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Matter-antimater asymmetry

CMB : % = (6.3+03)x 1071

WMAP: 78 = (6.1+0.3) x 10710
Y

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

@ Departure from thermal equilibrium
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Baryogeneis Models

@ GUT baryogenesis
@ Electroweak baryogenesis (SM, MSSM, NMSSM)

@ Affleck-Dine baryogenesis (supersymmetry, flat directions,
coherent oscillations)

@ Baryogenesis via Leptogenesis (partial conversion of the lepton
asymmetry into baryon asymmetry by sphaleron processes)
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Thermal Leptogenesis

L= Lgy+ ivRdvg — 7L&:))\VR — %V_,%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

@ decay of N generally violates CP
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Thermal Leptogenesis

L= Lgy+ ivRdvg — 7L&:))\VR — %V_,%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

@ decay of N generally violates CP

= lepton and baryon asymmetry can be generated
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CP-asymmetry

Leptogenesis is inherently a quantum effect

_ (N — I¢) —T(N — I¢°)
CP = (N = 16) + T(N = 1¢°)

In vacuum

@ hierarchical spectrum

€ — ilm(Km)Z%
B 167 K11 M2
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Non-Equilibrium Dynamics of
Quantum Systems
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Methods

@ Boltzmann equations (BE)
@ quantum Boltzmann equations (QBE)
@ kinetic equations for matrices of density

@ Kadanoff-Baym equations (KBE)
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Quantum Boltzmann Equations
A(t) + BH(t)N(t) + T(£)(N(t) — Neg) = 0

@ describe time evolution of classical particle numbers
@ cross sections are importet from quantum field theory

@ BE are know to work well in some examples, e.g.

@ photon decoupling,
@ big bang nucleosynthesis,

@ but note that

BE cannot describe coherent oscillations ,

BE assume particles move freely between scatterings,

BE are Markovian ,

classical particle number is not well defined in interacting quantum
field theory.
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Is a Quantum Treatment possible?
@ spacial homogeneity
@ weak coupling = perturbative
@ background plasma is in equilibrium

@ backreaction can be neglected

'Weak coupling to a thermal bath’

10/46



Introduction (Non-EquiIibrium Dynamics of QM Systems] Solutions Thermal Leptogenesis

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

11/46



KBE Formalism

QUANTUM LEPTOGENESIS
G 12/46




Introduction

(Non-Equilibrium Dynamics of QM Systems)

Solutions Thermal Leptogenesis

Statistical and Spectral Propagators

Scalars
AT (X1, X2)
A7 (X1, X2)
Fermions
Sas(x1, x2)
S.5(X1, X2)
Majorana
Gly(x1, x2)
G, 5(x1, X2)

2
i

2 (10(x1). () e
i(1o(x)

®(x2)])e

<[W(X1)a7 Vs(x)])e
{V(x1)a: Vs(x2)}e

2 ([N 0. Ns ()
i(Na(x), N ) e
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Kadanoff-Baym Equations

t
(01 + M)A~ (xq,x2) = —/d3x’ dt'n=(xy, X' )A~ (X', x2)
b

b
(01 + M)At (xq,x2) = —/d3x’ , at'n=(xy, X ) AT (X', x2)

b
+ / %' [ d'NT(xq1, X )A™ (X, x2)
i

t
(it - m)S () = — [ [T (a,x)S (¢ 0)
7}

b
(i~ mS () = — [ [T AT (4. X)S (X )
{i

b
+ / d*x’ [ at'Ti™ (x1,x')S™ (X', X2)
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Kadanoff-Baym Equations

t
(01 + M)A (x4, %) = —/dax/ dt'n™(xi, x")A™ (X', X2)
b
t
(01 + M)At (xq,x2) = —/d3x’ at'n=(xy, X ) AT (X', x2)
li

b
+ / % [ dt'NT(xq1, X )A™ (X, x2)
1]

t
(it~ m)S () = — [ [T (a,x)S (¢ 0)
7}

t
(i~ mS () = — [ [ AT (4, X)S (K )
li

b
+ / d*x’ /, dt'TI™ (x4, x')S™ (X', X2)
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Kadanoff-Baym Equations

(01 + M)A (x4, Xe)

(\:‘1 + m2)A+(X1 , X2)

= (igh — m)S™(x1, x2)

—(ia1 — m)S*(x1 s X2)

b
—/dsx/ at' N (xq, X )A~ (X', x2)
13
t
—/dsx’ at'n= (xy, x)AT (X', x2)
i

b
+ / % [ AN (xq, X )A™ (X, Xp)
ti

t
- / d®x' [ df'TT (x1,X)S™ (X', x2)
b
t
—/d3x’ at'Ti (x4, x") ST (X', x2)
li

173
+ / ax’ / dt' Tt (xq, x') 8™ (X', x2)
f.'
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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

@ then self energies are computed with equilibrium propagators
@ in practice realised by using couplings that are linear in the field of
interest, e.g. gpO[X], gVO[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

