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Physics of the Early Universe
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Dark matter freeze-out
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Physics of the Early Universe

Inflation, Reheating
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Baryogenesis
Thermal relics (gravitino)

Dark matter freeze-out

Nonequilibrium dynamics at high energy J
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Towards a quantum treatment of leptogenesis

@ Leptogenesis
@ Quantum fields out of equilibrium

@ Application to leptogenesis




Leptogenesis

Standard Model (SM) extended by three heavy singlet neutrino fields N; = N7,
i =1,2,3 with Majorana masses M = diag(M;) in the mass eigenbasis

L = Lsu+iNigN - LNMN — IphPrN — NP AT 31e

Light neutrino masses via seesaw mechanism

2 (=1, T
m, = _VEWhM h
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Leptogenesis

Standard Model (SM) extended by three heavy singlet neutrino fields N; = N7,
i =1,2,3 with Majorana masses M= diag(M;) in the mass eigenbasis

L = Lsu+iNigN - LNMN — IphPrN — NP AT 31e

Light neutrino masses via seesaw mechanism
2 1, T
m, = _VEWhM h

Baryogenesis via leptogenesis Fukugita, Yanagida 86
@ B-violation via L-violating Majorana masses M;
@ CP-violation via Yukawa couplings Im[(hTh);] # 0
@ Out-of-equilibrium (inverse) decay N; <+ £¢" and N; < £°¢

(Ti/H)|7=m, =~ #i/meV ~ O(1) where i; = viy(h"h)i/M;
(Tsm/H)|7=m;, ~ &*Mp/M; > 1 for M; < 10"°GeV
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Leptogenesis

Vanilla leptogenesis for hierarchical spectrum M; < M 3 requires large values
of the reheating temperature T > O(M;) > 10°GeV

Hamaguchi, Murayama, Yanagida; Davidson, Ibarra

My (GeV)

101t

101

10°

LAk B Bea A e /A e e e e

0® P T B S W W RET] B S W W UET] MR S A W WY1 RN SUIT] B R

107 107° 107 107 0.01 0.1
ity (eV)

Buchmiiller, Di Bari, Pliimacher

Gravitino production

th 12 Tr 10 GeV mg 2
{%)2h _0'27(109c;ev> < ms ), <1TeV)

Moroi, Murayama, Yamaguchi, 93; Bolz, Brandenburg, Buchmiiller, 01; Pradler, Steffen, 06; Rychkov, Strumia, 07
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L-violating decay of heavy right-handed neutrino N;
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Leptogenesis

L-violating decay of heavy right-handed neutrino N;

MN,‘aeahT =

My ey =

Matter-antimatter (CP) asymmetry

<> interference of tree and loop processes

F(N; = €ah®) = T(N; = €5h) ~ Im(Viayigyjays) - Im (—4\+—Q—\)
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Standard Boltzmann approach

/d3x¢\?/ 3 (e xp) — lenop)

pMDufZ(tvx7p) = Z/an,dnh

x (2m)*8(pe + pn — pw;)

[MNW (L )L+ A+

- ‘Mﬁh‘rﬁ/\/i fofu(1 — ;) + .. ]

fu(t,x,p) : distribution function of on-shell particles

|M|? : matrix elements computed in vacuum, off-shell effects
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Corrections within Boltzmann framework

@ Bose-enhancement, Pauli-Blocking; kinetic (non-)equilibrium
e quantum statistical factors 1 =+ f,
e non-integrated Boltzmann equations
Hannsestad, Basbgil 06; Garayoa, Pastor, Pinto, Rius, Vives 09; Hahn-Woernle, Pliimacher, Wong 09
@ Thermal corrections via thermal QFT
o medium correction to CP-violating parameter € = €"2¢ + §eth
o thermal masses, decay width, ...
Covi, Rius, Roulet, Vissani 98; Giudice, Notari, Raidal, Riotto, Strumia 04; Besak, Bédeker 10

Kiessig, Thoma, Pliimacher 10; Salvio Lodone Strumia 11. ..

@ Flavour effects
Nardi, Nir, Roulet, Racker 06; Abada, Davidson, Ibarra, Josse-Micheaux, Losada, Riotto 06; Blanchet,
diBari 06; ...

