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Evidence for a baryon asymmetry

In the Universe there seems to be much more matter than antimatter.

Obviously, there is not much antimatter around us. However, we know
that it exists:

It is produced in particle physics laboratories.
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Evidence for a baryon asymmetryl

In the Universe there seems to be much more matter than antimatter.

Obviously, there is not much antimatter around us. However, we know
that it exists:

It is produced in particle physics laboratories.

It is produced in hospitals (positron emission tomography).

It is produced in the decay of some radioactive nuclei.

40K »40Ar + v + e*

One positron every 75 minutes



The bodies of the solar system are also composed almost entirely
by matter and not by antimatter

Mars Exploration Rover

Venera 13



However, there is antimatter in the interplanetary and in the
interstelar medium of our Galaxy
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However, there is antimatter in the interplanetary and in the
interstelar medium of our Galaxy
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At larger scales there are also indications that there is more matter
than antimatter. Many clusters of galaxies contain gas. If there were

in the same cluster galaxies and antigalaxies, we would see a strong
y-ray emission from annihilations.

Observations indicate that clumps of matter are as large as
1012-10'4 M. Beyond that, we don't know...

Could the Universe be baryon symmetric?




The nucleon-antinucleon annihilation cross section is rather large

(o4]v]) ~mZ with m,=135 MeV.

v

Annihilations of nucleons and antinucleons are in thermal equilibrium
until very low temperatures, T~-22MeV.

Then, the relic abundance of antinucleons (the number of antinucleons
that survive annihilations)

"B _ "B 71020
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Some mechanism at temperatures larger than 38 MeV must
have existed, separating nucleons and antinucleons. But which?

The most natural solution: the Universe is not baryon symmetric



Assumption: in the very early Universe there was already
a tiny excess of baryons over antibaryons. These annihilated
leaving a small excess of baryons.



How many baryons?

The abundances of the primordial elements and the height of
the peaks of the CMB power spectrum depend on the ratio of

baryons-to-photons.
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Assumption: in the very early Universe there was already
a tiny excess of baryons over antibaryons. These annihilated
leaving a small excess of baryons.

ne = (6.11 £ 0.19) x 10"
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Baryogenesis



Dynamical generation of a BAU:
Sakharov conditions

The baryon asymmetry can be dynamically generated if
the following three conditions are satisfied:

e Baryon number violation

If baryon asymmetry is conserved, no baryon number can
be dynamically generated. There must exist XB=0 —YB=0+BB+0

e C and CP violation L
If C or CP are conserved, I'(X—»Y+B)=T (X-»>Y+B) = No net effect

e Departure from thermal equilibrium

In thermal equilibrium, the production rate of baryons
is equal to the destruction rate: I' (X—>Y+B)=I (Y+B—X)
= No net effect.



These three conditions are fulfilled in the simplest grand unified models.

VoLuMmE 41, NUMBER 5 PHYSICAL REVIEW LETTERS 31 Jury 1978

Unified Gauge Theories and the Baryon Number of the Universe

Motohiko Yoshimura

Deparitment of Physics, Tohoku University, Sendai 980, Japan
(Received 27 April 1978)

I suggest that the dominance of matter over antimatter in the present universe is a con-
sequence of baryon-number—nonconserving reactions in the very early fireball. Unified
guage theories of weak, electromagnetic, and strong interactions provide a basis for
such a conjecture and a computation in specific SU(5) models gives a small ratio of

baryon- to photon-number density in rough agreement with observation.



These three conditions are fulfilled in the simplest grand unified models.

In SU(5) models, quarks and leptons are in the same representation

q

[
This scenario could generate dynamically a baryon asymmetry:
e Baryon number violation
e C and CP violation. At one loop level

e Departure from thermal equilibrium, due to the expansion
of the Universe




process | branching ratio B
X —qq r 2/3
X —ql I —r —1/3
X —3qq 7 —2/3
X —ql 1—7 1/3

If C and CP are violated, T(X — qq) #T(X — Gq) =1 #£7

Mean net baryon number produced in the decay of X
Bx = (2/3)r + (=1/3)(1 — )
Mean net antibaryon number produced in the decay of X
By = (=2/3)F + (1/3)(1 — F)
The resulting baryon asymmetry is:
B =.(Bx — Bg) = ~.(r — )



Very attractive!!



Very attractive!!

But ruled out...



A new player in the baryogenesis game: sphalerons I

In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, it was discovered by

't Hooft that non-perturbative effects can violate B and L.
instantons. Furthermore, the violation of B and L induced by

instantons is very peculiar...

