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The Baryon Asymmetry
• Observation 

!

• Sakharov’s conditions: 
‣ B violation 

‣ CP violation 

‣ Departure from thermal  
equilibrium
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s
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From BBN and CMB!

✔
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SM

In SM: Requires  
  mh . (40� 80) GeV

(Strong electroweak phase transition possible  
in SM extensions ➞ Stephan Huber’s talk thursday)



Leptogenesis
• Extend SM with right-handed neutrinos: 

!

• Explicit L (and B-L) violation  

• CPV from phases in Y
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Leptogenesis II
• Departure from thermal equilibrium 
 
 
when  

• Neutrino see-saw

4

T > M1 : Y eq
N1

⇠ 1 T ⌧ M1 : Y eq
N1

⇠ e�M1/T

�(N1 ! `H) ⇠ H(T = M1)

m⌫ ⇠ Y 2v2

M

�

H
⇡ Mpl

137⇡

Y 2

M1

!
= 1 () m⌫ ⇠ meV

Neutrino mass !
conspiracy



Rest of this talk
• Theory progress 
‣ Nonequilibrium QFT 

‣ flavour effects 

‣ thermal rates 

‣ spectator effects 

• Some thoughts about testability 
‣ Light neutrino CP phase, 0νββ 

‣ Neutrino flavour/mass models
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Why NEQFT?
• Classical vs. Quantum Effects 

!

!

!

• Early universe not empty: hot thermal plasma 
‣ NEQFT allows more systematic study of thermal effects 

‣ More control over approximations
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NEQFT applications
• Thermal corrections to CPV 

!

!

!

• Resonant LG 

‣ Interplay of heavy and light flavours 

‣ Choice of regulator
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FIG. 8: Temperature dependence of the CP-violating parameter in the Majorana neutrino decay relative to its vacuum
value. Shown are the thermal average ⟨ϵth1 ⟩/ϵvac1 (solid red line) and the values for various momentum modes ϵth1 /ϵvac1

(dotted red lines) corresponding to |q| = T , −1 ≤ sin(δ′) ≤ +1. For comparison we also show the conventional
results ⟨ϵth,conv

1 ⟩/ϵvac1 (dashed black line), where the leading effects cancel as described in the text. Equilibrium
distribution functions for bosons and fermions with negligible chemical potentials are assumed. Note that the shown
behavior can be modified if thermal masses are included, since the decayN1 → ℓφ (and the conjugate process) becomes
kinematically forbidden if the thermal Higgs mass becomes too large. At even higher temperature the process φ→ N1ℓ
becomes relevant instead [2].

thermal leptogenesis with hierarchical Majorana neutrino masses M1 ≪ M2,M3 takes the form (in ho-
mogeneous and isotropic Friedman–Robertson–Walker space-time and not writing equations for the Higgs
fields φ, φ̄ which are considered to be in thermal equilibrium):

L[fN1 ](|k|) = CN1↔ℓφ[f
N1 , f ℓ, fφ](|k|) + CN1↔ℓ̄φ̄[f

N1, f ℓ̄, f φ̄](|k|) , (31a)

L[f ℓ](|k|) = Cℓφ↔N1
[f ℓ, fφ, fN1 ](|k|) , (31b)

L[f ℓ̄](|k|) = Cℓ̄φ̄↔N1
[f ℓ̄, f φ̄, fN1 ](|k|) , (31c)

where the Liouville operator is given by

L[fa](x, k) = k0
(

∂

∂t
− |k|H

∂

∂ |k|

)

fa(|k|) . (32)

If the generated asymmetry is small, as we assume here, then f ℓ ≈ f ℓ̄ and fφ ≈ f φ̄. In this case the
CP-violating contributions to the right-hand side of eqn. (31a) cancel out and we obtain

CN1↔ℓφ[f
N1 , f ℓ, fφ](|k|)+CN1↔ℓ̄φ̄[f
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Figure 3: The ratio of the CP -violating parameter when taking effects of finite density
in the loop into account over the CP -violating parameter at T = 0.

the comoving modes kcom of the neutrino number distribution separately, which is the
method that we pursue here. Thus, to solve the time-evolution equation for the lep-
ton asymmetry, we first calculate the out-of-equilibrium neutrino distribution by solving
Eq. (30) with the decay and inverse decay term D(kcom) given by Eq. (34). This solu-
tion is then inserted into the source term. The expression (34) carries dependence on
conformal time η through the dependence on kcom 0 =

√

k2
com + a2Rη

2M2
1 , and the depen-

dence of Σµ
N (kcom) and f eq

N1(kcom) on kcom 0. Thus a numerical solution of Eq. (30) for
the out-of-equilibrium neutrino distribution is necessary.

