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Overview:

Brief history of the universe and the history of that

Some theory basics for phase transitions in particle physics
Electroweak baryogenesis

Example: Two Higgs doublet model

Dynamics of a phase transition

Gravitational waves from phase transitions
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A few milestones:
1915: General Relativity (GR), theory for a dynamic spacetime (A. Einstein)

1922: GR solutions for an expanding universe (A. Friedmann)

1927 (Lamaitre), 1929 (Hubble): distance-velocity relation
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Figure 2.5 A plot of velocity versus estimated distance for a set of 1355 galaxies. A straight-
Line relation implies Hubble’s law. The considerable scatter is due to observational uncertain-
ties and random galaxy motions, but the best-fit line accurately gives Hubble’s law. [The
z-axis scale assumes a particular value of Ho.]

1964: Penzias and Wilson discover the cosmic microwave
background radiation (CMB), corresponding to
a black body radiation of temperature 2.7 K




Satellite missions to study the CMB;:

1989-1993: COBE discovers anisotropies

2001-2010: WMAP

2009-2013: Planck

These maps encode valuable information
on the early universe, eq. the
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Baryon to photon ratio:

N = B = (6.047 + 0.074) x 10710

Ty

Temperature fluctuations [ /¢ K? ]

Summary: the universe is expanding and had a

hot and dense beginning: “Big Bang”



Thermal history of

The universe:

(No direct observational evidence
Before Nucleosynthesis)

Source: CTC Cambridge

Today

Life on earth
Acceleration

Recombination Atoms form
Relic radiation decouples (CMB

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

14 hillion years
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Grand unification transition F—

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




Mathematical foundations



Particle physics:

Theoretical framework: quantum field theory
In particular nonabelian gauge theories based on a
gauge group: in the standard model (SM) SU(3) x SU(2) x U(1)

describing

Gauge bosons: in the SM the gluons, W’s, Z and the photon

Fermions Bosons

Fermions: in the SM the quarks and leptons i ... . Force
Scalar fields: in the SM the Higgs .-- .

o ... .

Source: AAAS .




General form of the Lagrangian

Ef & A 'F(Q [ A ta) _ o
b 4o v Gauge field kinetic term

ik PT}:L( | 'BM OD/M — A/l/l) ‘%LI Dirac Lagrangian for fermions

;+ L°O Gt ( ﬂdp) Kinetic terms for scalars

. \/ ( L#q) Scalar potential

4 Lgm}l’g rq N ¢¢ Yukawa interactions
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Symmetries

Such a system typically has various symmetries: (in addition to the Lorentz symmetry)
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Gauge symmetry:
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Spontaneous symmetry breaking:

Crucial: the scalar potential
Its generic form for one complex field is

VI = B - ()

The lowest energy configuration of the system is
a constant scalar field (all other fields zero)

Pyt .
A
where V(v) is the minimum of the potential

i

P=v

for v different from zero, the minimum is not
invariant under gauge transformations:
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Quantum corrections to the scalar potential:

Interactions with other particles modify the scalar potential

Often this can be computed in perturbation theory, organized

In a loop expansion.
)
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+(-) is bosons (fermions)

k:: number of degrees of freedom eg k,=3x2x2=12
m,(®) are the scalar field dependent masses

Eg. m=y®, m,=(1/2)g®

Q: renormalization scale (Q ~ v)

Total potential:

Vo @)=V, 0 5V (g



Effective Higgs potential of the Standard model:

Relevant are the particles which couple strongly to the Higgs, ie. the heavy ones:

top, W-bosons, Z-boson
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Measured: Higgs vev  v=246 GeV
Higgs mass m,=125 GeV &Y

VAR

Depth of the Higgs potential is unknown,
But predicted by the SM
Unknown further contributions:
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Metastability of the SM Higgs potential:

The top quark log will destabilize the previous potential at a Higgs field value of a couple of TeV
This is just a computational artefact; the large logs mess up perturbation theory

ie. these need to be resummed, equivalently “define” the theory at a much larger scale:

Scale dependence of couplings in a quantum field theory are governed by

Renormalization group equations:

RGE for the Higgs quartic coupling:

)\ 1 993  9g7 995 | 2797 | 99391
S — A 19N L 602 2 6y2 92 — 222 I} g4 g4 8 2 1 291
d1n [i2 (47r)2[ ( MR i L R T Ye =5 =Y T T T 000 T a0

* —

oY@ Higss potental S 1

5.x 10721} 176:-:/ 11%11

Fﬂse%\ ¢ sl £l )04/6
o Al ,

Meta=stability

""" '“ﬂ.ﬂé%é--..-___{); @010 0.00015 M, [ 1 — o
InStamﬂn i == [ - ’/ .

