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1 Introduction

Thermal leptogenesis has been a remarkably successful framework for explaining the origin

of the matter / antimatter asymmetry of the early universe. In this scenario [3] a lepton

asymmetry arises from the out of equilibrium and CP-violating decay of heavy, Majorana

neutrinos, and it is processed into a baryon asymmetry by the electroweak sphaleron.

In part, thermal leptogenesis is appealing because it requires only a minimal and well-

motivated extension of the Standard Model (SM). Namely, the heavy Majorana neutrino

fits naturally into the seesaw mechanism for explaining the mass scale of the light neutrinos.

In this article we suppose that the Majorana mass arises from the vacuum expectation value
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of a scalar field, which spontaneously breaks lepton-number. We illustrate how baryogenesis

could occur during the U(1)L-breaking phase transition.

Specifically, we suppose that the U(1)L-breaking phase transition is first order. In the

symmetric phase (outside the bubbles) the right-handed neutrinos are massless, and in

the broken phase (inside the bubbles) they acquire a large Majorana mass. This leads to

a CP-violating scattering of neutrinos from the expanding bubble wall, which generates

a lepton asymmetry in front of the wall. The lepton asymmetry is transferred from the

right-handed neutrinos to the SM leptons through the Yukawa interactions, and finally the

lepton asymmetry diffuses into the bubble where it is eventually converted into a baryon

asymmetry through the electroweak sphaleron. Although lepton-number is broken inside

the bubble, washout is avoided because the phase transition is strongly first order, which

means that the Majorana mass of the right-handed neutrinos, mN , satisfies mN/T & 10.

In principle the out-of-equilibrium decay of the heavy right-handed Majorana neutrinos

(inside the bubbles) can also contribute to the lepton asymmetry, just like in thermal

leptogenesis. However, since the CP-violating decay of the lightest right-handed neutrino

requires a loop containing one of the heavier right-handed neutrinos, the spectrum cannot

be too hierarchical, otherwise the CP-violation parameter is suppressed by the small mass

ratio. For additional details, see the review [4]. In our model, CP-violation at the bubble

wall receives no such suppression, and therefore we focus on the lightest right-handed

neutrino and neglect an additional contribution to baryogenesis from its decay.

The model we consider here shares common elements with an early implementation

of electroweak baryogenesis by Cohen, Kaplan, & Nelson (1990) [5, 6]. (See also related

work [7, 8] in which the U(1)L is gauged and embedded into a left-right symmetric model.)

As in the model we consider here, refs. [5, 6] generates a lepton asymmetry by the CP-

violating scattering of right-handed neutrinos from the bubble wall. Whereas we consider

a first order phase transition at the natural seesaw scale of T ∼ 1011 GeV, refs. [5, 6]

relies on the electroweak phase transition, which is rendered first order by a new U(1)L-

breaking scalar field. However we notice that it is difficult to generate the known baryon

asymmetry in the model of refs. [5, 6] while also inducing the light neutrino masses through

the seesaw mechanism, because the interaction that transfers lepton-number from the right-

handed neutrinos to the SM leptons is suppressed by a small Yukawa coupling when the

seesaw scale is low. A low-scale implementation [9, 10] replaces the suppressed Yukawa

interaction with a new sphaleron process to accomplish the charge redistribution. Ref. [2]

introduces a pair of vector-like lepton doublets that acquire asymmetries by scattering

from the Higgs-phase bubble wall. Another study [11] drops the connection with neutrino

physics all together by replacing the right-handed neutrino with a dark matter candidate.

Alternatively, ref. [12] pushes the phase transition up to the natural seesaw scale, as we

have done here, and studies leptogenesis from a first-order phase transition in one of the

complex phases of the dimension-5 Weinberg operator.

