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We revisit unflavoured leptogenesis in the seesaw model applying recent improvements in the compu-
tation of CP -conserving and CP -violating equilibration rates. These are relevant for the relativistic
regime of the sterile Majorana fermions and the dynamics of the Standard Model particles acting
as spectator processes. In order to probe the regime of large (O(102)) washout parameters, we add
∆L = 2 washout processes, which we derive in the CTP-formalism. We then perform a parameter
scan of the final baryon asymmetry and find a constraint mlightest ≲ 0.15 eV on the absolute neu-
trino mass scale, which is slightly less stringent than previously reported bounds obtained without
the aforementioned improvements. The relaxation of the bounds is mainly due to partially equili-
brated spectator fields, which protect part of the asymmetry from washout and lead to larger final
asymmetries.

I. Introduction

Leptogenesis is a framework that connects two of the long-standing problems of the Standard Model:
the origin of neutrino masses and of the baryon asymmetry of the Universe (BAU). If neutrino masses are
produced through the coupling to a Majorana fermion, its out-of-equilibrium decay could produce a lepton
asymmetry in the early Universe, which would then be converted into a baryon asymmetry via sphaleron
processes. One of the first and most compelling proposals to explain the neutrino masses is the seesaw
mechanism, in which active neutrinos couple to heavy Majorana fermions via the Higgs boson. One can then
find that large Majorana masses naturally explain the smallness of neutrino masses.
The simplest scenario of leptogenesis in the seesaw model is the case of strongly hierarchical Majorana

fermions M2,M3 ≫ M1 without flavour effects. In this setup, an upper bound on the neutrino masses,
parametrized by the lightest neutrino mass mlightest ≲ 0.12 eV was found [1–3]. This bound is in agree-
ment with cosmological bounds on neutrino masses, with the constraint

∑
mν < 0.12 eV (95% C.L.) from

Planck [4], corresponding to mlightest < 0.03(0.016) eV in normal (inverted) hierarchy, while DESI [5] further
tightened this constraint to

∑
mν < 0.072 eV (95% C.L.), corresponding to mlightest < 0.0086 eV in normal

hierarchy and below the threshold for inverted hierarchy. However, given the many tensions in cosmological
data and between cosmological and terrestrial constraints, the robustness of these bounds is yet to be con-
firmed [6–9]. In view of this, the best model-independent constraint is given by the KATRIN experiment,

which placed an upper bound on the effective electron antineutrino mass mlightest ≈ me =
√∑

i |Uei|2m2
i <

0.8 eV (90% C.L.) [10]. Additionally, in the absence of cancellations due to new physics effects, KamLAND-
Zen also places a constraint mlightest < 0.18 − 0.48 eV (90% C.L.) from neutrinoless double beta decay
assuming Majorana masses [11]. While KamLAND-Zen has since obtained a stronger contraint on the ef-
fective Majorana mass ⟨mββ⟩ [12], its translation into a bound on mlightest depends on the mass hierarchy.
Given recent improvements on the computation of the fluid equations for leptogenesis [13], it is interesting
to investigate whether this allows us to accomodate larger neutrino masses in leptogenesis.
As far as the dynamics of leptogenesis is concerned, a value of mlightest ≈ 0.14 eV that we find in our

analysis pushes M1 ≳ 5 × 1012 eV. At the corresponding temperatures, tau-Yukawa couplings are out of
equilibrium so that leptogenesis is in the unflavoured regime. In view of our interest in the upper bound
on mlightest, for definiteness and for the sake of comparison with earlier papers, we therefore do not include
flavour effects in the present analysis, even though they will become relevant on the lower side of the values
of M1 that appear allowed by the unflavoured calculation.
The improvements in Ref. [13] mainly focus on two aspects: the careful computation of the rates in the

relativistic regime of the lightest Majorana fermion and the inclusion of spectator effects. In the relativistic
regime, there are thermal contributions to the rates and to the decay asymmetry that become relevant, and,
in addition to this, the interactions are sensitive to the helicity of the Majorana fermions. It is therefore
necessary to track the evolution of the different helicity states separately. In the weak washout regime, a
significant fraction of this early asymmetry survives at late times, while in the strong washout regime part
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of the asymmetry gets protected by spectator fields. The precise computation of these early processes is
therefore of great relevance for an accurate estimate of the lepton asymmetry at late times.
In Ref. [13], these methods were applied to a simplified version of the seesaw model to demonstrate