@ Spectator processes, scatterings, Na, ...
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Double Counting Problem

Naive contribution from decay/inverse decay

MB o = MoPA+e)  IMEiL,, = IMP(1-e)
IMYseen = [Mol*(1—e) IMlzehsn, = Mo’ (1+e)
dNp_;

2 2
(IMIn, Sent = [MN,een) Niv,

2 2
= (IM et —on, — [Mlienn, )N

dt
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Double Counting Problem

Naive contribution from decay/inverse decay

MB o = MoPA+e)  IMEiL,, = IMP(1-e)
IMYseen = [Mol*(1—e) IMlzehsn, = Mo’ (1+e)
dNp_;

2 2
(IMIy, Sent — [MIn, s een) N,

2 2
= (IMght n, — [Mzenn, )Ny

dt

o' Gi(NNi+N;,7)

= spurious generation of asymmetry even in equilibrium

Origin: Double Counting Problem ﬁ H /‘— + j’
— need real intermediate state subtraction

... justification from first principles / generalization ?
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Leptogenesis - resonant enhancement

Efficiency of leptogenesis depends on CP-violating parameter, which is one-loop
suppressed

’

r(N; ) — i ¢ ’ 77 e
ey = TN 2 L) —T(Ni > E9) | o =
T T(N; = £opt) + T(N; — £¢) ~
Self-energy (or ‘wave') contribution to CP-violating parameter features a
resonant enhancement for a quasi-degenerate spectrum M; >~ M, < M3

wave _ IM[(A"h)S]  MiMp

N Ter(hthy:  ME — M2

Flanz Paschos Sarkar 94/96; Covi Roulet Vissani 96;
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Leptogenesis - resonant enhancement

Efficiency of leptogenesis depends on CP-violating parameter, which is one-loop
suppressed

’

r(N; ) — i ¢ ’ 77 e
ey = TN 2 L) —T(Ni > E9) | o =
T T(N; = £opt) + T(N; — £¢) ~
Self-energy (or ‘wave') contribution to CP-violating parameter features a
resonant enhancement for a quasi-degenerate spectrum M; >~ M, < M3

wave _ IM[(A"h)S]  MiMp

N Ter(hthy:  ME — M2

Flanz Paschos Sarkar 94/96; Covi Roulet Vissani 96;

On-shell initial Ni: p2 = M12 Internal N;: pzi"Mz
-2
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Resonant leptogenesis

@ Flanz Paschos Sarkar Weiss 96; effective Hamiltonian approach

o Im[(hth)3,] M1 (M, — Mh)
Ni = T 16m(hTh); (My — My)2 + M2(Re(hih)12/(167))2

@ Covi Roulet 96; CP violating decay of mixing scalar fields described by effective
mass matrix; formalism as in Liu Segre 93
@ Pilaftsis 97; Pilaftsis Underwood 03; Pole mass expansion of resummed
propagators
I it 3 LUty
T (hth)i(hth); (M?P — M?)2 + M?T?

@ Buchmiiller Pliimacher 97; Diagonalization of resummed propagators
Im[(hTh)2,] My Mo (M2 — M?)
€N, —
i thY.. M2
8r(hth)i (M2 — M2 — 1r;M;In T8)? + (MIT1 = Ma2)?

@ Rangarajan Mishra 99; comparison of different approaches

@ Anisimov Broncano Pliimacher 05; Reconciliation of diagonalization approach
with the pole mass expansion approach

@ Invariant quantity My Ma(M2 — M2)Im(h' h)2, related to CP violation appears in
the enumerator
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Resonant leptogenesis

The results can be summarized (neglecting log-corrections) as

_ Im[(hTh)3]
N Tgm(hTh);

My Mo (M5 — M7)

X R, RE—(/\/If—MfP—&—AZ

Different calculations correspond to different expressions for the ‘regulator’ A2

¥ 2
%(I\/h + M2)4 (%) Flanz Paschos Sarkar Weiss 96
, M?T? Pilaftsis 97; Pilaftsis Underwood 03
A =
(MiT1 — My r2)2 Buchmiuiller Pliimacher 97;

Anisimov Broncano Pliimacher 05; . ..

The regulator is relevant for determining the maximal possible resonant
enhancement, which occurs for M3 — M? = +A, and is given by

M M,

Rmax = ——7
2|Al
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Resonant leptogenesis

The origin of the regulator is the finite width of Ny and N>

Off-shell initial Ny: p? = M? + iMiT, Internal Ny:

i
p2— M3 —iMpT
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Resonant leptogenesis

The origin of the regulator is the finite width of Ny and N>

Off-shell initial Ny: p? = M? + iMiT, Internal Ny:

i
p2— M3 —iMpT

In the maximal resonant case M> — My = O(T;), the spectral functions overlap

1
3 08
£
S 06
£ 04
< ’ / \

02 % U
o _ S

= Need to go beyond the quasi-particle approximation which underlies the
conventional semi-classical Boltzmann approach.
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(@)D (y) + &/ (y) P (x)) /2
()P (y) — &/ (y) @' (x))

