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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+iNidN— LNMN — IphPrN — NP AT 31l
Light neutrino masses via seesaw mechanism

m, = —vEwhM*hT = TeV<M; <

~

MguT for me/vEW < h,’j <1

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; < (¢
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Leptogenesis

Standard Model (SM) extended by three heavy singlet neutrino fields N; = N},
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L = Lsu+iNigN — LNMN — IphPrN — NP AT 31l
Light neutrino masses via seesaw mechanism

m, = —vgyhM*h" = TeV < M; < Mcyr for me/vew < hj < 1

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

i /8w

—— = where i, = ey (h"h)i/M;
1.66g.v2,, /My, where m; = vew (h'h)ii/

(Fi/H)|r=m,



Leptogenesis

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

— A

L = Lsu+ INigN— INMN — iphPrN — NP At ¢Te
Light neutrino masses via seesaw mechanism

m, = —viwhM'hT = TeV < M; < Mgyt for me/vew < hj < 1
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» B-violation via L-violating Majorana masses M;
> CP-violation via Yukawa couplings Im[(h"h);] # 0
> Out-of-equilibrium (inverse) decay N; <+ £¢' and N; < (¢
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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+iNidN— LNMN — IphPrN — NP AT 31l
Light neutrino masses via seesaw mechanism

m, = —vEwhM*hT = TeV<M; <

~

MguT for me/vEW < h,’j <1

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)|t=m, =~ mi/meV ~ O(1) for mj ~ m, ~ O(meV)

(Tsm/H)|7=pm, ~  &*Mp/M;>1 for M; < 10" GeV



Leptogenesis

Aver et al. (2012) Standard BBN
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Relation between neutrino physics and baryon asymmetry depends on
> Model building (seesaw, SO(10), ...)

» Microscopic theory for dynamics
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Vanilla Leptogenesis
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L-violating decay of heavy right-handed neutrino N;

My engt = +...

Musees = $ +...



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

dNy;
- = = er (N’Vi - NITIC-’)
dt ~—~ !
equilibration rate
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Standard Boltzmann approach
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(Naive) LO rates

> Equilibration O(h?) (N; <> £6")sree

. THY. M-
My, = I'(,)\,I, <%>T where FO(, = (hlh)iM; gzr” M;

> Source term O(h*) (N <> £d")1—1oop, (91 & £C¢)1—Ioop’R,5

Mn gt — TNt

Fops = eln, e =
aP,i 1IN i I—N’._>Z(j>f + rN,-~>45<z5

> Washout term O(h?) (LT = Ni)tree

Ne(g)

Tw 8 (Cg + &) N,‘i,‘_’FNI. where Co(p) = —
i Np—1
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Beyond the vanilla case

> Other models (type-Il seesaw, susy, ...huge amount of literature)
see e.g. review Nir Nardi Davidson 0802.2962

» Compute coefficients more precisely — talk by Biondini

> Equilibration rate (++ production rate at LO in N-Yukawa h)
» Washout

> Take qualitatively new effects into account (extend/scrutinize equations)

> Active lepton flavor effects — talk by Garbrecht
Uy < TRO VS (hleée + hlufu + hlq—z-,—)(ﬁ ~ Ny
> N; flavor effects (resonant enhancement, oscillations) — here+Kartavtsev

6Wave — Im[(hTh)§2] X M1M2
Ni gr(hth); = M3 — M2

> Partial flavor/spectator equilibration
» Kinetic non-equilibrium for RH neutrinos

» Check the mechanism (interference+nonequilibrium)



Techniques

» Compute coefficients more precisely
> Add processes to Boltzmann eq. (tN > £¢)
Include thermal masses in kinematics
> Map rates to thermal correlation functions/suszeptibilities
Consistent expansion in g,y: for My/T ~ g,1,>> 1

> Take qualitatively new effects into account (extend/scrutinize equations)
> Boltzmann egs.