Baryon and lepton number are defined as:

B = /dg.ri{jg(r.). L= /de*‘rj[’,i’(r.)
where the currents associated to the B and L are
B J_ — —C i —° c
JPL - 3 Z ({ILE?HQLI' — UL TplL; — d'Liﬁ-’:HdLi)

i

Ji = Z (?Liﬁ.’ﬁfl@ _FEE?PEEJ '

7

At the classical level, B and L are preserved:
B _ L _
orIl =0,  OMJr=0



For these two currents, the Adler-Bell-Jackiw triangular anomalies
do not cancel. B and L are anomalous at the quantum level

;\' ~
Oully = Ol = Lo (PWE WP — 6B, B

3272 v

Where W, and B, are the SU(2); and U(1)y field strengths:
Wh, =0, W, — 0, W}

i1
B,uy — dey T dpr;
and N = number of fermion generations

As a consequence, B and L are violated at the quantum level.
However, B-L is preserved:

The orthogonal combination, B+L, is of course non preserved
at the quantum level,

(I + %) = 2Npd, K+

2 12
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The violation of B+L is due to the non-trivial structure of non-abelian
gauge theories. The change in B and L are related to the change in
the topological charge (the Chern-Simons number):

Lr } _ .—
B(ty) — B(t;) = /f | dt / A’z 0"J7 = Ny[Nes(ty) — Nes(ti)]

3

Nt ) = (]g = / 43 T€ ik JIK Wiy Jiyw Kk

There is an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier

My / ayy
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Bity) - B = [t [ 20052 QDCalty) - Nesrd

3 generations ANg=+1,+2...

AN
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\ 4
AB=AL=3

. Q3(G)
There is an effective operator Qa(B)
Qs(R)
Op4L = H (qLiqLiqLigLi) @2(G)
i=1.2,3 N > v
Q2(R)
which gives interactions involving 12 fermions: Q1(G)
Q1(B)

Le Q1(R)



At T=0, transitions among vacua by tunnelling

NN NN




At high temperatures, the barrier can be crossed

AN N A

At large temperatures, transitions violating B+L
(and preserving B-L) occur very often.

SPHALERONS




Volume 155B, number 1,2 PHYSICS LETTERS 16 May 1985

ON ANOMALOUS ELECTROWEAK BARYON-NUMBER NON-CONSERVATION
IN THE EARLY UNIVERSE

V.A. KUZMIN, V.A. RUBAKOV
Insutute for Nuclear Research of the Academy of Sciences of the USSR, Moscow, USSR

and

M.E. SHAPOSHNIKOV '

International Centire for Theoretical Physics, Trieste, Ttaly

Receved 8 February 1985

We estimate the rate of the anomalous electroweak baryon-number non-conserving processes 1n the cosnc plasma and find
that 1t exceeds the expansion rate of the umiverse at T > (a few)x10? GeV We study whether these processes wash out the
baryon asymmetry of the umiverse (BAU) generated at some earlier state (say, at GUT temperatures). We also discuss the
possibility of BAU generation by the electroweak processes themselves and find that this does not take place if the electroweak
phase transition 1s of second order No definite conclusion 1s made for the strongly first-order phase transition We point out
that the BAU mught be attributed to the anomalous decays of heavy (Mg = My /ay) fermions if these decays are
unsuppressed



this means that 1f the primordial baryon asymmetry
1s generated by the (B — L) conserving processes (which

is the case in the minimal SU(5) model [22]), 1t 15
completely washed out by the moment of the electro-
weak phase transition.










“Revised” Sakharov conditions I

The baryon asymmetry can be dynamically generated if
the following three conditions are satisfied:

B~

Bl number violation

If baryon asymmetry is conserved, no baryon number can
be dynamically generated. There must exist XB=0 —YB=0+BB+0

e C and CP violation L
If C or CP are conserved, I'(X—»>Y+B)= T (X->Y+B) = No net effect

e Departure from thermal equilibrium

In thermal equilibrium, the production rate of baryons
is equal to the destruction rate: I' (X->Y+B)=I (Y+B—X)
= No net effect.


















VERY SIMPLE IDEA:

“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986,
by Fukugita and Yanagida.
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VERY SIMPLE IDEA:

“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986,
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Why are people so excited about leptogenesis?
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Why are people so excited about leptogenesis?
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Neutrino masses

Neutrinos have mass!!
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Neutrino masses

Neutrinos have mass!!
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Neutrinos are very special particles: it is the only known fermion
which is electrically neutral.

There are two possible new terms that can be added to the
Standard Model Lagrangian to account for neutrino oscillations:

Dirac mass —L = DLimgVRj + h.c. (L conserved)

Majorana mass — [ —

l\JIr—k

7i:miivr; + h.c  (Lviolated)



Neutrinos are very special particles: it is the only known fermion
which is electrically neutral.

