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Introduction Solutions

Outline

@ Short introduction to thermal leptogenesis
@ Non-equilibrium dynamics
- Boltzmann equations
- Kadanoff-Baym
@ Solution to the Kadanoff-Baym
@ Thermal leptogenesis
- Boltzmann equations

- Kadanoff-Baym

@ Conclusions
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Matter-antimater asymmetry

BBN : i =(5.1-65)x 10710
WMAP: 7 =(6.19+£0.15) x 10710

Sakharov’s conditions
@ Baryon number violation
@ C, CP violation

@ Departure from thermal equilibrium

The Standard Model satisfies the Sakharov conditions, but does
not generate sufficient asymmetry!

An extension is required!
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See-saw mechanism and Thermal
Leptogenesis

Insertion of right-handed neutrinos vg

L = Lgy + iVRIvg — 7L(T>)\I/R — %I/_,C?MVR + h.c.

see-saw mechanism explains small neutrino masses
mass term of N ~ vg + v violates lepton number
mass and flavour eigenstates are not identical
complex phases appear

out-of-equilibrium decay of N generally violates CP and generates
the asymmetry
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See-saw mechanism and Thermal
Leptogenesis

Insertion of right-handed neutrinos vg

L = Lgy + iVRIvg — 7L(T>)\I/R — %I/_,%MVR + h.c.

see-saw mechanism explains small neutrino masses
mass term of N ~ vg + v violates lepton number
mass and flavour eigenstates are not identical

complex phases appear

out-of-equilibrium decay of N generally violates CP and generates
the asymmetry

=-the study of the non-equilibrium dynamics of the Majorana
particle is fundamental to understand leptoaenesis
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Kinetics of Thermal Leptogenesis

The dynamics of thermal leptogenesis is normally obtained with
the calculation of abundances from the Boltzmann equations

dNn "
% = —D (Ny, — Ni).
dNpg_
% = —&1 D (Nn, — ;e\% — Wip Np_r,

@ D: decays and inverse decays processes
@ ¢4: CP violating parameter

@ W: wash-out terms, which compete with the generation of the
asymmetry
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Asymmetry from Boltzmann equations

T T T

logio(N) —4

(Buchmuller, Peccei, Yanagida, 2005)
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CP asymmetry

Leptogenesis is a pure quantum phenomena. The CP violation is
the result of interference between tree-level and 1-loop diagrams
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Methods

@ Boltzmann equations (BE)
@ (full) quantum Boltzmann equations (QBE)

@ Kadanoff-Baym equations (KBE)
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Is a Quantum Treatment possible? YES

@ spacial homogeneity
@ weak coupling = perturbative
@ background plasma is in equilibrium

@ backreaction can be neglected

"Weak coupling to a thermal bath’
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Boltzmann vs Kadanoff-Baym Equations

@ initial value problem for density matrix p(t). ..
@ ...orfor correlation functions (...) = tr(p...)
@ KBE contain full quantum mechanics

particle numbers < correlation functions

collision term <« self energies

I, TT encode information about all decay and scattering processes
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Before we continue, we must remember the
following...

@ we want to describe the dynamics of an out-of-equilibrium
Majorana neutrino

@ we will study the evolution of correlators or Green’s functions
through the Kadanoff-Baym equations

@ these new propagators will have all the out-of-equilibrium
information required to generate the lepton asymmetry
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KBE Formalism
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Statistical and Spectral Propagators

Scalars
AT (x1, X2)
A7 (X1, X2)
Fermions
Sis(xt,x2) =
Sas(X1,%2) =
Majorana
G:fg(Xth) =
G s(x1, %) =

2 (10(x1). () e
i(19(x). 902)])e

<[W(X1)a»‘|’ﬁ(X2)]>
i{W(X1)a, Vs(Xe)}e

2 (N0, NGl
i(Na(3) N () o
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Kadanoff-Baym Equations

t
(0% + M)A~ (x1, %) = —/dsxl dt'l™ (x1, x")A™ (X', X2)

b

t
(02 + mP)AT (X1, %) = —/d3x’ at'n= (xq, X )AT (X', xo)
ti
b
~|—/d3x’ at'n™ (x, x)A™ (X', xo)
li