Statistical propagator GE(X, y)

Spectral function Gg(x,y)



Going beyond the Boltzmann picture

Statistical propagator Gg(x,y)

Spectral function Gg(x, y)

Boltzmann limit

@ on-shell quasi-stable particles

i
0.8
0.6
0.4
0.2

0

Gylko)

0 0.5 1 1.5 2
ko/m

Gl (k) ~ 875(k* — m})

@ equilibrium-like
fluctuation-dissipation relation

= (®/(x)®
= (O(x)P/(y) -

Gl(t, k) = (fk"(t) 4 %) Gi(k)

Mathias Garny (DESY)

(y) + ¥/ (y)®(x))/2

@/ (y)®'(x))

Towards a quantum treatment of leptogenesis



Going beyond the Boltzmann picture

Statistical propagator Gg(x,y)

Spectral function Gg(x, y)

Boltzmann limit

@ on-shell quasi-stable particles

1
0.8
0.6
0.4
0.2

0

Gylko)

0 0.5 1 1.5 2
ko/m

ij ij 2 2
Gi(k) ~ §T5(K* — m?)

@ equilibrium-like
fluctuation-dissipation relation

Gi(t, k) = (fkf(t) + %) Gi(k)

4

= (DI()PI(y) + ¥(y)0i(x))/2
= i(@(x)PI(y) ~ B(y)®(x))

Propagation beyond Boltzmann

@ spectrum with (thermal) width

a N
0.8 [
3 [\
< 06 [\
Q fesl
Q 0.4 // r \\
0.2 // \\\
0 _— —
0 0.5 1 1.5 2
ko/m
- 5U2k0r;(t)
GJ(t, k) ~ +

(k2 —m2, () + Rr(e

@ on-/off-shell, cross-correlations

Gll

i Gl2
GF(tv k): ( Ggl ng )
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Kadanoff-Baym equations

0

y
(60~ V4 mi() 6llxy) = [ o'z NE(x DG (z)
0

X0

7/d4z I'ij(x, 2)GH(z,y)
0

y0

(8 = V4 mi() Gllxy) = [ o'z Ni(x DG (=)
X0
@ Statistical propagator encodes time-evolution of the state
@ Spectral function includes off-shell effects self-consistently

@ Memory integrals
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Kadanoff-Baym equations

@ Obtained from stationarity condition of the 2Pl effective action...
Cornwall, Jackiw, Tomboulis (1974)

(5|—[¢,G]7 -1 _ -1
SLer =0 e Gl=6t-n[g)
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Kadanoff-Baym equations

@ Obtained from stationarity condition of the 2Pl effective action...
Cornwall, Jackiw, Tomboulis (1974)

(5|—[¢, G] _ -1 _ —1
...evaluated on the closed Schwinger-Keldysh time contour
& °© Glxy) = (Ted(x)®(y))
04 p————— .
o ———— s I
= Gr(xy) — 5 signe(x® —¥)Go(x,v)
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Kadanoff-Baym equations

@ Obtained from stationarity condition of the 2Pl effective action...
Cornwall, Jackiw, Tomboulis (1974)
(5|—[¢, G] -1 —1
—_— = G =G, —-N[G
...evaluated on the closed Schwinger-Keldysh time contour

(. °© Glx,y) = (Te®(x)®(y))
:‘—.—/r i 0 0
= Gr(xy) = 5signe(x” = y7)Gp(x,y)

@ Conserving approximation by truncation of the 2Pl functional '2[¢, G]

@ Example: Three-loop truncation in Ad*-theory (for (®) = 0)

= OO O

Important: I contains resummed propagator (self-consistent)
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Kadanoff-Baym equations

<8§o+k2+m2+Q) Ge(x*,y%,k) =
yo
/dzo (_@_+_@_) G/)(Zo7y07k)

— /Xoo/z0 <—@—+—@—) Gr(2°,y°, k)

Mixed two-time/momentum representation (spatially homogeneous)

G(x,y :Gxo,yo,x—y — Gxo,yo,k, k = (k«, ky, k
y

A2 d*p d’q 0 _0 0 .0 0 _0
_@_ = % 2n)? / o) Gr(x",z",p)Gp(x ,z,q9)GF(x ,z ,k—p—q)
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Numerical solution of Kadanoff-Baym equations