the impact of these new effects. In the present work we will apply them to a seesaw model relevant for
neutrino mass generation, and investigate the interplay between the parameters for neutrino masses and for
leptogenesis. In addition to this, we include a treatment of ∆L = 2 processes within the CTP-framework,
which was absent in previous works that have introduced an improved treatment of Majorana fermions in
the relativistic regimes as well as the dynamics of spectator effects. Subsequent to the analysis of neutrino
mass bounds in unflavoured leptogenesis [1–3], it has been shown that the aforementioned flavour effects
allow one to lower the scale of leptogenesis and to relax many constraints (for a review, see Ref. [14]).
Further, if the reheat temperature is high enough, also the lepton asymmetry from the out-of-equilibrium
dynamics of the next-to-lightest sterile Majorana fermion may survive washout from the lightest one and
thus directly contribute to the outcome of leptogenesis [15]. Yet, the simple unflavoured scenario remains
a viable possibility within the seesaw parameter space, and it is illustrative of the relevance of these new
methods for phenomenological models of leptogenesis. The applicability of these methods is, however, not
restricted to this simplified case, but rather general.
The outline of the article is as follows: in Section II we present the realization of the seesaw model we will

employ, and discuss properties of the neutrino mass mechanism as well as of the decay asymmetry of N1 in
vacuum within this model. In Section III we discuss the fluid equations with the effects described above. In
Section IV we present our treatment of the ∆L = 2 processes and in Section V we show the results from our
numerical scan of the asymmetry for different choices of the parameters. We conclude with Section VI.

II. The Model

The model we consider is the usual type-I seesaw model with three sterile Majorana neutrinos, given by

L = LSM +
1

2
N̄ii/∂Ni −

1

2
MiN̄iNi − hij ℓ̄iϕ̃Nj − h∗ijN̄j ϕ̃

∗ℓi, (1)

where ϕ̃ = iσ2ϕ
∗ is the Higgs doublet conjugated with respect to weak hypercharge and isospin. We further

assume strongly hierarchical masses M1 ≪M2 ≪M3. After electroweak symmetry breaking, the Higgs field
acquires a vacuum expectation value

√
2 ⟨ϕ0⟩ = v = 246GeV, producing the Dirac neutrino mass matrix

mD = hv/
√
2. Upon diagonalization of the mass matrix we find the light neutrino mass matrix

mν = mDM
−1mT

D, (2)

with real and positive eigenvalues m1,m2 and m3. In the neutrino mass eigenbasis, one can show that the
vacuum CP -asymmetry of the N1 decay is given by [16–18]

ϵ0 =
3

4π

M1

v2

∑
i ̸=1

∆m2
i1

mi

Im(h2i1)

(h†h)11
, (3)

where ∆m2
i1 = m2

i − m2
1. As shown in Ref. [19], with the approximation m2 ∼ m1, we can express the

maximal asymmetry as

ϵmax = max
y

3

16π

M1

v2
m2

3 −m2
1

m̃1
sinh 2y

√
1−

(
2m̃1 − (m1 +m3)cosh 2y

m3 −m1

)2

. (4)

It is useful to introduce the washout parameter [20, 21]

K =
ΓD(z = ∞)

H(z = 1)
, (5)

where ΓD(z = ∞) = (h†h)11M1/(8π) is the decay width of N1, as well as the effective neutrino mass [22]

m̃1 =
(m†

DmD)11
M1

, (6)

which are related as

K =
m̃1

m∗
, (7)



3

where

m∗ =
16πv2

mPl

√
g⋆π3

45
, (8)

is the equilibrium neutrino mass [23, 24], with mPl = 1.22× 1019 GeV the Planck mass and g⋆ = 106.75 the
number of relativistic degrees of freedom. The structure of the neutrino mass matrix yields the constraint
m̃1 ≥ mlightest.
Following the approach from Ref. [25], we describe the early Universe by a spatially flat Friedman-Lemâıtre-

Robertson-Walker (FLRW) metric. We can then shift our description into comoving coordinates, with

comoving quantities defined as k⃗ = a(t)k⃗phys, T = a(t)Tphys and s = a(t)3sphys, where a(t) is the scale factor

of the FLRW metric. Here, T is the temperature, k⃗ momentum and s the entropy densisty; and we have
indicated the physical parameters with a subscript ‘phys’. Introducing the conformal time η, related to t by
dt = adη, the scale factor in the radiation-dominated Universe is given by a = aRη. We choose

aR = T =
mPl

2

√
45

g⋆π3
. (9)

In this way, the effect of the expansion of the Universe is described by masses that scale with a. We further
introduce the dimensionless time variable z =M1/Tphys. With this we can write the washout parameter as

K =
gwaR(h

†h)11
16πM1

. (10)

One commonly distinguishes the scenarios of strong and weak washout, characterized by the conditions
K > 1 and K < 1 respectively.
Additionally, we approximate the Standard Model particles as being in kinetic equilibrium, so that the

charge asymmetries can be parametrized by their respective chemical potentials. For small chemical poten-
tials and relativistic particles, we have

µX ≈ 3gss

T 2
YX , (11)

with gs = 2 for fermions and gs = 1 for scalars.