In the endeavor to solve the problem of baryogenesis, perhaps the greatest challenge is

testability. It is desirable to have a theoretically-compelling model that is also accessible

to laboratory and cosmological probes. The foundation of thermal leptogenesis is a well-

motivated model of particle physics whose predictions for the mass and properties of the
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light neutrinos can be tested in the laboratory. Electroweak baryogenesis necessarily re-

quires new physics at the weak scale, which we continue to explore with high energy collider

experiments, but perhaps more important is that the first order electroweak phase tran-

sition can also generate various cosmological relics in addition to the matter / antimatter

asymmetry, such as a stochastic background of gravitational waves. For additional details,

see refs. [13, 14]. Whereas laboratory measurements provide only indirect and model-

dependent information about the conditions of the early universe, the observation of these

“baryogenesis by-products” would provide a new, direct probe into the epoch of baryogene-

sis. Our model acquires a connection with neutrino physics (laboratory probes) through its

common features with thermal leptogenesis, and we have a connection with baryogenesis

by-products (cosmological probes) from similarities to electroweak baryogenesis.

The organization of this paper is as follows. We discuss the baryogenesis mechanism

in section 2 in the context of a simplified toy model, and we estimate the predicted baryon

asymmetry of the universe. In section 3 we discuss a concrete particle physics model in

which the baryogenesis mechanism could be implemented. We highlight a few interesting

aspects of the particle physics phenomenology and cosmology in section 4. We close the

article in section 5 with a brief summary and discussion of directions for future work.

2 Baryogenesis at a U(1)L-breaking phase transition

In this section we present the key components of our proposed baryogenesis mechanism

without fully specifying the particle physics model. We flesh out the model-dependent

details in section 3.

2.1 Overview of the mechanism

We let the SM be extended to include a Weyl spinor field N and a complex scalar field S,

which are singlets under the SM gauge group. They have the following interactions

−Lint =
1

2
κSNN + λNLHN + λELH

∗E + h.c. (2.1)

where Li and Ei are the SM lepton doublet and singlet of generation i, and H is the Higgs

doublet. Here and in the following all the fermions are represented by left-handed, two-

component Weyl spinors. This lagrangian respects a U(1)L lepton number, under which the

charge assignments are L(N) = −1, L(S) = +2, L(Li) = +1, L(Ei) = −1, and L(H) = 0.

We assume the U(1)L symmetry to be spontaneously broken by the condensation of the

scalar S. For the moment we do not specify the structure of the scalar potential, and

we postpone this discussion to section 3. After the spontaneous symmetry breaking the

neutrino N will get a Majorana mass mN = κ〈S〉, which is assumed to be above the weak

scale v ' 246 GeV. The light neutrino masses arise at low energy via the Type-I seesaw

mechanism [15–20], and the coupling λN is expressed as

λN ≈
√

2mNmν

v2
'
(
6× 10−2

)√ mN

1012 GeV

mν

0.1 eV
(2.2)

where mν ' 0.1 eV is the observed neutrino mass scale.
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Figure 1. This cartoon illustrates the stages of the leptogenesis mechanism discussed in the text.

Left: the CP-violating scattering of right-handed neutrinos N̄ and left-handed anti-neutrinos N

from the bubble wall generates a lepton-number. Right: outside of the bubble, the lepton-number

is transferred from N to the SM left-handed leptons Li via lepton-number-preserving interactions.

Inside of the bubble, lepton-number-violating interactions are out of equilibrium, and the lepton

asymmetry is not washed out.

The hot and dense conditions of the early universe caused the U(1)L to be restored. In

the mN = 0 phase the field N describes two particles: a massless left-handed anti-lepton

N and a massless right-handed lepton N̄ . Initially N and N̄ are in thermal equilibrium

at temperature T with equal abundances. As the universe expanded and cooled, the

U(1)L symmetry became spontaneously broken through a first order phase transition at

temperature TL. Bubbles of the mN 6= 0 phase nucleated in a background of the mN = 0

phase, and they grew until they filled all of space and the phase transition was completed.

