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Some nistory

Before 1930 : no antimatter - no problem. The only known elementary

particles were protons, neutrons, electrons and photons

Dirac: equations for spin % particle which pre-
dicted the existence of "electron” with positive
electric charge - positron




Dirac’s Nobel Prize Lecture, 1933:

= == - -

“If we accept the view of complete symmetry between positive and
negative electric charge so far as concerns the fundamental laws of
Nature, we must regards it rather as an accident that the Earth (and
presumably the whole solar system), contains a predominance of
electrons and positive protons. It is quite possible that for some of the
stars it is the other way about, these stars being built up mainly of
positrons and negative protons. In fact, there may be half the stars of
each kind. The two kinds of stars would both show exactly the same
spectra, and there would be no way of distinguishing them by present

astronomical methods."



Detection of antimatter

Dirac was wrong: cosmological observations do not support the
hypothesis that the distant stars and galaxies may consist of

antimatter.
There are several methods for detection of antimatter:

® The search of antinuclei in cosmic rays: the probability of the

process

pp — antinuclet + etc

is very small! Result: no antinuclei in cosmic rays have been found.

However, antiprotons have been observed

pp — ppp + D + etc



Detection of antimatter

The antiproton/proton ratio from AMS experiment:

pbar/p-Ratio
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Detection of antimatter

® Annihilation: particles and antiparticles annihilate:

pp"—>7r+ﬂ'_7r0—>'y'y
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Detection of ~-rays?

(E,) ~ (2GeV)/(5 — 6)/2 ~ 150MeV

However, this has not been observed!



Detection of antimatter

Data and expectations for the diffuse ~-ray spectrum (upper curve
d = 20 Mpc, lower curve d = 1000 Mpc)

Flux [photons ecm? st MeV' sr']
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GioDal paryon asyminetry

There are two possibilities:

® Observed universe is asymmetric and does not contain any

antimatter

® The universe consists of domains of matter and antimatter
separated by voids to prevent annihilation. The size of these
zones should be greater than 1000 Mps, in order not to contradict
observations of the diffuse ~ spectrum.

The second option, however, contradicts to the large scale isotropy of
the cosmic microwave background.
Thus, we are facing the question: Why the universe is globally

asymmetric?



ack o Matter-antimatter asymmetry in
2 ke pariicie pnysics

= —

Till 1956: general believe that the nature is symmetric with respect to
change of particle into antiparticle.

C - charge conjugation: p <+ p, m <> n, e~ +>e’

P - parity transformation: £ — —&, p — —p, but m — +m

1956: discovery of P and C breaking in weak
interactions (Lee, Yang). Many manifesta-
tions, e.g. in w* decays. In particular, C-
transformation change left-handed neutrino
| into left-handed antineutrino, which does not

exist.

Conclusion: properties of particles and antiparticles are in fact
(somewhat) different.




Matter-antimatter asymmetry in
partuicie pnysics

7, polal

However, the combined CP symmetry was believed to be exact:

change particles to antiparticles AND simultaneously their momenta.
Now, CP works for neutrino

CP: v(%) — b(—7)

So, still no solution for the problem of baryon asymmetry of the

universe!



Matter-antimatter asymmetry in
pariicie pnysics

1964 (Cronin, Fitch, Christenson, Turlay): decays of K° mesons.

In a small fraction of cases (~ 1073), long-
lived K, (a mixture of K° and K° decays
into pair of two pions, what is forbidden by

CP-conservation.

There are other manifestations of CP breaking. For example, if CP
were exact symmetry, an equal number of K° and K° would produce
an equal number of electrons and positrons in the reaction

K° — 7r_e+1/e, K° —» 7T+e—17€,



Matter-antimatter asymmetry in
particie pinysics

e P=—v_=

However, this is not the case: the number of positrons is somewhat
larger (~ 10~3) than the number of electrons.

Conclusion: so, there is indeed a tiny difference between particles and

antiparticles, on the level of 103

How can this very small distinction be transformed in the 100%
asymmetry of the universe we observe today?

2



Dig Bang and paryon asymimeiry

Cosmic microwave background

In 1965, Penzias and Wilson observed radio-waves in sub-millimeter |
range which were coming from all directions of the sky. They have a
spectrum of black-body radiation with temperature 2.73°.
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Dig Bang and DAryon asymimeiry

Big Bang theory: Friedmann, Lemaitre, Gamov




Dig Dang and Daryon asymimetry

Why do we care?
The existence of CMB is a proof of the Big Bang theory: universe
expands and it was hot and dense in the past:

Mo o 1 Iy Mpy
S sec| ~ ! —
T2’ " T mRpfev]) 0T 1.66N1/2

=

Let us compute the baryon asymmetry of the universe

np —Ng

A(t) =
(t) ng +ng

as a function of time. We already know that A(10'%years) = 1.



Dig Dang and paryon asymimetry

Another interesting point: tg ~ 107 %s (or T' ~ 1GeV ~ my).
Thermodynamics: ng ~ np ~ n,

np —Npg

A(to) =

N~

This ratio is in fact almost time-independent!
Baryon number is conserved

(ng — ng)R?® = const,

where R is the scale factor, and the temperature of the CMB scales as

T~1/R =— nyR? = const.




Dig BDang and DAryon asymmeiry

So, to find A(tp) just take np/n today.
We have

® n. ~ 410 photons/cm? (corresponds to temperature 2.73%K)
® np ~ 0.25 nucleons/m?
— np/n, ~ 6 x 107

Conclusion: Big Bang theory tells that the baryon asymmetry of the
early universe is a very small number

(np — nB)
(np + nB)

~ 10—10



At t ~ 10~ %s after the big Bang
for every 10'° quarks we have
(10'° — 1) antiquarks. Some-
what later the symmetric back-
ground annihilates into photons
and neutrinos while the asym-
metric part survives and gives

rise to galaxies, stars, planets.

Dig Bang and Daryon asymimeiry

annihilation of
symmetric background

-10
10

10_6 s L
Dependence of baryon asym-
metry on time
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Dig Bang and DAryon asymimetry

Problems to solve:

® Why in the early universe the number of baryons is greater than

the number of antibaryons

® How to compute the primordial baryon asymmetry? (from

observations, ~ 10~19)

Now, the comparison between of the baryon asymmetry in the early
universe and the measure of the difference between particles and
antiparticles in K° decays (10~3) is much more comfortable!



Andrei Saknarov proposai, 1907:

“According to our hypothesis, the occurrence
of C-asymmetry is the consequence of viola-
tion of CP-invariance in the nonstationary ex-
pansion of the hot universe during the super-
dense stage, as manifest in the difference be-
tween the partial probabilities of the charge-

conjugate reactions."