There are two possible new terms that can be added to the
Standard Model Lagrangian to account for neutrino oscillations:

Dirac mass —L = vp;m} ivrj +he (L conserved)

Majorana mass

L = sv5;milvr;+ hc (L violated)

Optiow preferred by theoristy



Dirac or Majorana?

dr uy,

The smoking gun: neutrinoless double beta decay W—%

C —

If neutrinos are Majorana particles, the nuclear VRy ("E

process (A,Z) »(A,Z+2)+e +e™ is allowed YL “L
W §

Not observed yet. Lifetime >1024-10%° years dr ur

1

The rate of Ov23 depends crucially

10 on the spectrum. If neutrinos are

d degenerate or inverse hierarchical,
A0 Ov2[3 could be observed in the next
g generation of experiments (CUORE,

GERDA...)

Bahcall, Murayama
Pena-Garay




e The observation of Ov2(3 decay
(=L is violated) will constitute a
strong hint for leptogenesis.
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e The observation of Ov2(3 decay
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strong hint for leptogenesis.

B « B-L
e The observation of neutron-antineutron e S
oscillations (=B is violated) will constitute S L
a strong hint for baryogenesis. S T

e The observation of proton decay

(=B and L violated) will not have any
implications for baryogenesis/leptogenesis
(since B—L is not violated) <

.
.
.
.
.
.
.
.
g
.
g
.
.
.
.
.
g
.,
.
g
0
g
g
.
.
g
.
0

.



Origin of neutrino massesl

Many proposals!

The most popular one (perhaps the simplest and most elegant)
consists on introducing new heavy degrees of freedom:

See-saw mechanism

Type | Type Il Type lli
\ /

\ N/ \ /
H \ //H & N/ 1 H \\ s H
\ X / A>F 2 {

/ NN \ A X 3
V v /\ V V
V V

(fermion singlets) (scalar triplets) (fermion triplets)



Origin of neutrino massesl

Many proposals!

The most popular one (perhaps the simplest and most elegant)
consists on introducing new heavy degrees of freedom:

See-saw mechanism

(fermion singlets) (scalar triplets) (fermion triplets)



Type | see-saw mechanism: Introduce heavy right-handed neutrinos
(at least two).

That's it !

The most general Lagrangian compatible with the Standard Model
gauge symmetry is:

1
—[,eff:—Q(L H)! hTM 1h (L-H)+ h.c.

M, = hl M h, (H°)?

Naturally small due to the suppression
by the large right-handed neutrino masses



The decays of the right-handed
neutrinos could generate the
paryon asymmetry of the Universe




Leptogenesis I

Mechanism to generate dynamically the baryon asymmetry through
a lepton asymmetry. The simplest version consists on leptogenesis
via the out of equilibrium decays of the lightest right-handed neutrino.

The three Sakharov conditions are fulfilled:

e Violation of B-L. Guaranteed if neutrinos are Majorana particles.

e C and CP violation. Guaranteed if the neutrino Yukawa couplings
contain physical phases.

e Departure from thermal equilibrium. Guaranteed, due to the
expansion of the Universe.

The generation of a baryon asymmetry is guaranteed
in the leptogenesis mechanism. But, can leptogenesis

generate the observed baryon asymmetry?



Leptogenesis I

Mechanism to generate dynamically the baryon asymmetry through
a lepton asymmetry. The simplest version consists on leptogenesis
via the out of equilibrium decays of the lightest right-handed neutrino.

The three Sakharov conditions are fulfilled:

e Violation of B-L. Guaranteed if neutrinos are Majorana particles.

e C and CP violation. Guaranteed if the neutrino Yukawa couplings
contain physical phases. However, it is not guaranteed that the
C and CP violation are large enough for leptogenesis.

e Departure from thermal equilibrium. Guaranteed, due to the
expansion of the Universe. However, it is not guaranteed that
the relevant processes are sufficiently out of equilibrium

(this depends on the high-energy see-saw parameters).

The generation of a baryon asymmetry is guaranteed
in the leptogenesis mechanism. But, can leptogenesis

generate the observed baryon asymmetry?



Calculatel




Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:

+H




At tree level, the total decay rate is:

1
Lot = D(N, — IH) +T(N, — [°H®) = g(hml)llﬂxfl

The rate for Ny —» [H and Ny — [cH¢ are identical. No CP asymmetry:

I'(Ny = lH)—=T(Ny — I°H®)
F(Nl — ZH) + F(Nl — ZCHC)

=0

€1 —



At one loop, new diagrams contribute to the decay rate:
[ +H
”

+H H ,H
” <N N,"

Nl (l + N1 - N + Nl
[ H I

I [

F(Nl — EH) - F(Nl — .EEHC)
I'(Ny — [H) + (N, — lcH°)

L1 M? M2
aY 'I' 2 1 1
8 (hyh)1 1—2235 - {(huhp)li] [f (ﬂ/fl‘?) +9 (M’f)]

€1 —




At one loop, new diagrams contribute to the decay rate:

[ +H
+H 7 H +H
/1 N VN N /#

N1—< + Nl - + N1
[ " [

I [

f %2 N ﬂfj?
ME) I\ iz
Interference with the vertex correction

fle) = \/5[1(1+:c)1n(1+$)]

['(Ny, — LH) — [(N;, — I°H°)
[ (N1 — [H) +[(N, — [FH°)
11

~ i 2_
= S Uk 1_2235 Im {(huhp)li]

€] —




At one loop, new diagrams contribute to the decay rate:

[l +H
+H

/\N,

_\ ;I N _u_\

['(Ny, — LH) — [(N;, — I°H°)
[ (N1 — [H) +[(N, — [FH°)

1 1
N 2.
= S Uk 1_2235 Im {(huhp)li]

€] —

ELAWNEY;
Mmz) I\

Interference with the wave-function correction

Tricky! Calculable only when |Af; —M > |T;—T|

1 —=x

Enhancement of the CP asymmetry when the
right-handed neutrinos are almost degenerate

g(x) =



At one loop, new diagrams contribute to the decay rate:
[ 7 H

+H
N /\N,

—\ ; O

['(N, — lH) — T(N, — I°H°)

€] —

The Yukawa coupling must be complex:
C and CP violation (2" Sakharov condition)



The CP violating decays generate instantaneously a
lepton asymmetry.

Not the end of the story...



+H 7 H +H
s

.
7/ \T 2N 4\ 7/

J'T\"Tl + A."rl - LV + J'T\-"Tl
N H z

] [

The CP violating decays generate instantaneously a
lepton asymmetry.

Not the end of the story...

There are also inverse decays which wash-out the lepton
asymmetry generated

H < + H
N ”
AN

/07 N, <mmmp N, _\
[~ [

If these processes are in equilibrium, there is
no net effect. It is necessary a departure
from thermal equilibrium (3™ Sakharov condition)

competition



The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dNy,

/ dz
My Mass of the lightest RH neutrino

T temperature

- _D(NNl — DE)

02
Il



2- Wash-out of the lepton asymmetry

The abundance of right-handed neutrinos is dictated

by a Boltzmann equation:
dNn,

Z

M, Y
T

-D (v, )

Equilibrium distribution

1

0.1F
0.01F
0.001}F
1074}

100}

) :
A\qul(:) — 5:’2[12(:'}

0.1 05 1.0 5.0 10.0

50.0 100.0



The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dN
djlz Ny, — Ny)
M, Y
=TT

Decay term
D(z) = I'p(z)/(Hz)

\

Hubble rate at
temperature T

8m3qg, T°
H(T) ~ '
(T) 90 Mp
2
- 1'6()-@1/2%1

i jw:;:);f:2



The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dN
djlz Ny, — Ny)
M, Y
=TT

Decay term
D(z) = I'p(z)/(H 2)
Decay rate at Hubble rate at
temperature T temperature T
1
I'p(z) =T'plooa{— 8m3qg, T?
p(z) = T'p| (,},) H(T) = | 379
<1> Ky (2) 90 Mp
—) — 2
v Ky(z) ~ 166g 2L
.gna-: MP 2’2

1
FD|z=oo — 8_?1' (hhi)llMl



The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dN
djlz Ny, — Ny)
M, Y
=TT

Decay term

D(z) =Tp(2)/(Hz)
e ™

Decay rate at
temperature T

Lp(z) = rD|T_o<§>
(3) = 22
v Ky(z)
Clreo = —(hh!)1 My

ST

Hubble rate at
temperature T

8m3q, T°

H(T) ~ :
( ) 90 Mp
M? 1
—  1.66¢Y/2—L__
.g‘-:ﬂ MP ZQ



The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dN
djl = (2N — Ny)
M, Y
=T

Decay term

D(z) = I'p(2)/(Hz)

o Substituting, D(z) = Fg(z) = Fl;}T:” 1 — 2T|T=U z(l)
< z 7 =M, 7




The abundance of right-handed neutrinos is dictated
by a Boltzmann equation:

dN
le _ NNl L DE)
Z

M, Y
T

Z

Decay term
D(z) = I'p(z)/(Hz)

o Substituting, D(z) = Fg(z) — Fl;}T:”(l) z (1)
< 2 J 8

It is convenient to write the decay term as a function of the “decay parameter” K:
- Tpilr=o  g(RAN)My ;M

K = - _
H |-, 1 664+ MP - 8mL66g A m
1 v2 1/2 i
iy = (hhDy—| |m, = 871.66¢Y2— ~ 1073 eV
1 ( )11 Ml MP

“Effective neutrino mass” “Equilibrium neutrino mass”



To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

ANy, (2) . Ki(2)
! p— —If(k N . Neq
dz / ZKQ(Z) (W, (2) J:Jl (=)
y
= l?_‘ﬁ]_ .Teq * :3 2 ks
I’& = — j\:h'rl(:) — T}: [‘LQ(:) .
My S

The solution depends on the initial condition and on K (or i)

le —_—
---------- K=100
0.1F *s 0.1F *s
2 2
L 2 L 2
L 3 L 3
b 3 b 3
0.01F . 0.01F .
s s
b 3 b 3
0.001F % 0.001F %
h h
. .