Ng_| — st%La Ny, = Ny,
> Density matrix equations
Neg—r = pag Ny — pij
> Derive kinetic equations based on CTP/Kadanoff-Baym
Ne—r = (lals) Ny — (N;Nj)

» Check the mechanism (interference+nonequilibrium)

> Derive source term starting from CTP/Kadanoff-Baym
...or from van Neumann eq.



Production rate
Boltzmann (‘naive’ NLO in N-yukawa and SM couplings)

242 AN < Lh, tN < (Lh,
12 vertex-+wavefctn virtual
13 N < LhA, N < (ht

A = adsy(2)xu()

— blocking of N < £¢ for My < T (‘LO— 0'), instead ¢ +> N£
All orders in SM couplings, leading order in N-yukawa h,

dly, 1
d3k1 — (271_)7325(2fFD(E/()lmTr[kZR(k)]k:(Ek+;o+7k)

> My > T NLO RTF O(T?/M2) Lodone, Strumia 1106.2814;

ITF O(T*/M},) Laine 1209.2869;
NR-EFT Biondini, Brambilla, Escobedo, Vairo 1307.7680
» My~ T NLO

ITF Laine 1307.4909;
CTP Garbrecht, Glowna, Herranen 1302.0743

> My~ gT LOLPM N < £p, dp <> NE, £+ Np  + 2—2

Anisimov, Bodeker, Besak 1012.3784; Besak Bodeker 1208.1288;
Garbrecht, Glowna, Schwaller 1303.5498



Production rate

— ——— 10

14> 2 with gauge interactions m;, = 125GeV.

10° T ——

1652 with gauge interactions m,

— .=+ 12 without gauge interactions m,, = 125GeV
1452 without gauge interactions m,, = 150GeV
———— 252 gauge bosons, s-channel fermion exchange
—-—- 22 gauge bosons, t-channel fermion exchange
22 quarks

r/T g

T

tree-level
— = mass-resummed with k = 3T

=+ LPM-resummed

O mass-resummed with full k-dep. | ]

P T

10° 10"
M/T

Besak Bodeker 1208.1288; Laine 1307.4909

cf. Garbrecht, Glowna, Herranen 1302.0743; Garbrecht, Glowna, Schwaller 1303.5498



Source Term - Double Counting Problem

Naive contribution from decay/inverse decay
Moot = IMoP(1+€) IMPyiL = Mo —e)
MYyseeo = Mo (1 —e) Mleeoon, = [Mof(1+e)

dNp_
dt

2 2
(IMIy, S oot — IM—ecs) Ny,
2 2
- (|M‘Z¢T~>N,— - |M‘ZC¢>—>N,-)N:/?

o E,‘(NN’.+N:I7)
= spurious generation of asymmetry even in equilibrium
Origin: Double Counting Problem )—< © )— + j’/

—» Can be fixed by real intermediate state subtraction in ¢! <> £¢ (at least
close to equilibrium)

AEP=R SIS

off shell on—shell



Resonant enhancement

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

’

(N = £p") — T(N; — £°

¢) ! TN '/
= | 4 4
En; F(N;i — £o1) + T(N; — £29) eom ~ * _V_\

Self-energy (or ‘wave') contribution to CP-violating parameter features a
resonant enhancement for a quasi-degenerate spectrum M; ~ M, < M3

evave _ Im[(hTh)i] My M,

N Ten(hthy:  ME — M2

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

Vs \‘ 'I
On-shell initial No: p? = M{  Internal Np:
-



Resonant enhancement
Flanz Paschos Sarkar Weiss 96; effective Hamiltonian approach

o Im[(hth)3,] Mi(Mp — Mh)
N T 16m(hTh); (Ma — My)2 + M2(Re(hi h)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

L G Ry
N =
(hTh)ii(hTh); (M7 — M?)? + M2T?
Buchmiiller Pliimacher 97; Diagonalization of resummed propagators
o = Im[(hTh)3,] MM (M3 — MZ)
i 2
8m(hth);i (IVI22 _ IVI% _ %riMi In %)2 + (MiT1 — Molp)?