III. Fluid Equations for Leptogenesis

In our description of leptogenesis we employ momentum-averaged fluid equations, which in general leads
to an order one uncertainty in the final asymmetry [26, 27]; however, this approximation works well in
the strong washout regime due to the nonrelativistic kinematics of the sterile Majorana fermions [28, 29].
Throughout this work we will use the Schwinger-Keldysh Closed-Time-Path (CTP) formalism [30, 31] applied
to nonequilibrium quantum-field theory [32]. This allows for a self-consistent tratment of the rates from first
principles.
Leptogenesis can be described by a set of coupled kinetic equations, which, in its simplest scenario, is

given by

d

dz
YN1 = −ΓD(YN1 − Y eq

N1), (12a)

d

dz
Yℓ = −ϵ0ΓD(YN1 − Y eq

N1)− ΓWYℓ, (12b)

where we define the particle yields

YX =
1

s
(n+X − n−X), (13)

with n+,−
X the particle and antiparticle number densities for species X. For Majorana fermions, for which

the distinction between particle and antiparticle does not apply, we instead use

YN =
1

s
nN . (14)

In Eq. (12b), ΓW are washout rates, which comprise inverse decays and lepton number violating scatterings.
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As discussed in Ref. [13], the description through Eqs. (12) are incomplete for a number of reasons. The
first is the handling of the Majorana particles. The decay rate ΓD is the vacuum decay rate of Majorana
particles at rest. As the authors of that paper showed through direct numerical comparison, this rate is
sufficiently accurate for z ≳ 10. For z ≲ 10, however, one needs to take into account the dilation of the
decay rate, and for z ≲ 1 thermal effects also become relevant. The second issue is that Eqs. (12) make no
distinction between the helicity states of the Majorana fermion, which is relevant for relativistic particles.
Both of these issues have been addressed in Ref. [13] in the derivation of the rates in the CTP formalism.
We denote by ℓ∥ the linear combination of leptons that couple to N1, by B baryon and L lepton number.

Noting that in the temperature range of interest above 1013GeV lepton flavour is conserved and assuming
the particles N1 are the only sourse of asymmetry, we can set Y∆∥ = YB/3 − 2Yℓ∥ = YB−L. Further, we
define the even and odd combinations of helicity

YNeven/odd =
1

s
(nN+ ± nN−). (15)

In terms of these quantities, one arrives at the relativistic fluid equations

d

dz
YN1even = −Γ · (YN1even − YN1eq), (16a)

d

dz
YN1odd = −Γ · YN1odd − ηN1 Γ̃ · (Yℓ∥ +

1

2
Yϕ), (16b)

d

dz
Y∆∥ = Γ̃ · YN1odd − ϵeffΓ · (YN1even − YN1eq) + ηN1

Γ · (Yℓ∥ +
1

2
Yϕ). (16c)

Here we have introduced the rates

Γ = K
1

2
(γLNC + γLNV), Γ̃ = K

1

2
(γLNC − γLNV) (17)

and the effective CP -violating parameter at finite temperature

ϵeff = ϵ0
K(z)

I(z)
2γLNC · γLNV

z2(γLNC + γLNV)
, (18)

which depend on the lepton-number conserving and violating rates γLNC and γLNV respectively, and with

I(z) =
∫ ∞

z

dy
y
√
y2 − z2

ey + 1
= z2

∞∑
n=1

(−1)n+1

n
K2(nz) ≈ z2K2(z), (19)

J (z) =

∫ ∞

z

dy
y
√
y2 − z2ey

(ey + 1)2
= z2

∞∑
n=1

(−1)n−1K2(nz) ≈ z2K2(z), (20)

K(z) =

∫ ∞

z

dy
y2
√
y2 − z2

ey + 1
=

∞∑
n=1

(−1)n+1

(
z3

n
K1(nz) +

3z2

n2
K2(nz)

)
≈ z3K1(z) + 3z2K2(z). (21)

In terms of these we can also write

YN1eq(z) =
T 3

sπ2
I(z), ηN1

(z) =
6

π2
J (z). (22)

In the case of fully equilibrated spectators, that is strong and weak sphalerons as well as top and bottom-
Yuakwa interactions in the temperature range of interest, one obtains the relations

Yℓ∥ = −13

30
Y∆∥ , Yϕ = −1

5
Y∆∥ . (23)

We take the numerical data points for γLNC and γLNV obtained in Ref. [13] and interpolate between them
to compute our rates. Note that for z → 0, γLNV vanishes because the lepton-number violation through
the Majorana mass M1 becomes irrelevant at high temperatures. For z ≳ 1, one recovers γLNC ≈ γLNV,
indicating that a 1 ↔ 2 process between N1, ℓ and ϕ violates lepton number at a coin-toss chance. As for
the parameter ϵeff , sizeable early asymmetries can be produced at small z in spite of the suppression of γLNV

because it is compensated by a large deviation of N1 from equilibrium—an effect more sizeable for vanishing
than for thermal initial conditions of N1.
While these relativistic effects are irrelevant if the early asymmetries are destroyed by strong washout, they

can have a sizeable effect in the weak washout regime or in the presence of partially equilibrated spectator
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fields which protect some of the asymmetry from washout. To describe the spectator fields we introduce the
quark yields YQi

for the left-handed doublets, and Yui
, Ydi

, Yt, Yb, i = 1, 2 for the right-handed singlets, as well
as the lepton fields not coupling to N1 directly Yℓ⊥1, Yℓ⊥2. Since at high temperatures the lepton and the first
and second quark generation Yukawa couplings are negligible, we can set Yui

