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Dirac leptogenesis from asymmetry wash-in via scatterings
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Leptogenesis typically requires the introduction of heavy particles whose out-of-equilibrium decays
are essential for generating a matter-antimatter asymmetry, according to one of Sakharov’s condi-
tions. We demonstrate that in Dirac leptogenesis, scatterings between the light degrees of freedom
– Standard Model particles plus Dirac neutrinos – are sufficient to generate the asymmetry. Due
to its vanishing source term in the Boltzmann equations, the asymmetry of right-handed neutrinos
solely arises through wash-in processes. Sakharov’s conditions are satisfied because the right-handed
neutrino partners are out of equilibrium. Consequently, heavy degrees of freedom never needed to
be produced in the early universe, allowing for a reheating temperature well below their mass scale.
Considering a minimal leptoquark model, we discuss the viable parameter space along with the
observational signature of an increased number of effective neutrinos in the early universe.

I. INTRODUCTION

The discovery of nonzero neutrino masses through neu-
trino oscillations provides clear evidence of physics be-
yond the Standard Model (SM) and necessitates the in-
troduction of new particles. Thus far, experiments have
not resolved the fundamental property of neutrinos as
either Dirac or Majorana particles, leaving two qualita-
tively different scenarios for their mass generation.

Majorana neutrinos, particularly when implemented
in a seesaw mechanism, often offer suitable conditions
for baryogenesis via leptogenesis [1, 2]. Essentially, the
∆L = 2 interactions responsible for generating Majorana
neutrino masses can induce a lepton asymmetry in the
early universe, which can then be converted into a baryon
asymmetry via sphalerons [3]. According to Sakharov’s
conditions [4], this process necessitates lepton number
and CP violation, as well as out-of-equilibrium dynam-
ics, typically achieved through the freeze-out or freeze-in
of the heavy seesaw states. The ability to simultaneously
account for neutrino masses and the baryon asymmetry
is a significant attraction of Majorana neutrino models.

However, Dirac neutrinos also have the potential to
generate a matter-antimatter asymmetry, as demon-
strated in Ref. [5]. In this scenario, the smallness of
the Dirac-neutrino mass term effectively decouples the
right-handed neutrino partners νR from the rest of the
SM plasma. Without ever violating the lepton number,
it becomes possible to create an effective lepton asymme-
try by hiding an opposite asymmetry in the decoupled νR
sector [5]. Similar to the seesaw case, fulfilling Sakharov’s
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out-of-equilibrium condition typically involves the decay
of heavy particles [5, 6].
Interestingly, since the νR themselves are out of equi-

librium, Dirac leptogenesis offers the possibility to sat-
isfy Sakharov’s conditions without actually involving the
decay of heavy particles, Xi. As we show in this pa-
per, it opens up a new variant of the mechanism in
which the temperature of our universe never reached the
heavy particle’s mass scale while generating the asym-
metry through freeze-in due to 2 → 2 scatterings of SM
particles and νR. However, CPT invariance and uni-
tarity constraints [7–10] introduce additional conditions
on the viability of the simple Dirac-leptogenesis models
outlined in Ref. [6]. In particular, flavor-blind models re-
quire the existence of at least three different final states
in the scattering of νR for a non-vanishing asymmetry, as
present in the case of Xi being a leptoquark, i.e. model
c in [6]. While the source term for the νR asymmetry in
the Boltzmann equation is still vanishing, an asymmetry
can be produced via wash-in [11]. In fact, we show that
this contribution is large enough to explain the observed
baryon asymmetry, Y∆B ≃ 0.9× 10−10 [2, 12], rendering
Dirac leptogenesis via scatterings a viable scenario. To
the best of our knowledge, the underlying mechanism –
a combination of wash-in and freeze-in of the nonequi-
librium particle density – has not been considered in the
literature before.
The remainder of the paper is structured as follows. In

Sec. II, we introduce the leptoquark model used through-
out the study. We compute the scattering asymmetry
and discuss the Boltzmann equations in Secs. III and IV,
respectively. The implications for the baryon asymmetry
are discussed in Sec. V. We conclude in Sec. VI.