In short: the universe is asymmetric because baryon number is not
conserved in C- and CP-violating reactions which produce more
baryons than antibaryons in expanding universe.

Consequence: Proton is not stable!

EPFL, May 3, 2018 — p. 24
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Sakharov model

Superheavy particles with mass m ~ 10'? GeV = 10~° grams, and
lifetime 1042 s
Decay modes:

X —>pp, pet, X—>pp, Pe”

If C and CP are broken, X and X will produce different number of
protons et antiprotons, as K° and K° produce the different numbers
of electrons and positrons.

It is sufficient to produce a very small asymmetry 10~ 1° which will then
be converted into 100% asymmetry later on.
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Sakharov model

Revolutionary solution at that time: there was a believe that the proton

is absolutely stable!
Paradox: there is no antimatter in the universe since matter is unstable!

Qualitatively, universe is asym-  What kind of physics leads to
metric due to

® baryon number ® B-violation?
non-conservation

® Dreaking of C and CP ® CP-violation?

® universe expansion #® thermal nonequilibrium?



Formak — devivathon of Sa khavov @
Copslafiona s | - }
A /0 s the dorpiy /m/v‘nx ﬂ/&/&nﬁﬂf %4 |
Univene . S céko ol W /ch\/afé

= [//)/]

@ Banior numtff/i’ B[t)= ir/g/)
7/ ] =0 ( bogor % coritradion)
god B lb)e0, Hem BH)=0 :

/-é o
L Tr/a[%g] 2

(2 C/mm/'f non - conservaton
T ke D& M an e npls. L C/JGMW

Yo Z%%]«ﬁ W/ £o"[/9 """
[ﬁ/%)/%]/0 S naaass
oA
6/%}~ Trﬁﬁ 7}-/5//5 by H=H
77/0% ﬂf/ﬂ— vTY@p Bﬁé)_—,—>

4B ANEEEE RSN AN
8- wig - v dsinl



Gh) =0 e
@ Wmo/» %'é‘éﬁ(/m. ‘ ‘

P=op (- "/j

Mmm /0 @ or W o.aé/ ng;fnn/o

it it 87 U _
-: ‘Tfﬁf = cgll/?@evﬂ M/Vf*_ .'



Acltdonditr {ga[é Gvivn  and -44E;

oV - %J& v v @(/94'/7%/}7(70 Lt et

We rover fave ekaed peitibnom (v Lhprroli 12
Universe : i - A eperdlent Jpetrie,

Konede theovy (v Lpanding OnaniR.
B elat vely Compll Cae

et of parficled A, £ CD, . E

—

A \@/ C Seeondd totbtion ¢
D
b e Lot cpllisier )
% v
1ot collision mELP ddat

Exanpde whev Thil suator imay noVreatizest
Aews tvrno psec lahors

”//0/* Lst eallpion o coturont M‘w’f £
Sormeol G > + Gy, The plate

volves and oSei llades Liko
Bn(65)F n S om? g o

fose.

Lf e Agpicad co%ﬂzw Lime teoyp
s Smeller Than o, PP

< tac,



Then Mt comeguoent collition | rg memtors’” thie
fine  firtorys
For  Logp > tee  we e v e
, Bollemarn” regima . The Kinete Lguahon
for panbele ity butions ok Like
i /Lomodﬁéﬁeﬂw care, nr(p) are Sunetons ¢
womerkerr onty )

s I Op, =t Colblion

e L T ’
i A on teprad
I%jw':o)mﬁﬁf,%v‘foa@/%%{
Eart pives  the ree/ Shft of momenta:

W/Z e 17 PRI e T
/P) | /m 5 W 1<

fhe soate fastyr in FEW metnc
Py S Y
Spacially flad  motne o Sakor for binfuiecly



Clligion — in %W 5wy ay /O%M :
[ Weinbey, 1979 )

fob/é % ﬁi; /ODZJDAM %‘?%j @@%8({/2-/2” -mef)

/ VIGED) ;/fzﬁ/ﬂ)-— ) (1< rlp) - [12Hg) —
/M /4*7‘/)/ Qﬁfa/}.. &/45) //i/’?/ﬁ/)/fﬁ/&’/ﬂ)).,}

- whoa  + m for Aekony

/ _. / Q/ i) T
/ Smeas s
A : | =
' Déﬁﬁm sprel [ = Ay
e J (Crrzp®
M e reladivishe patx elimond 3/
seneds ot | ]

Inportand — propodly of oy

Z, EEmEEm
Sl //7; W‘L’&h'(/m Surchony &



04.4
Ebfgﬂ@%'w/z /o;/ Juim bor— dortihes of
Pét_ riicles

wie)- | g_f/_j{ i,

grre
NIt demannon %Mg-@ﬂs ¥ Fomion
—  tarory
| A i &
; - chemical
%—“+3H% - ]Oé% Tout ZaRCadute ]

Y Intt- 0= /%.u%_g;f — o o poshelyy
' R1) Ao BERTE

FPor  gualidahse pichre ore opy R

e, relaxaton Fmt’ eproximaton,

fg—zj Zeatl = —F/A'/-/L%)/-

whore —IT=CT Ty

/7

6 — Crorf —etron,
of reachion, or (T~ T - '
T Lo Anul of b péwg‘c‘/@(.



zJ7)
%/mx{mqrje %@%W -

% CSHN ~ — [(W-Nog )

Two Limi4s
(Y T H- %K«Hyﬁ/’ém /5 ysr Wharmalk
wadf‘ﬁn‘um,
andl  tw Soladoer 1 Nre /I/_%o
(i) e H _ thesyetem (1 ouk g thgymal
| Wﬁ‘@&m
and, for Hable partieles

L2E)

%/“/&Ap% of e oxtremu | ai .
L= % /7[/’-622—6 zW W //.geg.e M/

?7@ = Mf ()



D

Example of typreal Hepaviour

/D/MMQ with ete”, ard )y
Followw ~concontfration &) — elestrony
Froeeys . e &Yy

PN .
57~ Zr o [ITTTET
2(_. r>> L
=

Tl - |
a6V Ing (27 € . T2

2
P 7T 3
A Mt
My 7 Mo = ‘/@M ras e
/f”/’é%/

Ao -
[< £~ < H
| RX ?-/y
- [ | Irreed Mo
‘ Tl T2 v j
7 T e,
/:J /'—5\ 3



Dbrae /—E(/%,TT-’-‘%Q - (
“ym eenrater. al |
Eom 7 ch /;/a

e |
£(T)

e o fanfaon



Sakharov work of 1967 “Violation of CP Invariance, C asymmetry, and
baryon asymmetry of the universe ” was unnoticed for next 11 years

