
\
I ) 2

r / I r< ,l
I

I , I
I I l t I ty L L rl 7 / 4/ )t ,.) L v r ,e r,, v t, 7

L {

o
I t / ,1

I I /1 J I I lt
r, ,/ E t t I ( L L c vt \ r ,( )r 4 4t )r 7l

/ / I tag 7 7 F ra 7 I
v

( (t 1 I -t

I
7/t lt l/l

/' \ /.
a / L- 7 .t 7 '4 u u, 4, r L V Zr r (-

4 I /;l -)
t l ^ I f V c 7

f /
L 7t rl ,/ r'/ /t r rL

7
I

.) L )t t I (\ ,T I r

" ) I
)t r.t / v la \ I fz ?, ,n I '/ t

o I
I I t / /,

L,
L 7 / I ? 7

7 t V 4 )
t, It v /'1 7t 1 D ( I p

I t 47l t v /" 2t , ,c ,/ r ( t( 7 /, ./ bl, C n
I ) t 4t .{ ( {a (t '/ o L / .t L4 tt ] /l t V I

I /( 7 L
,l \ 7 t 4 .t L i 1 ,t

I
7 a

4 I 1

71 r / ft o f (V 7 // I r
I / 7 7 , /b , '/ ) c t{ x -l E o I (. /t I tl ( L L v rl 2 1 I

(/ n-.
I t

\-. L I I I .I -

7 2 I w t2 I .z / / I ,l 1 7 7 /)/ {
7 G

( ( I / r.(



Sorne history

Before 1930 . no antimatter - no problem. The only known elementary
particles were protons, neutrons, electrons and photons

Dirac. equations for spin * p^rticle which pre-

dicted the existence of "electron" with positive

electric charge - positron
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LrrrAc's l\oDer rrt.ze Leclurer ryJJ:

"lf 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. lt 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. ln 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:

t The search of antinuclei in cosmic rays. the probability of the

process

pp+antinuclei*etc
is very small! Result: no antinuclei in cosmic rays have been found'

However, antiprotons have been observed

pp+ppp+p*etc
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Detection of antimatter

The antiproton/proton ratio from AMS experiment:
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Detection of antimatter

t Annihilation: particles and antiparticles annihilate:

+pp+7r 7r

u plr

TT + ^Y^l

\ e ueup

o

\p+/ -Dp

+r/e' ueup

Detection of yrays?

(E-,) /\J (2GeV) /(5 - 6) /2 A/ LSoMeV

However, this has not been observed !



Detection of antimatter

Data and expectations for the diffuse -y-ray spectrum (upper curve

d - 20 Mpc, lower curve d - 1000 MPc)
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7t ! !!\rr0Dar Daryon asymmetry
lill'\l;l;':l:l . l i

There are two possibilities:

t 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 7 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?
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Matter-antimatter asymmetry in
'a ! !

li.irl

aparucre pnysrcs

Till 1956: general believe that the nature is symmetric with respect to

change of particle into antiparticle.
C - charge conjugation.p # p, rL # h, e- +> el
P - paritytransformation. fr -> -fr, f + -F, but rit' + +rit

tl

1956: discovery of P and C breaking in weak

interactions (Lee, Yang). Many manifesta-

tions, e.g. in T+ decays. ln 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
paruicie physics

b o/aot
However, the combined CP symmetry was believed to be exact:

change particles to antiparticles AND simultaneously their momenta.