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(M3 — M2)Im(hth)2, related to CP violation appears in

the enumerator



Resonant enhancement

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

_ Im{(h' )% o MiMo(M3 — M2)

N Tgn(hthyy (MZ — M2)? 1 A

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

+ 2
%(I\/h + M2)4 (%) Flanz Paschos Sarkar Weiss 96
) /\/I,2 r} 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

M1 M,

Rmax =
2|A|




Resonant enhancement

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

Off-shell initial Ni: p* = Mf + iMiT Internal No: e

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

1
g 08
£
S 06
& /
= /"s \
0.2 % \_
0

ko/m

but deviation from equilibrium is also essential



Closed time path / Schwinger-Keldysh / in-in formalism

O(t)) = Tr| pUl(tmi,t) O1(t) Ui(t, tinit)

( )
N )

U+_oﬁ

(O(t)y = Tr (p Te [exp (—H/cdt/H,(t’)) O,(t)])



Statistical propagator

Spectral function

Boltzmann limit

» on-shell quasi-stable particles
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> equilibrium-like
fluctuation-dissipation relation

Si(t, k) = (% - fk’(t)) SH(k)

SE(x,y)

SY(x,y)

= (Ni()N;(y) = Nj(y)Ni(x))/2
= i(Ni()N;(y) + Ni(y)Ni(x))

More general

> spectrum with (thermal) width
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» coherent N; — N, transitions
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Kadanoff-Baym equations

(i, — M)&" — 6%n(x)")S¢ (x.v)

XO . .
/ dzo/d3zZN;f(x,z)5’FV(z,y)
0
—/ dz° /d?’zZNF x,2)5Y(z,y)

(i, — M)8" — 6%n(x)") 57 (x.v)

/0 dzo/d3zZNﬁ((x,z)5§j(z,y)
y

> Statistical propagator encodes time-evolution of the state
» Spectral function includes off-shell effects self-consistently
» Conserving, non-secular for ¥ = I'/5S (2PI); nPI

Quantum Statistical Mechanics.
h5/2/Mh .

BTHENE

ol
R FRR




CTP/Kadanoff-Baym approach to leptogenesis

<Z€ 7 la( x)> = —tr ['y“Sf‘ﬁ(x7 X)]
Lepton asymmetry

nu(t) = %/\/d&jf(t,x)

Equation of motion

d 1 .
l = 7/ d*x 0, (x) = —V/vd3xtr [’yu(&‘f +0})S, ’8(X7y)]xzy

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

/ dt’ /d e tr Zg;‘,‘ (£, t)Sepo (t 1) — Tep (8, 1) Sepp(t' 1)

CII‘IL _
— Seop(t, t)Ee) (t t) + Sepp(t, t) ) (t/,t)]



CTP/Kadanoff-Baym approach to leptogenesis

N ¢ 0gT ,
N > (5 |tree| tree X vertex-corr. | tree X wave-corr.
Lot & 69 s Xt sXs txt

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

» dng/dt vanishes in equilibrium due to KMS relations
eq 1 ﬂko eq eq 1 ﬂko eq
SF = Etanh T Sp ZF = Etanh T Zp

= consistent equations free of double-counting problems



Two strategies
1. Derive kinetic equations
S(t, k) = /ds e*D(t+5s/2,t —s/2)

2
Gradient expansion 8.8, ~ Slow , LH T.AM
P t0k ™ st M, T

i
/dz Y(x,2)S(z,y) = X(t, k)S(t, k) + 5 (%% — %%)

On-shell limit
SHEk) = UM(O8(k - M)A — MU
= 0k — May)3(K* — M3,)
Sk = (5070~ A (6K0) s (950 — M)