During the phase transition, N and N̄ scatter from the bubble wall as illustrated in figure 1.

If the interactions at the wall are CP-violating, the N̄ are preferentially transmitted through

the wall and the N are preferentially reflected. Effectively, the wall sources N -number at a

rate per unit volume that we denote by S
/cp

N . If the wall has thickness Lw and moves with

speed vw (in the rest frame of the plasma) then the volume of space occupied by the wall

is exposed to the source for a time Lw/vw.

The sourced N -number diffuses away from the bubble wall. If the diffusion length is

large, then some of the N -number will enter the bubble where it can be partially erased

by N -number-violating interactions, which arise from the nonzero Majorana mass mN .

Consequently, the N -number density is suppressed by a factor that we denote as εN↔N̄ .

In front of the wall, reactions mediated by the Yukawa interactions (LHN and LH∗E)

are active, and they transfer a fraction fN→L of the N -excess into the SM leptons. Behind

the wall, the U(1)L symmetry is broken, and lepton-number-violating scatterings such as

LiH ↔ L̄jH̄ threaten to wash out the lepton asymmetry. In general, washout suppresses

the lepton number by a factor of εL↔L̄. Provided that the Majorana mass is sufficiently

large inside the bubbles, mN � T , washout is avoided and the phase transition is said to

be “strongly” first order.
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Finally a fraction fL→B of the lepton asymmetry is converted into a baryon asymme-

try by the electroweak sphalerons. The resulting baryon-to-entropy ratio can be written

schematically as

nB

s
= fL→B εL↔L̄ fN→L εN↔N̄

Lw
vw

S
/cp

N

s
(2.3)

where nB is the number density of baryon number and s is the entropy density of the

plasma after the U(1)L phase transition is complete. Note there is additional dependence

on vw and Lw in the various factors, and the scaling with these parameters is not obvious

from eq. (2.3). In the following subsections we estimate each of these factors.

2.2 CP-violating phase gradient

In order for the scattering of N and N̄ from the bubble wall to violate CP, it is necessary

that the Majorana mass of N has a nontrivial phase gradient. In this section we discuss how

the phase gradient arises, and in the next section we discuss how it leads to CP-violating

scattering.

During the first order U(1)L-breaking phase transition, the scalar field expectation

value becomes inhomogeneous 〈S(x)〉 = vS(x)eiθ(x)/
√

2. Through the Yukawa inter-

action in eq. (2.1), this leads to an inhomogeneous Majorana mass mN (x)eiθ(x) where

mN (x) = κvS(x)/
√

2 is real. In the phase of unbroken U(1)L we have mN (x) = 0 and

θ(x) = 0, and at the interface with the phase of broken U(1)L, i.e. the bubble wall, the pro-

file functions rise smoothly, eventually reaching their temperature-dependent asymptotic

values mN (T ) and θ(T ) inside the bubble.

On scales that are small compared to the curvature of the bubble, we can treat the

bubble wall as planar. Without further loss of generality we can move to a frame where the

wall is at rest and oriented normal to the z = x3 axis. Let the wall thickness be denoted

by Lw. For the sake of discussion, we will demarcate z < −Lw/2 as the phase of unbroken

U(1)L (in front of the wall, outside of the bubble) and Lw/2 < z as the phase of broken

U(1)L (behind the wall, inside of the bubble). In the rest frame of the plasma, the wall

moves with speed vw into the phase of unbroken U(1)L.

We can describe the interaction of N with the wall using the low energy effective

theory. After a (coordinate-dependent) rephasing1 N → N e−iθ(x)/2, the effective theory

for the N in this background is

Leff ⊃ iN †σ̄µ∂µN +
1

2
∂µθj

µ
N −

1

2
mN (x) (NN + h.c.) (2.4)

where jµN = N †σ̄µN is the N -number current density. Since jµN is a chiral current, the

coordinate-dependent profile for θ breaks CP. If θ were homogeneous and/or the current

exactly conserved, then we would get no physical effect.