10—4 L ‘| 10—4 L ‘|

h h

h ¥ h ¥

i . i
107 F in __ ! 107 F in 3/4 !

Nl (] ‘| N_]_ ‘I
'l 'l '] 'l ‘ '] '] 'l 'l '] 'l ‘ '] ']
0.1 05 1.0 50 10.0 50.0 100.0 0.1 05 10 50 10.0 50.0 100.0

vanishing initial abundance thermal initial abundance



To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

ANy, (2) . Ki(2)
! p— —If(k N . Neq
dz / ZKQ(Z) (W, (2) J:Jl (=)
y
= l?_‘ﬁ]_ .Teq * :3 2 ks
I’& = — j\:h'rl(:) — T}: [‘LQ(:) .
My S

The solution depends on the initial condition and on K (or i)
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...... K=10
§~ §~
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To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

ANy, (2) . Ki(2)
! p— —If(k N . Neq
dz / ZKQ(Z) (W, (2) J:Jl (=)
y
= l?_‘ﬁ]_ .Teq * :3 2 ks
I’& = — j\:h'rl(:) — T}: [‘LQ(:) .
My S

The solution depends on the initial condition and on K (or i)

b K=1 [
0.1F 0.1k
0.01}F 0.01}F
0.001}F 0.001}F
1074 F 107
107 F n 107 F in __
N=0 N, = 3/4
0.1 0?5 170 5?0 1(;.0 50..0 10;).0 0.1 0?5 170 5?0 1(;.0 50..0 10;).0

vanishing initial abundance thermal initial abundance



To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

AN K
903 _ e B (v () - M)
dz / Ky(2) v
9
-y eq D 5
K = H NNI(’?) — gﬁ [&2(2’) :

The solution depends on the initial condition and on K (or 7)

1‘ IIIIIIIIII LN B

0.1F

0.01F 0.01F

0.001F

Sizable departure from equilibrium,
when the “effective neutrino mass”
equals the “equilibrium neutrino mass”

1074 F

107 F N

0.1 05 1.0 5.0 10.0 50.0 100.0 0.1 05 10 5.0 10.0
vanishing initial abundance thermal initial abundance

50.0 100.0



To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

dNNl(Z) L ,ZKl(Z) S) — eq >
iR M)

- ?ﬁl AT : 3 : -
K=— \ﬂ(“) = gfﬁgf 2(2) ,
My

The solution depends on the initial condition and on K (or i)

1:....-----....,_.... K=10—1 1

0.1F 0.1F

0.01F 0.01F

0.001F 0.001F

1074 1074

107> F in 107> F in __ r/
1 no=3/4

0.1 05 1.0 5.0 10.0 50.0 100.0 0.1 05 10 5.0 10.0 50.0 100.0
vanishing initial abundance thermal initial abundance




To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

dN K
903 _ e B (v () - M)
dz / Ky(2) v
|
- ﬁaﬁil ATEQ [ 3 2 -
Iﬁ = H i'\-"hrl(;) — g,: } Q(E) .

The solution depends on the initial condition and on K (or i)

li.--ll--lllnnu..
n

0.1F
0.01F
0.001
1074

107 F

K=1072

in

0.1 05 1.0

50.0 100.0

vanishing initial abundance

0.01F

0.001F

1074

107 F

111

Ny

0.1

05 1.0 50.0 100.0

thermal initial abundance



To summarize: the abundance of right-handed neutrinos is
dictated by a Boltzmann equation:

ANy, (2) . Ki(2)
= K N _ N«
dz / ZKQ(Z) (W, (2) J:Jl (=)
[
ke l?_‘ﬁ]_ .Teq * :3 2 >
K =— Ny, (2) = 52" Ka(2) ,
My S

The solution depends on the initial condition and on K (or i)

'f K=10"3 'f
0.1F 0.1F
0.01F 0.01F
0.001 0.001
1074 1074
1075} in __ 107 F n_ 3/4
Ny, = 0 Ny
0.1 05 1.0 50 10.0 50.0 100.0 0.1 05 10 50 10.0 50.0 100.0

vanishing initial abundance thermal initial abundance



Remember: leptogenesis is a competition between decays (which
generate an asymmetry) and inverse decays (which erase the asymmetry)

7 oy N\
# competition 2\

N, g — X N,
N\ |7

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?

dNp_r,
dz

— —ElD (NNl — Ni%) — WIDNB—L



Remember: leptogenesis is a competition between decays (which
generate an asymmetry) and inverse decays (which erase the asymmetry)

7 oy N\
# competition 2\

N —« > — N,
z z

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?