II. SIMPLE MODEL

The simple renormalizable Dirac-leptogenesis models
considered in Ref. [6] can successfully explain the ob-
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served baryon asymmetry when assuming that the uni-
verse was hot enough to thermally produce a significant
number of on-shell heavy mediator particles. However,
here we are interested in the alternative scenario of a uni-
verse whose temperature never reached the mediators’
mass scale in its entire (post-inflationary) history. In
this case, on-shell mediator production from the thermal
bath is highly suppressed by the high-energy tails of ther-
mal distributions and is, hence, negligible. Accordingly,
we could equally well do away with them altogether and
describe their effects with effective operators, similar to
Ref. [13]. However, we opt to keep the mediator parti-
cles as degrees of freedom in our theory to facilitate direct
comparison with the mediator decay case from Ref. [6].

As a simple model that contains all ingredients for
successful Dirac leptogenesis via scattering, we intro-
duce several scalar particles Xi ∼ (3,1,−1/3), i.e. the
same gauge quantum numbers as the right-handed down
quark, or the S1 leptoquark in the notation of Ref. [14].
The relevant Yukawa interactions take the form

L = Q̄cFiLX̄i + d̄cRGiνRX̄i + ūc
RKieRX̄i +H.c. , (1)

where we have suppressed gauge and flavor indices and
assumed the Xi to be mass eigenstates with masses
Mi. Focusing on a minimal model allowing for a suc-
cessful leptogenesis, we only consider two copies of X,
i = 1, 2, and take the coupling matrices to be propor-
tional to the identity matrix in flavor space. To sim-
plify our discussion, we have also imposed a baryon-
number symmetry that forbids the di-quark couplings
QQX and uRdRX, cf. case c among the renormalizable
Dirac-leptogenesis models from Ref. [6]. Upon assigning
(B − L)(Xi) = −2/3, the above Lagrangian is B − L
conserving. With these choices, the Xi do not mediate
any processes violating baryon number, lepton number,
or lepton flavor.
While B − L is hence conserved over the entire his-

tory of our universe, νR number need not be, allowing
sphalerons [3] – which are blind to the νR – to convert the
matching asymmetry Y∆νR

= Y∆(B−LSM) into a baryon
asymmetry [3, 15]

Y∆B =
28

79
Y∆(B−LSM) =

28

79
Y∆νR

. (2)

The interactions in L indeed break νR number if G and
either F or K are nonzero, seemingly allowing for the
production of a CP asymmetry in νR. As we will show
below, the necessary condition for a νR asymmetry is
actually more subtle and requires the simultaneous pres-
ence of all three coupling matrices in L.

III. SCATTERING CROSS SECTIONS AND

ASYMMETRIES

Right-handed neutrino interactions enter the matter–
antimatter asymmetry evolution through thermally av-

eraged cross sections. These are computed using [16]

⟨σv⟩12→34 =
g1g2

neq
1 neq

2

( 4
∏

a=1

∫

d3pa
(2π)32Ea

)

e−
E1+E2

T (3)

× (2π)4δ(4)(p1 + p2 − p3 − p4)|M̄|2

=
g1g2T

32π4neq
1 neq

2

∫

ds s3/2σ(s)K1

(√
s

T

)

,

where we employ the Maxwell–Boltzmann densities and
neglect the Pauli blocking factors as an approximation.1

All fermions in our model are considered massless.
Therefore, in equilibrium, their densities neq

a can be writ-
ten as a product of the right-handed neutrino equilibrium
density neq

νR
= 3ζ(3)T 3/(4π2) and the number of degrees

of freedom ga.
The interactions are mediated by heavy Xi scalars. In

the s-channel, the cross sections contain singularities for
s = M2

i . These are usually regularized by inserting a
finite mediator width, leading to double counting the on-
shell Xi production, which must be subtracted in the
Boltzmann equation [7]. Alternatively, one may follow
the procedures introduced in Refs. [17, 18]. Focusing
on temperatures much lower than the mediator masses,
we neglect the energy dependence of the propagators,
disregarding the region in which the singularities occur.
Within this approximation, the lowest-order cross sec-
tions of the t- and u-channel processes are equal to one-
third of the corresponding s-channel total cross sections.
We will use this relation to simplify our Boltzmann equa-
tions.
For reactions containing two massless particles in the

initial and final states, the CPT symmetry allows us to
define asymmetries of total cross sections as

∆σ12→34 = σ12→34 − σ34→12 (4)

obeying the unitarity constraints [7–10]

∑

f

∆σ12→f = 0 , (5)

where we sum over all possible final states. Relations
of this type are essential to guarantee vanishing asym-
metry in thermal equilibrium as required by Sakharov’s
conditions [4].
To see how unitarity and CPT symmetry constrain the

asymmetries in our model, let us look at the νRdR → LQ
cross section. The asymmetry follows from the interfer-
ence of the tree and loop diagrams in Figs. 1a and 1b,