Now, CP works for neutrino

CPz L,(d) D(-d)

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



Matter-antimatter asymmetry in
parucre pnysrcs.a r I a

1964 (Cronin, Fitch, Christenson, Turlay). decays of 6o mesons.

ln a small fraction of cases (,"-, 10-u), long-

lived I{ 7, (a mixture of 6o and Ro 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 I{o and Ro would produce

an equal number of electrons and positrons in the reaction

eI<o + T- + Uet Ro + r*e-D",



Matter-antimatter asymmetry in
parucre pnysrcstQ I I a

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 t0-3

How can this very small distinction be transformed in the 100%

asymmetry of the universe we observe today?
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^t'rg rtang ano DArv0n asymmelrv
Cosmic microwave backgrou nd

ln 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 temperatu re 2.730 .

r -iiii..
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- 
2.726 K blackbody
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x DMR, UBC
o LBL-Italy
o Princeton
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EPFL, May 3,2018-p.17



Big Bang and baryon asyrntnetry

Big Bang theory: Friedmann, Lemaitre, Gamov

\
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a ,rr: | ! ..l'rg Dang Ano Dary0n asymmetry

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.

Ms tlsecl Mg: Met
Tri6Nu,

1t T2) T'lMevl
Let us compute the baryon asymmetry of the universe

a(r) - Tl,g - TLg

T?,p * nn

as a function of time. We already know that A(L}toyears) -- 1.

)



Tirt g Dang Ano Dary0n asymmetryat n !!

AnOther interesting pgint.tor:/ 10-6S (Or T ,-.,, LGeV ,-, rnp).
Thermodynamicsl rlp ,-, nB - tu1

a(to) TL6 - 77.,9

T7,-Y

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

(n"-n6).Rt -corl
where ,R is the scale factor, and the temperature of the CMB scales as

T ,.., L/R + n-rR" - cortst.

st,



.ra .n ! !I'lg I'ang ano Daryon asymmerry

So, to find A(to) just take T?,p/n., today.
We have

t n1 *, {1 0 photons/cm3 (corresponds to temperatu re 2.73oK)

t n s nv Q .25 nucleons lmg

+ rrp/n^, '\'' 6 x 10-10

conctusion: Big Bang theory tells that the baryon asymmetry of the

early universe is a very small number

(nt - m")
(n" * ne) 10-10
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'-i,I' tI -\r!g Dang Ano Dafy()n asymmetry

At t ,-, 10-6s after the big Bang

for every 1o1o quarks we have

(1oto 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.

Dependence of baryon asym-
metry on time

N -IFBB
n +n-BB

1

annihilation of
symmetric background

-10
10

410s



rIIrlg Dang ano Dary0n asymmerry

Problems to solve:

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

the number of antibaryons

t How to compute the primordial baryon asymmetry? (from

observatiofis,,^-, 10-10)

Now, the comparison between of the baryon asymmetry in the early

universe and the measure of the difference between particles and

antiparticles in I{o decays (19-s) is much more comfortable!



^ ! a ?!l t r r '' n' ''-Anorer DaKnar0v pr0p0sAlr LYo t i

"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."

ln 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!

"t.
I

EPFL, May 3,2018-P.24



Sakharov model

Superheavy particles with mass TrL t 101e GeV - 1g-r grams, and

lifetime 10-43 s
Decay modes.

xlPP,, Pe*,

lf C and CP are broken , X and X will produce different number of

protons et antiprotons, ?s 6o and Ko produce the different numbers

of electrons and positrons.

It is sufficient to produce a very small asymmetry 10-10 which will then

be converted into 100% asymmetry later on.

x+pp) pe



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

t baryon number
non-conservation

t B-violation?

t breaking of C and CP t CP-violation?

t universe expansion t thermal nonequilibrium?
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Sakharov work of 1 967 "Violation of CP lnvariance, C asymmetry, and

baryon asymmetry of the universe " was unnoticed for next 1 1 years

t Kuzmin, 1970: CP violation and baryon

asymmetry of the universe

t change of attitude: 1978

t lgnatiev, Krasnikov, Kuzmin,

Tavkhelidze, 1978. Universal CP

Noninvariant Superweak I nteraction and

Baryon Asymmetry of the Universe

t Yoshimura, 1978. Unified Gauge
Theories and the Baryon Number of the

Universe



Yoshimura paper was wrong:

t He got baryon asymmetry in thermal equilibtium

, He got baryon asymmetry in minimal SU(s) 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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Quantum anomaly:

ap ri : #T(F,,F,,)

9 quarks - 3 colours x 3 generations
3 leptons - 3 generations

Jf :0,
A

J"

A

5

4

3

2

1

0

-1

-2

-3

4

3

2

1

0

-1
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Dirac vacuum Real fermion
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Rate of anomalous fermion number non-conservation

Energy

Mrph - 10TeV

-2 -1 L2
topological number

t'Hooft, 1976

Kuzmin, Rubakov, M.S., 1985;

Arnold, Mclerran, 1987

exp (-#) '--, 19-160, T

exp ?ry), T <-7,.