ANy e
di b @(NNl — Ny )— WipNp_1,

Generates a B-L asymmetry.

The size depends on the CP asymmetry,

on the decay rate and on how many
right-handed neutrinos are out of equilibrium




Remember: leptogenesis is a competition between decays (which
generate an asymmetry) and inverse decays (which erase the asymmetry)

/' competition \
We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?

dNp_

Washes-out the B-L asymmetry.
Depends on how large is the B-L
asymmetry itself and is proportional
to the rate of inverse decays.




Remember: leptogenesis is a competition between decays (which
generate an asymmetry) and inverse decays (which erase the asymmetry)

+H

oy . Ay
7 competition X

Ny —\ <) )’7 Ny
[ [~

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?

dNp._ .
=D (Va = N (oY

Wip(z) = Tw(z)/(Hz)

The washout rate is related to the rate of inverse decay, which is in turn

related to the rate of decay: eq s v N (2) = § 2K (2)
F _ J.?\'Ihrl (Z) b
ID(Z) — FD(’{") ;\,req .
1V R f\"qu _ E

1N
Then, [ Wip(z) = 5D(z) M (2)

N €4
N,




Set of Boltzmann equations

dNp_1
dz

_ AT AT€d 7 N
— —€ D (A'Nl — A'Nl) — H-;Di\' B—1TL

dNpy,
dz

— —D(Ny, — N§)



Set of Boltzmann equations

dNBd_ZL(Z) = —€ I{Zﬁ;%j; (NNl (Z) - Nﬁg (Z)) o %I{Zﬁlgj N[A%egZ) NB_L(Z)
dNy, (2) — —KzKl(Z) (Nn,(2) — Nyt (2))

dz Ky(2)



Set of Boltzmann equations

dNBd_ZL(Z) = —€ I{Zﬁ;%j; (NNl (Z) — Nﬁg (Z)) o %I{Zﬁlgj N[A%egZ) NB_L(Z)
dNn,(2) . Ki(z) eq
= —K ZKQ(Z) (Nn,(2) — Nyt (2))

The solution depends on:
e Initial abundance of right-handed neutrinos
Ny =0 or Ny =3/4

. . _ m
e “Effective neutrino mass”, /i, through K = -

n»

e CP asymmetry, €



Set of Boltzmann equations

dNp_r(z) . Ki(2) 1 Ki(z) Nyi(2)
— —¢ F N — Nyt — = ] 1 Np_
dz € I ZKQ(Z)( Nl(z) Nl(z)) 9 A ZKQ(Z) N{eq B L(Z)
dNy (z) ; Kl(z)
. — —K N — N
- (Y (2) ~ N (=)
My e, . £=106, K=100 M [
Np-! N '[
0.01} 0.01}
10~ 10~
10-6 10-6
1078 1078
10-10 10-10
0.1 05 10 _ 50100 500 100.0 0.1 0.5 1_?0 50100 500 100.0
in __ in __ «
Ny U Ny d/

vanishing initial abundance thermal initial abundance



Set of Boltzmann equations

dNp_r(z) Ki(z) 1 Ki(z) Ny (2)
— —c K N — Nyt — =K 1 Np_
dz € XZKQ(Z)( Nl(z) Nl(z)) 9 XZKQ(Z) N{eq B L(Z)
dNpy, (2) . Ki(2)
- = —K N — N
i T () = N3 (2)
W o &=10,K=10 M
Np-! N '[
0.01} 0.01}
10~ 10~
10-6 10-6
1078 1078
10-10 10-10
0.1 05 10 _ 50100 500 100.0 0.1 0.5 1_?0 50100 500 100.0
i m __
Ny U Ny d/

vanishing initial abundance thermal initial abundance



Set of Boltzmann equations
dNp_r(z) Ki(z) 1 Ki(z) Ny (2)

= —e X N — N — =K Np_
dz € XZKQ(Z)( Nl(z) Nl(z)) 9 XZKQ(Z) N{eq B L(Z)
dNpy, (2) . Ki(2)
LY~ K Ny, (z) — N3
dz S (VN ()~ M)
=106, K=1 ™ ]
Np-'f
0.01}
10~
10-6
1078
1071
0.1 05 10 _ 50100 500 100.0 0.1 0.5 1_?0 50100 500 100.0
i m __
N =0 N, = 3/

vanishing initial abundance thermal initial abundance



Set of Boltzmann equations
dNp_r(z) Ki(z) 1 Ki(z) Ny (2)