= Ydi
= Yd, YQ1

= YQ2
= YQ

and Yℓ⊥1 = Yℓ⊥2 = Yℓ⊥ . At T ∼ 1013 GeV, the relevant partially equilibrated interactions are bottom-
Yukawa and weak sphaleron interactions. Defining Y∆down = Yb−Yd, the full system of Boltzmann equations
is [33]

d

dz
YN1even = −Γ · (YN1even − YN1eq), (24a)

d

dz
YN1odd = −Γ · YN1odd − ηN1

Γ̃ · (Yℓ∥ +
1

2
Yϕ), (24b)

d

dz
Y∆∥ = Γ̃ · YN1odd − ϵeffΓ · (YN1even − YN1eq) + ηN1

Γ · (Yℓ∥ +
1

2
Yϕ), (24c)

d

dz
Y∆down = −Γdown · (Yb − YQ3

+
1

2
Yϕ), (24d)

d

dz
Yℓ⊥ = −Γws · (9YQ3 + 18YQ + 3Yℓ∥ + 6Yℓ⊥), (24e)

with the equilibration rates [33–35]

Γdown ≈ 1.0× 10−2h
2
bT

M1
, Γws ≈ (8.24± 0.10)

(
log

(
mD

g22T

)
+ 3.041

)
g22T

3

2m2
DM1

α5
2, (25)

with hb the bottom-Yukawa coupling, α2 = g22/4π the SU(2)L electroweak coupling strength and m2
D ≈

11
6 g

2
2T

2 the thermal mass of the SU(2)L gauge bosons.
In addition to this, we need to relate the yields Yℓ∥ , YQ3 , Yb, YQ, Yϕ to Y∆∥ , Yℓ⊥ , Y∆down

in order to obtain
a closed system of equations. From the constraints on the chemical potentials following from the top-quark
Yukawa-couplings and strong sphalerons being in equilibrium, we find the relations

Yl∥
YQ3

Yb
YQ
Yϕ

 =


− 1

2 1 0
1
23

1
2 − 10

23
1
46

1
2

18
23

− 1
46

1
2

5
23

− 7
23 0 24

23


 Y∆∥

Yl⊥
Y∆down

 . (26)

In the present scenario, the early asymmetries in Yϕ are transferred through the B and L-conserving
bottom-Yukawa couplings to Y∆down, as described by Eq. (24d). There, the asymmetry is effectively hidden
from washout through N1, as long as the bottom-Yukawa coupling doesn’t fully equilibrate. The down-
quark asymmetry maintains an asymmetry in ϕ, which in turn creates a bias in ℓ∥ that is not fully erased
as lepton-number violation through N1 freezes out. This way, an early asymmetry in ϕ, which is neither
baryonic nor leptonic, turns into a lepton asymmetry during the freeze-out of N1.

IV. ∆L = 2 Processes

In Ref. [13], only the on-shell part of the N1 propagator was considered, due to the smallness of the
propagator width. In doing so, however, one neglects ∆L = 2 contributions to the washout, which limit the
lepton asymmetry for large Yukawa couplings and M1 and are therefore paramount for the determination of
the bound on mlightest. In this section, we derive the ∆L = 2 contribution to the washout by adding a purely
off-shell part to the N1 spectral self-energy. This off-shell part is due to loop insertions to the propagator,
where the particles running in the loop are on-shell, even if the propagator itself is not. When inserting
these terms into the collision term, we find that this corresponds to ∆L = 2 scattering processes. In this
way, we are able to determine these rates in an entirely consistent way within the CTP formalism.
One crucial difference between our result and the one from Ref. [36] is that the authors of that paper

considered a washout rate averaged over all lepton flavours. When doing so and adding the interactions
with all heavy Majorana fermions, one is able to obtain a compact expression, which is independent of the
washout parameter K and directly sensitive to the absolute neutrino mass scale. We find that their approach
is not correct, because the N1 decays don’t produce all lepton flavours equally, but only a specific linear
combination of flavours. The interactions of ℓ∥ with the heavier Majorana fermions heavily depend on the
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form of the Yukawa matrix, and a simplification as the one they reported is not possible in general. Since
we expect these interactions to be subdominant with respect to the interactions with N1 due to their large
masses, we only keep the latter ones.
Similarly to the case of Standard Model leptons, the N propagator in kinetic equilibrium can be written

as

iS<
N (k) = −2SA

NfN (k), iS>
N (k) = 2SA

N (1− fN (k)). (27)