(o*)(rs)7+ T)7"

0

f

)

Thermal equilibrium: for

rooGeV - T, < T < (o*)n M n n.i 1012 GeV
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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

fermionic density
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Phase transitions in the early Universe

t What are phase transitions?

t Why we are interested in phase transitions in cosmology?

t Dynamics of first order PT

t Basics of finite temperature field theory

t Effective field theory description

t Electroweak phase transition

t Electroweak baryogenesis

What are phase transitions?

Water boils andfreezes, 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 :

1Pn exp(-,68n), g: L/TZ
En - energy levels of the system.

The partition funclion Z and the free energy F

z - f u"p(-gE^) -exp(-pv7),
,IL

V - the volume of the system.

since exp(-p,E,) is an anarytic function of temperature, phase tran-
sitions can occur only when infinitely many states are available, for ex-

ample, if V -+ oo.

Terminology

t First order phase transition: F is a continuous function of ? but
the first derivative of F has a jump

latent heat : I : A(T2EF), AT,

t second order, or continuous phase transition : I :0, but higher
derivatives of F are singular; correlation length diverges as the
temperature approaches the critical value e.

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



@
Example: magnetization of a ferromagnet
(r:nr) * o, high T, (rir) + o, tow ?.
A system may not have a true order parameter, even if it has phase

transitions
Example: a liquid-vapor phase transition

T

point

A
VAPOUR

B WATER

tcE

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:

t Second-order PT: effective potential for (true) order parameter @:

1 a\

P

u(0) '(r)o' + Qn, ,n'(T):''l(T'-T:)_ 
-TTL2 4

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

0
TlT"d: { l *"(T)

.\ ,

TT

T 1?"

c



t First-order PT: effective
potential

1 T+

150 a 20(*

:.:.trary-

'(r)O'-!urr"* QN,

v( 0)0.5

u(0) - -rn 4̂

0

2

A0(r) + o.

T_T T*T

-0,25

-0.5

-0.75

-1c 50 100

why are we interested in phase transitions in cosmolog r?

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

{f

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

t primordial abundance of light elements

t baryon-photon ratio - baryon asymmetry

t density perturbations



Quality of thermal equilibrium:

q - r/rut Tu : # Ms Met
- --------------- -(1.66/Ar)

r - typical reaction time.

Electroweak scale temperatures T ,-., 100 GeV:

t Strong QCD reactions, e.g. qq + GG
q ,-, T /(o?Mo) n, lQ-14

t electromagnetic reactions, e.g. eE + 11
q ,-, T /(oz Mo) n, le-1"2

t slowest reaction with right electron chirality tlip epII * urw
Q - LO-2

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

t T > [: universe is in
high-T phase

t T- < T < Q: universe is
still in high-T phase

t T - ?*: bubble nucleation

t T < ?*: bubble collisions
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Dynamics of first-order phase transitio ns

SupposeiT"-T)O,
(7" - T) /7" < 1.

Probability of bubble nucleation, thin
wall approximation
P - A(r)r4 exp(-F" /T) ,

Ag) - prefactor
F" - lree energy of the critical bubble,
determined from:
I|(l?) - -trrn3d'F + 4trR2o ,

AF - F,;.n - Fout : t(l - T/7"),
I is the latent heat of the transition

Old phase

Results:
The size of the critical bubble:
R" : 2o / AF exponential in the probability:

T" 3 12 (7" - T)'
16 o3T2 A

tfr'
F" c T"-T

T"

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

Tlft, - e*p ? Jr'.at'p!tro" (t,- ,")t)
o - the velocity of the bubble walls

t" - the time corresponding to the critical temperature.