@ Thermal quantum equations for the evolution of propagators
@ convolution with the self-energy
@ can be solved numerically and in a certain regime analytically

How? ‘weakly coupled particle’

15/37
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Weak Coupling to a thermal Bath

@ consider fields that are weakly coupled to a large bath in
equilibrium

@ assume interaction mainly with bath fields X

o then self energies are computed with equilibrium propagators
@ in practice realised by using couplings that are linear in the field of
interest, e.g. goO[X], gV O[X], at leading order in g
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Weak Coupling to a thermal Bath

@ consider fields that are weakly coupled to a large bath in
equilibrium

@ assume interaction mainly with bath fields X

o then self energies are computed with equilibrium propagators
@ in practice realised by using couplings that are linear in the field of
interest, e.g. goO[X], gV O[X], at leading order in g

For such systems
@ spectral propagators A~, S—, G~ are time translation invariant
@ KBE are equivalent to a stochastic Langevin equation

@ KBE can be solved analytically up to a memory integral

16/37
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Kadanoff-Baym Equations

t
(0F +wd)Dgq(ti — ) = — [ dt'Nig(t —)Aq(t — t)

2}

t
(0F +w§)Ag (k) = — t di'Mg (t — ')A (E, o)

b
+ . dt/HaL(ﬁ — t/)Aa(t/ —b)
@ Convolution only in time coordinates

@ spectral function is time translational invariant

@ statistical propagator will depend also on the center of mass
coordinate
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Properties of the Solutions

@ retarded self-energy N7 = Nf|7_, + 5MA(T) is the decisive quantity
@ Rell” gives thermal mass
@ ImN* decay width I to resonance

Three regimes

Q [ReM|, [ImMN]| < wi

Q [ReM| ~ g, |ImMN| < wj

Q [Rel|, [ImMN| ~ wj
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_ ImMg(Qq)

Q [ReM| ~ wf, ImN| € wf = wq— Qq, Mg~ %
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@ retarded self-energy N7 = Nf|7_, + 5MA(T) is the decisive quantity
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Three regimes

@ [Rel|, [ImN| <« wg
particle behaviour=- Boltzmann equations

R
Q |Rell| = w2, [ImN| < w2 :wqﬁgq,qu_lanﬂ
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Introduction Thermal Leptogenesis
Properties of the Solutions

@ retarded self-energy N7 = Nf|7_, + 5MA(T) is the decisive quantity
@ Rell” gives thermal mass
@ ImN* decay width I to resonance

Three regimes

@ [Rel|, [ImN| <« wg
particle behaviour=- Boltzmann equations

R
Q |Rell| = w2, [ImN| < w2 :wqﬁgq,qu_lanﬂ

single resonance kinematically behaves like qua3|part|cle
but total energy receives vacuum contribution

Q [Rel|, [ImMN| ~ wj
particle interpretation and Boltzmann equations break down,
at large T possibly even in a weakly coupled theory
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The Spectral Function

Introduction

Thermal Leptogenesis
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@ Damped oscillatory behaviour

@ Breit-Wigner breaks down at high temperatures

w/m
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The Statistical Propagator
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@ depends on two time arguments

30 40 50 60

@ equilibrates independent of initial conditions after characteristic

time 7 ~ 1/r

@ oscillates with plasma frequency
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Non-equilibrium Majorana
The width

Yp(w) = (8p(w)F + bp(w)U)C!