In Figure 4, we show solutions to the Boltzmann equations in the intermediate regime
between weak and strong washout. What is shown is the asymmetry summed over spin
and SU(2) degree of freedoms and normalized to the entropy density,

Yℓ = 2gw
nph,ℓ − n̄ph,ℓ

s
= 2gw

ncom,ℓ − n̄com,ℓ

2π2

45 g⋆T
3
com

, (82)

where the last form is convenient since we calculate directly the comoving particle den-
sities. We assume an effective number of relativistic degrees of freedom according to the
Standard Model (g∗ = 106.75). In the Figure, we provide results both with (solid lines)
and without (dashed lines) the additional finite density enhancement in the loops. We
choose the parameters M1 = 1013GeV, M2 = 1015GeV, |Y1| = 2×10−2, |Y2| = 10−1 and
a maximal CP phase such that Im[Y 2

1 Y
∗
2
2] is purely imaginary. Besides, we consider two

different initial conditions, namely vanishing (light grey/red lines) and thermal (dark
grey/blue lines) initial distributions for N1. Recall also that the parameter z = M1/T
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Flavour effects
• Boltzmann equation 

!

 washout is important! 

• For                        : Tau Yukawa in equilibrium 
‣ Different washout for  

different flavours, increase  
final asymmetry 

‣ No oscillations!

8

d

dt
Y` = S �W

�
Y` +

1
2YH

�

No washout

0.01 0.1 1 1010-14

10-12

10-10

10-8

10-6

with washout

T = M1

T . 1012 GeV

Barbieri et al, 2000; Endoh et al, 2004; 
Abada et al, 2006; Nardi et al, 2006;

Scenario B

1010 1011 1012 1013 1014
0

2.!10"9
4.!10"9
6.!10"9
8.!10"9
1.!10"8
1.2!10"8

M1!GeV"

#Y 11#
Y 2
2# Beneke, Fidler, Garbrecht,  

Herranen, PS, 2010.



Scattering rates
• N1 production rate 

!

!

• Flavour equilibration rate 

!

  compare with 
  in literature
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Figure 10: Individual contributions and total N production rate γN/T 4, for zero N
density, as function of z = MN/T and MN = 1011 GeV. The horizontal lines show the
individual and total contributions from 2 → 2 scattering processes. The green solid
(dashed) lines show the tree level rate for 1 → 2 processes with (without) thermal
masses for the Higgs and lepton doublet, while the thick green line shows the 1 → 2
rate including the collinear enhancements. Note that as before, the 2 → 2 scattering
rates are calculated in the MN = 0 approximation and therefore only valid for z ! 1.
Different from Figure 9, time flows from left to right here as the Universe is cooling.

7 Conclusions

In this work, we have presented an approach based on the CTP formalism to calculate
interaction rates at finite temperature from 2PI self energies. This we have employed to
calculate the flavour relaxation and the right-handed neutrino production rates relevant
for Leptogenesis scenarios. The main results of the present paper are:

• We have shown that finite temperature interaction rates can be calculated pertur-
batively in the 2PI formalism. Using this approach, the t-channel divergences in
diagrams with fermion exchange are automatically regulated. The linear and log-
arithmic dependencies on the gauge-coupling square introduced by such processes
can be extracted both analytically and by a numerical fit from our calculation.

• The LO results for the flavour relaxation rates and right-handed neutrino produc-
tion rates and their dependence on the gauge and top Yukawa couplings are given
in Section 6. These expressions can easily be used for obtaining interaction rates in
other models, since the dependencies on the temperature, gauge-coupling evolution
and hypercharge assignment are given explicitly.

• We find that both rates are largely dominated by the fermion-mediated t-channel
scatterings, and are therefore sensitive to the RGE evolution of the gauge couplings.
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Figure 9: Individual contributions and total flavour equilibration rate γfl/T as function
of the temperature T . The temperature dependence emerges through the renormalisa-
tion group equation (RGE) evolution of the coupling constants which are renormalised
at the scale 2πT . Earlier times appear to the right (higher temperature) in this plot.
Contributions from gauge interactions are separated into linear and log enhanced scat-
terings as well as 1 → 2 processes. The g21 and g21(log g

−2
1 ) terms are included in the

corresponding solid and dotted blue lines and in the total rate.

6 Phenomenological Implications

6.1 Flavoured Leptogenesis

The full LO flavour equilibration rate has been calculated here for the first time. Adding
the individual contributions, it can be expressed as

γfl = γfl(φ)δℓ + γfl(ℓ)δℓ + γfl(R)δℓ + γflvertex (97)

= 1.32× 10−3 × h2
tT + 3.72× 10−3 ×GT + 8.31× 10−4 ×G(logG−1)T

+ 4.74× 10−3 × g21T + 1.67× 10−3 × g21(log g
−2
1 )T + 1.7× 10−3GT ,

where G = 1
2(3g

2
2 + g21). From Section 3.3 we have used the numerical fit (60) since it is

better behaved for small values of p0.
The running of the couplings let γfl depend non-trivially on the temperature. In

Figure 9 we show the individual contributions as well as the total flavour equilibration
rate as function of the temperature, in the region of T = 107 GeV to 1013 GeV. Note that
the tree-level 1 → 2 rate is zero in this temperature regime, since the thermal masses for
the Higgs and for the leptons leave no phase space for a decay process. Only once the
collinear emission contributions are included a finite γfl1↔2 is obtained.

We see that the rate is largely dominated by the terms linear in G, which in turn
receive their dominant contribution from the t-channel fermion exchange, as it is shown
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Spectator effects
• Return to Boltzmann Equation 

!

