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Relics




A Taste of Cosmology

Minimal Cosmological Model: vy -Cold Dark Matter

Energy-matter content of the Universe (today):
- hon-relativistic matter component (26.4%)

- radiation component (0.1 %)

- vacuum energy density and/or cosmological
constant (7/3.5%)

74% Dark Energy

Energy Budget




A Taste of Cosmology

e Big Bang

Fundamental Ingredient: Inflation Tt § o it
rapid exponential growth = ” " ”"
homogeneity, isotropy and ‘
flathess observed in the Universe \ at

Last Scattering

perturbations @ the end of Inflation
Mict as seeds for formation of
Large Scale Structures
¥responsible for CMB temperature
anisotropies

PRESENT
13.7 Billion Years
after the Big Bang




Relic Neutrinos

Os : most abundant (known)

CME Big Bang

particles in the Universe after % —
CMB  Os W i

CMB : oldest relic

decouple when T | 1 MeV
’ 1/ 3
TgMB = 1.945K (1.7! 10 *eV)

!61%1!u1%!!!1ﬂ.
0! N (Tio)" 56 cm™ 112m3/flavor

Ny oM, - .m; Dark Matter ?
| '" PRESENT
! c.0 h2 (93 eV hh22 13.7 Billion Years

resent Hubble parameter after the Big Bang




LIMItS on Mass

Neutrino Oscillation Experiments = I m;" 0.05eV

Structure Formation = #1omo!/ #omo $ 0.05
=» | m;$0.6 eV

> 0.1 -
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SO neutrinos cannot account for all DM but
may play another important cosmological role:
generate the matter-antimatter asymmetry




Matter-Matter

Asymmetry




Baryon Asymmetry of the
Universe (BAU)

observational evidences establish dominance of matter
over antimatter in our Universe

Big Bang Nucleosynthesis (BBN)

In standard BBN predictions on primordial
abundances of light elements: D,  °He, “He
and 7 Li depend of a single parameter "=

Nucleosynthesis

B—Np-N g
N

Deuterium abundance

DB — (59 T 05) X 10

baryon to photon ratio




Baryon Asymmetry of the
Universe (BAU)

Cosmic Microwave Background (CMB)
after BBN g remains constant so

this can be related to the baryon energy

density po =274 #poh*x101

) = (6.2 + 0.15) x 10 -1




Baryon Asymmetry of the
Universe (BAU)

=(5.9+£0.5)x10 1O

very good agreement

CMB — (6 2 T O 15) X 10 10 6 orders of magnitude In T !

+ no trace of cosmological antimatter ever observed
+ small amountof e ™, p'in cosmic rays
& no anti-nuclel

all matter/antimatter that we observe today have
to be produced after Inflation —> BAU must be

dynamically generated after Inflation and before BBN
BARYOGENESIS




Baryogenesis



SakharovOs Conditions

1967 - SakharovOs 3 basic conditions for a
successful baryogenesis

Y B violation

Y C & CP violation

% deviation from thermal equilibrium




Y B violation



B-+Hn the SM

B and L are anomalous in the SM

1! _ _ — " B andL currents
JB = = | + U, ',U +D,!,D
H 3 QuiuQ TR R not conserved

Ji= L !'yL, + E/!',E @ 1-loop

L
L
SU(2) L ULy

field field

strength strength <

| 1L = | K B
1YL= T
# generations

_ Nf : | ng;U/W i,uy_l_ g!2 Buyg:,uu @ 1-loop

| 2
32° SU(2) . U(Ly

coupling coupling




B-+Hn the SM

B and L are anomalous in the SM

1! _ _ — " B andL currents
JB = = 1. O, +U,!',U, +D,!,D,
H 3 QuiuQ TR R not conserved

Ji= L !'yL, + E/!',E @ 1-loop

L
L
SU(2) . U(L)

field field

strength strength <

| 1L = | K B
1YL= T
# generations

_ Nf : | ng;U/W i,uy_l_ g!2 Buyg:,uu @ 1-loop

| 2
32° SU(2) . U(Ly

coupling coupling

B-L conserved B+L violated
Uu¢ B Ly — Ls 1B L
M@ae ! I =0 M@AE +J5) EO




B+H1n the SM

Due to the vacuum structure of non-abelian theories B and L
are related to change in topological charges of the gauge field
(Chern-Simons #)

E

%degenerate ground states
A Integer

SU(2) . ; |
B(t)) ! B(ti)=dt RN Nf[nCS4'f)! Ncs ()]