® Kuzmin, 1970: CP violation and baryon
asymmetry of the universe

® change of attitude: 1978

® Ignatiev, Krasnikov, Kuzmin,
Tavkhelidze, 1978: Universal CP
Noninvariant Superweak Interaction and
Baryon Asymmetry of the Universe

® Yoshimura, 1978: Unified Gauge
Theories and the Baryon Number of the

Universe



Yoshimura paper was wrong:
® He got baryon asymmetry in thermal equilibtium

® He got baryon asymmetry in minimal SU(5) GUT (not enough CP

violation)

However, it largely increased an interest to this problem: everybody

wrote a paper on this subject!
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Rate of anomalous fermion number non-conservation

Energy

-2 -1 1 2
topological number

t’"Hooft, 1976

(exp(—25) ~ 107160 T =0
[~ | exp (—2a2t), T <T.
\ (aVV)(us)TAla T > e

Kuzmin, Rubakov, M.S., 1985:
Arnold, McLerran, 1987

Thermal equilibrium: for

100GeV ~ T, < T < (aw)*Mp; ~ 1012GeV
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Typical time evolution of the topological number at finite temperatures
derived by numerical simulations in 1+1 dimensions
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Energy dependence on the CS number in the presence of non-zero
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Phase transitions in the early Universe

What are phase transitions?

Why we are interested in phase transitions in cosmology?
Dynamics of first order PT

Basics of finite temperature field theory

Effective field theory description

Electroweak phase transition

® © @ ®© o o @

Electroweak baryogenesis

What are phase transitions?

Water boils and freezes, vapor condenses, ice melts: properties of
substance change abruptly with temperature.

Mathematically: PT is non-analytic behaviour of partition function with
respect to temperature or other macroscopical parameters (density,
external field, curvature of space-time, etc).



Boltzmann distribution:
1
P, = Zexp(—,BEn), B=1/T

E,, — energy levels of the system.
The partition function Z and the free energy F .

Z =) exp(—PBE,) = exp(—-BVF),

V' — the volume of the system.
Since exp(—BE,) is an analytic function of temperature, phase tran-
sitions can occur only when infinitely many states are available, for ex-

ample, if V — oc.

Terminology

® First order phase transition: F is a continuous function of T but
the first derivative of F' has a jump

OF
latent heat =1 = A(T?—
oT

$ Second order, or continuous phase transition: | — 0, but higher
derivatives of F' are singular; correlation length diverges as the
temperature approaches the critical value ..

® (True) order parameter: an observable that is equal to zero in one
phase and is non-zero in another. In other words, the value of a
true order parameter unambiguously shows the phase state of the
system.



Example: magnetization of a ferromagnet

(M) = 0, high T, (M) # 0, low T.

A system may not have a true order parameter, even if it has phase
transitions

Example: a liquid—vapor phase transition
T A

’/’V A >~
/' critical point )
/".
VAPOUR  /

ICE

In the vicinity of the critical point many systems may behave in a
similar (universal) way, which gives rise to critical phenomena.

Mean field analysis:

® Second-order PT: effective potential for (true) order parameter ¢:

A
U(#) = cm*(T)¢? + S9*, mA(T) = 4(T* — T2)

The value of the order parameter ¢ is to be defined by the
minimization of the potential.

d A
0, T>T.

¢ = 5
420 T T,




® First-order PT: effective
potential

0.5

1 1 A
U(p) = Emz(T)¢2—§6T¢3+Z¢4,

AP(T.) # 0. ’

q) A -0.25

-0.5 T.

-0.75

-
T_ Tc T+ T 9 50 100 150 200

Why are we interested in phase transitions in cosmolog y?

Universe in thermal equilibrium: exactly homogeneous, does not
contain any structures...

Y

Deviations from thermal equilibrium are important, they may influence
a number of parameters that describe the present state of the
Universe:

$ primordial abundance of light elements
® baryon—photon ratio - baryon asymmetry

® density perturbations



Quality of thermal equilibrium:

Mo MPl

= Fpuliy Tv=—y Mj=——-——

T - typical reaction time.

Electroweak scale temperatures T' ~ 100 GeV:

® Strong QCD reactions, e.g. qq§ — GG
g~ T/(a?My) ~ 10714

® electromagnetic reactions, e.g. ee — v~
q~ T/(a?My) ~ 1012

® slowest reaction with right electron chirality flip eg H — e, W
g~ 1072

First order PT: source for ther-
mal non-equilibrium in the early 0.5
Universe!

® T > T.:universeisin
high-T phase

®» T < T <T,:universeis
still in high-T phase 0.4 T

® T = T*: bubble nucleation

® T < T*:bubble collisions

0 50 100 150 200
¢
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Dynamics of first-order phase transiticns

Suppose: T, — T > 0,

(T.—T)/T, < 1.

Probability of bubble nucleation, thin
wall approximation

P = A(T)T*exp(—F./T),

A(T) - prefactor

F, - free energy of the critical bubble,
determined from:

F(R) = —4mR3AF + 4nR% ,

Old phase
AF = F;, — F ;: = (1 — T/T.),
l is the latent heat of the transition
Results:
The size of the critical bubble:
R. = 20 /AF exponential in the probability:
F, 16 a"?‘Tc2 A 1. —T
— = — =—, = ;
T. 312(T,—T)2 g2’ T.

Fraction of space F that is still occupied by the old phase

¢ 4
F ~ exp (—/ dt"P§7w3(t' — tc)3> .
te

v - the velocity of the bubble walls

tc - the time corresponding to the critical temperature.



Phase transition ends at temperature (percolation)

~ A
& \/4log(M0/Tc) ’
typical distance between bubble centers

R~ 2vxTy .
Valid for A/x? > 1.

Conclusion: To describe phase transition (in thin wall approximation)
one has to know

® Critical temperature
® |atent heat

® Bubble wall tension

To go beyond thin wall approximation one has to know effective action

for an order parameter



Formulation of the problcm

Given: Lagrangian of field theory (EW theory or its extentions, MSSM,
GUT...)

Find:

Order of phase transition (if any).

Values of order parameters (ordinary scalar field VEVs)

Critical temperature

Latent heat

Surface tension of critical bubbles

® o o o @ ©

Percolation temperature

Basics of finite temperature field theory

H - Hamiltonian of the system
Q; - conserved charges [Q;, H] = 0

U

equilibrium state of the system is described by the density matrix p

1 1
p = Eexp <_E(H+ ;mQJ) )

1; — a set of chemical potentials. Statistical sum of the system Z:

Z=Tr [GXP <—%(H+ ZHiQi))J -



Free energy (from now on p; = 0):

7 ( FV)
=exp|—— ),
T

Functional-integral representation for the statistical sum:
Z = /quD\Ilexp(—SE),

Sk is Euclidean action for the system, defined on a finite “time"

interval 0 < 7 < B8 = 7,

B
SE =/ d’T/d?’fBL,
0

¢ - bosonic fields, periodic boundary conditions with respect to
imaginary time, ¢(0, z) = ¢(3, ).