2. Solve two-time KB-egs. for some simplified setup to study generation of
the asymmetry (thermal bath)



Kinetic equations
d3pd3qdk .
(ar )k ORI ek =P =)

x (fu(p)(1 — fo(K) (1 + fy(q) — (1 — fu(p))fe(k)fy(q))
x e1(t, k,p,q)

8tnL = 167 (hTh)u

Im(h'h)2
6}/erteX(j_*7 k,p7 q): Zm/dﬂkldﬂkzdﬂk3
x (2m)*8(k + ki 4 ko)(27)*8(ko — k3 + q)
N.
x tr[DA(t, k1) DE (t, ko) D, (t, ks) + {k1 ¢+ ko}
N.
+ Di(t, ki) DE(t, ko) Dy’ (t, ks) + {ka < ko}
N.
+ DE(t, ki) DY (t, ka) D (t, k3) — {k1 ¢ ka}]

= consistent equations w/o need for RIS subtractions
works also for arbitrary f # foq



Hierarchical limit M} < M3

E i m)'s(p— k— @)en)'slp — K~ q)
% (f () — FH(P))(L — k) + Fa(@)) (1 — (K + ()

16me; /
p,q,9’ ,k,k’
MG, Kartavtsev, Hohenegger, Lindner 09; Beneke, Garbrecht, Herranen, Schwaller 10

(XAR/(XAR,) e BML

Fop

rBoItzmann

0.5

0.1
Frossard, MG, Hohenegger, Kartavtsev, Mitrouskas 12

Garbrecht, Ramsey-Musolf 13

Symmetry quantum statistics vs thermal loop corr., important for models

where €¥ =0



Flavoured leptogenesis

[,,',.,t = —Zaqgha,'PRN,' — yabéR agz%b Yab = diag(memumf)/VEW

a 2 = ]
qi® = (6nf —dn, )™, dnib f( — 72)) = pab 1y, = = UUT
Oqe +3Hge = S+I[Z,q]—{W,a}-Tw(y yae +aly'y — y'ary — y'aky)

d:gr +3Har = —Tir(yy'ar + ahyy — vary” — yaiy)

Beneke, Garbrecht, Fidler, Herranen, Schwaller 1007.4783

» [ r-term decohere a # b terms in y=diag basis
and equilibrate q¢ .6, qr,ab

> Gauge interactions impose dn™ 4+ dn~ = 0 = no oscillations



Flavoured leptogenesis

» Unflavoured ' g < H = project on flavor that couples to N,
> Flavoured ' g > H = project on flavor that couples to 7 (and L or e, p)

» Full T, ~ H, off-diagonal comp. of gi® important

6.x107°

Scenario A

5.x107°
4.x107°

3.x107°

[Y11+ Y|

2.x107°

1.x107%}

01010 ]011 1612 ]613 1614
M;[GeV]

Beneke, Garbrecht, Fidler, Herranen, Schwaller 1007.4783; Garbrecht, Glowna, Schwaller 1303.5498



Flavoured leptogenesis

Source term Ny — L. (O(h*))

Sup = E : [(halhﬂh:jhjb — hiyhi hhs) S™Y 4 (hauhl heih — by hichh) STV ]
- —— N
! Tro(el O(Mle TTZO O(T2

Garbrecht, Drewes 12

Washout £,¢ — Ny
Wip o hahl,

> Potentially large effects for ultrarelativistic N's, which decay after

sphaleron freeze-out Garbrecht, Drewes 12, cf. also Pilaftsis et. al. 14

> Use freedom in h,; to ‘hide’ asymmetry from washout when Nj > 3 have

comparable masses = possibility of GeV-scale leptogenesis w/o need for

resonant enhancement Garbrecht, Drewes 14



Two strategies
1. Derive kinetic equations
S(t, k) = /ds e*D(t+5s/2,t —s/2)

2
Gradient expansion 9,0y ~ SIOW ., LHy2T
P 0 ™~ Tast M,T

i
/dz Y(x,2)S(z,y) = X(t, k)S(t, k) + 5 (%% — %%)

On-shell limit
SHEk) = UM(O8(k - M)A — MU
= 0k — May)3(K* — M3,)
Sk = (5070~ A (6K0) s (950 — M)

2. Solve two-time KB-egs. for some simplified setup to study generation of
the asymmetry (thermal bath)



Two-time approach (flavoured for N )

> Statistical propagator Sf and spectral function S, are matrices in
Ny, N2, N3 flavor space. We consider the sub-space Ni, N, of the
quasi-degenerate states.