= — Ir N L Neq T I’ N _
dz € I\ ZKQ(Z)( Nl(z) NI(Z)) 5 ' ZKZ(Z) Nleq . L(Z)
dNpy, (2) Ky (2)
: = —K N _ Ned
az ZKQ(Z)( i (2) N, (2))
=106, K=10-1 M
Np-'f
0.01}
10~
10-6
1078
10-10
0.1 05 10 | 50100 500 1000 0.1 05 1_?0 50100 =00 100.0
Ny = in __ o«
N, — 0 o J/

vanishing initial abundance thermal initial abundance



Set of Boltzmann equations
dNp_r(z) Ki(z) 1 Ki(z) Ny (2)

= —ec K N — N — =K Np_
dz € ZKQ(Z)( Nl(z) Nl(z)) 9 ZKQ(Z) Nﬁeq B L(Z)
dNpy, (2) . Ki(2)
= —Kz Ny, (z) — Ny (2
o T (¥n(2) = NRL)
Mo g =106, K=102 M
Np-y! o | Ng_, |
0.01 N B B 0.01
- . T E——— i
10-6F 10-6
108/M 10-8
10-10 10-10
0.1 05 10 | 50100 500 1000 0.1 0.5 1_?0 50100 500 1000
1 s
ﬁ?l - (] .31{;1 — d/

vanishing initial abundance thermal initial abundance



Set of Boltzmann equations
dNp_r(z) Ki(z) 1 Ki(z) Ny (2)

- K (W) - MR G) - 3 K s =N No-1(2)
dNn,(2) . Ki(z) eq
s —K ZKQ(Z) (Nn,(2) — Nyt (2))

i _ _ N c
| £=10", K=10=3 ™ | . \
001} 001} |
107 I 1104-

0.1 05 1.0 5.0 10.0 50.0 100.0 0.1 05 1.0 5.0 10.0 50.0 100.0

vanishing initial abundance thermal initial abundance



Note that when K>=1 (strong washout) the final asymmetry
is the same, independently of the initial condition:

001 001p
Ng Ng-1
1074k 10~}
K=0.1
106} -}
10 K=1
10°8F — ' 108}
10_10 ' 10—10
0.1 05 1.0 5.0 10.0 50.0 100.0 0.1 05 1.0 5.0 10.0 50.0 100.0
11 — (] in o«
Nl Nl —_— 5/4

vanishing initial abundance thermal initial abundance



Note that when K>=>1 (strong washout) the final asymmetry
is the same, independently of the initial condition:

0.0l

Np-

1074 F

0.1 0.5 1.0 5.0 10.0 50.0 100.0



The solution is usually expressed in terms of an “efficiency factor”
(assuming that initially there is no B-L asymmetry)

Np_r(z) = 1 filzi, 2, 1)

4y e
,h(Z“,’i Z‘ ?nl) — 5 / d’zr' D (;N"Ih,-*l . *h,-"iirl) e sz dz" T ID(H”)

N

107 107 107 10° 10" 10? 10°
v hLLL | LI LLL) | LELELELILELLL] | LELELELILLLL] | LI ELILLLL] | UL ELILLLL)

10 107 107 10° 10" 102 10°



An additional effect on leptogenesis: scatterings

In addition to decays and inverse decays, scatterings can also bring
the right-handed neutrinos into equilibrium or washout the B-L
asymmetry, through:

N q N : 4

..... E H AL=1
H :

¢ t t : g
H
£ , L LD e |

NN S
'l, hN N N AL=2

H e M H ___-----u5%)WWh ..




Including these effects, the Boltzmann equations read:

dNpn,
dz

=—(D+5S5)(Nn, — Ny )

dNp_p,
dz

=—e D (Ny, = Nyy) = (Wip + War2)Np-t



Including these effects, the Boltzmann equations read:




Including these effects, the Boltzmann equations read:

dz

Similar diagrams to the one giving neutrino masses:

- 0.186 ( M ) ( m )2
A 2 \1010GeV ) \TeV

2

— 2 2 2
m~ = mj +ms;+ ms3



The solution can still be written in the form:

3 ..x_.
N 1(2) = S er e, 2, i)

-
-]

Buchmuller, Di Bari,
Plumacher

III .-I D-4
10°







Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:

+H




Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:




Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:




In a weakly coupled plasma, it is possible to assign a chemical
potential to each particle specie

I Bu; + O
ity ———
6 20p; + O

(Bui)® fermions
(Bui)* bosons

Thus, the asymmetry between the number of baryons (leptons)
and antibaryons (antileptons) is:

N
1 f
np—np = ggTz > (2pg; + tu; + pa;)
=1
1 Ny
i —np = 9T ) (2ue, + pe,)

In thermal equilibrium there are relations among the
chemical potentials



e The effective 12-fermion interactions Og,| induced by sphalerons leads to:

Z(S:{Lq-a + !"‘E'Ei) =0

i

e The SU(3) QCD instanton processes lead to interactions between LH and
RH quarks, described by the operator |[;(qr.qz:u%,d%,). When they are
in equilibrium, they lead to:

Z(Q:{Lq;ﬁ, — Huy — :{Ldi) =0

e The total hypercharge of the plasma must vanish, leading to:

2

Z(P’Jq-a + 2pbu; — Hd; — He; — He; T F:{LH) =0
f

[

e If the Yukawa interactions are in thermal equilibrium, the chemical
potentials satisfy:

Hqg; — HH — Hd; = 0,
Hag; + HH — .'[I"u-j = ( ?