¥ - fermionic fields, antiperiodic boundary conditions,

¥(0,z) = —¥(8,x).

Gauge theories: ordinary gauge fixing and introduction of periodic
ghost fields.

Imaginary time , or Matsubara Green’s functions:

1 7
G T Bry i50s Thn Bw) = = / G(T14@1) e (Tas ) DO DY exp(—SE).

Finite temperature equilibrium field theory is equivalent to the Euclidean

field theory defined on a finite “time" interval.



Perturbation theory at finite temperatures looks precisely like

perturbation theory at T' = 0 with substitutions of quantities associated
with the zero component of 4-momentum p, as follows:

Po — tw /dpo — ZWiTZ
3 w

6(po) — (2miT) ™ du0

w = 27nT for the bosons

w = (2n + 1)=T for fermions.

The equilibrium properties of a plasma are completely defined by the
statistical sum and by the set of Green’s functions.

The problem of equilibrium statistics is to compute these quantities
reliably.

Elementary theory of phase transitic as

What can be easier — compute finite temperature effective potential for
the scalar field (should be OK (?) for weakly coupled gauge theories):

VO =V, + >Q +>©<+
A3 ol
I




Typical one-loop expression

1 1 A
U(g) = 5m*(T)¢* — 8T8l + S ¢*

Non-analytic §|¢|2, & ~ g2 term comes from n = 0 sector of finite
temperature field theory:

dk .
[ o

(Wrong) conclusion from one-loop analysis:
there is always first order phase transition with

Ap~ —

Infrared problem

Simplest example: scalar theory with A < 1

_1 2, 1 5.0 Ay
L—z(au(/’) +2m¢ +4¢

OO Ok
OO0 - D

Statistical sum:



Two expansion parameters:
® )X-thesameasatT =0
#® newone,~ 2L,

m

Take n = 0 contribution:

1-loop : T'm?3

2-loop : A\T2?m?2

3-loop : A\2T'm

4-loop : A3T

Straightforward perturbation theory breaks down at T > m /A

For theories containing massless bosons (such as QCD) perturbation

theory does not work for any temperature!

Physical reason:

T = 0 - X is an expansion parameter only for the processes with small
number of particles.

T # 0 — number of particles, participating in collisions, may be large.
Expansion parameter Ang(E):

1

ns(B) = exp(E/T) — 1’

Small energies - strong coupling, 2.



Resummation?

ldea: sum up bubble graphs for the scalar mass.

A
m? — msz(T) =m? + ZTZ.

Still does not work at the vicinity of the phase transition where

m2..(T) = 0.

O

Computation of the effective po-
tential: expansion parameter
near ¢ = 0:
. g*T gT
“ng(E) ~ ¥— ~ =—
ge ¢
Perturbation theory breaks
down for ¢ < gT.

AV(©$)

Phase transitions cannot be entirely described by perturbation theory!



Lattice simulations?
Requirements:

® Lattice spacing much smaller than distances between particles,

a<K1/T

1

® Lattice size much larger than infrared scale, Na > pe

Y

Difficult in weakly coupled theories, N > L

Effective field theory approa:h

Main idea: factorization of weakly coupled high-momentum modes,
with energy E > oT, and of strongly coupled infrared modes with
energy E < aT', and the construction of an effective theory for
infrared modes only.
Construction of the effective field theory: perturbative
Analysis of the effective field theory: non-perturbative

® ¢ expansion

® exact renormalization group

® gap equations

$ Monte Carlo simulations

Works for: QCD when o, (T') < 1, EW theory and GUTs at T ~ T...



How to construct effective field theory?

® Expand bosonic and fermionic fields into Fourier sums,

oo

o(@,7) = Y ¢ule)exp(iv)T)

n=—oo

P(x, ) = Z P (x) exp(iw! )

n=—oo

with w,’r’b = 2n7T and wj: = (2n 4+ 1)« T.

® Insert these expressions into the action, and integrate over time.
Result: three-dimensional action, containing an infinite number of
fields, corresponding to different Matsubara frequencies:

/d4wL — Z /d3mL3d

4d finite-temperature field theory is equivalent to a 3d theory with
an infinite number of fields, and 3d boson and fermion masses are
just the frequencies w® and w/.

Analogy to Kaluza—Klein theories with compact
higher-dimensional space coordinates.



® Integrate out the weakly interacting 3d “superheavy" modes (fields
with masses ~ #T') and get an effective action for light modes
(bosonic fields corresponding to the zero Matsubara frequency).

exp(=Sess) = [ DUDnso exp(—Si)

Se_ff — CVT3 + / d3w

[e <] On
Ly(T) + Y =
n=0

Ly(T) is a super-renormalizable 3d effective bosonic Lagrangian
with temperature-dependent constants,

Oy, are operators of dimensionality n + 3, suppressed by powers
of temperature at n > 1,

c is a perturbatively computable number (contribution of n £ 0
modes to the free energy density).

How to construct effective Lagrangian?

Matching procedure: write the most general 3d effective action,
containing the light bosonic fields only, and fix its parameters (coupling
constants and counter-terms) by requiring that 3d Green'’s functions at
small spatial momenta k < T, computed with an effective Lagrangian,
coincide with the initial 4d static Green’s functions up to some
accuracy,

G2 (ky, . kn) = G2 (Kq, ...kn)(1 4+ O(g™))

Consistency check : the typical energy scales (masses of excitations in
3d theory m.ss) must be small compared with the energy scale nT
that we have integrated out:

< Meyf

2
1
WT)<<



Example: pure scalar field theory

4d Lagrangian:
1 1 A
L=2(8 2, ~.o2.2 4
2( pw®)” + 2m ¢° + 4¢
Effective 3d Lagrangian:
I P S S S S
Leff = 2(81¢3) + 2m3¢3 + 4>\3¢3 + AL

Dimensions in 3d: ¢5: GeVz; m32 : GeV?; \g: GeV

Tree level mapping: ¢3 = ¢/vT, m2 = m? and A3 = AT.

Important: 3d theory is super-renormalizable:
® Z,=1
® )\;isfinite

® m32 contains linear and logarithmic divergences on the one- and

two-loop levels only

In 4d all the couplings are scale dependent.
One loop mapping must have the form:

m2 = m?(p) [1 + Bm log MFT] + ANT?
HT
Az = A(p)T [1 + B log 7]

Bm and B» are the 3-functions corresponding to the running mass

and self-coupling.