= —2Im (b(wp) 4 a(wp)l\/lz>

Wp

Small width solution

Tyl

Go(¥) = (Fro cosfwpy] + M; 2 Sin[wpy]> e~ 7 C1
p

. M —
Gy (ty) =~ </70 sinfwpy] — —— Py cos[wpy])
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Out-of-equilibrium particle

@ non-equilibrium propagators can be found using the KBE

@ solutions to the KBE can be found analytically using the
time-translation invariance of the self-energy

@ emphasis on the initial conditions

@ the Majorana particle will be used to generate the asymmetry

23/37
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Application to Leptogenesis

24 /37
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Hierarchical Majorana model

@ two heavy Majoranas are integrated out, leaving an effective
Lagrangian

- = 1
L =Ijp 5N+ N\ Cliop — éMNTCN
1 1 - -~ 7=
+ EUU/LT,'QS Clijé + Zmjlio Clli¢ ;
@ effective vertex:

Z >"k )‘k/

k>1
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Boltzmann approach for asymmetry

T T T T T T T T

logio(N) —4

(Buchmuller, Peccei, Yanagida, 2005)
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Boltzmann approach for asymmetry

The coupled differential equations in a static universe are given by

881‘;\/ = C[fy] for Majorana
of,_5

C[f]: collision term

Inserting the solution for the Majoranas to the asymmetry
equation, and without wash-out terms

1
fli=—cory /q (@) php-k

1 _
X f,¢f,f,qF(1 —e '
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KBE approach for the Asymmetry

How to calculate the asymmetry without reference to particle
number or distribution function?

@ define lepton number matrix

Lyjj(t, &) = _tr[’YOS;;j(th t)].

@ Ly;(t,t) gives leptonic charge in flavour i at time t

@ CP-violation comes from interference between LO and NLO terms
(tree level and 1-loop level)

@ Considering an stationary universe and neglecting wash-out terms
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Kadanoff-Baym Equations for the asymmetry

t
(00, —ay —m)Sq (i, ) = — : dt'Tly (11, 1) Sq (', &2)
1

]
(o0 —ay = mSq(tit) = — [ diTlg(t.1)Sg (1 t2)

b
+ ) dt'Tiy (1, 1) Sq (', &)
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Solution of the Asymmetry

bt )=y | ,kk,f'fwk (K, )
F
s T K )
x (cosl(|k| + [a] - i D +e "

~(cos{(w K| — [al)t] + cos[(e — [K'| — la')the % )
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Solution of the Asymmetry

16 k-k
Lkif(t’ t):*EU |k7|T/ 1K |w fl¢> (K, q)f ( )flqb(k/»q/)
F
X =
(@ KT+ ) k]~ @ )
x (cosl(|k| + [a] - i D +e "

~(cos{(w K| — [al)t] + cos[(e — [K'| — la')the % )

167
fLi(t, k) = €T
K| Japak

< L(@m)*s*(k + g~ p)(2r) (K + —p)

X <1 - ef”)

k- K'fiy(k, q)fe?(w)
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On-Shell Approximation (unjustified!)

L5500 =~ [ KK (K. )
9.9’ pk
1
X F<27T)454(k +q —p)(2n)*0* (k' + q' — p)
2
X (1 — ef%)

16
mwm=€"J/ KRk ()
q.p.q".K

( m)*6*(k + g — p)(2m)*6* (K" + ' — p)

><<1—e ”)
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Lj(t, 1) =

fri(t, k) =

Solutions Thermal Leptogenesis

Inclusion of SM widths

167 k- K
‘UW|/ Wy Mol DR )

rbrw

((w — k= QPP+ 3T ((w — K — )2+ 4TZ)

<1 - e—rt) + oscillatory terms

167

—EiiW k- k'ﬁ¢(k, Q)fﬁq(w)

qvpvqlvk/

x L)' (k + g - p)@n) 5 (K +  ~p)

x(1-e)

BUT: This is not yet a consistent treatment of gauge interactions!!!
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Inclusion of decay widths
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Comprison between Boltzmann and KBE

Logx (t)/ fr(t, k)
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/! b
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Introduction Solutions
Conclusions

@ We computed the generated lepton asymmetry for hierarchical
heavy neutrino masses and a constant (or very slowly changing)
temperature without semi-classical approximations.

@ Quantum and non-Markovian effects can be crucial for
leptogenesis.

@ We find significant deviations from Boltzmann equations due to
off-shell effects, memory effects and temperature dependent
corrections.

@ The consistent inclusion of all SM corrections remains an issue.

37/37



	Introduction
	Solutions
	Thermal Leptogenesis