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

For such systems Anisimov/Buchmiilller/Drewes/SM

@ 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
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Kadanoff-Baym Equations

t

(0 +wd)Aq(t — ) = — t di'Mg (t — 1) Aq (' — b)
2
t

(0 +w§)Ag (k) = — : d'Mg (t — )AG(E, o)

t
+ . dt’l‘l,j(h — t/)Aa(t/ —b)

b
(00 —ay —m)Sq(h — k) = — t dt'Tq (t — 1) Sq (' — )
1

t
(im0, —qy —m)Sg (t, ) = - ) dt'Tiy (t — 1) Sq (1, t2)
173
+ , dt'Tig (t — 1) Sq (' — )
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Ag (ty — 1)

Pa(w)

Ag(n, t)

(9q(1))

Solutions for Scalars

cfdw i
[/27re fw(ty tZ)pq(W)

i i

Non-Equilibrium Dynamics of QM Systems Thermal Leptogenesis

w? —wq I_IA( ) — lwe B wz—wq HR( ) + iwe
A;mAa(h )AE(Tz) + At—;mAa(ﬁ )Aa(tZ)
Adin (Bg(t)Ag(l) + Aq(1)Aq (1))

t 1)
/O ot /0 oA (t — Y — ) (' — )

éq,inAa(t) + qu,inAa(t)
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Ag (ty — 1)

Pa(w)

Ag(n, t)

(9q(1))

Solutions for Scalars

[ 99 it —t)
'/ 5 € pq(w)

i i

Non-Equilibrium Dynamics of QM Systems Thermal Leptogenesis

wz—wq rIA( ) — iwe_wz—wq |_|R( ) + iwe
AqinBq (t1)Aq () + Aginq (1)Aq (t2)
Adin (Aa(n)Aauz) +8q(t)Aq (1))

t 1)
/O ot /0 oA (t — YE(F — ) (' — o)

éq,inAa(t) + ¢q,inAa(t)
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Aq(t — 1)

pa(w)

A;;(n, t)

(9q(1))

Non-Equilibrium Dynamics of QM Systems Thermal Leptogenesis

Solutions for Scalars

[ 99 it —t)
l/ 5 € pq(w)

i i
w? — wg — Ng(w) — iwe_wz—wq N (w) + iwe

AL nAg (1)Ag () + Al A (1) Ag (k)

q.in q,in
Adin (Ba(t)Aqg(l) + Aq(1)Aq (1)

t1 / t2 1! / / 1! /!
/0 dt/o dt' AL (t — EYE(E — YA (F — b)
¢q in ( )+¢5q in (t)
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Solutions for Fermions

_ Cfdw i

i i
palw) = d—m—TBW) +ide ¢—m—TAw) — ite
Sq(tib) = —Sq(t1)1°S5(0,007°S;(—t)

t1 t2
+ dt/s;(n—t’)/o AT (F — 1)y (¢ — by)
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Solutions for Fermions

_ Cfdw i

i i
palw) = d—m—TEw) +ide  ¢—m—TTAw) — ite
Syt ) = —Sq(t1)°S5(0,007°Sy(—t)

t1 t2
+ dt’s;(n—t’)/o oIS (1 — 1)y (¢ — by)
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Properties of the Solutions

@ retarded self-energy N7 = NP |7_o 4 8M7A(T) is the decisive quantity
@ Rell” gives thermal mass
@ ImN* decay width I to resonance

Three regimes

Q [ReM|, ImMN] <« w3

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

Q [Rel|, [ImMN| ~ wj
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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
particle behaviour=- Boltzmann equations

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

Q [Rel|, [ImMN| ~ wj
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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
particle behaviour=- Boltzmann equations

_ ImMg(Qq)

Q [ReM| ~ wf, ImN| € wf = wq— Qq, Mg~ %

Q [Rel|, [ImMN| ~ wj
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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
particle behaviour=- Boltzmann equations

R
Q [ReM| ~w, [ImMN| < wi = wg = Qq, Tg~ — g0

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

Q [Rel|, [ImMN| ~ wj
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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

@ [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

1.0

0.5

o

S

—0.

—-1.0r'

@ Damped oscillatory behaviour

Thermal Leptogenesis

Pq(w) T
800 ‘
600 ’
400 \
200 T }\

- RYANA
085 090 095 1

@ Breitt-Wigner breaks down at high temperatures

w/m
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The Statistical Propagator

'\ i
‘ \ ,\;‘:M
\ it
(L
i"":w !