@)

To find A and pr: compute diagrams

In the modified minimal subtraction scheme MS:

1
pur =4AnTe " ~ 7T, A= 7

Renormalization group improvement: u = g minimizes the
corrections,

1
Az = A(pr)T, m3 = ZA(NT)TZ + m?(ur)

Phase transition
True order parameter, related to the symmetry ¢ — —¢. Symmetry
restoration around the temperature where mg(T) = 0:

2 2
T2 ~ T —2 S
e Te=2v o=

The perturbative analysis of the effective theory near T = T breaks
down, since the expansion parameter A3 /|m3| diverges near this point.
Non-perturbative methods (such as e-expansion or lattice simulations)

are needed in order to clarify the nature of the system here.



The super-renormalizable theory gives the accuracy in Green’s

function % ~ O(\?) provided we have spatial momenta k < T and

a 3d mass |m2| < T2

Advantages of effective field theory:

«d: perturbation theory is valid
A 1and T? K '—m;

¢ d: theory at T2 > mT2 contains
¢ t least two energy scales: an
| [traviolet one ~ T and the in-

{ ared one ~ mgy

The construction of the effec-
tive 3d field theory requires only
A < 1and |m?| < («T)? and
contains only one energy scale
3d theory is applicable near the
temperature of the phase transi-
tion T,.. Far from T, the theory is
perturbatively solvable.

Electroweak theory

Universal effective theory for EW phase transition: 3d S(2) x U(1)
gauge theory with one Higgs doublet

1 1 B B
L= Zngng + ZF”F“ + (D;®)N(D;®) + m22T® + X3 (T ®)?

The four parameters of the 3d theory (scalar mass m32, scalar

self-coupling constant A3, and two gauge couplings gs and gj) are

some functions of the initial parameters and temperature.

Effective description valid for MSM, MSSM and two Higgs doublet mod-

els in large part of parameter-space, etc.



Where are other scalars?

® Squarks, m? ~ g2T?;
® Extra doublets, m? ~ g2, T?;

® Extra triplets (coming from zero components of gauge fields),
2

m? ~ g2, T?
all have masses masses large than the infrared scale aw T and can
be integrated out in the vicinity of T ~ T..
Expressions for MSM.
for couplings (tree) g2 = g?T, g2 = g’>T, A3 = AT,
for the scalar mass (one loop):

1 1 3 ,
mg(T)=—§m§I+T2(5A+I§g + gz+ ft>

(Potential) phase transition occurs near T : m2(T) = 0.

Electroweak phase transiti n

Relevant parameters:

# dimensionful parameter g2 ~ g2T

X z = tanBw — known experimentally
2
o y = 28 — changes with T'.

9s

9 T

;— — fixes properties of the EW phase transition

3

To solve the problem of phase transition in some version of EW theory:

® Compute perturbatively =

#® Use the known non-perturbative results of the phase structure of
effective 3d theory (lattice)



0.18
o mlﬂp=185 GeV
o mmp=175 GeV
—— m, =165 GeV |
0.14 + ; |
/J,
= 0.10 + 5
006 v =i
0.02 ‘ | |
20.0 400 60.0 80.0
m

H

Naive consideration:

1000

008 — :
=175

X rnln]‘g"=m,)=300

006
ROOOAE™: Rg e

002 b o]

fffff tanf=2, m;=100

----- tanf=2. m, =50
0.00 : — :

100.0 1500 2000 2500 300.0
my
EW phase diagram

® y > 0: EW symmetry is restored, ¢ = 0, gauge bosons are

massless

® y < 0: EW symmetry is broken, ¢ # 0, gauge bosons are

massive

4

First-order or second-order phase transition between the two phases

@)



&)

Complimentarily:

® y > 0: "Confinement" - bound states
m=®'®, W =i(®'D;® - (D;®)!®),
W= (W) = (®'D;® — (D;®)!®)
® y < 0: Massive "elementary" excitations — check that in unitary

gauge "composite" fields are the same as "elementary" fields up
to some irrelevant factor!

4

no gauge-invariant local order-parameter that can distinguish between

the “broken" (Higgs) and “restored" (symmetric or confinement) phases

Three possible types of phase diagram for the SU(2) gauge—Higgs

system.
y
Higgs-confinement
phase
@) X infinity
y
confinement phase
Higgs phase
(b) x infinity
y
first order phase ” i
= critical point
transition

(© x infinity



1-loop effective potential

1 1 1
Vi(o) = Emgqbz + ZA3¢4 = (6m; +m3 + 3m3)
Estimate the value of the field ¢ at the local maximum of the effective
potential.

3

Tl'Aa )

Expansion parameter at this point:

2

93 ., As _—
= .

wmT ?3-

4

Existence of the maximum of the effective potential is reliable at small
values of x!

4

First order phase transition at small .

3d lattice Monte-Carlo simulations: absence of first-and second-order
phase transitions at x > 0.18.

TA

critical point
T=109%0.8 GeV

M=723%0.7 GeV




@

Near the critical point (the end-point of the first-order phase transition

line) the 3d gauge—Higgs system admits a further simplification at

large distances >> 515. At the critical point the phase transition is of

second order, thus there is a massless scalar particle. The effective

theory describing this nearly massless state is a simple scalar theory

of some field x with the Lagrangian

1 1
L = E(Bix)z + Emzx2 + )\Xx4 + hx.

0.18
== m,, =185 GeV
— m,, =175 GeV
— m, =165 GeV
0.14 +
no phase transition
I
= 0.10
006 "
e !
strong enough for baryogenesis
0.02 : ‘ x
200 40.0 60.0 80.0

my

100.0

Baryon asymmetry in the standard moc el

Baryon asymmetry is not gener-
ated

4

Way out: Physics beyond the
standard model
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EW baryogenesis
Coter Eaplar & NMlson, 299 /
1. Symmetric phase: {(¢t¢) ~ 2. Higgs phase: (¢T¢) #
0 — quarks are almost mass- 0 — quarks are massive and
less and B-non-conservation is B-non-conservation is exponen-

rapid. tially suppressed.

4

Quarks interact in a CP-violating way (reflected and transmitted) with
the surface of the bubble i

Baryon asymmetry of the Universe after EW phase transition.