Si(r) = (TN 0) = (3 5

= coherent N1—N, transitions out-of-equilibrium

> Self-energies for leptons and for Majorana neutrinos

0 N 14 l
M = e = "\\ ) ‘\\ ; ' ;
\\\4—‘/ \\\4—‘/ \\V’/
N @ o ]
—_——— —_—
air i air
aB(xy)—— 22 i(x.y)= 22
TP (x,y) 95079 () En(x,y) 5570 )

» Important: lepton self-energy contains full Majorana propagator-matrix



Two-time approach (flavoured for N )

> First step: solve KBEs treating lepton and Higgs as a thermal bath
(no backreaction); include qualitative damping term for lepton/Higgs
(not essential, no consistent treatment of gauge-int. yet;)
MG, Kartavtsev, Hohenegger Annals Phys. 328 (2013) 26
[ hierarchical case: Anisimov, Buchmiiller, Drewes, Mendizabal Annals Phys. 326 (2011) 1998]

(ig, — M,-)6'k 6):N(X)'k) (x y) = /OX dzo/d3zZNP(x z)SkJ(z y)
_/Oy dzo/d3zZNﬁ—<(X,z)S:fj(z,y)

(ig, — M,-)6'k 6):N(X)'k) (x y) = /: dzo/d3zZNP (x, z)SJ(z y)

see also Garbrecht, Herranen 1112.5954; Garbrecht Gautier Klaric 1406.4190 for approach with grad. exp.



Two-time approach (flavoured for N )

> Second step: Lepton asymmetry

t t
nL(t) = i(hTh)j,'/ dt// dt// /(er’;g,
0 0

tr[PR (553",(1&’, t") — 657 o(t, t”)) PiSes,(t" — t’)]

o Deviation from equilibrium, CP-violation

355 ,(t', t") = CP 6SE (", ¢)T(CP) ™
05 =S5 —5u
lepton-Higgs loop S¢p = SeAg



Solution of KBE

Retarded and advanced propagators

Sr(x,y) O(x" — y°)S,(x,y)
SA(Xv}/) = _e(yO_XO)Sp(ny)

The Kadanoff-Baym equation for the statistical propagator can be written as
/ d*z [((/(?X - M) ok — 62,\1“(()()) 5(x — z) — Tnk(x, z)} SH(z,y)
0
:/ d*zEnE(x,2)S¥(z,y)
0

Special solution of the inhomogeneous equation
i T 4 cik < 4 K i
SE(X, Y )inkom = —/ d"uSg (x, u)/ d zXnr(u,2)S4(z,y)
0 0
General solution of the homogeneous equation

Sg(x,y)hom = — / d*u S,g((x, (0,u)) / d*v Ak’(u,v)Sg((O,v),y)



Solution of KBE

Instantaneous excitation of Ni» at t = 0, lepton/Higgs = thermal bath

SL(t,t) = SIE(t—t') 4 SEp(t)1005K5(0,0)705 (— 1))

=6SP (¢, 1)
Resummed retarded and advanced propagators
((iax — M) & — 6):N'k(x)) SE(x,y) = in06(x —y)

—+ / dz° /d3zZNp X z)S;-f,j(z,y)
0

y

Eui(xy) = =2 [(h'h);Pt (H'h)iPe| Sia, (x,)

Seo, (%, ¥) = Ser(%,¥)Ds (X, ¥) + Sep (X, y)Dg (X, y)