The spectral propagator for a massive fermion, when summing up the self energies, is given by

SA
N1

(k) =

[(
/k +M1 − ΣH

N (k)
)
· ΓN

Ω2
N + Γ2

N

− ΣA
N (k)

ΩN

Ω2
N + Γ2

N

]
, (28)

with

ΓN (k) = 2
(
kµ − ΣH

N,µ

)
· ΣA,µ

N , ΩN (k) =
(
kµ − ΣH

N,µ

)2 −M2
1 −

(
ΣA

N,µ

)2
. (29)

As a subtlety, note that when ϕ and ℓ are in equilibrium, then strictly speaking only the Fermi–Dirac part
of the distribution fN in Eq. (27) goes with the finite width form of the spectral function from Eq. (28),
while the out-of-equlibrium remainder should go with a sharply peaked on-shell δ-distribution. However, we
may still effectively use the form as in Eq. (27) because the δ-distribution is shifted to a finite-width form
when all gradients incurred as N1 relaxes toward equilibrium are properly taken into account [37]. The N1

self-energy can be decomposed as

iΣ>,<
N1

(k) = gw(h
†h)11(PLγµiΣ̂

µ>,<
N1,L

(k) + PRγµiΣ̂
µ>,<
N1,R

(k)), (30)

with

iΣ̂µ>,<
N1,L

(k) =
1

2

∫
d4p

(2π)4
tr[γµPLiS

>,<
ℓ∥

(p)PR]i∆
>,<
ϕ (k − p), (31)

iΣ̂µ>,<
N1,R

(k) =
1

2

∫
d4p

(2π)4
tr[γµPRC(iS

<,>
ℓ∥

(−p))TC†PL]i∆
<,>
ϕ (p− k). (32)

In kinetic equilibrium, they satisfy the generalized Kubo–Martin–Schwinger (KMS) relations

Σ̂>
N1,L/R(k) = −e(k0∓µℓ∓µϕ)/T Σ̂<

N1,L/R(k), (33)

and we can express the spectral self energies as

Σ̂A0
N1,L/R(k) =

T 2

16π|k|I1
(
k0

T
,
|k|
T
,±µℓ

T
,±µϕ

T

)
, (34a)

Σ̂Ai
N1,L/R(k) =

T 2

16π|k|
ki

|k|

[
k0

|k|I1
(
k0

T
,
|k|
T
,±µℓ

T
,±µϕ

T

)
− (k0)2 − k2

2|k|T I0

(
k0

T
,
|k|
T
,±µℓ

T
,±µϕ

T

)]
, (34b)

with

I0(y0, y, u1, u2) =(2u1 − y0)θ(y
2 − y20) + log

(
1− e−(|y0+y|)/2+(−1)θ(−y0−y)u2

1− e−(|y0−y|)/2+(−1)θ(y−y0)u2

)

+ log

(
1 + e(|y0+y|)/2+(−1)θ(y0+y)u1

1 + e(|y0−y|)/2+(−1)θ(y0−y)u1

)
, (35a)

I1(y0, y, u1, u2) =
y|y0|
2

θ(y20 − y2) +
π2 + u21 − u22 − sign(y0)(|y0| − y)(u1 − u2)

2
θ(−y20 + y2)

+
y0 + y

2
log

(
1 + e−(|y0+y|)/2+(−1)θ(−y0−y)u1

1− e−(|y0−y|)/2+(−1)θ(y−y0)u2

)
− y0 − y

2
log

(
1 + e−|y0−y|/2+(−1)θ(y−y0)u1

1− e−|y0+y|/2+(−1)θ(−y0−y)u2

)

+Re

[
Li2

(
−e−(y0−y)/2+sign(y0)u1

)
− Li2

(
e−(y0−y)/2+sign(y0)u2

)
− Li2

(
−e−(y0+y)/2+sign(y0)u1

)
+ Li2

(
e−(y0+y)/2+sign(y0)u2

)]
, (35b)
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for massless particles running in the loop. This generalizes the results from Refs. [34, 38, 39] for particles
with chemical potentials in the loop and reduces to the previously known results in the case of vanishing
chemical potentials.
As in Ref. [13], the collision term for charged leptons without the CP -violating source term is given by

gw
d

dz
Yℓ∥ =

1

M̃1s

∫
d4k

(2π)4
tr[iS>

N1
(k)PLiΣ

<
N1

(k)− iS<
N1

(k)PLiΣ
>
N1

(k)]. (36)

Since in the relevant parameter region the Yukawa couplings are comparatively small, we can neglect the
width of N1 while retaining the off-shell part of the propagator. We can then write1

SA
N1

(k) ≈ πδ(k2 −M2
1 )sign(k

0)(/k +M1)−
ΣA

N (k)

k2 −M2
1

. (37)