172 ~ il

Top pole mass M, in GeV

-5.x1072'}
True vacuum (PR
1701 -0, e
L ? /f g 110) |
) o Stability 1

—l.x1072°t

168 L L L it L L L 1 1 1 1 I L L L I L L L 1 1 1 1
120 122 124 126 128 130 132

Source: https://mappingignorance.org

Higgs pole mass M), in GeV

arXiv: 1307.3536 (Buttazzo et al.)



3-loop RGE equations, see arXiv: 1307.3536 (Buttazzo et al.)

d\
dln jz?

1 992  9¢% 9g4 2741  9g242
—— A 12X 62 62 22__2__] _34_34_4 2 1 207
(47?)2{ ( + 0y + 0y + 20 — 10 Ve =3 — ¥t Tt 00 T a0 | T

2 _ 2902 m0,2 4.2 o | bdg} of 3R . o )
+{4W)4 A 156\ — T2y; — T2y — 24y; + 54g5 + = + Ay; 5 21y¢ + 403+

45 5 17 2 3 2 45 2 5 2 2 15 2 15 2
+—L;g? +%) + Ayj (—%+40g§+ %nt%) + \y? (_%Mr%jL%) n

73¢  1887¢ 1174292 1g?
A (_ 6 a0 T a0 ) Tvi (15w 3 — 1603 — )+
9g1 171¢% 63¢324? 22
2 _ 792 1 291 4 o 2 2 .2 261

8 40 20 T 5 8 8 20
305¢5  3411¢%  289g3¢2 16779%91‘}

9g2  9g*  274%4° 6g° 3g2 99t 33¢2%4°
_,_yg(_ Q’Q+ 91_|_ 92g1)+y4(5y3_ﬂ)+y2 (_ 92 g1+ 9291)+

32 4000 160 800

_|_

@y {)@ (6011.35)\ + 873y7 — 387.452g3 — 77.490g7) + A?y? (1768.26y7 + 160.77g3+
m

—359.539¢3 — 63.869¢g7 ) + A% (—790.28g; — 185.532g] — 316.64¢347) + Ay; (—223.382y7+
—662.866g3 — 5.470g5 — 21.015g7) + Ay} (356.968¢3 — 319.664g5 — 74.8599¢g] + 15.144395 93+
+17.454g3 g7 + 5.615g597) + Ags (—57.144g3 + 865.483g5 + 79.6384%) + Ag| (—8.38143+
+61.75395 + 28.168¢7) + yf (—243.149y; + 250.49443 + 74.138¢5 + 33.93007) +

+yt (—50.201g4 + 15.884g4 + 15.948¢7 + 13.349¢3 g3 + 17.57003g% — 70.3569597) +

+y2g3 (16.4643 + 1.016g7 + 11.3869307) + v2d4 (62.50003 + 13.041¢7) +

+ylgi (10.627g5 +11.117g7) + g3 (7.53605 4 0.663¢% + 1.507g397 + 1.105g5g7) +

—114.091¢8 — 1.508¢% — 37.889¢5¢? + 6.500g597 — 1.543g2¢7 | . (99)



Full parameter space:
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Finite temperature:

So far we were looking at a system in vacuum
But the early universe is hot, ie. is filled with a plasma at finite temperature

There is a full treatment in quantum field theory of systems in or out of equilibrium:
Close-time-path or Schwinger-Keldysh formalism

Often it is sufficient to consider systems in a semi-classical approximation, where we can
encode the information on the system in terms of

scalar fields @,
and particle distribution functions f(p,x) (encodes the plasma or fluid)

The resulting scalar potential at temperature T is

BTV @) +VO @+ V(4T
\/{:&LQH‘\“\W Lb) 2
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This makes sense:
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So the change in the thermal contribution is given by a sum over the change in the
Individual particle energies in the plasma

The total potential is the free energy per unit volume, ie. the pressure of the system

at high temperature (small mass) we can expand these functions as
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T# part is simply minus the pressure of a gas of massless bosons/fermions

T2 part contributes to the thermal mass of the scalar and leads

to restoration of broken symmetries at high temperature



First order phase transitions:

The T part (-m?3 part, “cubic term”, bosons only!) induces a bump in the scalar potential,
which allows two minima (“phases”) to be degenerate at a certain critical temperature T,

The universe started with
zero Higgs field!