@

Phase transition ends at temperature (percolation)
fi'- A

abs(Nls/7") '
typical distance between bubble centers
fl at 2unq1 .

Valid tor Af n2 > 1.

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

t Critical temperature

t Latent heat

t Bubble wall tension

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

for an order parameter

Old phase



Formulation of the probk,m

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

t Order of phase transition (if any).

t Values of order parameters (ordinary scalar field VEVs)

t Critical temperature

t Latent heat

t Surface tension of critical bubbles

t Percolation temperature

Basics of finite temperature field thec ry

If - Hamiltonian of the system

Qr. - conserved charges lQt, Hl - O

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

+

exp1o- -,z (-+(.' + \-r,o,))
lr,i,- a set of chemical potentials. statistical sum of the system Z:

Z:Tr
[."" (-+ Gr +luuen)]



Free energy (from now on h : O)

Z _ exp ,
FV
T

Functional-integral representation for the statistical sum

z- DfDV exp(-,S,e),

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

interval 0(z <g:#,

sn : 
Iou 

o, I a"*n,

rf - bosonic fields, periodic boundary conditions with respect to
imaginary time, 0(O, r) : Q(9, *).
V - fermionic fields, antiperiodic boundary conditions,
V(0, r): -V(0,*).
Gauge theories: ordinary gauge fixing and introduction of periodic
ghost fields.
lmaginary time , or Matsubara Green's functions:

Finite temperalure equilibrium field theory is equivalent to the Euclidean

field theory defined on a finite "time" interval.

G (t, t n ! t ... t rn t u n) : ; I Q ?r, n t) ...Q (rn, r *) D Q Dilr exp( - ^9.8 ).



Perturbation theory at finite temperatures looks precisely like
perturbation theory at T - 0 with substitutions of quantities associated
with the zerc component of 4-momentum p, as follows:

Po --+ zu dpo - zrrif \
u)

d(po) + (2riT)-ld.,o
u - 2nnT for the bosons
e - (zn + L)zrT 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,ns

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

v(0) = vo.,(Q + + +

+ +

+

+ +



Typical one-loop expression

Non-analytic dlfl", d - gB term comes from n - O sector of finite
temperatu re field theory:

d3k

u(o) -I*'e)6" - *ut, etu +)o^

T I @ilnk2 + g262

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

5Tad,- 
^

Infrared problem

Simplest example: scalar theory with .\ << 1

Statistical sum:

L - tUOroY ***'o' * )r^

+ +

+ +



Two expansion parameters:

t ,\-thesameasatT -O
t new one '- u'

Take n, - 0 contribution:
1-loop '. T rns
2-loop : \72m2
3-loop : \zTnt
4-loop : A3?
straightforward perturbation theory breaks down alr ) rn/x,
For theories containing massless bosons (such as QCD) perturbation

theory does not work for any temperature!

Physical reason:
T - 0 - ,\ is an expansion parameter onry for the processes with small
number of particles.
r + 0 - number of particles, participating in collisions, may be large.
Expansion parameler \n p (E) :

np(E) -
1

exp(E /D - L'

Small energies - strong coupling, f .



Resummation?
ldea: sum up bubble graphs for the scalar mass

rrl2 - *?r r(") : ,n' +

Still does not work at the vicinity of the phase transition where
*?rr(") : o'

T2
4̂

v(0)
Computation of the effective po-
tential: expansion parameter
near Q : O'.

Perturbation theory breaks
down tor Q 1sT.

gT 0
T"

Phase transitions cannot be entirely described by perturbation theory!