Initial condition (example): ¢ = ¢ = 0,

TN RIS LI Rk
0/ B IxO=yO=ti

o Wp(tinit)
(8x0 + 8}/0)G(X Y p)IXO:,VO:tinit = 0
8)(0 8}/0 G(X(): }’0: p)lxozyoztinfr = wP(ti"it) (np(ti"it) + 1/2)
2 T
—IC1
--1C2
1.5 IC3] ~
=
i | Rk
iy wp(tinit) = \/'T'RT
<
05 _ |
00 ‘ 2 — [

T3 4
Ipl/ mg
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Numerical solution of Kadanoff-Baym equations

@ Time-stepping in the two-time plane for G(x°, y°, IA()
Y A

<Y
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Numerical solution of Kadanoff-Baym equations

@ Time-stepping in the two-time plane for G(x°, y°, IA()
Y A Yy A

L

0 0

X X

@ History matrix for computing memory integrals
MEMINT (xo,yo7 R) = Z n(x% 2% k)G(z°, y°, k)
20

Danielewicz (1983); Kéhler (1994); Berges, Cox (2001); Aarts, Berges (2002); Berges, Borsanyi, Serreau (2003);

Juchem, Cassing, Greiner (2004); Arrizabalaga, Smit, Tranberg (2005); Lindner, Miiller (2006); ...
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Numerical solution of Kadanoff-Baym equations

Quantum thermalization in ®*-theory Lindner, Miiller 2006
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Numerical solution of Kadanoff-Baym equations

@ Standard KBEs: interactions ‘switched on' at t = tj,; = transients

1o F — -
11 [tme=00 /\ —— KB, Gauss |
1

Gt tK)Gy(K)

e

PP

3

o

1

N

g
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Numerical solution of Kadanoff-Baym equations

@ Standard KBEs: interactions ‘switched on’ at t = t;,y = transients

@ = Extended KBEs with initial 4-point correlations MG, M. Miiller 2009
11k tmg =0.0 — KB, Gauss | | tmg=0.0 KB, Non-Gauss |
—
1 [tmg=05 |
2 — ——
& 1 [tmg=20 |

=
& — —
1 [tmg=10 |
1 [ tmg = 2000 |

1

09 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1
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CTP/Kadanoff-Baym approach to leptogenesis

Goal

@ derivation of kinetic equations starting from first principles
@ on-/off-shell treated in a unified way (avoid double-counting)

@ thermal medium corrections, resonant leptogenesis, coherent flavor
transitions

Buchmiiller, Fredenhagen 00

De Simone, Riotto 07

Anisimov, Buchmiiller, Drewes, Mendizabal 08,10
MG, Kartavtsev, Hohenegger, Lindner 09,10
Beneke, Fidler, Garbrecht, Herranen, Schwaller 10
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CTP/Kadanoff-Baym approach to leptogenesis

Lepton current

<Z€ )7 la( x)> = —tr [’y“SgO‘B(X, x)]
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CTP/Kadanoff-Baym approach to leptogenesis

Lepton current

<Z€ )7 la( x)> = —tr [’y“SgO‘B(X, x)]

Lepton asymmetry

mit) = [ dxit(ex)
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CTP/Kadanoff-Baym approach to leptogenesis

Lepton current

<Z€ v la( x)> = —tr [’y“SgQB(X, x)]
Lepton asymmetry
1 .
nL(t) = v /V d3XJE(t, X)
Equation of motion

d 1
l = i/ d3X8ﬂJL = 7V/ d3xtr [Wu(af +85)SZQB(X5}/):|
v

x=y
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CTP/Kadanoff-Baym approach to leptogenesis

Lepton current

<Z€ )7 la( x)> = —tr [’y“SgQB(X, x)]

Lepton asymmetry
1 .
n(t) = —/ d*x j)(t,x)
Vv
Equation of motion

d 1
l = i/ d3X8ﬂJL = 7V/ d3xtr [Wu(af +85)5€aﬁ(xay):|
v

x=y

Use KB equations for leptons on the right-hand side =

dnL / dt/ 5o tr 242 (£, t)Seo (¢, 1) — Tep (8, t)Sepp(t' 1)

= SEA(E VR ) + S (e TR 1)
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CTP/Kadanoff-Baym approach to leptogenesis

o

4

N s £gf ,
N s (5 |tree| tree X vertex-corr. | tree X wave-corr.
Lot 159 s Xt sXs txt

@ unified description of CP-violating decay, inverse decay, scattering

Mathias Garny (DESY)
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CTP/Kadanoff-Baym approach to leptogenesis

N s £gf ,
N s (5 |tree| tree X vertex-corr. | tree X wave-corr.
Lot 159 s Xt sXs txt