B+H1n the SM

OL=0B = +3 minimum jump in the SM

E m’ma

vacuum <zvacuum transitions

/ by tunneling the potential barrier

0 7 5 %degenerate ground states

Instantons Mg
SU(2) . Instantons lead to effective operator

Og+L = ! i QiQiQiL; 12-fermion Interaction




B+H1n the SM

Og+L = ! i QiQ;QiL; describe processes w/ O0L=0B =%3
transitionrate 9! e>st =e4¥ =101

. [tOHooft (76)]
(A0

vacuum <zvacuum transitions

T=0

/ by tunneling the potential barrier

%degenerate ground states
Instantons Mg

0 1 2

extremely suppressed - negligible in the SM



B+H1n the SM

But in a thermal bath (T %) there can be transitions due to

thermal fluctuations (over the barrier) |
[Kuzmin, Rubakov,

sphalerons Shaposhnikov (85)]

mT ~E

%degenerate ground states
nCS

A
T>E 5n(T) no Boltzmann suppression - 25 > T
100 GeV < T <10 2GeV : Btk Tates are in equilibrium




B+H1n the SM

But in a thermal bath (T %)) there can be transitions due to
thermal fluctuations (over the barrier)

sphalerons

4&0\’

OB

%degenerate ground states
nCS

A
T>E sn(T) no Boltzmann suppression - 25 > T
100 GeV < T <10 2GeV : Btk Tates are in equilibrium




Relation between B and L
Asymmetries

In a weakly coupled plasma one can assign a
chemical potential ( ) to quarks, leptons, Higgs
SM:5N¢+1=16 Os

corresponding to the partition function

Z(u,T,V)=Tr[e '(F" HQ)] L= UT

L (n, T) = %In Z(Y, T,V) thermodynamical potential

!ui << 1 particle-antiparticle number density asymmetry

(Y, T) "u "I fermions
Iy "

Ny — @ =




Distribution of Particles

particle species I in equilibrium

+ fermions

1

- bosons

€Q
fe

y = (p) = e(Ei! ui)/ T + 1

equilibrium number density m; << T
. T3 ©I@@)+ &1 (2)+ ... bosons
1 gl

12 * 31 (3)+ L&1(2) + ... fermions

d°p fi(?-l_(-l(p)_)#
n-eq
i MB m; >> T

n

1(2)= —, 1(3)= 1.202

# Iinternal degrees of freedom Ui = UYg
Ju=0p =g =1 gr = 0L =0q =12




Relation between B and L
Asymmetries

guarks, leptons and Higgs interact via Yukawa + gauge
couplings + non-perturbative sphaleron processes

= ger 'L iT2 lepton

| 2
o Jer BT baryon n .| ne. |
i o # density

N B 6 # density

1

— | (ZHCIi + IJ'Ui + P-di) IL | IL i | (2|J-|i + Uei)

~

thermal equilibrium = relations among 1I0s

SN + 4

=Cs! (B-L) IL =(cs! I (B! L) C= 55N, + 13

(B-L) @ end of Leptogenesis will determine B asymmetry today




Relation between B and L
Asymmetries

= ¢! (B — L) L =(cs! 1)! (B! L)

SN + 4
- 22Njs + 13

Nf =3 =>c=28/79 &1/3

so = 0B &1/3 0 (B-L)

6L &-2/3 0 (B-L)

(B-L) @ end of Leptogenesis will determine B asymmetry today



Yy C & CP violation




Need for Cand CB—

If C and CP conserved = processes involving
baryon would have the same rate of processes
Involving anti-baryons (not net 0B)

SM:
Both Provided by Weak Interactions

However CP violation is way too

small
(by ! 10 orders of magnitude ...)




Y deviation from

thermal equilibrium




Departure from Thermal
Equilibrium

>
B B = -B

average B in equilibrium at T

IB"r = Tr[e' @ HB]= Tr[(CPT )(CPT )" te¢' @ HB]
= Tr[e' @ H(CPT )" 'B(CPT )] = ! Tr[e¢' @ HB]
Imposing [H, CPT] =0

In equilibrium <B> 1 vanishes no generation of net B




Departure from Thermal
Equilibrium

SM:
departure from thermal equilibrium can happen
If at the Electroweak Symmetry Breaking a
strong first order phase transition happens