Lattice simulations?
Requirements:

t Lattice spacing much smaller than distances between particles,
a, ( L/r

t Lattice size much larger than infrared scale, lla, ) ,#
+

Difficult in weakly coupled theories, Af >> #

Effective field theory approa,:h

Main idea: factorization of weakly coupled high-momentum modes,
with energy E ) aT, and of strongly coupled infrared modes with
energy E < qT, 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
t € expansion

t exact renormalization group

t gap equations
t Monte Carlo simulations

Works for: QCD when a"(?) << 1, EW theory and GUTs at ? - T.



How to construct effective field theory?

t Expand bosonic and fermionic fields into Fourier sums,

e@,r) : t e-@) exp(iub*r)
oo

TL:-CO

oo

??:-oo
,h(*, r) : t ,h*@) exp(iwfr)

with c.rf - 2nrrT and u{ - (2n * 1)zrT

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

d,anL * I 63 *trTd,

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 c.rb and usf .

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



t lntegrate out the weakly interacting 3d "superheavy" modes (fields
with masses.-, rrT) and get an effective action for light modes
(bosonic fields corresponding to the zero Matsubara frequency).

exp(-S"f f) : DV Db-rro exp(-Sr)

Seff-cVT?* Lo(r) + f on
r*d,3 n

oo

rt:o
La(T) is a super-renormalizable 3d effective bosonic Lagrangian

with temperature-dependent constants,
on are operators of dimensionality n + 3, suppressed by powers
of temperature al n ) L,

c is a perturbatively computable number (contribution of n I o
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 < ?, computed with an effective Lagrangian,
coincide with the initial 4d static Green's functions up to some
accuracy,

G"o (t*r, ...kn) - Gf,Lo(kr, ...k-)(r + o@*))

Consistency check : the typical energy scales (masses of excitations in
3d theory m"f t) must be small compared with the energy scale zr?
that we have integrated out:

/rn-"*\2r""7'I <<r
\ rT ) 

\\r



Example: pure scalar field theory

4d Lagrangian:

Effective 3d Lagrangian:

1 1

2
Lef f (oehi' * ,n?03 +,

L-tuto,,oY ***'o'*)r^

1_

4 ^uilt 
+ LL

Dimensions in 3d: @3: GeV* ; "lrl|: GeV2; .\s: GeV

Tree level mappingt Qs: O/fr,*?: rn2 and ls : ,1?.

lmportant: 3d theory is super-renormalizable:

t 26=1

t .\s is finite

t rn| conlains linear and logarithmic divergences on the one- and

two-loop levels only

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

*? : rn2 0r) L * 9,J-gY!p + A^72

ls : ^(dr L * gxbgYzp
g,n and Fx are the p-functions corresponding to the running mass

and self-coupling.



To find A and p,7t coffipute diagrams

In the modified minimal subtraction scheme MS

Fr :4nTe-1 - 77,,

Renormalization group improvement: pc : Fr minimizes the
corrections,

1}s : \(pdT,, ,n3 - -,\ jtdr' * rnz (pr)

1A- -4

Phase transition
True order parameter, related to the symmetry e - -d. symmetry
restoration around the temperature where rns(T) _ 0:

4rn2

4

T":2u, 2
2T3- rTL

a,\ ,\

The perturbative analysis of the effective theory near T - e breaks

down, since the expansion parameter ),s/lnrrl diverges near this point.

Non-perturbative methods (such as €-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 +1 ,'.., O(I') provided we have spatial momenta k < ? and
a 3d mass l*?l < 72.

Advantages of effective field theory:

, d: perturbation theory is valid
: t .\ ( 1 and 7z 4l'Y'l
. d: theory at Tz > $ contains
i t least two energy scales: an

r ltraviolet one .- ? and the in-

I ared ono ar zr,s

The construcfion of the effec-
tive 3d field theory requires only

^ 
<< 1 and l*'l ( (a'")2 and

contains only one energy scale
3d theory is applicable near the
temperature of the phase transi-
tion Q. Far from T" the theory is
pertu rbatively solvable.