1 If this is not the case and one wishes to keep the quantum statis-
tics, it is necessary to include analogous statistical factors to
cutting rules and asymmetry calculation. Otherwise, the CPT

and unitarity constraints [7–10] and, consequently, the Sakharov
conditions [4], will be violated.
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respectively, and is proportional to

∑

i,j,k

ℑ[tr(G†
jGi)tr(F

†
i Fk)tr(K

†
kKj)]

M2
i M

2
j M

2
k

, (6)

where we implicitly sum over flavors. The traces in the
numerator of Eq. (6) can be viewed as 2 × 2 Hermitian
matrices and can be parametrized as2

tr(F †
i Fj) =

MiMj

T 2
reh

∑

a

fa(σa)ij , (7)

where fa = (f0,f) are real dimensionless components of
a Euclidean four-vector, σa = (1,σ), and σ is the vec-
tor of Pauli matrices. In the flavor-blind limit employed
here, f0 = |f |; furthermore, since Treh ≪ Mi by as-
sumption, |fa| ≪ 1 in the perturbative-coupling regime.

Analogously rewriting tr(G†
iGj) and tr(K†

iKj), thermal
averaging yields the asymmetry

∆⟨σ1v⟩ =
512

π2

T 4

T 6
reh

g.(f × k)

ζ(3)2
≡ 512

π2

T 4

T 6
reh

ε

ζ(3)2
, (8)

where the subscript 1 refers to the νRdR → LQ reac-
tion; the cross sections of the other s-channel processes,
νRdR → eRuR and eRuR → LQ, will be further labeled
by 2 and 3, respectively. Here, we introduced ε as a con-
venient dimensionless measure of CP violation, further
discussed below.
From the diagrams in Figs. 1c and 1d we obtain the

asymmetry in the νRdR → eRuR cross section propor-
tional to g.(k × f) = −ε and clearly

∆⟨σ1v⟩+∆⟨σ2v⟩ = 0 . (9)

For the νRdR initial state, the only two-particle final
states allowed by the Lagrangian density are LQ, eRuR,
and νRdR. The total-cross-section asymmetry of the elas-
tic scattering must vanish by the CPT symmetry. There-
fore, from the three possible final states mentioned in
Sec. I, only two have nonzero asymmetries. These must
be of opposite sign and cancel each other due to the uni-
tarity constraints, as we observe in Eq. (9).3

Finally, the tree-level symmetric parts of the s-channel
cross sections result in thermal averages

⟨σ1v⟩ =
64

3π

T 2

T 4
reh

f0g0 + f .g

ζ(3)2
≡ 64

3π

T 2

T 4
reh

α1

ζ(3)2
, (10)

⟨σ2v⟩ =
32

3π

T 2

T 4
reh

k0g0 + k.g

ζ(3)2
≡ 32

3π

T 2

T 4
reh

α2

ζ(3)2
, (11)

⟨σ3v⟩ =
64

3π

T 2

T 4
reh

f0k0 + f .k

ζ(3)2
≡ 64

3π

T 2

T 4
reh

α3

ζ(3)2
, (12)

2 A similar parametrization was used to study CP violation in
models containing multiple Higgs doublets [19, 20].

3 In more complex models, the CPT and unitarity constraints can
be made explicit using the cyclic diagrams of Ref. [21] or holo-
morphic cutting rules [22–24].

Xi
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Q

L

(a)

Xj

eR
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Xk

dR

νR

Q

L

(b)

Xi
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νR

uR
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(c)

Xj

L

Q

Xk

dR

νR

uR

eR

(d)

FIG. 1: Tree and loop diagrams contributing to the νRdR →

LQ and νRdR → eRuR asymmetries. The cuts represent the
imaginary parts of the loop diagrams.

where we introduced α1,2,3 ≥ 0 as useful measures of
cross-section strength. In the flavor-blind limit, we have
the inequality

|ε| ≤
√
2α1α2α3 (13)

and our small-asymmetry calculation requires

|ε| ≪ π

12
α1,

π

24
α2,

π

12
α3 . (14)

The αi are essentially free parameters, allowing, in par-
ticular, for large hierarchies.