Mechanism

B is not conserved

B=0
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Effective field theory and neutrino masses

Neutrinos have non-zero masses - how to incorporate this into the
Standard Model? Effective field theory approach: low energy
Lagrangian can contain all sorts of higher-dimensional

SU(3) xSU(2) x U(1) invariant operators, suppressed by some

unknown scale A:
O,
A’n-—4 *

oo

L=Lsu+ )

n=>5

Majorana neutrino mass: from five-dimensional operator
O5 = Aag (Lad) (#1L3)

Neutrino mass matrix:

,UZ

My ~/ Aaﬁx

Crucial questions:

» What is the physics behind
non-renormalizable terms?

» What is the value of A ?

&



First try: origin of neutrino masses - unknown Planck scale physics,
related to quantum gravity,

A = Mp; ~ 10*° GeV

Prediction :

~ 10" % eV

my ~
Mp,

Far away from experimental observations - does not work!

Second try: origin of neutrino masses - existence of new unseen
particles; complete theory is renormalisable

® Higgs triplet with hypercharge 2 - direct contribution to neutrino
mass

® Singlet Majorana fermions - effective contribution to neutrino mass




Three Generations

of Matter (Fermions) spin %
1 Il ]

mass -
charge -
name - up arm

<
2
2
Bosons (Forces) spin 1

ectron uon tau

The missing piece: sterile neutrinos

Most general renormalizable (see-saw) Lagrangian
— - M;
et ot = LSM—l—NI’La“’)’“NI—-FaI LaNI(I)—T NICNI—l—h.C.,

Assumption: all Yukawa couplings with different leptonic generations
are allowed.

I < N - number of new particles - HNLs - cannot be fixed by the
symmetries of the theory.

Let us play with AV to see if having some number of HNLs is good for
something



| I

N = 1: Only one of the active neutrinos gets a mass

N = 2: Two of the active neutrinos get masses: all neutrino experiments, except
LSND-like, can be explained. The theory contains 3 new CP-violating phases:
baryon asymmetry of the Universe can be understood

item A/ = 2: Two of the active neutrinos get masses: all neutrino experiments,
except LSND-like, can be explained. The theory contains 3 new CP-violating
phases: baryon asymmetry of the Universe can be understood

N = 3: All active neutrinos get masses: all neutrino experiments, can be
explained (LSND with known tensions). The theory contains 6 new CP-violating
phases: baryon asymmetry of the Universe can be understood. If LSND is
dropped, dark matter in the Universe can be explained. The quantisation of
electric charges follows from the requirement of anomaly cancellations (1-3-3,
1-2-2, 1-1-1, 1-graviton-graviton).

N > 3: Now you can do many things, depending on your taste - extra relativistic
degrees of freedom in cosmology, neutrino anomalies, dark matter, different
scenarios for baryogenesis, and different combinations of the above.

New mass scale and Yukawas

Y? = Trace[F'F)]

16
0.05ev 1Tev 10 Gev

: : :

e
éo_l, T u,’ l” ] /
S ’ Z
wls
gl=~
N i

10" 107 0.1 10° 10* 10"

LSND T v MSM T TLHC GUT ?see-saw

Majorana mass, GeV
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Most general renormalisable see-saw
Lagrangian with Majorana neutrinos:

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow, Mohapatra,
Senjanovic
L vy = Loy + Njid y*N, — F., L N,® M1 Gen +
wmsm = Lsy N[O Ny = Hop LNy® = —= NNy + - ¢
Counting “high energy” parameters, 3 HNLs:
3 Majorana masses of new neutral fermions N, 15 new Yukawa couplings in the

leptonic sector (3 Dirac neutrino masses, 6 mixing angles and 6 CP-violating
phases), 18 new parameters in total.

Counting “very low energy” parameters, 3 HNLs:
3 Majorana masses of active neutrinos, 3 mixing angles in PMNS matrix, 1

Dirac phase and 2 Majorana phases, 9 parameters in total, 6 of them can be
measured in active neutrino oscillations

Leg pvev



The mechanism: leptogenesis with superheavy
Majorana neutrinos (Fukugita, Yanagida) : HNLs go
out of thermal equilibrium, decay, and produce lepton
asymmetry at temperatures 7~ 10 Gev. Then the
lepton number is converted into baryon asymmetry
by sphalerons which are active until 7~130Gev . The
resulting baryon asymmetry is just a numerical factor
of order one smaller than the lepton asymmetry.



In general, baryon asymmetry depends on all high-energy parameters of the model. There are 18 of
them. In the very best case we can only determine 9 combinations of them via the see-saw formula
in low energy neutrino experiments. Therefore, neither amplitude no sign of baryon asymmetry can

be predicted.

Question: Can we chose high energy parameters in such a way that we are consistent with low
energy neutrino experiments and produce the necessary baryon asymmetry?

Answer: Yes, the freedom is pretty large: baryon asymmetry is just one number, and we have 9
parameters to play with!

Question: Can we get baryon asymmetry just from low energy CP-violating phases? To make sense
of this question, consider Casas-lbarra parametrisation of the matrix of Yukawa couplings:

1
F= ;UPMNS\/ER\/M

Here R is complex orthogonal matrix depending on 3 complex angles. Make these angles real or
some of them pure imaginary to get rid of high-energy complex phases (ad-hoc choice).

Answer: Yes, the freedom is still pretty large! (Moffat,:Pascoli,-PetcovTurner’18)

Question: Can we get baryon asymmetry just from low energy Dirac phase (i.e. put all Majorana
phases to zero)?

Answer: Yes, the freedom is still pretty large! (Moffat,-Pascoli,-Petcov Turner’18)
Question: Can we get baryon asymmetry if low energy CP phases are zero?

Answer: Yes, no problem!

See cover



Let us decrease the number of parameters:
assume that only 2 HNLs exist

Counting “high energy” parameters, 2 HNLs:

2 Majorana masses of new neutral fermions N, 9 new
Yukawa couplings in the leptonic sector (2 Dirac neutrino
masses, 4 mixing angles and 3 CP-violating phases) 11 new
parameters in total.

Counting “very low energy” parameters, 2 HNLs:

2 Majorana masses of active neutrinos (one is almost
massless), 3 mixing angles in PMNS matrix, 1 Dirac phase
and 1 Majorana phases, 7 parameters in total, 6 of them can
be measured in active neutrino oscillations



Still, 11>7 and therefore, neither amplitude no sign of baryon asymmetry can be
predicted.

Question: Can we chose high energy parameters in such a way that we are consistent
with low energy neutrino experiments and produce the necessary baryon asymmetry?

Answer: Yes, the freedom is pretty large: baryon asymmetry is just one number, and
we have 4 parameters to play with!

Question: Can we get baryon asymmetry just from low energy CP-violating phases?

Answer: Yes, the freedom is still pretty large (3 parameters)! (Moffat,-Pascoli,:Petcov
Turner’18)

Question: Can we get baryon asymmetry just from low energy Dirac phase (i.e. put all
Majorana phases to zero)?