Electroweak theory

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

11L- -Gi,Gii+ n
FtiF.i,i * (DeO)t(prO) + r7{AtO +.r"1OtO;z

The four parameters of the 3d theory (scalar mass rn2u, scalar
self-coupling constant ,\3, and two gauge couplings Fe and gr!) 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?

t Squarks, rrt2 ,-, g?T':
t Extra doublets, ffi2 ,-, g?4rT2;

t Extra triplets (coming from zero components of gauge fierds),
rrl2 ,-,,g?rT'

all have masses masses large than the infrared scale awT and can
be integrated out in the vicinity of T = 7".
Expressions for MSM.
for couplings (tree) g3 : g2T, g? : g'27, ,\s : ,\?,
for the scalar mass (one loop):

,n?@) L +r'1
- - -rTL,

3I-'16
1I-'16 g'2 + f?

1

2
,\ 92

1

4

(Potential) phase transition occurs near T : rn2"(?) : O

Electroweak phase transiti,,ln

Relevant parameters:

t dimensionful parameter g3 - g2T

t z -tan?,yy- known experimentally

# -changes with ?.a:t
t * = H - fixes properties of the EW phase transition

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

t Compute perturbatively z
t Use the known non-perturbative results of the phase structure of

effective 3d theory (lattice)



- m''p=185 GeV

- 
m,.o=175 GeY

- 
m. =165 GeV

0.1tJ

0.14
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0.0E

0.06

ir 0.04

0.02

020.0 40.0 80.0 100.0 .0 150.0 250.0 300.060.0
m..

200.0
mA

EW phase diagram

Naive consideration:

t U ) O: EW symmetry is restored, Q: O, gauge bosons are
MASSIESS

t a 1 O: EW symmetry is broken, 0 + O , gauge bosons are

MASSiVE

.t,

n\""=175
m;:mr)=300

&u-Jo

-"--'- tanB=2,6u=lJQ
----- tanB=2'6u=lQQ
----- tanB=2.m..=50

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



Complimentarily

t U ) O: "Confinement" - bound states
7r - OtO, Wf : i(At DjQ - (DiO)tO),
wf : (wi )* : (aI Di6 - @io)to)

t u 1 o: Massive "elementary" excitations - check that in unitary
gauge "composite" fields are the same as "elementary" fields up
to some irrelevant factor!

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.

Higgs-conf inement
phase

(a) x infinitY

confinement phase

Higgs phase

(b) * infinitY

first order Dhase
critical point

transition

+

v

v

v

(c) x infinitY



1 -loop effective potential

1v'(Q) 'n'"0' +2
\sQn - *( G*I]-*?,*Brnl1

4

Estimate the value of the field ,f at the local maximum of the effective
potential.

Small \st Qn"o, - ;*.
Expansion parameter at this point, 9,-., + : n,.TrrrLT Si

Existence of the maximum of the effective potential is reliable at small
values of rl

+

First order phase transition at small r.

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

T* critical point
T = 109r0.8 GeV

M - 72.3!0.7 GeV

T_

+

T

MH



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 t #. 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 a with the Lagrangian

1L-- (onx)' + *'x'*\xXa*hx.
2

Baryon asymmetry in the standard mu,el

Baryon asymmetry is not gener-
ated

+

Way out: Physics beyond the
standard model

60.0
mH

1

2

0.18

o.14

r 0.10

0.02

0.06

165

----- mbP=185
m,o=175

no phase transition

strong enough for baryogenesis

20.0 40.0 80.0 100.0







EW baryogenesis

h42h ba.Vlan & A/etCat2- 4!9 /
1 . Symmetric phase i (01 0> '|v

0 + quarks are almost mass-
less and B-non-conservation is
rapid.

2. Higgs phase: (0t O> +
0 -+ Quarks are massive and
B-non-conservation is exponen-
tially suppressed.

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

Baryon asymmetry of the Universe after EW phase transition.