P, — H — fle; = 0.



Assuming equilibrium among different generations, all the chemical
potentials can be written in terms of ,.

2Ny +3 _ N+ 2N, -1
He = 6N, + 3/ H4= 76N, +3M" H 7 6N, + 31
| AN;
lg = ——[lp, g = ——
:{q 3:{3. HH = U\f+3
1 1AN2 + 9N
Then B=—Njuy.[ = —1 i
sk b= =g

Leptogenesis produces a B-L asymmetry. The equilibration,
leads to a baryon asymmetry and to a lepton asymmetry given by:

B=cB-D||L=(c-1)(B-L)

where ¢ = Sl e (c: SNy + 4N . . )
22Ny + 13 22N; + 13Ny 1N models with Ny higgses

c=28/79 in the SM with three generations




Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)
2- Calculate ¢, K = —
m.

3 1 v 1 M

- ty2 ] 2

€ 167 (huhl)ll ;Im [(huhu)l'sl M.é

'U2

my = (k1) — .~ 1077
my = ( )HMl m,~ 107" eV




Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)
2- Calculate ¢, K = —
m.

3 1 v 1 M

- ty2 ] 2

€ 167 (huhl)ll ;Im [(huhu)l'sl M.é

'U2

my = (k1) — ~ 1073
my = ( )HMl m,~ 107" eV

3- Solve the Boltzmann equations to obtain N;-%

dNp_r,
dz

= —€ D(NNl — N;?) — WIDNB—L

dNn,
dz

= =D (NNI — Ni%)



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)

m

2- Calculate ¢, K = —L
M

3 1 . M

— Im |(h,ht)2 | —

167 (huhl)ll Z.t: m |:( u)l&] Mg

'U2

my = (hh")1 197 m, ~ 107% eV
1

3- Solve the Boltzmann equations to obtain N;-%

AN5 1 (2) Ki(2) o 1K) NS ()
o = —eK e K02 (Nn, (2) = Nji (2)) — 5 K ZKQ(Z) NT Np_p(2)
dNp, (2) Ky (z)

— K
dz b ZKQ(Z)

(N, (2) = Ny, (2))



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)

m

2- Calculate ¢, K = —L
M

3 1 . M

— Im |(h,ht)2 | —

167 (huhl)ll Z.t: m |:( u)l&] Mg

'U2

my = (hh")1 VA m,~ 1072 eV
1

3- Solve the Boltzmann equations to obtain N;-%

dNp_1(2) Ki(2) w1 Ki(2) NE(2)
~ — —eK z (z) (NNl( ) Nwl (Z)) ) K ZKg(z) Ngeq NB—L(Z)
dNNl( ) - K( ) eq
T = K o (Vw(2) - R (e)

4-Calculate the baryon-to-photon ratio
ng = <NT=0
1B FoB-L

c = 28/79 f = N'"/N: = 2387/86



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)

m
2- Calculate ¢, K =—
My
3 1 co1 M
= Im |(h,h1)3| =
167 (huhl)ll Z.i: m |:( u)ls] Mj
'U2
my = (hh")1 VA m.~ 1072 eV
1

3- Solve the Boltzmann equations to obtain N;~)

ANp_1(2) ) (2) . f1(z) N (2)
dz = —€ IX Z (Z) (NNl( ) NNl (Z)) — = IX ZKQ(Z) Ngeq NB—L(Z)
dNNl( ) - K ( ) eq
s = —K ZKQ( )(NNl( z) — Ny (2))

4-Calculate the baryon-to-photon ratio
ng = <NT=0
1B FoB-L

f = N™/N* = 2387/86

Sphaleron conversion Dilution factor due to photon production
between leptogenesis and recombination




Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)

m
2- Calculate e, K =—
M
3 1 |
— e —— T [(hA)] 3
167 (hyhi)1 5 M;

'U2

my = (hh")1 197 m, ~ 107% eV
1

3- Solve the Boltzmann equations to obtain N;-%

dNp_r(z) Ki(z) 1 . Ki(z) Nﬁ%(z)

. = —cK i To(2) (NN, (2) = Ny (2)) — 2 K ZKQ(z) N Np-1(2)
dNNl( ) - K( ) eq
s = —K ZKQ( )(NNl( z) — Ny (2))

4-Calculate the baryon-to-photon ratio
_ CnT=0
B = ?NB—L
c = 28/79 f = N/N: = 2387/86

5-Compare with the experimental value! ng = (6.11 £0.19) x 10~
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