Resonant enhancement

TZL(K p)/nfoltzmann (t = o0, p)

1L Boltzmann

—— KB My = 1.5M;
— KB My = 1.1M;
—— KB M; = 1.025M,
KB M; = 1.005M;

0.8

0.6 -

1 10
¢ [1/T4]

I =0.01M;,Tp = 0.0156My,Tpy — 0 MG, Kartavtsev, Hohenegger Annals Phys. 328 (2013) 26



100

10

M/l =1.5

Resonant enhancement

____ pRBoltzmann
[RBoltzmann
- T~ ... RKB [hthia| 4
//// \\\\ S hthy 0.5
i ™~ KB |hlhisl _
e N T T T R™7, Wy 1.0
/// \\\
- N
7 \
KB TN
REZ, LN
e SO
e \‘EQ
y .
// '\
L . |
/ \
s \
/ .
=
) o N
/5 < ~
/ | = N
/ + N
/ = - AN
[ < i
Il 7‘ ~ |
0.001 0.01 0.1 1

(M3 — M?)/ME

MG, Kartavtsev, Hohenegger Annals Phys. 328 (2013) 26



BW approximation

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

i i
i (p) ~ Zira) Zyr(a)
RAW)= 0 T

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

pole mass difference and effective width
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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, (hth)1, = 0.03 - €™/* and T = 0.25M;.



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

Fir = 32 (Wi (3 + (@) +eoes(3 = flK) ) e[ Pullklo + k)

X (Sar“ 105K (0,0)70545" — Ski*10A5F (0007547 ) |

» Time-dependence: flavor diagonal and off-diagonal contributions:
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Hierarchical limit
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The ‘width’ of lepton and Higgs ¢ = 'y + Iy leads to a replacement of the
on-shell delta function in the Boltzmann equations by a Breit-Wigner curve, in
accorda nce Wlth Anisimov, Buchmiiller, Drewes, Mendizabal Annals Phys. 326 (2011) 1998

The coherent contributions are suppressed with Ip1/wp



Degenerate case

Analytical result for Re(h"h)1» < (h"h); (mass basis ~ ‘int. basis’)
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Degenerate case
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» Regulator Mi['1 — Ml is confirmed



Degenerate case

Analytical result for Re(h"h)1» < (h"h); (mass basis ~ ‘int. basis’)
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» Regulator Mi['1 — Ml is confirmed
> Additional oscillating contribution due to coherent N;—N> transitions



Resonant enhancement

Resonant enhancement within the Boltzmann approach

gBotezmann _ MyiMa(M3 — M7)
T (MF - MP)? + A2

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

My Mo (M2 — M3)
(M3 — M2)2 4 (MiT1 — Mal2)

RKB(t) — 3 X (1 - fcohersnt(t))

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

RKB(t)‘ S ~ Mle(M22 - Mlz)
KT (ME — M2+ (MiT1 + MaT2)?




Resonant enhancement
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Conclusions

> Lots of progress in theory of leptogenesis
> Washout/Production NLO (M > T), consistent LO (M ~ gT)

» CTP/Kadanoff-Baym helpful to check saturation of resonant
enhancement and useful starting point for deriving (flavoured) kinetic
equations

Source term at finite T 7

Bounds on My and m,, ?

Other models ?

Production at NLO for M ~ gT ?

vV vy VvVYyy

thank you!



Final asymmetry
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BW approximation
> Regime (M, — My)/My 2 Re(h'h)12/(8)

/e
M~ M,

thY..
I'f""e ~ [;= (h h)" M; (1 =+ 72 )

> Regime (M, — My)/ My < Re(h'h)12/(87)

MPole o M + M, I (M2 — My)((hTh)22 — (hTh)11)
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The relation between the mass- and Yukawa coupling matrices at zero and
finite temperature is

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

where Z;(T) = Vi (T) (8, + (hTh); T?/(61%)), V(T)TV(T) =1