@ unified description of CP-violating decay, inverse decay, scattering

@ dn;/dt vanishes in equilibrium due to KMS relations

0 0
SH = Etanh (ﬂk ) S’ P = Etanh <Bk > pap

= consistent equations free of double-counting problems
MG, Kartavtsev, Hohenegger, Lindner 09;

Beneke, Garbrecht, Herranen, Schwaller 10;
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CTP/Kadanoff-Baym approach to leptogenesis

Quantum-corrected Boltzmann equations MG, Kartavtsev, Hohenegger, Lindner 2010

vac

s e(p,...,T) Tn=To(p,...,T)

() feye p—
3.5 T

eff reff 3 R=10 —
N .

evac rN 2.5

0.1 1
— R My/T NR —

@ Enhancement of the effective CP-violating parameter

@ Applicable in hierarchical and mildly degenerate case M, — My > T;
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CTP/Kadanoff-Baym approach to leptogenesis

Hierarchical case

0.3
(m=n") /" ==
2 ) vac
R 107n/e*e - - -
o | )
0.25 // \ 102y1a¢ fevac
/ %
’ \
02 F  eexex
- .
A’f] X % XI*I .
—— 015 | S %
nvac tl .
/ %
01 | F
4
/! *,
l/ \'&
0.05 S
.
* **"*~ -+
I .
0.01 0.1 1 10 10? 10°
a b c d e f K

washout-parameter K = (['/H)|1=m =~ fin/meV
MG, Kartavtsev, Hohenegger, Lindner 10

thermal initial abundance
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Resonant enhancement

@ Statistical propagator S and spectral function S, are matrices in
N1, Na, N3 flavor space. We consider the sub-space Ni, N, of the
quasi-degenerate states.

S9(r) = (TN OD) = (21 5

= coherent Ni—N, transitions out-of-equilibrium
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Resonant enhancement

@ Statistical propagator S and spectral function S, are matrices in
N1, Na, N3 flavor space. We consider the sub-space Ni, N, of the
quasi-degenerate states.

S9(r) = (TN OD) = (21 5

= coherent Ni—N, transitions out-of-equilibrium

@ Self-energies for leptons and for Majorana neutrinos

¢ N ¢ ¢
[, = = ‘\‘ } > ‘\‘ } “ }
pNIe pNIe N
N o

0] 9]

—— —_——
aB —__0%M i —_0ih
TP (x,y) 95,55 () Ty (x,y) 25 ()

@ Solve KBEs in Breit-Wigner approximation treating lepton and Higgs as a
thermal bath [ hierarchical case: Anisimov, Buchmiiller, Drewes, Mendizabal 08,10 |

@ Important: lepton self-energy contains full Majorana propagator-matrix
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Resonant enhancement

Kadanoff-Baym Equations

((id, — Mi)aik _5ZN(X)ik)SI;j(X’y) / dz° /d3zZN (x, z)SkJ(z )
/ dz° /d3ZZNF X Z)ng(zv)’)

((idy — M:)§™ — 6Zn(x)*)SH (x, )

/ dz° /d3zzN (x,2)S¥(z,y)
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Decay of nearly-degenerate Majorana neutrinos

Goal: obtain analytical result by taking essential features into account
(width, coherent flavor-mixing, memory integrals)
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Decay of nearly-degenerate Majorana neutrinos

Goal: obtain analytical result by taking essential features into account
(width, coherent flavor-mixing, memory integrals)

@ First step: Non-equilibrium Majorana propagator

SEo(tt) = SEN(e— )+ ASL(6t)

Mathias Garny (DESY) Towards a quantum treatment of leptogenesis



Decay of nearly-degenerate Majorana neutrinos

Goal: obtain analytical result by taking essential features into account
(width, coherent flavor-mixing, memory integrals)

@ First step: Non-equilibrium Majorana propagator
SE(t,t) = SEMt—t)+ASE(tt)

@ Second step: Lepton asymmetry

t t
nL(t) = i(hTh)j,'/ dt// dt” /(;13;3
0 0 8

tr[PR (Asgp(t’, t") — ASE (¢, t”)) PrSes,,(t" = t’)]

o Deviation from equilibrium, CP-violation

ASE,(t,t") = CPASE (¢, t)T(CP) ™
lepton-Higgs loop S¢p = SeAg
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Majorana neutrino propagator

Retarded and advanced propagators
Sr(x,y) = O(x" = y")S,(x,y)
Salx,y) = —0(y" = x")S,(x,y)
(i@ — M — 6 n(x))Sray (X, ¥)
— 5s(x—y) + / d*2 Enmu (%, 2) Sk (2, Y)