my ! 45 GeV

ruled out by LEP



Leptogenesis



Minimal Seesaw Lagrangian : only add R neutrinos to SM

Lxkg = OLPL + ORD'R + ONRrVNRr

SM lepton doublets SM lepton singlets R neutrino singlets

New Physics Scale

__ _ -~ 1
Ly =! Léy R! Léyy Ne! Ng Mg Ni +h.c

Majorana Mass

g -, .1 1 5 . .
| &2 yve=" - v~  Matrix for light
A 2 I g, O

neutrinos




Minimal Seesaw Lagrangian : only add R neutrinos to SM

L kg = 6ED/L + 6ﬁD/R + GWRJ/NR

SM lepton doublets SM lepton singlets R neutrino singlets

New Physics Scale

__ _ -~ 1
Ly =! Léy, R! LéyyNr! _NrMgNg +h.c

Majorana Mass
2 _— ]‘ 1 2 J

5 ' T Matrix for light
— V- =" = . \% S
A 2 YN Mg YN neutrinos

1. Violates L (B-L)

2. May choose N ROs to make M g real = y will
have phases (violates CP)

3. Allows for N —> | decay out of equilibrium
Fulfill all 3 SahkarovOs Conditions [Fukugita, Yanagita (86)]




Minimal Leptogenesis

1. 3 Heavy RH neutrinos (N )
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Minimal Leptogenesis

1. 3 Heavy RH neutrinos (N )
2. M1<<M ,, M3 ( hierarchical)

3. N; produced by Yukawa interactions (thermal
leptogenesis) In equilibrium in early Universe

4. single flavor leptogenesis
5. only N ;responsible for final asymmetry

6. When T <M ; N;drops out of equilibrium
as It cannot be produced efficiently anymore




Minimal Leptogenesis

7.0 P(Ng! "I )= 1 (Ng! " 1))
6L =1

lepton asymmetry will be generated
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Minimal Leptogenesis

7.0 P(Ng! "I )= 1 (Ng! " 1))
6L =1

lepton asymmetry will be generated

8. This asymmetry will be converted to baryon
asymmetry by sphaleron processes

Baryogenesis through Leptogenesis




Minimal Leptogenesis

To compute baryon asymmetry

1. evaluate CP asymmetry

"1, )" L (N
"1, )+ V(N !




Minimal Leptogenesis

To compute baryon asymmetry
1. evaluate CP asymmetry
; PN "y )" T(Ng !
V(N M)+ T(Ng !

2. solve Boltzmann Equation to compute washout

of the lepton asymmetry <= 927 3
45

- 135#(3) . g' ! 106 (SM)
1= 4$4 qg' 1




Minimal Leptogenesis

To compute baryon asymmetry

1. evaluate CP asymmetry
; CP(Ng D "y )" PN "
S V(N )+ (N

2. solve Boltzmann Equation to compute washout
of the lepton asymmetry <= 927 3

45
- 135#(3) g' ! 106 (SM)
1= 4$4 g

3. convert lepton asymmetry into Baryon asymmetry

ng! Ne
Y AB = BS B=cYamr="!CYarL" (10°31 10° 41,

1




CP Asymmetry

At tree-level OlIs real so

!tree(N1! In): !tree(N1! ’P" ): \Y\le
CP asymmetry comes from interference between
tree level and 1-loop contributions

Im

B
f(x)= VX[L—(1+ x)In




CP Asymmetry

For Hierarchical Neutrinos M1 << M2 << M3

3 1 ! " #M 1
| Im ng —=
8 Iy il . (yy )3 M

| = 9

However if M1 & M2 we can have resonant
enhancement of the lepton asymmetry I.e
resonant leptogenesis [Pilaftsis, Underwood)]

iim (yy )i (m2) M2)M ;! N,

yy Lslyy I (MZ! M#)2+ M7 12\1,-

RH neutrino mass scale can be of TeV order




Equilibrium

In equilibrium no net asymmetry

Equilibrium is maintained by

Inverse Decay

modify N1 abundance




Equilibrium

In equilibrium no net asymmetry

Equilibrium is maintained by

s-channel

2-2

’ scattering

oL | =1
()
N.it! & modify N1

_ abundance
N]_t | lq

t-channel



Equilibrium

In equilibrium no net asymmetry do not modify N1
abundance

2-2

Equilibrium is maintained by




Out of Equilibrium

Non-equilibrium is provided by the expansion of the

Universe _
expansion rate

For 6(T)<H(T) &1.7'g*T ?4M p_
Borderline occurs when O=H -1

Production rate

! 2
!prod | | ‘yélul‘ T

Total decay rate
| 1 (N4 |




Out of Equilibrium

Define 2 parameters of the order of m

Yiiyrave _ 8lv?e

m | | — |
! 2M , 2M2 P

m —8!V2H(T—M ) ~1x10 3eV
l_ZM% — 1

it can be shown that m > m,



Washout Scenarios

Strong Washout Scenario lp>H (M >m,)

@ T &M, thermal density Is obtained NN, & T

any asymmetry N1 makes is washed out

@T<T N1 Os decay out of equilibrium

(m>m*, M >m>|<)
N, (T1) | @ Mi/T m-

|
o Nn, (T >> M) -y




Washout Scenarios

Strong Washout Scenario lp>H (M >m,)

