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Metals

Synthesis of Light Elements (BBN)

300,000
years

3
minutes

4-pico
seconds

1-micro
second

atoms
form

nuclei
form

neutrons
protons
form

primordial
soup

BANG!



Big Bang Nucleosynthesis

Rest of the elements have been 
synthesised in stars
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Constraints on anti-protons
anti-protons are 

produced in secondaries

pp ! 3p+ p̄

Annihilating/decaying DM into 
quarks and gauge bosons => 

hadroniation leads to anti-protons

DM+DM ! prim prim · · · ! p̄

Annihilating/decaying DM into


leptons => electroweak 



corrections yield anti-protons

all observed anti-protons are our cosmic background



How do we generate 
Baryon Asymmetry ?

⌘ ⌘ nB

n�
=

nb � nb̄

n�
: Baryon Asymmetry



CMB & BBN

⌘ = (5.1� 6.5)⇥ 10�10

⌘ = (6.04± 0.08)⇥ 10�10 (Planck)

⌘ ⌘ nB

n�
=

nb � nb̄

n�
: Baryon Asymmetry



How to create baryon asymmetry 
in the universe?

(1) Baryon number violation (particle physics)


!

(2) C & CP violation (particle physics)


!

(3) Departure from thermal equilibrium 
(cosmology)



Suppose ⌘ = 0 , at T  1 GeV :

nb

n�
⇡ nb̄

n�
⇡

⇣mp

T

⌘3/2
e�mp/T ⇠ 10

�18

�ann ⇡ nbh� vi � H(T ) ⇠ 1.66g1/2⇤ (T 2/Mp)

(for T ⇠ 20MeV)



C & CP violation
Charge conjugation symmetry, and the product of charge conjugation 
and parity are not exact symmetries of nature

Exact C symmetry: i ! f =) ī ! f̄ (|Bf | = |Bf̄ |)

particle $ anti� particle

Exact CP symmetry:

i(ri, pi, si) ! f(rj , pj , sj) = f(rj ,�pj ,�sj) ! i(ri,�pi,�si)

Weak interactions break C and CP both, e.g. neutrino sector, 


kaon sector

CP invariance means time invariance due to CPT� theorem



(1) Expansion of the Universe 
!

(2)   First order Phase Transition 
!
(3)   Decay of any particle:  Inflaton  Reheating/Preheating/
Moduli late Decay, etc.

Out of Equilibrium Condition
�
process

< H(T ) ⇠ 1.66g1/2⇤ (T 2/M
p

)

During reheating


or preheating one can 
excite heavy states 

( out of equilibrium ): 

mX � m�, Trh



Production of baryon asymmetry
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SU(5): Baryons and leptons are in same generation

C and CP are violated at one loop

Baryon numbers, Ba, Bb

Unfavored: Requires 


heavy gauge bosons :

Trh ⇠ 1015
p
↵� GeV



Sphalerons 
In the Standard Model, baryon and lepton number conservation are acciden-

tal symmetries. It was discovered by ’t Hooft that non-perturbative e↵ects can
violate B and L: via instantons.

Baryon and lepton number are defined as:

B =

Z
d

3
xJ

B
0 (x), L =

Z
d

3
xJ

L
0 (x)

Four current associated to B & L are

At the classical level, B and L are conserved:

For these two currents, the Adler-Bell-Jackiw triangular anomalies do not

cancel : B and L are anomalous at the quantum level

Fµ⌫ = @µA⌫ � @⌫Aµ

Bµ⌫ = @µB⌫ � @⌫Bµ

Nf : Number of fermion generation

@µJ
µ
B = @µJ

µ
L =

Nf

32⇡2

h
g22Fµ⌫ F̃

µ⌫ � g21Bµ⌫B̃
µ⌫
i



Sphalerons

Chiral U(1)B+L Anomaly

�(B + L) 6= 0

= 2NfNCS = 6

(�(B + L) = 2)

�(B � L) = 0

Change in B and L are related to change in Topological charge: Chern Simons number

�(B + L)



Sphaleron: High temperature effects
T < Tc =) � ⇠ Ee�Esph/T

T > Tc =) � ⇠ (↵WT )4

10�4    10�1

�sph

T 3
� H =) T  ↵4

W
Mp

g
1/2
⇤

⇠ 1012 GeV

Sphaleron transitions are active:

Tc ⇠ 100 GeV < T < 1012GeV



Sphalerons

B =
B � L

2
+

B + L

2

B / (B � L)
primordial

6= 0 T  T
c

(B + L) 6= 0 at EW Transition

nqR > 0

nqL < 0

nqR > 0

nqL < 0

Q
ua

rk
 n

um
be

r 
de

ns
ity

nB > 0

Left handed quark asymmetry 
into Baryon asymmetry

Operator involving 12 fermions



Sphalerons: conversion of B-L to B asymmetry

(1) Thermal equilibrium, 


weak plasma, Chemical potential:

(2) 12 fermion interactions 
induced by sphalerons:

(3) SU(3) instantons lead to interactions 


between LH and RH quarks:

(4) Total hypercharge must vanish 
in the plasma:

(5) Yukawa interactions 
are in thermal 
equilibrium:



Sphalerons: conversion of B-L to B asymmetry
All chemical potentials can be expressed in terms of µl

c = 28/79  in Standard Model with 3 generations



First order phase transition 


at the EW scale within Standard Model

diffusion

moving bubble wall

CP

* Sufficient CP violation 
* Strong 1st order phase transition



First order phase transition at the EW scale

T 2
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@ T = T0 the barrier disappears

�min(T0) =
3ET0

�T (T0)
Strong 1

st
order phase transition :

ETc

�T (Tc)
> 1



D =
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Current Status

mH =
p
2�v0  46 GeV

SM
2ETc

�T (Tc)
' 4Ev2

m2
h

� 1

MSSM

CP asymmetry is too small 
(CKM)

Many Bosons, especially Stops


Large cubic coefficient, Strong 1st order 

phase transition, many sources of CP 
violations

BUT
RH stop < 125 GeV, LH stop > 6.5 
TeV (to avoid color-breaking phase 
transition) in MSSM

Carena, Nardini, Quiros, Wagner, 2008

NMSSM ?


Some of the conditions can be 
relaxed, specially 1st order 
transition is relatively easy



Reviews & 


recent activities,



and references therein



Dynamical generation of baryon number

V (�) = m2|�|2 + �(�4 + �⇤ 4) +
|�|6

M2
+ · · ·

Initial condition can break CP

� = i�0, �̇ = 0

CP is invariant: � $ �⇤

�k =
Ak

mt
sin(mt+ �k). k = I, R

nB = 2(�I �̇R � �R�̇I) =
2AIAR

mt2
sin(�I � �R)

Affleck + Dine (84)





Affleck-Dine Baryogenesis

Quantum fluctuations can take large VEVs


along flat direction : it does not cost in energy

Affleck + Dine (84)


Dine, Randall, Thomas (95,96)



Affleck-Dine Baryogenesis/Leptogenesis



Affleck-Dine Baryogenesis

Stabilises the potential



Affleck-Dine Baryogenesis





Reviews & 


recent activities,



and references therein



Thermal Leptogensis

Connecting Neutrino masses and Lepton asymmetry 



Dirac vs Majorana
 ̄ vs.  TC�1 

 ! ei↵ : U(1) symmetry

e, µ, q, · · · are Dirac,

because Qe 6= 0

: U(1)em
Q(⌫) = 0, U(1)em does not

impose ⌫ to be Dirac

Dirac ⌫ : ⌫ 6= ⌫̄

(Exact lepton number symmetry)
Majorana ⌫ : ⌫ = ⌫̄

(Lepton number violated)

Neutrinoless double beta decay : Majorana 
Neutrino: (A,Z) ! (A,Z + 2) + e� + e� (allowed)

⌧d ⇠ 1024 � 1025 Years



Neutrino mass constraints

Cosmology: 

Tritium beta decay : m⌫e  2 eV (95%C.L.)

(0⌫��) experiments : m⌫e  0.34� 0.78 (95%C.L.)



Origin of Neutrino masses

See-Saw mechanism



Type-1 See-Saw mechanism 

⌫e, ⌫µ, ⌫⌧ , ⌫s,1, ⌫s,2, · · · , ⌫s,N

L = LSM + ⌫̄s,a(i@µ�
µ)⌫s,a � y↵aHL̄↵⌫s,a �

Mab

2
⌫̄s,a⌫s,b + h.c.

↵ = e, µ, ⌧

M =

✓
0 D3⇥N

DT
N⇥3 MN⇥3

◆
Dij = yijhHi (in the SM)

Small neutrino mass may not always imply small Yukawa

m⌫ ⇠ y2
hHi2

M

0.1 eV

1016 GeV

0.1 eV

y ⇠ 1

y ⌧ 1

KeV



Thermal Leptogensis

Decay Wash out Sphalerons

No CP asymmetry



Thermal Leptogensis

Vertex correction :

Wavefunction renormalisation :


calculable only when

|Mi �M1| � |�i � �1| Resonant enhancement if the 
masses are degenerate !

Yukawa has to be 
complex



Departure from thermal equilibrium

dN1

dz
= �(D + S)(NN1 �Neq

N1
)

dNB�L

dz
= �✏1D(NN1 �Neq

N1
)�WNB�L

Evolve the number


density in a co-moving volume

z =
M1

T
, D =

�D

Hz
(Decay rate), S =

�S

Hz
(Scattering rate)

W =

�W

Hz
(Washout rate)

Competition between 


decay, inverse decay, 



scattering and washout 


effects





Decay parameter
Effective 

neutrino mass

Equilibrium


neutrino mass

m⇤ ' 10�3 eV

H(T ) = 1.66g1/2⇤
T 2

Mp

M1 = 1010 GeV, em1 = 10�3 eV,

m̄ =
q

m2
⌫1 +m2

⌫2 +m2
⌫3 = 0.05 eV

Reaction rates of various parameters

Out of Equilibrium : 
T ' M1, em1 ' m⇤Buchmuller, Bari, Plumacher (2004)