Answer: Yes, the freedom is still pretty large (2 parameters)! (Moffat,-Pascoli,-Petcov
Turner’18)

Question: Can we get baryon asymmetry if low energy CP phases are zero?

Answer: Yes, no problem!



Conclusions for see-saw
leptogenesis

e |tis impossible to find the sign and amplitude of
BAU in see-saw models, as we do not (and will
not) have an access to essential information
about high scales experimentally.

e BAU can be explained with low energy Dirac
phase only, but there are no convincing
arguments why other phases should vanish.

ee gver
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Low scale leptogenesis,
parthelt phyties Juoskvax 0 b

18

HNL masses are similar to SM quark
and lepton masses: SM-> NUMSM

Three Generations Throe Generationa
of MaRrey (Fermions) spin %
| il

Bosens (Foroes) spin £
\.—-"’L:"‘f."i:; = N
28T |38 N1 2] =) L 2~

Role of the Higgs boson: break the symmetry and inflate the Universe
Role of N1 with mass in keV region: dark matter.

Role of N2, N3 with mass in 100 MeV — GeV region: “give” masses to
neutrinos and produce baryon asymmetry of the Universe

19



Yukawa couplings:

e KeV scale DM sterile neutrino N1: F~ 10713 to have
sufficiently large lifetime

e GeV scale N2 and N3: F ~ 107°to explain neutrino
masses

Note: the SM does not provide any explanation of the
origin and magnitude of Yukawa couplings of quarks
and charged leptons, they are all taken from
experiment and scatter from f ~ 1 for the top quark
to f,~ 107 for electron.

20

Leptogenesis with GeV HNLs

Creation of baryon asymmetry is a complicated process
involving creation of HNLs in the early universe and their
coherent CP-violating oscillations, interaction of HNLs with SM
fermions, sphaleron processes with lepton and baryon number
non-conservation. One need to deal with resummations, hard
thermal loops, Landau-Pomeranchuk-Migdal effect, etc.

Initial idea: Akhmedov, Rubakov, Smirnov ‘98
Formulation of kinetic theory and demonstration that NUMSM can explain simultaneously
neutrino masses, dark matter, and baryon asymmetry of the Universe: Asaka, M.S. '05

Analysis of baryon asymmetry generation in the NUMSM: Asaka, M.S., Canetti, Drewes,
Frossard; Abada, Arcadia, Domcke, Lucente; Hernandez, Kekic, J. Lépez-Pavon, Racker, J.
Salvado; Drewes, Garbrech, Guetera, Klari¢; Hambye, Teresi; Eijima, Timiryasov; Ghiglieri,
Laine,...

21
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Leptogenesis with GeV HNLs

Creation of baryon asymmetry is a complicated process
involving creation of HNLs in the early universe and their
coherent CP-violating oscillations, interaction of HNLs with SM
fermions, sphaleron processes with lepton and baryon num »er
non-conservation. One need to deal with resummations, ha d
thermal loops, Landau-Pomeranchuk-Migdal effect, etc.

Initial idea: Akhnmedov, Rubakov, Smirnov ‘98

Formulation of kinetic theory and demonstration that NuMSM can explain simultaneously
neutrino masses, dark matter, and baryon asymmetry of the Universe: Asaka, M.S. 05

Analysis of baryon asymmetry generation in the NUMSM: Asaka, M.S., Canetti, Drewes,
Frossard; Abada, Arcadia, Domcke, Lucente; Hernandez, Kekic, J. Lopez-Pavon, Racker, J.
Salvado; Drewes, Garbrech, Guetera, Klarig; Hambye, Teresi; Eijima, Timiryasov; Ghiglieri,
Laine,...
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Experimental challenges of HNL searches:

HNL production and decays are highly suppressed —
dedicated experiments are needed:

* Mass below ~ 5 GeV - Intensity frontier, CERN SPS: NAG62

in beam dump mode, SHIiP

* Mass below ~ 5 GeV - Energy frontier, LHC: MATHUS _A

* Mass above ~ 5 GeV - FCC in e+e- mode in Z-peak, HC

Generic purpose experiments to search for all sorts of
relatively light dark sector particles (dark photons, hidden

scalars, etc).

) 55/-—-‘9 IO, -
/9 M W} /]/—ﬁ*léfﬂy/f, /7/—?7//&

ep. B3 N

AVaN
\/ \/ ~
SHiP,

Eijima, M.S., Timiryasov

== new bounds

v Canettl et al,, arXlv:1208.4607
=« Drewes et al, arX|v:1609.09069
SHIP, U1
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Survey of constraints
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Dark Matter HNL N1 decouples from see-saw formula
and leptogenesis: Yukawa are too small

Counting “low energy” parameters, 2 HNLs:

2 Majorana masses of new neutral fermions N, 9 new
Yukawa couplings in the leptonic sector (2 Dirac neutrino
masses, 4 mixing angles and 3 CP-violating phases). 11 new
parameters in total.

Counting “very low energy” parameters, 2 HNLs:

2 Majorana masses of active neutrinos (one is almost
massless), 3 mixing angles in PMNS matrix, 1 Dirac phase
and 1 Majorana phases, 7 parameters in total, 6 of them can
be measured in active neutrino oscillations

e Dream scenario. Both HNLs N2 and N3 are discovered,
their masses and decay branching ratios to electron,
muon and tau flavours are found, and CP-violation in
their decays is observed. 3 phases must be determined
(at least 1 in HNL decays, 2 others can come from
“very low energy” neutrino data). This determines all
NuMSM parameters. The amplitude and sign of
baryon asymmetry is predicted, and all “very low
energy parameters” are fixed. The model is tested by
the comparison with “very low energy” neutrino data.



More realistic scenario. From baryogenesis: masses of HNLs N2 and N3 are
close to each other
AM/M ~ 1071 = 1071

and thus their mass splitting may not be resolved at experiments. They will look
like a single particle. Then only part of the NuMSM parameters which can be
determined experimentally (mass and decay branching ratios to electron, muon
and tau flavours). If CP-violating effects are tiny, they also are not seen
experimentally. So, we can determine only 1+3=4 “low energy” parameters, One
can show that 2 combinations of these 4 parameters have no influence on “very
low energy” neutrino parameters.

The amplitude and sign of baryon asymmetry cannot be predicted as it depends
essentially on HNL mass difference and “low energy” CP-violating phase.

For active neutrino masses, the theory is equivalent to NuMSM with degenerate
N2 and N3 and is characterised by 9 instead of 11 parameters

(AM = M, — M; and one CP-phase are out). 7 of them propagate to “very low
energies” (only 2 combinations of them determined experimentally).