A first order phase
transition proceeds by
nucleation and grows of
bubbles of the new phase

phi



Electroweak baryogenesis



Original motivation: baryon asymmetry

np = 2 — (6.047 +0.074) x 10710 [MILEUEgEeNk
Ny

baryon demnsity Qh?®
10-2

Good agreement between CMB and primordial
nucleosynthesis

— we understand the universe up to Temp~MeV

Can we repeat this success for the baryon
asymmmetry?

Problem: only 1 observable
— How to be convinced by a specific mechanism?

Theory?, Experiment? (inspiration??) ...

$

Temp < TeV Scale’? — EWBG baryon—to—-photon ratio 7,

[Particle Data Group]



Sakharov criteria

Baryon number SM Sphalerons +
C

CP Gauge interactions +
Equilibrium Yukawa interactions

Electroweak phase

transition

SELUEOVAGY Kuzmin, Rubakov, Shaposhnikov ‘85




Baryon number violation in the Standard model:

Has never been observed (accidental anomalous global symmetry of the SM)
Cannot happen in perturbation theory
But the electroweak theory has a non-trivial vacuum structure

Higgs-gauge field configurations exist with different winding number

E mT~E
: dp —— Sphaleron ———— b,
=0 /
d-L
0 1 2
nCS Uy, .r.fp
Ve

Going from one to another of these vacua changes
baryon and lepton number (conserves B-L)

Highly suppressed at T=0, but rapid at T~100 GeV



The mechanism

¢GP —ng, #0, ngyg =0

Ngy, + ngp = 0




The mechanism

¢P —ng, 70, ng, 70

ngy, + ngp 7 0




The strength of the PT

Thermal potential:

V(H,T) = m?(T)H? — E(T)H> 4+ X(T)H*

e Bosons in the plasma:

SM: gauge bosons

strong PT: m, <40 GeV (no top)

never (with realistic top mass)

Lattice: crossover for m >80 GeV - NEW PHYSICS!

Kajantie, Laine, Rummukainen, Shaposhnikov 1996

Csikor, Fodor, Heitger 1998



The strength of the PT

Thermal potential:

V(H,T) = m?(T)H? — E(T)H> 4+ X\(T)H*

e Bosons in the plasma:

SM: gauge bosons

[Laine, Nardini, Rummumainen ’'12]

[Dorsch, SJH, No '13]

e tree-level: : ASH2, NMSSM, etc. [kozaczuk et al 14]

° or introduce , efC.  [Dorsch, SJH, No '14]



Phase diagram of the electroweak theory

T A

critical point

vapour

ice

Source: Shaposhnikov 2014

For the observed Higgs mass of 125 GeV, the electroweak transition is

a smooth crossover (needs lattice methods to study)



How to compute the baryon
asymmetry?



Transport equations

We want to write down a set of

The interaction with the induces a on the particles,
which is different for particles and antiparticles if CP is broken

(O + 20 + p20p.) f = Cl/f]

z IS the coordinate along the wall profile
H(z)~tanh(z/L,) with

collision terms

Compute the force term from

Dz = _aZE(Za pz)




WKB approximation

Elektroweak bubbles have typically , L.e.
(L,)i<<p for a typical particle in the plasma

Compute the dispersion relation via an

. ) ) Joyce, Prokopec, Turok '95
Consider a free fermion with a Cline, Joyce, Kainulainen '00

complex mass | . _
. more rigorous, using the Schwinger-
M(z) = m(z)ew(z) Keldysh formalism:
Kainulainen, Prokopec, Schmidt, Weinstock '01-'04
: Konstandin, Prokopec, Schmidt, Seco ‘05
(i0 — P M(z) — PRM*(2))y = 0 ’

e alternative:
o . / / 1 4
¢ ~ eXp(—z Ft — Z/ pz(z )dz ) Carena, Moreno, Quiros, Seco, Wagner ‘00




Diffusion equations

— . _ 1
for the phase space densities: f; = S E—vp—i)/T 4 1

to arrive at for the u’s

—(Dip; 4 vwps) + Tijpg = S

diffusion constant wall velocity interaction rates

relevant particles: top, Higgs, super partners,... Step 1: compute np, (= —nBR)

interactions: top Yukawa interaction

Step 2: switch on the weak sphalerons
strong sphalerons
top helicity flips (broken phase)

@)
super gauge interactions (equ.) nB ~ rWS/ dz ”BL(Z)




Example: Two Higgs doublet model

(with Dorsch, Mimasu, No)



The 2HDM

V(Hi,Hy) = wpf|H1|? + p3|Ho|? + M§€i¢HIH2

X |H |+ ...