Taking the off-shell part of the propagator and using the KMS relation for the self-energy, we can write

gw
d

dz
Yℓ∥ = −8gw(h

†h)11

M̃1s

∫
d4k

(2π)4
(fF (k0 −µℓ −µϕ)− fF (k0 +µℓ +µϕ))

1

k2 −M2
1

ΣA
N1,R µ(k)Σ

µA
N1,L

(k), (38)

which, to first order in the chemical potentials, is

gw
d

dz
Yℓ∥ = −16gw(h

†h)11

M̃1s

µℓ + µϕ

T

∫
d4k

(2π)4
(1− fF (k0))fF (k0)

1

k2 −M2
1

[ΣA
N1,R µ(k)Σ

µA
N1,L

(k)]µℓ=µϕ=0. (39)

From this we can extract the new contribution to the washout rate

W2 = −24K2

T 3

M̃1

T

(
Yl∥ +

1

2
Yϕ

)∫
d4k

(2π)4
(1− fF (k0))fF (k0) γ∆L=2(k), (40)

with

γ∆L=2(k) = − (32π)2

T

1

k2 −M2
1

Σ̂N1µ(k)Σ̂
µ
N1

(k), (41)

which correspond to the ∆L = 2 scattering processes. Note that, since the chemical potentials appear in
both ΣN1,L and ΣN1,R, when expanding in the chemical potentials we pick up a factor of 2 compared to if
we had only considered the potentials from either particles or antiparticles. Since the part of the propagator
producing these processes is purely off shell, no real-intermediate-state subtraction is necessary. As expected,
these processes do not produce a backreaction into YN1odd since tr[Phγ

5γµΣA
N1

]ΣA
N1µ

= 0.
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(b)

Figure 1: Comparison of washout rates for M̃1 = 1013 GeV for K = 100 (Fig. 1a) and K = 500 (Fig. 1b).

1 In principle, also the first term in the propagator contains an off-shell contribution to the collision term. However, this term
is more strongly peaked around the pole than the second one, and it does not depend on the chemical potentials to leading
order. We therefore neglect this contribution.
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In Fig. 1, we show the ∆L = 2 rates W2 compared to the ∆L = 1 rates ηN1
Γ. At large z, the rate

W2 scales as z−2, in agreement with previous results, which is a slower suppression than the exponential
Boltzmann suppression from ηN1

Γ. In this region, after all other processes have frozen out, the ∆L = 2
processes continue to erase the resulting asymmetry. Numerical solutions of the Boltzmann equation with
and without these new processes are shown in Fig. 2. In Fig. 3, we present a comparison of the solutions
with fully and partially equilibrated spectators in our new analysis including the ∆L = 2 rates. As can be
seen from the plots, even with strong washout, the spectator processes substantially change the dynamics of
the fields and can lead to differences of several orders of magnitude in the outcomes. In particular, the sign
shift that happens at z ≈ 1 with fully equilibrated spectators is absent once effects from partial equlibration
of spectators and thereby the protection of early asymmetries from washout are included.

0.01 0.10 1 10 100 1000
10

-11

10
-8

10
-5

0.01

(a)

0.01 0.10 1 10 100 1000
10

-11

10
-8

10
-5

0.01

(b)

Figure 2: Numerical solutions of Boltzmann equations with fully equilibrated spectators with (solid lines)

and without (dashed lines) ∆L = 2 processes for M̃1 = 1013 GeV for K = 100 (Fig. 2a) and K = 500
(Fig. 2b).
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10

-11
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-8

10
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0.01

(b)

Figure 3: Numerical solutions of Boltzmann equations with partially (solid lines) and fully equilibrated

(dashed lines) spectators for M̃1 = 1013 GeV for K = 100 (Fig. 3a) and K = 500 (Fig. 3b).

V. Parameter Scan

We solved the fluid equations numerically from z = 0.01 to z = 1000 for both vanishing and thermal
initial conditions, varying K between 10−2 and 103 and M1 between 1010 GeV and 1016 GeV, and compare
the scenarios with fully and partially equilibrated spectators. The results are shown in Fig. 4. With fully
equilibrated spectators, we find that the previous bound of mlightest ≲ 0.12 eV gets tightened to 0.08 eV,
probably due to the improved treatment of the ∆L = 2 processes leading to a larger rate than used in
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10−2 10−1 100 101 102 103

K

1010

1011

1012

1013

1014

1015

1016
M

1
(G

eV
)

mlightest = 0 eV

mlightest = 0.07 eV

mlightest = 0.14 eV

(a)

10−2 10−1 100 101 102 103

K

1010

1011

1012

1013

1014

1015

1016

M
1

(G
eV

)

mlightest = 0 eV

mlightest = 0.07 eV

mlightest = 0.14 eV

(b)

Figure 4: Allowed regions for vanishing (4a) and thermal (4b) initial conditions and different choices of
mlightest. Lighter/darker shades represent different signs of the final asymmetry. The shaded regions are
with partially equilibrated spectators, while the dashed contours are with fully equilibrated spectators.
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Ref. [2]. With partially equilibrated spectators, however, we find that the spectators protect part of the
asymmetry from washout. This effect antagonizes the larger ∆L = 2 washout rates. Taking all this into
account, sufficient asymmetries for mlightest as large as 0.15 eV can result. We further find a lower bound on
M1 of 1010 GeV, which is slightly stronger than the Davidson-Ibarra bound [40].