The Kadanoff-Baym equation for the statistical propagator can be written as
[tz [ - ) 57400 6 — 2) — Zabx. )] $E(z.)
0

:/ d*zEnE(x,2)5% (2, y)
0

Special solution of the inhomogeneous equation

SV nvom = = [ duSklx,u) [ o 2 En(w2)SK(z.)
0 0

General solution of the homogeneous equation

SE(X, Y ) hom = f/d3u5,'§k(x,(0,u))/d3v A (u,v)SY((0,v),y)
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Majorana neutrino propagator

Treating lepton/Higgs as a thermal bath, the Majorana neutrino propagator is
given by

SE () = SEI(t—t')+ SKp(£)10ASF(0,0)%5S) ,(—t')

= AS (t,t)

The resummed retarded and advanced functions can be obtained by solving a
SD equation (we use MS at T =0 and p = (M1 + M,)/2)

[(p— M) 8% = 6T0™(p) — Enikn(P)] SEa(p) = —67

Inga(p) = -2 [(hTh)iJPL + (hth)f"PR] St (P)

1
3272

Seoa(P) = —Tp/(12p°) £ 2ip/(e™T — 1)0(p*)sign(po)/(327)

Siin(P) = 3o (e +nam) + 210 (2]) s im0 )sign(an) )
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Majorana neutrino propagator

Solve SD equation for Sg(a)(p) in Breit-Wigner approximation:

- ZIUR(A) ZZUR(A)
- p2 —x1 p2 — X

with residua Z,"{?(A) and complex poles x; (basis independent)

V + W)? T\
( ) _<wp/ pl> _p2

X112 = Ay, = — I —

4Q2 2

where

V = /(M1 + iv2) — mMo(1 + iv11))? — dminaMi Ma(Reyiz)?
W = VM1 + iv2) + m2Ma(1 + ini1))? + 4 My Ma(Imryz)?
Q = detQpr=detQp = (14 iy11)(1 + i) + |712|2

2
. !
©(p)sign(po) 2 e T T
Thy.. I _
hh)i 167 Vg —1) T Temz T o 62

¥ij == (
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Majorana neutrino propagator

pole mass difference and effective width
100

1071 ! T

1072 ¢ ! i

ME® — Pl TR (A

/v/‘ 3 o j\JZpole _ ]\i[{)ole
10°° b7 ‘”:: - F[lml(» ]
] § \g F]Q)ole
10* ’ Il Il Il Il
107° 1074 1073 1072 1071 10°

Effective masses MP*"® = wpy|p—o and widths " = T,|,—o of the sterile
Majorana neutrinos extracted from complex poles of resummed ret/adv prop.
for (hTh)11 = 0.03, (hh)2 = 0.045, (hfh)12 = 0.03- €'™/* and T = 0.25M;.
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Majorana neutrino propagator

® Regime (Mo — My)/ M = Re(h'h)12/(8)
Mpole ~ M,‘

ThY.
pole ~ . (h h)u ) 2
M > T= S M (1

@ Regime (Mo — M)/ My < Re(hTh)12/(87)

~

MPole  ~ M + M, + (M2 — Ml)((hTh)22 - (hTh)ll)
P 2 2\/(hh)2s — (hTh)11)? + 4(Re(hTh)1)?

M; 2 .
[P ~ 1+ —=—)((nth h'h
! 167 ( * eMi/T — 1) (( Ju+ (h'h)2

£ /((hth)22 — (hth)u)? + 4(Re(h7h)1z)2)

The relation between the mass- and Yukawa coupling matrices at zero and
finite temperature is

M(T) (PLZ(T)" 4+ PrZ(T)YM(T = 0)(P.Z(T) 4+ PrZ(T)"),
(h'h)(T) = Z(T)"(h'h)(T =0)Z(T)",

where Z;(T) = Vi(T) (6, + (hTh) s T?/(612)), V(T)TV(T) =1
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_Result: for the lepton ooy i

3,430 d3 €n | €n
nL(t)=/c(l_2%L{r2q% (2m)*6(p — k — q) Z Z FirLi(e)

1,J=1,2 e,==1




Result for the lepton asymmetry

1,J=1,2 ¢p=

3 3 3 G G
”L(t):/%( 7)°5(p — k — Q)Z ZFJILU(t) J

Coefficients F depend on Yukawa couplings, thermal distributions of lepton and
Higgs, resummed ret/adv propagators and initial conditions

Fir = 32 (0 (3 + () + a3 = (k) ) [ Pullklo + exkr)

ijkl=1,2

x (s;gfwoAsé’,,(o, 0)7055°t — S0 ASE (0, 0)%5”“)]