— 4 extra physical Higgs degrees of freedom: 2 neutral, 2 charged

- , phase ® (u, breaks Z, symmetry softly)

— there is a
v = (H1), wvoe = (Ho)

simplified parameter choice:
1 light Higgs m,, — SM-like

early work:

Turok, Zadrozny '91

Davies, Froggatt, Jenkins,
Moorhouse '94

Cline, Kainulainen, Vischer '95

Cline, Lemieux ‘96

3 degenerate heavy Higgses m, — keeps EW corrections small




The phase transition

Evaluate 1-loop thermal
potential:

loops of
generate a cubic term

— for
m_>300 GeV

m, up to 200 GeV
- PT ~ independent of ®

— thin walls only for very
strong PT (agrees with
Cline, Lemieux '96) [Fromme, S.H., Senuich '06]

2-loop analysis of the thermal
potential; lattice; wall velocity



Impact of the vacuum energy: [Dorsch, S.H., Mimasu, No 2017]

m2 (hy, hs) |m? (hy, hs)|
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Big change in Higgs masses between symmetric and broken phase:

EW minimium is uplifted, PT at lower T, Higgs field moves less, stronger PT



Summary: strong PT prefers a
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The dynamics of the
phase transition



Dynamics of the transition

At the critical temperature T, the two minima are degenerate

Bubble nucleation starts at T< T_ with a

WHEIGCRGE IS

The from o — —
¢ 2dp OV

(static, radially symmetric solution)

— + — = —
dr?  rdr 0P

This bounce solution is a , hot a minimum
— difficult to compute for multi field models (one field: shooting)



Compute the bubble configuration as function of T

— Sy(T)

Define when the probability for nucleating
one bubble per horizon volume becomes 1

This happens for (close to T, the bubbles would have
to be very large with huge energy)

The bubbles expand and fill space to a fraction 1-exp(-f):

Define the (i.e. when the bubbles
bubbles collide) to occur when



Define <R> from the (Dolgov et al. ‘02)

alternative:

Electroweak bubbles grow a lot and become of “macroscopic” size when they

collide (horizon size at 100 GeV is about 10 cm)




Key parameteres of the phase transition: ®¢model, m,=120 GeV

600 580 600
M/ GeV M/ GeV

580 600 580 | 600 S.H. &
M/ GeV M/ GeV Konstandin ‘07

Compute as function of temperature: bubble configurations — E

nucleation rate I'~exp(-E)



Friction with the plasma balances the pressure

Distinguish: supersonic vs. subsonic (v 2=1/3)

Standard model: v~ 0.35 - 0.45 for low Higgs masses [Moore, Prokopec ‘95|

MSSM: v,~0.05 [John, Schmidt ‘00]

All other models: no detailed computations

**Recently: walls can run away, i.e. approach v, =1 [Bodeker, Moore ‘09]



Main ingredients: pressure difference vs. plasma friction

Also important: reheating due to release of latent heat

Microscopic description: Moore, Prokopec ‘95

af
dt

= f + 2 0:f + 7 Opf = —Cf]

| dm? d*p
" VIO AN SEin 1) — (
Qo+ Vr(0) + 2.5 / aneap’ ! ) =0

I A VA |
(—[“‘I—-’I_t_?T + ‘UH‘T + gl”, + Fl

— Complicated set of coupled field equations

o UVw h] 9 (,nZ)/
and Boltzmann equations T

Fi =

need many scattering rates
SM:v~0.35-0.45



(Ignatius, Kajantie, Kurki-Suonio, Laine ‘94)

1) describe friction by a friction coefficient n

2) model the fluid by a fluid velocity and temperature

«— 1+ 1 dimensions

3) Determine n from fitting the to the full result by Moore and Prokopec
[with Miguel Sopena, see also Megevand, Sanchez '09]

— the formalism should describe situations with SM friction well

— study models with SM friction, but different potential, e.g. phi*6 model

— same for the MSSM

— such a model can be used for numerical simulations of the phase transition

[work in progress with Hindmarsh, Rummukainen, Weir]