IV. BOLTZMANN EQUATIONS

To study particle densities and asymmetries, we follow
the conventions of Ref. [6] and introduce

Σa =
na + nā

s
, ∆a =

na − nā

s
, (15)

where s = h∗T
3 2π2/45 denotes the entropy density.

These quantities are summed over all flavors for each
particle species. Since the baryon-asymmetry generation
involves sphalerons, we require the reheating tempera-
ture Treh to be above their decoupling temperature of
130GeV [25]. As an approximation, we assume the SM
particles are in thermal equilibrium immediately after
reheating and set the effective number of relativistic de-
grees of freedom entering the energy and entropy density
to constant g∗ = h∗ = 106.75. This assumption is ap-
parently unrealistic but serves as a benchmark scenario
to showcase the relevant dynamics. A more realistic re-
heating phase is expected to introduce O(1) corrections
but not to change the qualitative picture.
As the initial abundance of right-handed neutrinos is

negligible by assumption, they are produced via LQ →
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νRdR, eRuR → νRdR, and crossed reactions. The sym-
metric part of their density obeys the Boltzmann equa-
tion

dΣνR

dx
= − 1

x4

Γ

H

∣

∣

∣

∣

Treh

(

ΣνR
− Σeq

νR

)

, (16)

where x ≡ Treh/T , H = π
√

g∗/90T
2/MPl is the Hub-

ble parameter with reduced Planck mass MPl ≃ 2.4 ×
1018 GeV, and

Γ =
5

18
sΣeq

νR
(⟨σ1v⟩+ ⟨σ2v⟩) (17)

parametrizes the νR interaction rate. We solve Eq. (16)
analytically and obtain

ΣνR
(x) =

405ζ(3)

4π4h∗

(

1− exp

[

− Γ

H

∣

∣

∣

∣

Treh

x3 − 1

3x3

])

, (18)

which rises steeply and quickly flattens out for x ≫ 1,
illustrated in Fig. 2, reaching the equilibrium value for
large interaction rates, Γ/H|Treh

≫ 1, corresponding to

2α1 + α2 ≫ 3
√
g∗π

4Trehζ(3)

40
√
10MPl

≃ Treh

8× 1016 GeV
. (19)

Notice that the αi themselves scale with T 4
reh times La-

grangian parameters.
The evolution of an asymmetry generally results from

two competing parts. The source term contains asym-
metries of thermally averaged cross sections, whereas the
wash-out terms are proportional to particle density asym-
metries ∆a. The latter are subject to constraints implied
by the symmetries and conservation laws of the model. In
particular, the interactions in Eq. (1) separately conserve
the lepton and baryon numbers, resulting in

∆νR
= −∆eR −∆L , ∆dR

= −∆uR
−∆Q . (20)

Moreover, there are three other global U(1) symmetries:
considering νR → eiανR with dR → e−iαdR leaves the La-
grangian density invariant, and the same independently
applies to eR, uR and Q, L field transformations. The
conservation of the respective charges then implies

∆νR
= ∆dR

, ∆eR = ∆uR
, ∆L = ∆Q . (21)

Therefore, it is sufficient to solve the Boltzmann equa-
tions for ∆L and ∆eR asymmetries, while the others are
fixed through Eqs. (20) and (21).

It has been argued in Ref. [26] that to calculate the
source term of an asymmetry, correspondingly charged
particles must be produced in contributing reactions,
while in agreement with Sakharov’s conditions [4], the
initial states must be out of equilibrium. In our scenario,
the only out-of-equilibrium particles present in the uni-
verse are right-handed neutrinos. Once they are in the
initial state, for the model in Eq. (1), they cannot be
produced in the same 2 → 2 reaction. The source term

of the right-handed neutrino asymmetry thus vanishes,
but, fortunately, it does not mean that no asymmetry
in their density can be produced. To observe this, let
us finally write the Boltzmann equations for the density
asymmetries,

d∆L

dx
=

Σeq
νR

3H
ds

dx

{

1

12
∆⟨σ1v⟩

(

Σeq
νR

− ΣνR

)

(22)

+
5

27
⟨σ3v⟩

(

∆L − 2∆eR

)

+
4

27
⟨σ1v⟩

[(

∆L − 17

8
∆νR

)

+
1

4

ΣνR

Σeq
νR

(

∆L − 3

2
∆νR

)]}

,

d∆eR

dx
=

Σeq
νR

3H
ds

dx

{

1

12
∆⟨σ2v⟩

(

Σeq
νR

− ΣνR

)

(23)

+
5

27
⟨σ3v⟩

(

2∆eR −∆L

)

+
4

27
⟨σ2v⟩

[(

2∆eR − 17

8
∆νR

)

+
1

4

ΣνR

Σeq
νR

(

2∆eR − 3

2
∆νR

)]}

.