@ T &M, thermal density Is obtained NN, & T

any asymmetry N1 makes is washed out

@ T<M ; N1Os start to decay

@T<T N1 Os decay out of equilibrium

(M >m,, my >m,)
N, (T1) | @ Mi/T m-

|
o Nn, (T >> M) -y




Washout Scenarios

Strong Washout Scenario lp>H (M >m,)

@ T &M, thermal density Is obtained NN, & T

any asymmetry N1 makes is washed out

@ T<M ; N1Os start to decay

@T ID I, + &1 N; go outof equilibrium

1 |
'p (" 1 Np)” 5! N €

M1/ T, u !De! M1/Ta< H

@T<T N1 Os decay out of equilibrium

(m>m*, M >m>|<)
N, (T1) | @ Mi/T m-

|
o Nn, (T >> M) -y




Washout Scenarios

Intermediate Washout Scenario 'p>H (M >m,)

~——

my < m;)

@ T &M, thermal density Is obtained NN, ! I

because of large couplings to other flavors
y 1I1ssmall anti-asymmetry produced

@ T<M ; N1Os start to decay
asymmetry produced e

lowest order lepton asymmetry vanishes




Washout Scenarios

Intermediate Washout Scenario 'p>H (M >m,)

~——

my < my)

@ T &M, thermal density Is obtained NN, ! I

because of large couplings to other flavors
y 1I1ssmall anti-asymmetry produced

@ T<M ; N1Os start to decay
asymmetry produced e

lowest order lepton asymmetry vanishes

but a small part of anti-asymmetry washed out

before decay | My L ne

m, My (h>m,

! | Y

I



Washout Scenarios

lp < H (m<m*)

~——

my < m;)

Weak Washout Scenario

thermal density iIs not obtained
as production Is not efficient @T &M

1 &3

I — [
! d n, ! N
prod - 11 m,




Washout Scenarios

lp < H (m<m*)

~——

my < m;)

Weak Washout Scenario

thermal density iIs not obtained
as production Is not efficient @T &M

| | 1 | M
I

as before

lowest order lepton asymmetry vanishes
but a small part of anti-asymmetry washed out

M,
m,
(M<my, My <m)

before decay |

g nn ,




Boltzmann Equations

Lepton asymmetry Is a result of competition

anl
dz

=1 (D + 5)(ny, ! an)

modify N1 abundance

dn|_

— e
l4 D(an | anl)! Wngi

dz / /

source of asymmetry washout term

accounts for decays/ accounts for accounts for all
Inverse decays | 0 L |=1 scattering processess

_lw

Hz




Dynamical Generation of n y; and ng..

W. BuchmYller



Davidson-lbarra Bound

Casas-lbarra Parametrization

(I
Y!i:V( Dy R D-U )

DI\/I :diag(Ml,Mz,Mg) D, :dlag(m!17m!27m!3)

RTR=RR?T =|

3 M;
| o Ty ‘Rli ‘2

| <1 P = 3 M1 'm G

16" v? m,, + mp,




Davidson-lbarra Bound

1<io = S My M g

16" v?2 m;, + mp,

Requiring
Y (! )>Yg® " 101

0.1eV

M 4 1> 10° GeV

M

-1

+ my,

M, > 10°GeV m,. < 0.1eV

1

N1 dominates contribution to leptogenesis
M1 << M2, M3 unflavor regime T > 10 1“GeV




Flavor Effects

Flavor effects can play important role in leptogenesis

Depending on If at the scale of leptogenesis the interactions
mediated by charged-leptons Yukawa couplings are in or out of

cquiliorium Enter Equilibrium & &H

yeT/(41)! g'T4/Mp. T ! 10% GeV
yaT/(4)! g'T*/Mp. T! 10° GeV

@ T > 10 *2GeV all out of equilibrium: leptons are indistinguishable
For T < 10 12GeV flavor effects need to be taken into account

OSingle Flavor ApproximationO is not valid in this case

[Abada et al., Nardi et al., Di Bari et al., Antush et al., Pilaftsis etc.]



Heavy Neutrinos Flavor

flavor effects

Fffects due to N1, N2, N3

M2=2M1 Yukawa couplings

M3=2M2 1

N — o
m T

—
o

— T,y (3 lEpion flavours)
— — = =T, (NO flavour effects)
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Quantum Boltzmann
Equations

Fundamental Problem In this treatment:

1. Boltzmann Equations are Classical

2. Collision Terms are T=0 S-matrix elements
which involve quantum interferences

3. Time evolution should be treated quantum
mechanically

New developments: quantum Boltzmann
Equations based on Closed-Time-Path

formalism [BuchmYller, Di Bari, Plumacher, Strumia etc.]