Mathias Garny (DESY) Towards a quantum treatment of leptogenesis



Result for the lepton asymmetry

1,J=1,2 ep=

3 3 3 G G
”L(t):/%( 7)°5(p — k — Q)Z ZFJILU(t) J

Coefficients F depend on Yukawa couplings, thermal distributions of lepton and
Higgs, resummed ret/adv propagators and initial conditions

Fit = 32 (i (3 + @) +caes(3 = (k) ) [ Pullklo + k)

ijkl=1,2
x (s;gfwoAsé’,,(o, 0)7055°t — S0 ASE (0, 0)%5”“)]

Time-dependence: flavor diagonal and off-diagonal contributions:

1—e Mot I
LE(t) = Re ¢
”( ) [ pi <(Wpl—k—Q+’rpl/2) ¢/4>

1_ e$i(wp1—wpz)fe—(rpl+rp2)t/2 <

I',,l + rpz + 2i(wp1 — w,,g)

Moo

L) = ‘
2i(1) (ot — k= g T /2R 1 12,/4

leg 4o
4 - = L(t
(Wp2_k_qq:’rp2/2)2+r%¢/4> (1)
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Resonant enhancement

Comparison KB — Boltzmann: hierarchical limit

Im[(ATM%] My [ 43, o2 a3
nu(t) 8 My /(%Pw; 202k 4K p1
Moo
27)*6(p—k—q) x R
( 77) (p q) e (U.)Pl Kk q ¥+ irpl/2)2 + r§¢/4
efl'plt
x (14 f3(q) — fo(k)) fFD(wpl) )
p
Boltzmann Im[(hTh)%2] M Bpddaddk
e () = 8 My (2wpw; 202k 4K p1
(27)*5(p —k — q) x 276(wpr — k — q)
1— e ot
x (14 f5(q) — fe(k)) feo(wpr) -
p

The thermal width of lepton and Higgs ¢, = 'y 4 I, leads to a replacement
of the on-shell delta function in the Boltzmann equations by a Breit-Wigner

curve, in accordance with Anisimov, Buchmiiller, Drewes, Mendizabal 10

The coherent contributions are suppressed with Ip1/wp
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Resonant enhancement

Comparison KB — Boltzmann: degenerate case

nL(t) = |m[(hTh)%2] ,\/,1I\/’2(I\/’22 - Mlz) / d*pdiqdik 4k -
8t (M3 — M2)2 + (MiT1 — MyT5) (@)% wp 2 2k
r
x(2m)*6(p —k —a) = (1+fy — fo)fep(wp)

(wp —k—q)2+T7,/4
« Z 1l = e_rplt —4 Re (1 — e_i(“’pl_‘*’pZ)'te_(rpl"'rpz)t/z>
s Te o1 + M2 + 2i(wpn — wp2)
pBotiamann (1) _ Im[(h"h)3,] My My(M35 — M7) Ppda Pk 4 . p

a 8m (M2 — M2)2 + (MiT1 — Mal2)? /(2”)9 wp 2q 2k
%(2)5(p — k — @) 28w — K — q) (1+ 5 — F)feol(wp)

1—e ot
| S
I=1,2
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Resonant enhancement

Comparison KB — Boltzmann: degenerate case

i = UOWE)  MMME_ME) [ ooy,
8 (M22 = /Wf)2 4 (M1r1 = M2I'2) (27)? wp 292k
I
x(2m)5(p — k — q) ‘o (1+ f5 — fo)fep(wp)

(wp —k—q)2+T7,/4
« Z 1l = e_rplt —4 Re (1 — e_i(“’pl_‘*’pZ)'te_(rpl"'rpz)t/z)
s Te o1 + M2 + 2i(wpn — wp2)
pBotiamann (1) _ Im[(h"h)3,] My My(M3 — M7) Ppda Pk 4 . p

- 8 (M3 — M2+ (Mily — Mol2)? /(277)9 wp 292K
x(2m)°6(p — k — a) 27m6(wp — k — q) (1 + f — fo) frp(wp)

1—e ot
PP
I=1,2

@ Regulator M1 — M,I7 is confirmed

v

Mathias Garny (DESY) Towards a quantum treatment of leptogenesis



Resonant enhancement

Comparison KB — Boltzmann: degenerate case

nL(t) = |m[(hTh)%2] ,\/,1I\/’2(I\/’22 - Mlz) / d*pdiqdik 4k -
8t (M3 — M2)2 + (MiT1 — MyT5) (@)% wp 2 2k
r
x(2m)*6(p —k —a) = (1+fy — fo)fep(wp)