Mechanism

B is not conserved

B=0

J}

+

qq









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)x SU(2)x U(1) invariant operators, suppressed by some
unknown scale A: 3o^L_ Zsnn*., *_.,1:ft

Majorana neutrino mass: from five-dimensional operator

os : Aae (t"a) (0, "A)
Neutrino mass matrix:

a2
M, '-'' AaF

Crucial questions:

A

' What is the physics behind
no n - reno rm al i zable terms ?

' What is the value of A ?



First try: origin of neutrino masses - unknown Planck scale physics,

related to quantum gravity,

A - Mm a" f g19 GeV

Prediction :

u2
TTL, r= *^ - 10-6 eV

Far away from experimental observations - does not work!

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

t Higgs triplet with hypercharge 2 - direct contribution to neutrino
MASS

t Singlet Majorana fermions - effective contribution to neutrino mass

05 44

<+->

0o /\
N *
?



*
( /at t\-7

the SM
Three Generations

of Matter (Fermions) spin /z
tlllll

mass-
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spin 0

The missing piece: sterile neutrinos

Most general renormalizable (see-saw) Lagrangian

M,o-' ,2Lr""-ro* - Lsrw + Nrilp:vp Nt - F..r L".Nr Nflrr *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 "M to see if having some number of HNLs is good for
something

p

7 H

oJ I



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

t 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

t 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. lf 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).

t 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

Y2 : TracelFI Fl
16L0 GeV0.05 eV L TeV

tt

1ot

1000
o)c
=o. o.t5oU.
o 1o'
BGlz 10'
F

L0

Lo tt
10 t' lott1os0.1 lot'

v MSM LHCLSND

L0

Majorana mass, GeV

GUT see-saw
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Most general renormalisable see-saw
Lagrangian with Majorana neutri nos:

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow, Moh apalra,
Senjanovic

LuMSM : Lsnt I Nri
MI NfNr+h.c.,
2

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), '1 I 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, I parameters in total, 6 of them can be
measured in active neutrino oscillations

oNrQdrTPNr - For L

{W. pa?py



The mechanism: leptogenesis with superheavy
N/lajorana neutrinos (Fukugita,Yanagida) : HNLs go
out of thermal equilibrium, decay, and produce lepton
asymmetry at temperatures T ,-., 1010 Gev. Then the
lepton number is converted into baryon asymmetry
by sphalerons which are active until r- 130 Gev . The
resulting baryon asymmetry is just a numerical factor
of order one smaller than the lepton asymmetry.
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ln 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:

F _ !ur**rt4,n fr
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,'Fasc*li,'FetcovTt*rner'tr8)

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! (ilr?offat,"Pascoli,"Petcov'T*rn*r't B)

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

Answer: Yes, no problem!

W- eye'r



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

Counting "high energy" parameters, 2 HNLs:
2 Majorana masses of new neutral fermions N, g 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)! (M*ffat,"ffasfi*li,.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 Q parameters)! (fu4*tfat,"P#se*li,"F*te*v
Turr-*r'tr &)

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

Answer: Yes, no problem!



a

Conclusions for see-saw
leptogenesis

It is impossible to find the sign and amplitude of
BAU in see-saw models, ?s we do not (and will
not) have an access to essential information
about high scales experimentally.

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

Qt Oysr





Low scale leptogenesis_
parrt'il.(- pAYt{w nnsl.oadoh*
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HNL masses are similar to SM quark
and lepton masses: SM-> NUMSM
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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



o

Yukawa couplings:

KeV scale DM sterile neutrino N1 : F ^, 1g-t: to have
sufficiently large lifetime

GeV scale N2 and N3: p ,-, 10-6 to explain neutrino
MASSES

o

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, - I for the top quark
to f, - ro-t 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.

lnitial 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; Hern6ndez, Kekic, J. L6pez-Pav6n, Racke[ J
Salvado; Drewes, Garbrech, Guetera, Klarig; Hambye, Teresi; Eijima, Timiryasov; Ghiglieri,
Laine,...
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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 :3M
fermions, sphaleron processes with lepton and baryon num:ler
non-conservation. One need to deal with resummations, ha;'d
thermal loops, Landau-Pomeranchuk-Migdal effect, etc.