• In principle               from hyper-charge neutrality 
‣       also modified by (top) Yukawa interactions,      by 

electroweak spalerons: spectator effects 

• Solution so far: 
• Find             using chem. equilibrium relations, assuming 

that spectators are either fully equilibrated or inactive
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Partial tau Yukawa equilibration
• Evolution equations  

!

• Asymmetry hidden in 
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Temperature ranges
!

!

!

 

• There is (almost) always a spectator! 

• Can induce new dependence on initial conditions!
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Many free parameters 
!

High scale physics 
!

What can we probe? 



Neutrino CP phase
• Casas-Ibarra:  

• CP asymmetry: 

!

‣ Also lower bound on  

• Not true if flavour effects are included! 

• However: vanilla LG can work for any value of the low 
energy neutrino parameters 

‣ Need additional constraints from model building!
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Y = 1
vD

p
MRDp

mU †
PMNS

Although the supersymmetric leptogenesis scenario is a very attractive framework to generate the BAU,
it is not free of problems. Namely, there is a potential conflict [14] between the gravitino bound [15, 16] on
the reheat temperature, and the thermal creation of right-handed neutrinos. In a plasma at high temperature,
gravitinos are abundantly produced, and their late decay could modify the abundances of light nuclei, contrary
to observation. This sets an upper bound on the reheat temperature that will have an important role in our
discussion.

2 Upper bound on the CP asymmetry

As was explained in the introduction, the out of equilibrium decay of νRs generates a lepton asymmetry that
is proportional to the CP asymmetry, ϵ. To compute the CP asymmetry, it is convenient to work in the
flavour basis in which the charged-lepton Yukawa matrix, Ye, and the gauge interactions are flavour-diagonal
(therefore, all the lepton flavour mixing is in Yν). In this basis, the neutrino mass matrix can be diagonalized
by the MNS [17] matrix U according to

UTMνU = diag(m1, m2, m3) ≡ Dm, (9)

where U is a unitary matrix that relates flavour to mass eigenstates
⎛

⎝
νe

νµ

ντ

⎞

⎠ = U

⎛

⎝
ν1

ν2

ν3

⎞

⎠ . (10)

On the other hand, one can always choose to work in a basis of right-handed neutrinos where M is diagonal

M = diag(M1, M2, M3) ≡ DM , (11)

with Mi ≥ 0. In this basis, the CP asymmetry can be readily computed, yielding the result

ϵi ≃ −
1

8π

1

[YνYν
†]ii

∑

j

Im
{

[YνYν
†]2ij

}
f

(
M2

j

M2
i

)

, (12)

where [20]

f(x) =
√

x

(
2

x − 1
+ ln

[
1 + x

x

])
. (13)

Here, we will assume that the masses of the right-handed neutrinos are hierarchical2. In this case, the lepton
asymmetry is essentially generated in the decay of the lightest right-handed neutrino, so is proportional to

ϵ1 ≃ −
3

8π

1

[YνYν
†]11

∑

j

Im
{
[YνY

†
ν ]21j

}(M1

Mj

)
= −

3

8π

M1

⟨H0
u⟩2

1

[YνYν
†]11

Im
{
[YνMν

†Yν
T ]11

}
. (14)

The value of the CP asymmetry depends on the details of the model, however, we will show that there exists
a model independent upper bound on the CP asymmetry with several interesting physical consequences.

To derive the upper bound on |ϵ1|, we will use the parametrization of the Yukawa couplings introduced in
[19]. There, it was proved that the most general Yukawa coupling that satisfies eq.(3) is given by

Yν =
1

⟨H0
u⟩

D√
MRD√

mU+, (15)

where, in an obvious notation, D√
A ≡ +

√
DA, and R is a (complex) orthogonal matrix. Substituting in

eq.(14), one gets

ϵ1 ≃ −
3

8π

M1

⟨H0
u⟩2

∑
j m2

j Im(R2
1j)∑

j mj |R1j |2
. (16)

2See [18] for a discussion on leptogenesis with degenerate right-handed neutrinos.

3

independent of UPMNS

Davidson, Garayoa, Palorini, Rius, 2007. 

M1 & 109 GeV Davidson, Ibarra, 2002.  



Testability?
• Things that could have disfavoured Leptogenesis 

‣ No Higgs boson/composite Higgs 

‣ Breakdown of vacuum stability 

‣ Discovery of BSM consistent with weak scale BG 

• 0νββ could prove Majorana nature 

• Mixing patterns that point to unique UV model (unlikely!) 

• Alternative: GeV-scale Leptogenesis 

‣ Possible but requires tuning!
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Conclusions
• Leptogenesis can explain baryon asymmetry of the 

universe over wide range of parameters, consistent with 
observed small neutrino masses 

• Lots of progress in theoretical description - some work 
still to do, sizeable effects can still appear in some 
parameter regions, but predictions are getting more 
solid! 

• Maybe best candidate theory to explain baryon 
asymmetry. Possible connection with neutrino CP phase, 
neutrinoless double beta decay, but a full test seems 
very difficult
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