Suppose that all 7 “very low energy” parameters are fixed by experiments
(neutrino oscillations and neutrino less double beta decay). So, we get 7
equations for 5 unknowns, meaning that we have 2 consistency relations which
must be satisfied in the NUMSM.

Forget about Dark Matter and use all 3 HNLs for baryon
asymmetry and neutrino mass generation

Counting “low energy” parameters, 3 HNLs:

3 Majorana masses of new neutral fermions N, 15 new
Yukawa couplings in the leptonic sector (3 Dirac neutrino
masses, 6 mixing angles and 6 CP-violating phases), 18 new
parameters in total.

Counting “very low energy” parameters, 3 HNLs:

3 Majorana masses of active neutrinos, 3 mixing angles in
PMNS ratrix, 1 Dirac phase and 2 Majorana phases, 9
parameters in total, 6 of them can be measured in active
neutrino oscillations
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* Dream scenario. All three HNLs are discovered, and their
decay branching ratios to electron, muon and tau flavours
are found. Several CP-violating effects are found (6),
fixing all the phases. All “low energy” parameters are
found, the amplitude and sign of baryon asymmetry is
predicted. We also get 9 consistency relations with “very
low energy” neutrino data.

* More realistic scenario. Some of “low energy” parameters
are not determined (such as CP-violation phases). The
amplitude and sign of baryon asymmetry can not be
predicted. However, we get several consistency relations
with “very low energy” neutrino data.



Dark matter candidate: long lived ( zy > y,.rsc )» PUt UNStable,
sterile neutrino N1 with the mass in keV range

Dodelson, Widrow; Shi, Fuller; Abazajian, Fuller, Patel; ... Asaka, Laine, MS;...

Production of Dark matter in the early Universe.

N
//
NV 7 v e W // e
\\\ /
p R //’ -
A N vV ©
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The temperature of production of DM sterile neutrinos:

]u1 173
T~ 130 MeV
<1 keV>
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Non-resonant and resonant production

Dispersion relations for active and sterile neutrinos

3 3
E(k)/M Ek)y/M

2.5 2.9

2 2

g i il 1.5
sterile / sterile
Hf—""" ==

L=0
0.5 0.5
kM kM
0.5 1 1.5 2 2.5 3

Non-resonant transitions,

Resonant transitions in the
zero lepton asymmetry

presence of lepton asymmetry

25



Large fraction of lepton asymmetry is transferred to DM

M, =3keV,a=e sin’(268) =7+ 10" case 0, Q, / Q= 1
S | L R T e ey T — T T T e o T T
- H H ¥ . : - N
10°F $ =55 10°g a=y . 2
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Strile neutrino Dark Matter abundance
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Mixing angle, lepton asymmetry and the N1 mass leading
to observed DM abundance
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Experimental searches

DM patrticle is not stable. Main decay mode N — 3v is not
observable. Subdominant radiative decay channel: N, — vy

The photon line with energy  E, = % can be searched for
with X-ray telescopes

3.5 keV line: E. Bulbul et al, Boyarsky et al

10 988 & l Ll L L) I  SP28 S S ¢ I T L] AJ I

—- Too mu Dark Matter

] 1077 - Non 1
) “to.on Excluded by non-observation
o - e ang B of dark matter decay line

.A 10 o Uctk ¢ —
w on

= -9 X N Lyman~0 bound

4 10 - 3’ \ < NP sterile neutrino —
‘g‘ l;l. “'\ \‘\\1? DS ~

-1 -

910710 |- ] \ s —
: i : =
1] N

o 10‘11 — 8 N ~ i —
g Go —

5 o —_

¥ —

B0 - 4§ " g, RSP = -
Y ] S
-0 S

g103 = & s |
H Not enough Dark Matter —— _
10—14 ol L 1 o R | et

1 5 10 50
DM mass [keV]



()

Conctusion -
—  Bayor g_symw)av/»y 05/ time COniserte o
a sgpal for phyeies  feyorol thi
S
= M//M?/z’ 73 %My /@/&M M&z&tf/@, wWe. 0 bne
Frnol theoretically, ard  reed aw
LY Pen 7 ondal  on /;w/ﬁ‘
— ain o presionds of BAY explonaiiond are
T émyw % Nor~ Condorvadhote
= Gf %Mﬂéﬂ
_ dyparibere  from thumal G binom
D ferent  propatats deal wilh thise (330r8d <
= Bael n J0DY, T counted é sy dher
of olifderent smechoniime wore iveteel.
;Cf”&” ga/ébéym/‘ WW 742 /f%—?” Z/ozma’é&
prifosals [ wow Hit number ot Le Lagger!)

W (@000 . cppg rumbes o ny) Ol natioed
# ﬁ/W/ﬂﬁMWL/ - % —
u o T o explaly




Progress over last 25 years

/J/'/?H; /fé—y

Today we know exactly 42

different ways to create baryons
in the Universe!

The  ppechaniims 1 olisecerred are

V244 Aer Lo A

How to create¢ baryons

GUT baryogenesis < same ¢ 7/ /Ziffwﬁ Loptapet ot
GUT baryogenesis after preheating

Baryogenesis from primordial black holes

String scale baryogenesis

Affleck-Dine (AD) baryogenesis

Hybridized AD baryogenesis

No-scale AD baryogenesis

Single field baryogenesis

© ® N O ODd A

Electroweak (EW) baryogenesis
10. Local EW baryogenesis o
11. Non-local EW baryogenesis

12. EW baryogenesis at preheating
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How to create baryons

13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

SUSY EW baryogenesis

String mediated EW baryogenesis
Baryogenesis via leptogenesis
Inflationary baryogenesis

Resonant baryogenesis

Sbontaneous baryogenesis

Coherent baryogenesis

Gravitational baryogenesis

Defect mediated baryogenesis
Baryogenesis from long cosmic strings
Baryogenesis from short cosmic strings
Baryogenesis from collapsing loops

How to create baryons

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

Baryogenesis through collapse of vortons
Baryogenesis through axion domain walls
Baryogenesis through QCD domain walls
Baryogenesis through unstable domain walls
Baryogenesis from classical force
Baryogenesis from electrogenesis

B-ball baryogenesis

Baryogenesis from CPT breaking
Baryogenesis through quantum gravity
Baryogenesis via neutrino gicillations_
Monopole baryogenesis

Axino induced baryogenesis



How to creat¢ baryons

37.
38.
39.
40.
41.
42.

Gravitino induced baryogenesis
Radion induced baryogenesis
Baryogenesis in large extra dimensions
Baryogenesis by brane collision
Baryogenesis via density fluctuations
Baryogenesis from hadronic jets
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