(wp—k—q)*+T7,/4
y Z 1— e—rp,t AR (1 - e—i(wpl—wpz)'te—(rp1+l'p2)t/2)
s e o1 + M2 + 2i(wpr — wp2)

ppoemsmn(py . Iml(A A)] My My (M5 — M7) / Podadl 41 o
' 8m (M2 — M2)2 + (MiTy — M,T)? (2m)° wp 2q 2k

x(27)*5(p — k — @) 278(wp — k — @) (1 + f5 — fe) fro(wp)

1—e ot
| S
I=1,2

@ Regulator M1 — M,I7 is confirmed
@ Additional oscillating contribution due to coherent Ni—N, transitions

v
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Resonant enhancement

MG, Kartavtsev, Hohenegger 1112.6428

ng(t, p) /MM (t = 0o, p)

1L - Boltzmann
— KB M, = 1.5M;
0g | — KBM=11M
—— KB M = 1.025M,
06 L KB M; = 1.005M; |

1 10
¢ [1/T]

3
n(t)y=[ (;’Tf)g ni(t,p),M = 0.01My, 2 = 0.015M;, Ty — 0
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Resonant enhancement within the Boltzmann approach

RBoItzmann — M M2(M22 — M%)
= (M- Y A



Resonant enhancement

Resonant enhancement within the Boltzmann approach

RBoItzmann — Ml M2(M22 — M12)
= -y e

Resonant enhancement within the Kadanoff-Baym approach, including
coherent contributions (|(hfh)12| < (h'h)i)

My Mo (M2 — M3)
RKB - 1-— ﬁ:o eren
(1) (M2 — M2)2 + (MiT1 — Mal5)2 x( perent (1))
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Resonant enhancement

Resonant enhancement within the Boltzmann approach

RBoItzmann — M1 ,\/12(,\422 — M12)
= -y e

Resonant enhancement within the Kadanoff-Baym approach, including
coherent contributions (|(hfh)12| < (h'h)i)

My Mo(M3 — M)
RKB = 1 — fooheren
(t) (M22 _ M%)2 + (erl _ M2r2)2 X ( hy t(t))

Partial cancellation of Boltzmann- and coherent contribution cuts off the
enhancement in the doubly degenerate limit M;y — M, and 1 — T2

My Mo(M5 — MF)
(M3 — MZ2)2 4 (MiT1 4 MaT2)?

KB
R (Olezur,
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Resonant enhancement

MG, Kartavtsev, Hohenegger 1112.6428

[RBoltzmann ____ RBoltzmann
maz
100+ TN — REB(t = o) 1
/// \\ - RKB(t =1/Iy)
/// \\\ o RKB(t =0.25/T)
\\
REB
< maz
10 4
o
~
5
+
<
! =

0.001 0.01 0.1 1
(M2 — M3?)/M?

ry/Fy =15

RBoItzmann _ Mle/(2|r1Ml _ r2M2|), R,};&,BX = M1M2/(2(F1M1 + I'zMz))

max
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Resonant enhancement

MG, Kartavtsev, Hohenegger 1112.6428

RBoitzmann ____ RBoltzmann
100 ¢ ////“\\\ — REP( = o0) i
// \ —— REP=1/I")
/// \\\ R RKB(t =0.25/T)
/j:»;r\;\f\;\\\\\ ——— RXP, ‘;’%%;‘ =05
< | o R

10 |

M1 + MsT's

0.001 0.01 0.1 1
(M2 — M3?)/M?

ry/Fy =15

Rgg)lfzmann _ Mle/(2|r1Ml _ r2M2|), Rr};an = M1M2/(2(F1M1 + I'zMz))
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Conclusions

?

i
_|_

microscopic description of out of equi-

. . . b Qd Ns,...
librium processes in the Early Universe lbs 25dm; flss

ﬁ7,913,0‘V,...

@ First-principles methods like Kadanoff-Baym equations are important to
describe quantum effects and to scrutinize classical approximations

@ Leptogenesis
@ resolve double counting issues
@ quantum-corrected Boltzmann equations
@ size of the resonant enhancement
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Conclusions

,@é
_|_

?

microscopic description of out of equi-
librium processes in the Early Universe

m,0i3,0v,... Nby Laim, Ns,y - - -

@ First-principles methods like Kadanoff-Baym equations are important to
describe quantum effects and to scrutinize classical approximations

@ Leptogenesis
@ resolve double counting issues
@ quantum-corrected Boltzmann equations
@ size of the resonant enhancement

thank you!
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