Evolution of B-L

M1 = 1010 GeV, em1 = 10�3 eV,

m̄ =
q

m2
⌫1 +m2

⌫2 +m2
⌫3 = 0.05 eV

|✏1| = 10�6

Buchmuller, Bari, 
Plumacher (2004)

For different initial conditions : zero initial abundance, and 
thermal abundance 

Yukawa interactions are 


strong enough to bring the heavy 
neutrinos in thermal equilibrium

Observed asymmetry: ⌘B ' 10�3 ⇥NB�L ⇠ 10�10



Key conditions 
(1) Initial abundance of 
right handed neutrinos:

N in
N1

= 0, or N in
N1

= 3/4

(2) Decay parameter: (3) CP asymmetry: ✏K =
�D(z = 1)

H(z = 1)
=

em
m⇤

K ⌧ 1
Far out of 

equilibrium, z >> 1


!

Weak washout 
regime : initial B-L 
asymmetry is not 

washed out

K � 1
Strong washout 
regime:  final 
B-L asymmetry 
is independent 
of the initial 

condition

Buchmuller, Bari, Plumacher (2004)



Beyond Vanilla Thermal 
Leptogensis

Flavour effects in


heavy RH neutrino 

sector, and in lepton 
sector



Resonant 
Enhancements of 

CP phase:


One can realize



leptogenesis close 
to TeV scale

Non-thermal 
leptogenesis

Dirac 


leptogenesis

S. Davidson, E. Nardi and Y.Nir, Phys. Rept. 466, 105 (2008)[arXiv:
0802.2962 [hep-ph]]!
!
A. Pilaftsis and T.E.J.Underwood,Electroweak-scale resonant 
leptogenesis,’'Phys.Rev.D 72, 113001 (2005)[hep-ph/0506107].!

W. Buchmuller, P. Di Bari and M. Plumacher,``Leptogenesis for 
pedestrians,’' Annals Phys.315, 305 (2005)[hep-ph/0401240].



Thermal Leptogensis
CP Asymmetry

For M2,3 � M1 : Upper bound on ✏

✏ = 3
16

M1m⌫3
hHi2 f(m⌫i, m̃1)

Davidson+Ibarra (02), Buchmuller, et.al (03), Hambye , et.al. (03)

Hierarchical: m⌫1 ! 0 =) ✏ = 3
16⇡

M1m⌫3
hHi2

Degenerate: m⌫3 = m⌫1 =) ✏ = 0

Efficiency parameter
⌘ = �N1

H(T=M1)

m̃1 ⌘ (Y †Y )11hHi2
M1

 10�3eV

⌘ ⇠ 10�3eV
m̃1

 1



Neutrino decoupling

e+ + e� $ ⌫e + ⌫̄e, e± + ⌫e !± +⌫e, e± + ⌫̄e ! e± + ⌫̄e

�e⌫ ⇡ O(1)
↵2
w

M4
W,Z

T 2
Neutrinos decouple : �e⌫ ⇠ (�e⌫ne) ⇠ H(T )

T⌫e ⇠ O(1)↵�2/3
w M4/3

W ⇠ 1.5MeV
⌫µ, & ⌫⌧ decouple earlier

Note : T ⇠ me ⇠ 0.5 MeV

✓
T�

T⌫

◆3 ✓g� + ge±

g⌫

◆
= const. =

11

4

T⌫ ⇠ (2.73 K/1.4) ⇠ 1.95 K



Big Bang Nucleosynthesis
Weak interactions & nuclear reactions in an expanding universe

�pe!⌫n =

⇢
�n!pe⌫(T/me)

3
exp(�Q/T ) if T  Q, me;

G2
FT

5 if T � Q, me. �F /H(T ) ⇠ (T/0.8 MeV)3

Q ⇠ 1.293 MeV

⇠ (1/6) ; Xn ⇠ 1

6

exp[�t/⌧n!pe⌫ ] ⇠ 0.15⇥ 0.74 ⇠ 0.11

⌧n!pe⌫ ⇠ 886.7 s

YP (
4He) ⇡ 2Xn ⇠ 0.22

� ⇠< �|v| > nA(⌘, T )

⌘ ⌘ nB

n�
=

nb � nb̄

n�
: Baryon Asymmetry

⌘ = 2.68⇥ 10�5(⌦Bh
2)

XA / ⌘A�1



Sources of Baryogenesis

B =
B � L

2
+

B + L

2Asymmetry in 
baryonic sector

Asymmetry in 
leptonic sector

Asymmetry 
in both

Conversion into 
baryonic 

asymmetry

1 MeV

100 GeV

1012 GeV

EW Accidental


Symmetry

(Leptogenesis)

Observed baryonic abundance



Thermal history of the universe

Entropy Conservation :

d

dt
(sa3) = 0 , => s / a�3 , a(T ) / 1

T

H =

✓
ȧ

a

◆
=

r
⇢

3M2
p

= 1.66⇥ g1/2
T 2

Mp

t

1s
⇡ 2.42⇥ g�1/2

✓
1 MeV

T

◆2



Standard Model