Numerical Simulations

of a first-order phase transition

and gravitational waves
(with Hindmarsh, Rummukainen, Weir)



Gravitational wave discovery at LIGO

Hanford, Washington (H1)

Livingston, Louisiana (L1)

Merger of two two
black holes, having
about 30 solar masses

Frequency is in the
kHz range



Gravitational waves fwom phase transitions

[see eLISA Cosmo working group report '15]
of GW's: direct bubble collisions
turbulence
(magnetic fields)

sound waves

. available energy

latent heat

o=
radiation energy

typical bubble radius

v, wall velocity

1078

Tor?g

107

10716 |

eLISA: 20347

T=100 GeV

LISA LIGO

’ X wp bina
10712 I ° W,_‘b‘x\nanes BBQ Corr

[Grojean, Servant '06]



The envelope approximation: Kosowsky, Turner 1993

Energy momentum tensor of expanding
bubbles modelled by expanding infinitely
thin shells,

cutting out the overlap

Tested by colliding two pure scalar bubbles

Recent scalar field theory simulation:
Child, Giblin 2012




We performed the first 3d simulation of a scalar + relativistic fluid system:

OV SIUAN TV WAGREE VAl (Thermal scalar potential)

phenom. friction parameter

(Scalar eqn. of motion)

oV
). 7 ). 7N q )H -
E + 0i(EV?") 4+ P[W + 0;(WV")] O W (o +V'0i¢) (eqn. for the energy density)

2 (b +V'0i0). (7)

. (egn. for the
Jj 7]
Zi + 0;(ZV7) + 0; P + - 9 ”“’a” = @I (¢ + V7050)dio. momentum

density)

. 2 . "y ff, f . .
Uij — V Uij = 167G (T:; + Tij ), (eqgn. for the metric perturbations)




Types of single bubble solutions:

deflagration hybrid detonation
4 -

o -~ o= ~ ! >C
5“.' < ts ‘:\'\‘r > ¢ S s“" ¢

5

Espinosa, Konstandin, No,
Servant‘10

K for turning latent
heat into fluid motion




10243

Lattice

Fluid

energy




GW Spectrum

= 0001
= 0.0001

. 1e-05
X le-06
le-07
le-08

1e-08 01

¢t = 600, 800, 1000, 1200 and 1400 7!

0.001 longitudinal and
0.0001 transverse part of the fluid

te-05 stress
le-06

1e-07

dViidn k

Logitudinal part dominates []
Basically




POwer IaWS' [Hindmarsh, SH, Rummukainen, Weir '15]
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— 1=500/T
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Clear k3 power law fall off in the UV (different from pure scalar!)

Observations will be able to distinguish between a thermal and
a scalar-only transition

Maybe also other information hidden in the spectrum?



Time evolution:

0.001L

0.0001

— n=0.17_,N,=988
.- M=0.15T_, N, =988
~- M=02T_,N,=988
= M=0.1T_,N=37
= M=0.15T_,N,=37
-~ M=027T,N,=37

100C 2000 3000
(T,

4000




Strength of the GW signal:

Simulation
(sound)

env. appr.
(scalar)

What sets 7. ? Hubble time?



GW'’s In the SUSY with singlets

General Next-to-MSSM: no discrete symmetries

[] no domain wall problem, rich Higgs phenomenology

. .. 1 NP
W =L,5+ puH, H;+ 3\19 S* + A\H,H,S + =kS®
J

1
e

[SH, Konstandin, Nardini, Rues '15]

Look for parameter points with a very strong phase transition
(substantially lifted electroweak vacuum): 4 benchmarks A-D

T, [GeV] [ 1123 ] 94.7
0.037 | 0.066

B/H 277 | 105.9
on(To) /T, || 1.89 | 2.40




Gravitational wave signal:

scalar

0.0001 ‘ 0.0001

Very strong transitions in the GNMSSM lead to
an In eLISA

The spectrum from sound (fluid) clearly
from that of scalar only

«+ design 1

design 2
design 3
scenario D
scenario C

+ scenario B
++ scenario A




GWs In the 2HDM

Consider the 2HDM from the first part: [Dorsch, SH, Konstandin, No '16]




Summary

Cosmic phase transitions provide various connections

Between particle physics and cosmology:

Baryogenesis

Gravitational waves

Magnetic fields

Topological defects (monopoles, strings, domain walls??)

Some of the models can also be studied with collider
experiments, such as the LHC
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