The impact of increasing the active neutrino masses is twofold. On the one hand, we have the constraint
K ∝ m̃1 ≥ mlightest, which implies that increasing neutrino masses restricts K to larger values, where
washout is increasingly efficient. On the other hand, as discussed in Ref. [19], increasing the neutrino
masses also limits the asymmetry parameter. While one could circumvent this by increasing M1, this would
simultaneously increase the ∆L = 2 washout rate, thereby also reducing the final asymmetry. With this, we
do not find any allowed region for mlightest ≥ 0.15 eV, which gives us an upper bound mlightest ≲ 0.15 eV for
leptogenesis in this scenario.

The plots in Fig. 4 are produced assuming normal hierarchy, but the difference to inverted hierarchy is
negligible. The only term which is sensitive to the hierarchy is the maximal decay asymmetry. However,
Eq. (4) is valid for both hierarchies, and the main difference between them is that m1 and m3 exchange
roles as mlightest. Doing the substitution m1 ↔ m3 leads to a relative minus sign in Eq. (4), which can
be compensated by a change in the sign of y. Therefore, the only practical difference between the two
hierarchies is in the precise value of the absolute mass splitting between m1 and m3, which is negligible for
our purposes.

VI. Conclusions

In this work we have applied state-of-the-art techniques to unflavoured leptogenesis in a type-I seesaw
model with hierarchical right-handed neutrinos. For this, we have derived ∆L = 2 washout processes within
the CTP-formalism and included them in our analysis, thus generalizing the computation from Ref. [13].
We then apply these methods to perform a parametric survey of a specific part of the parameter space for
leptogenesis in the type-I seesaw mechanism. In particular we revisit the neutrino mass bound from Refs. [1–
3]. The spectator fields significantly alter the evolution of the fields, leading to a relative sign change with
respect to the scenario without spectators in large regions of the parameter space. They also protect the
asymmetry from washout, leading to freeze-out asymmetries which are up to a few orders of magnitude
larger than without them. With this, we obtain that the previously reported upper bound on the active
neutrino masses for leptogenesis in this scenario is slightly relaxed, even though we use larger ∆L = 2 rates.

As one reduces the mass of N1, different spectator processes come into play, as well as flavour effects on
the charged leptons. The same methods presented in this work could be applied to these scenarios, leading
to a more precise picture of leptogenesis in these scenarios. In general, however, we expect spectator effects,
in particular the interplay of their partial equilibration with early asymmetries, to enhance the freeze-out
asymmetries, thus strenghtening the case for leptogenesis.
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A. Review of the CTP formalism

The principal idea of the CTP formalism is to perform a functional integration on a closed time contour,
allowing one to compute and track expectation values of operators over time. With this we can, for instance,
compute the evolution of particle number densities in the early Universe [32]. As for the usual path-integral,
we can compute n-point functions from the CTP path-integral, except that we now must distinguish between
the branches going forward (”+”) and backward in time (”−”). The four CTP propagators for a complex
scalar field ϕ are then [25, 41–43]

i∆++
X (u, v) = ⟨TϕX(u)ϕ†X(v)⟩ , i∆−−

X (u, v) = ⟨T̄ ϕX(u)ϕ†X(v)⟩ , (A1a)

i∆<
X(u, v) = ⟨ϕ†X(v)ϕX(u)⟩ , i∆>

X(u, v) = ⟨ϕX(u)ϕ†X(v)⟩ , (A1b)
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while for a fermion field ψ we have, similarly,

iS++
X,α,β(u, v) = ⟨TψX,α(u)ψ̄X,β(v)⟩ , iS−−

X,α,β(u, v) = ⟨T̄ψX,α(u)ψ̄X,β(v)⟩ , (A2a)

iS<
X,α,β(u, v) = −⟨ψ̄X,β(v)ψX,α(u)⟩ , iS>

X,α,β(u, v) = ⟨ψX,α(u)ψ̄X,β(v)⟩ . (A2b)

For an arbitrary two-point function Gab we define retarded and advanced two-point functions

Ga = GT −G> = G< −GT̄ Gr = GT −G< = G> −GT̄ (A3a)

as well as spectral and Hermitian functions

GA =
1

2i
(Ga −Gr) =

i

2
(G> −G<) GH =

1

2
(Ga +Gr) =

1

2
(GT −GT̄ ). (A3b)

It is further useful to work in Wigner space, where the Wigner transform of a two-point function is defined
as

