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Baryogenesis via Leptogenesis
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m Baryon Asymmetry = Standard Model needs more CP-violation

m One Solution: Add sterile, CP-violating Majorana Neutrinos
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High-Scale Leptogenesis from First Principles

Good: Nonrelativistic Semiclassical Boltzmann Equations

Better: Generalized Relativistic Boltzman Equations from first
principles of Non-equilibrium QFT
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High-Scale Leptogenesis from First Principles

Good: Nonrelativistic Semiclassical Boltzmann Equations

Better: Generalized Relativistic Boltzman Equations from first
principles of Non-equilibrium QFT

“New” Physics we add:

m Thermal corrections for intermediate temperatures
m Helicity dependence of N; interactions

m Interplay of relativistic and spectator effects

Phys. Lett. B 174 (1986), p. 45-47 for initial leptogenesis paper

See also: |
m arXiv:1404.2915 for partially equilibrated spectators
n
n

arXiv:1002.0022 and arXiv:1012.3784 for thermal corrections

arXiv:1002.1326 and arXiv:1007.4783 for leptogenesis from first
principles
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Minimal Model for Leptogenesis

L= Lsut W (id — M)N; — (F i Poi + hec)

m 2 sterile, hierarchical Neutrinos Ny, Ny with 1019 GeV < My < M,

m NN; couple to single lepton flavour combination |

Integrate out heavier N, = effective theory with only N
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Minimal Model for Leptogenesis

L= Lsut W (id — M)N; — (F i Poi + hec)

m 2 sterile, hierarchical Neutrinos Ny, Ny with 1019 GeV < My < M,

m NN; couple to single lepton flavour combination |

Integrate out heavier N, = effective theory with only N

Free Parameters

Washout Strength: o F(Ny — 1)
- HMy =T)
H N; Decay Asymmetry:
F(Ny — 1p) — T(Ny — 1)
T(Ny — 1) + T(Ny — 1)

€
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Generalized Relativistic Boltzmann Equations

d
&YNleven == (YNleven - YNleq)

d

~ 1
&YNlodd = —T Ynyodd + 1 I (Y5, + 5 Yy)

d B 1
&YB—L = +I Ynjodd — €eff I (YNleven = YNleq) + 1w, I (YIH + §Y¢)

Yields: B — L Asymmetry < Yg_; = %(nB —ng)
Ny number densities < Yy even/odd = %(anHr +nn, —)

Time Var.: x = Mi/T  a(t)
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Generalized Relativistic Boltzmann Equations

d
&YNleven == (YNleven - YNleq)
d - 1
&YNlodd = —T Ynyodd + 1 I (Y5, + 5 Yy)
d

B 1
&YB—L = +I Ynjodd — €eff I (YNleven = YNleq) + 1w, I (YIH + §Y¢)

Yields: B — L Asymmetry < Yg_| = %(ng —np)
Ny number densities < Y, even/odd = %(anHr +nn, —)
Time Var.: x = Mi/T x a(t)

m [, [, e < Thermally corrected Nj interaction rates, decay asymmetry
m Intermediate Temperatures = Independent helicity difference Y, odd

= Encode thermal bath via efficiency x:
YB,L(X — OO) = € Yleeq(Xo) *Rf
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Corrected Weak Washout Efficiency Scaling
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m Leptogenesis without Spectators:

- Y]\"lcvcn(xo) = K\'lcq(xﬂ)
————— NR Approx.
— - Yx\heven(xo) =0

’ ----- NR Approx.
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Corrected Efficiency Scaling for K < 1 & Yp,eq(X0) = 0:
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ke~ —0.32 K+ O(K?) vs.
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Strong Washout Initial Condition Dependence

m Realistic Model for M; ~ 1013 GeV

= Dynamic b-Yukawa & weak Sphaleron interactions

i enhancement for Yy, even (o) = Yo, eq(20, % enhancement for Yy, even(o) =0
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m Equal Baseline Efficiency

m ~ 102 Enhancement and Initial condition dependence !
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Take Home Messages

Summary:  m We derived Generalized Relativsitc Boltzman Equations
from First Principles
m We computed thermal corrections for general x = Mi/T
at leading log accuracy
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Take Home Messages

Summary:  m We derived Generalized Relativsitc Boltzman Equations
from First Principles
m We computed thermal corrections for general x = Mi/T
at leading log accuracy
Results:  m Thermal Corrections = Modified Weak Washout
Efficiency Scaling

ke~ —0.32 K+ O(K?)

m Interplay Relativistic Effects & Spectators = Strong
Washout Initial Condition Dependence
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Take Home Messages

Summary: m We derived Generalized Relativsitc Boltzman Equations
from First Principles
m We computed thermal corrections for general x = Mi/T
at leading log accuracy

Results: m Thermal Corrections = Modified Weak Washout
Efficiency Scaling

ke~ —0.32 K + O(K?)

m Interplay Relativistic Effects & Spectators = Strong
Woashout Initial Condition Dependence

~ 102 Enhancement for vanishing initial N; abundance!
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Numerics for the Transport Coefficients
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m We computed leading log thermal corrections

m Higgs decays important for e at high temperatures
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Detailson I, T

Decay Rates:

1 1

M= K5(nxe +w) F= K5 (e =)

where

Tcom kO
_ 327’[‘ (ku - /?;L)iﬁf(k)
TNy = Tcom kO
Sterile Neutrino Momenta:
~ 1 N
kit =2 htr[Pay®yk] = (k] kok) , K> = M7 a*(t)

Thermal Average:

3
xX(0) = 2 [ X0

Ny eq etk +1
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Details on ¢

Source Term:

327)2 S
Eeffr:€0K<( T) 17{0 1ﬂ>

Reduced Selfenergy Decomposition:

< 1 Lo TH(Ea T

lel — p [k’ ( Ny ka) - k'l (Zlea)]
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e = oK ko T? (32m)% Enu(k! + k") S (K — k)
¢ T M2a2(t) T2 ko ko

ok TP [k [32m Sk )\ [32m S (K — k)
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K T2 kO
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0 I\/ll2a2(t) T YLNCYLNV
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Reduced Sterile Neutrino Selfenergy

s (k) = £ (ko) /(2 F(po)fa(ko — po)AJ (k — p)tr [v*Si* (p)]

Spectral Functions:

S4() = Pu | (=T (6) - ot — 5 ) s P

Q7 +T17 +17
:
AMNg) = 2
¢ 2 2
2 +r3

M (q) = N7, [ (p) =2 (py 2>2f"“7

2

Q(q)=q¢*-N%, Q(p)= (pu )—(Zf‘u)

Standard Model HTL Selfenergies:

QHHTL _ 2 s HHTL ’L /ZS po+1pl| ’112 P
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Individual Contributions to ;¢
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Individual Contributions to v;yy
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