lnitial 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; Hern6ndez, Kekic, J. L6pez-Pav6n, 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 - lntensity frontier, CERN SPS: NtA62
in beam dump mode, SHiP

Mass below - 5 GeV - Energy frontier, LHC: MATHUSiA

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

Generic purpose experiments to search for all sorts of
relatively light dark sector particles (dark photons, hidden
scalars, etc).
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. .. Canefri et al., arxiv:1208.4607
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Survey of constraints
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Dark Matter HNL Nl 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

. 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 decoys, 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 LMIM- 10-r - 10-13

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). lf 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 g instead of 11 parameters
(LM = Mz- Mz 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 matrix, 1 Dirac phase and 2 Majorana phases, 9
parameters in total, 6 of them can be measured in active
neutrino oscillations



o 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. Howeve[ we get several consistency relations
with "very low energy" neutrino data.



Dark matter candidate: long lived ( ,* > t(rrirr,,r), but 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

v z v e

v v v

The temperature of production of DM sterile neutrinos:

W e

v

N

r - t3o ( *t \"' ""u\ 1 keV/
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Non-resonant and resonant production

Dispersion relations for active and sterile neutrinos
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Non-resonant transitions,
zero lepton asymmetry

Resonant transitions in the
presence of lepton asymmetry
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Large fraction of lepton asymmetry is transferred to DM

M, = 3 ke!, 61= s sin2(20) = 7 * lo-ll, case a, Q, / Qo" = I
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St'-'rile 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 

OM particle is not stable. Main decay mode N1 --+ 3v is not 

observable. Subdominant radiative decay channel: N1 --+ vr

Ns v 

The photon line with energy 
with X-ray telescopes 

E 
= M 

can be searched for
r 

2 

 

3.5 keV line: E. Bulbul et al, Boyarsky et al 
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Progress oYer last 25 years

/rr ntl /!6#

Today we know exactly 42
different ways to create baryons
in the Universe!

rh-z ryao'/on4J/74t 7 a/'Sc6ot'I4a/ er€

t.rn/-n'&-uaL

How to creatt' baryons

. GUT baryogenesis

-

sanl{ //rndf%# w"pwr*,1

2

3

4
5

6

7

I
I

_<
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
Electroweak baryogenesis

10. Local EW baryogenesis
1 1. Non-local EW baryogenesis
12. EW baryogenesis at preheating



13. SUSY EW baryogenesis
14. String mediated EW baryogenesis
1 5. ?jt,tJ;oggl.g.s,i s, yia I gRJogele gi s,
1 6. lnflationary baryogenesis
17. Resonant barvooenesis
18. Spontaneous baryogenesis
19. Coherent baryogenesis
20. G ravitational baryogenesis
21 . Defect mediated baryogenesis
22. Baryogenesis from long cosmic strings
23. Baryogenesis from short cosmic strings
24. Baryogenesis from collapsing loops

25. Baryogenesis through collapse of vortons
26. Baryogenesis through axion domain walls
27. Baryogenesis through QCD domain walls
28. Baryogenesis through unstable domain walls
29. Baryogenesis from classical force
30. Baryogenesis from electrogenesis
31. B-ball baryogenesis
32. Baryogenesis from CPT breaking
33. Baryogenesis through quantum gravity
3 a, 

_-B_?Iy,gg g I 9 s i9 11 I 
g n 9 u! r! 1 g_o s c i I I at i o n s

35. Monopole baryogenesis 
\- F-

36. Axino induced baryogenesis

How to create baryons

How to create baryons



1?J'

How to creatt, baryons

37 . Gravitino induced baryogenesis
38. Radion induced baryogenesis
39. Baryogenesis in large extra dimensions
40. Baryogenesis by brane collision
41. Baryogenesis via density fluctuations
42. Baryogenesis from hadronic jets
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