
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GW from the PT

PT details:
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GW from the PT
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Summary

<4 Physics relevant to electroweak phase transition are briefly reviewed.

<4 The baryon asymmetry of the universe generated during the first
order EWPT is discussed, especially | showed how to generate
sufficient BAU with the spontaneous CP phase and a two-step EWPT.

4 Show you stochastic gravitational wave can be taken as an indirect
signal of the EWBG.

Thank you