G(x, k) =

∫
d4reikrG

(
x+

r

2
, x− r

2

)
, (A4)

which depends both on the momentum k and on the center of mass coordinate x. The two-point functions
satisfy Schwinger-Dyson equations [32, 44], which, in Wigner space, are given by [41]

e−i⋄{k2 −m2
X −Πa,r

X }{∆a,r
X } = 1, (A5a)

e−i⋄{k2 −m2
X −Πr

X}{∆<,>
X } = e−i⋄{Π<,>

X }{∆a
X}, (A5b)

e−i⋄{/k −mX − Σa,r
X }{iSa,r

X } = iPX , (A5c)

e−i⋄{/k −mX − Σr
X}{iS<,>

X } = e−i⋄{Σ<,>
X }{iSa

X}, (A5d)

with the diamond operator ⋄ defined as

⋄{A(x, k)}{B(x, k)} =
1

2
[(∂µxA(x, k))(∂k,µB(x, k))− (∂µkA(x, k))(∂x,µB(x, k))], (A6)

and the scalar and fermionic self-energies

Πab
X (u, v) =iab

δΓ2PI

δ∆ba(v, u)
, (A7a)

Σab
X (u, v) =− iab

δΓ2PI

δSba
X (v, u)

, (A7b)

where the functional Γ2PI is minus i times the sum of the two-particle irreducible vacuum graphs.
To zeroth order in the gradients and to leading order in the Yukawa couplings, the Schwinger-Dyson

equations are

(k2 −m2
X −Πa,r

X )∆a,r
X = 1, (A8a)

(k2 −m2
X −Πr

X)∆<,>
X = Π<,>

X ∆a
X , (A8b)

(/k −mX − Σa,r
X )iSa,r

X = iPX , (A8c)

(/k −mX − Σr
X)iS<,>

X = Σ<,>
X iSa

X . (A8d)

In kinetic equilibrium, Eqs. (A8b) and (A8d) give

i∆<
X(k) =2∆A

XfX(k), i∆>
X(k) =2∆A

X(1 + fX(k)), (A9a)

iS<
X(k) =− 2SA

X(k)fX(k), iS>
X(k) =2SA

X(k)(1− fX(k)), (A9b)

where fX(k) are equilibrium distributions with chemical potential µX :

fX(k) =
1

eβ(k0−µX) + 1
(fermions), fX(k) =

1

eβ(k0−µX) − 1
(bosons). (A10)

The spectral functions can be obtained from Eqs. (A8a) and (A8c). At tree level, they are given by

∆A,tree
X (k) =πδ(k2 −m2

X)sign(k0), (A11a)

SA,tree
X (k) =πδ(k2 −m2

X)sign(k0)PX(/k +mX), (A11b)
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while the spectral functions with the loop insertions summed up are given by

SA
X(k) = PX

[(
/k +mX − ΣH

X (k)
)
· ΓX

Ω2
X + Γ2

X

− ΣA
X (k)

ΩX

Ω2
X + Γ2

X

]
, ∆A

X(k) =
ΓX

Ω2
X + Γ2

X

, (A12)

with

ΓX (k) = 2
(
kµ − ΣH

X,µ

)
· ΣA,µ

X , ΩX (k) =
(
kµ − ΣH

X,µ

)2 −m2
X −

(
ΣA

X,µ

)2
, (A13)

for fermions and

ΓX(k) = ΠA
X , ΩX(k) = k2 −m2

X −ΠH
X , (A14)

for scalars.
A short comment on the derivation of Eq. (38) is in order here. In order to go from Eq. (36) to Eq. (38),

we made use of the KMS relation

Σ̂>
N1,L/R(k) = −e(k0∓µℓ∓µϕ)/T Σ̂<

N1,L/R(k), (A15)

which, inserted into Eq. (A8b), implies

S>
N1,L/R(k) = −e(k0∓µℓ∓µϕ)/TS<

N1,L/R(k). (A16)

Taken at face value, this would mean that N1, ℓ and ϕ are in chemical equilibrium, with µN1,L/R = ±µℓ±µϕ,
which would indeed be the case if ℓ and ϕ were in chemical equilibrium with N1. As it turns out, however,
N1 is not in chemical equilibrium, and its out-of-equilibrium decays drive ℓ and ϕ out of equilibrium. The
use of equilibrium distribution functions for ℓ and ϕ here is merely an approximation in order to obtain the
off-shell piece of the propagator for N1. We therefore emphasize that applying the KMS relation Eq. (A16)
to the on-shell part of the propagator does not make sense. However, concerning the off-shell part of the
propagator, we can interpret this relation to apply to ΣN1

and to the fields therein, and not to N1 explicitly.
Since we do approximate the fields contained in ΣN1

as being in kinetic equilibrium, it does make sense to
use Eq. (A16) for this off-shell part. This is the origin of the additional factor of two, which is characteristic
of ∆L = 2 processes.
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