The first lines on the right-hand sides of Eqs. (22) and
(23) correspond to the source terms containing the cross
section asymmetries. According to Eq. (9), they only dif-
fer in sign. The lines below contain the wash-out terms
which are linear in the density asymmetries ∆L, ∆eR ,
and ∆νR

= −∆L − ∆eR . Again, the contributions of
eRuR → LQ and crossed reactions enter Eqs. (22) and
(23) with opposite signs. If there were no other con-
tributions, we would obtain ∆L = −∆eR and vanishing
∆νR

. However, the remaining wash-out terms depend
on different combinations of ∆L and ∆eR . According to
Eq. (20), this allows for a nonzero and, in fact, sufficiently
large ∆νR

which is washed-in [11], even though its source
term vanishes identically. The only exception occurs for
α1 = α2, or ⟨σ1v⟩ = 2⟨σ2v⟩. In this case, we can add
Eq. (22) to Eq. (23) and obtain d∆νR

/dx proportional
to −∆νR

, erasing any νR asymmetry from the beginning.
The Boltzmann equations only depend on the ratios

αiMPl/(
√
g∗Treh) and εMPl/(h∗

√
g∗Treh), so the depen-

dence on Treh (and MPl, g∗, and h∗) can be completely
scaled away. Furthermore, the Boltzmann equations have
been derived under the approximation of small asymme-
tries, which immediately implies that all asymmetries are
directly proportional to εMPl/(h∗

√
g∗Treh), in particular

∆νR
∝ εMPl/(h∗

√
g∗Treh). This effectively leaves the

three αiMPl/(
√
g∗Treh) as free parameters in the Boltz-

mann equations.
Numerical solutions for Treh = 108 GeV and various

coupling values are shown in Fig. 2. In each of the three
cases, fast νR production can be observed at the very be-
ginning. In Fig. 2a, the solution corresponds to weak
right-handed neutrino interactions with the SM bath.
Their density never reaches the equilibrium value and
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VI. CONCLUSION

Neutrino oscillations have proven neutrinos to be mas-
sive particles, but without any indication of whether
they are Dirac or Majorana particles. While we anx-
iously await an experimental resolution of this question
through studies of neutrinoless double-beta decay, it be-
hooves us to investigate possible impacts of Dirac neu-

trinos. Compared to Majorana neutrinos, the connection
between neutrino mass and matter–antimatter asymme-
try has hardly been explored, even though Dirac lepto-
genesis [5] beautifully employs the neutrino-mass small-
ness to hide a lepton asymmetry in the decoupled νR
bath, letting sphalerons create a baryon asymmetry in
a B − L-conserving universe. Similar to standard lepto-
genesis, this is easily accomplished through the out-of-
equilibrium decays of new heavy particles [5, 6].
In this paper, we have demonstrated that the non-

thermalization of the νR is sufficient to satisfy Sakharov’s
conditions without the need for heavy mediator decays.
This makes it possible to obtain the observed baryon
asymmetry purely from scatterings without ever produc-
ing the mediators. This is relevant for inflationary sce-
narios with small reheating temperatures compared to
the mediator masses.
In the flavor-blind limit employed here, a non-

vanishing asymmetry requires the existence of at least
three different scattering states in the considered 2 → 2
processes, which we exemplified by considering heavy
leptoquarks mediating the interactions νRdR ↔ LQ,

νRdR ↔ eRuR, and eRuR ↔ LQ. While the source term
for the ∆νR

vanishes in the Boltzmann equations, the
existence of wash-in processes does enable the νR asym-
metry generation.

We show that sufficiently large asymmetries can be
achieved in a wide range of parameter space with a max-
imal value reached for intermediate interaction strength
that lie between the freeze-in regime (very weak cou-
plings) and the semi-thermalized regime (larger cou-
plings). The viable window is limited towards smaller
couplings as the νR abundance becomes too small to
provide large ∆νR

and towards larger couplings by the
diminishing deviation from thermal equilibrium of νR.
The scenario can be probed by an enhanced Neff: while
evading current constraints, CMB-S4 experiments are ex-
pected to test the semi-thermalized regime as well as the
maximum asymmetry scenario.
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