@ depends on two time arguments

Af(ti,t2)

R ~ mt
10 20 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 fermion
The width
Mg(w) = aq(w)g + bp(w)y

r=—2Im <b(wq) + a(wq)M2>

Wq

Small width solution

Tyl
2

M- sin[wqy]) e
Wq

M — py
W,

S5(y) = (wo coslwqy] +

Sq(ty)=— (i% sinfwqy] — cos[wqy]>
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Application to Leptogenesis
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Hierarchical Majorana Masses

@ integrate out all but the lightest heavy neutrino
L =lip\5N+ N\ Cliop — %MNTCN
+ %77/'//[@ Clijo + %nfﬂudz Cllié ;
@ effective vertex:

1

L § )Y AL

771] p IkMk Kkj
>1
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Boltzmann approach

Boltzmann equations are
@ 1st order (Markovian, no memory effects)

@ local in time (no oscillations)

The coupled differential equations are given by

%’Z‘V = C[f\] for Majorana
of_3
% = C[f,_1] for lepton asymmetry

CI[f]: collision term
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Boltzmann approach for Majorana

Solving for theMajorana neutrino
fu(t) = 1y7(1 — &™)

Introduction

The decay rate is given by

2
r= (A*A)n/ (2m)*6*(k + g — p)fiup - k
W Jq,p

with
fis =Mffy —(A=H)(A+ 1) =1—-1fi+1
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Boltzmann approach for asymmetry

Without wash-out terms
foe—eepr [ (@r)tk+q—p)p-k
-7 CP Y qa—pPp
q.p
1
x fgfy =(1— &™)

with the CP parameter

 BIm(ATpA)M
“CP = 16 (ATA)1;
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KB approach for the Asymmetry

How to the asymmetry without reference to particle number?

@ define lepton number matrix

Lyj(tr, o) = —tr[y° S5t t2)].

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

@ CP-violation comes from interference between LO and NLO terms

= need to compute ST for leptons to NLO in Yukawa couplings!
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Non-equilibrium Majorana
The width
Tp(w) = (ap(w)p + bp(w)U)C '

Thermal Leptogenesis

2
“p
Small width solution
G (¥) = (i% cosfwpy] + M; e sin[wpy]> e 3
. M —
Gy (ty) =~ </70 sinfwpy] — —— Py cos[wpy])
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The Source of the Asymmetry

lepton self energy splits into a pure SM part and a part involving
N :
T (b, &) = T ™ (1 — &) + 61T (1, 12)

ST can be split into a solution in the absence of N and a
correction:

St t) = 5™ (t — 1) + 0S5 (1, 1)

Only the correction can generate a non-zero leptonic charge!
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Kadanoff-Baym Equation for 0S*

To leading order
b
(00 — k) 0S4t 1) — /0 MMty — )55, (1 1)

it &) + Gt &) + Gt &)
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Kadanoff-Baym Equation for 6S™

To leading order
(00 — k) 3¢ (11 ) /dr'rrkSM t — )5S (1. 1)

= Gt &) + Gyt &) + Gyt )

The L.h.s. of the above equation is a homogeneous equation for

S,j,/ and the sources are given by

t
Cllij(thtZ):/ dt' 6Tyt t )SZ,SM( — b),
it 1) = dt’éﬂz,(t )5 Mt — t),

Grj(t ) = / dt’ﬂ;f”’ b — )38 (t )
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Solution for /S

To leading order in TT

35t o) =
t t -
/ dt / oS (1 — )Ty, (1. 1) S (" — )
t
- [ / o' S (1 — )3T (1, ) SF(t — 1)

t//
_ /0 a | ot S (1 — )T (1. 1) S F(F — o)
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Lt 1) = ey 87 | itk o)l @)
T
X 2
(o= K= D2+ ) — T = a2+ 5)

x (cosl(lk| +al - |k'| Ll +e
~(cos{(w ~ K~ a])] + cos{w — k| - @ De ).
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Lt 1) = ey 87 | itk o)l @)
T
X 2
((w — k| = JaD? + F)((w — k] = a2 + )
x (cos[([k| + Ja] — K| — |a'l)t] + &~

~(cos|(w — k| - lal){] + cos[(w — K| - [a')))e" ),
withp=q+k=q +k

f= ] @

his(k, @) = fi(K)fs(q) + (1 — #(K))(1 + f5(q))
=1-1i(k) +15(q)
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Comparison to Boltzmann Result

16 k- K
Lt 0=~ [ g o ORI (K. @)
r
% / 2 4 2
(o K+ )G e~ P+ )

x (cos{(Ik| +[a] - |- a4 e
~(cos{(e K| ~ al)8] + cos{(ws — [K' — la')the ),
167

fLi(t7 k) = —ﬁiiT
‘ ‘ q,p,9' .k

« L(@m)*s*(k + g - p)(2r)'s*(K + ¢ ~p)

X (1 — e‘”)

k- K'io(k, )12 (w)
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On-Shell Approximation (unjustified!)

L5500 =~ [ KK (K. )
9.9’ pk
x L(2n)*5(k + g - p)@)*s* (K +  ~p)
2
< (1-e7%)

16
mmm=€"J/ KRk ()
q.p,9’ K’

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

><<1—e ”)
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Inclusion of SM widths

167 k- K
Lig(t,1) = eum|/’ T ok (K )

*r/¢r¢>
((w —k—qP2+3M2)(w— K —q)2+32)

(1-e")

167
fLi(t» k) = *GIiT
K| Japax

< L(@m)*0*(k + g - p)(2r)*s*(K + ~p)

X (1 - e*”)

BUT: This is not yet a consistent treatment of gauge interactions!!!

X =

k- K'fig(k, @)y ()
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Conclusions

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

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

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

@ We also find deviations from quantum corrected Boltzmann
equations.

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