The physical CP-violating effect of the phase gradient is captured by the dispersion

relation. Using eq. (2.4) the kinetic term can be written as iN †σ̄µ(∂µ− i∂µ(θ/2))N . In the

1The rephasing affects also the SM leptons, and they would feel a CP violating background that modifies

their dispersion relations, however they have completely negligible interactions with the bubble wall.
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rest frame of the wall, we can write ∂µθ = (0, 0, 0, θ′) where θ′ = dθ/dz. Parametrically,

θ′ ≈ θ(T )/Lw at the wall, and θ′ ≈ 0 either inside or outside of the bubble. The spatial

gradient affects the propagation of the spin up and down components differently, since it

splits the energy E → E ± θ′/2. If the bubble wall is viewed as a potential energy barrier,

then the phase gradient lowers the height of the barrier for one helicity and raises it for

the other.

2.3 CP-violating scattering and source of N-number

The CP-violating phase gradient allows N̄ to be converted into N at the bubble wall.

Effectively the wall acts as a source of N -number, i.e. the quantum number that counts

+1 for N and −1 for N̄ . In this section we calculate that source, denoted S
/cp

N .

A simplified description of what is happening at the boundary between the two phases

consists in considering an N̄ that is incident on the wall. This particle can either pass

through the wall remaining an N̄ , or it can experience a ∆L = −2 interaction with the

wall-forming fields and be reflected back as an N . We denote the “reflection” probability

by R, and we let R̄ denote the probability for an incident N to reflect as an N̄ . If the

scattering respects CP then R = R̄, and the fluxes of N and N̄ from the wall are equal.

However, a CP-violating phase gradient allows R 6= R̄.

We calculate the N -number source following the formalism of refs. [21, 22], but see

also refs. [23, 24] for a different approach using the closed time path (CTP) formalism, and

refs. [25–27] for the semi-classical force formalism. The CP-violating source is given by a

thermal average of the differential reflection probability R − R̄. To perform the thermal

averaging, we require the phase space distribution function of N in the rest frame of the

wall. In the rest frame of the plasma, the distribution functions take the Fermi-Dirac form

with temperature T , and boosting with a speed vw in the −z direction gives the distribution

function in the rest frame of the wall2

fN (z, px, py, pz) =
[
exp
(
γw(E(z)− vwpz)/T

)
+ 1
]−1

(2.5)

where γw = 1/
√

1− v2
w is the boost factor, and E(z) =

√
|p|2 +mN (z)2. Due to the

extra term, −vwpz, particles with pz & 0 are slightly more abundant than particles with

pz . 0. In other words, there are more particles incident on the wall from outside the

bubble than from inside the bubble. This is perhaps easier to understand in the rest frame

of the plasma where the wall moves with speed vw, and because the particle velocities

follow an approximate Boltzmann distribution, there are more particles with speed v < vw
than v > vw.

The source term can be written as [21, 22]

S
/cp

N (z) =
2

τ

∫ ∞
−∞

dpx
2π

∫ ∞
−∞

dpy
2π

∫ ∞
0

dpz
2π

δfN
(
R− R̄

)
. (2.6)

where δfN ≡ fN (z, px, py, pz) − fN (z + ∆, px, py,−pz) accounts for the variation of the

thermal distribution in a section of the bubble wall of length ∆, where we assume ∆ � Lw.

2To a good approximation, the distributions of N and N̄ are identical, i.e. fN̄ ≈ fN . The asymmetry

being generated at the wall is assumed to be negligible.
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This formula takes into account contribution from particles crossing the section from both

directions [21, 22].

The length ∆ is physically related to the mean free path of N particles in the thermal

bath and it is set by the rate of incoherent scatterings with the plasma. An important time

scale is set by the thermalization time scale denoted by τ , that relates ∆(z) = τvz where

vz = pz/E(z) is the component of velocity normal to the wall. Thermalization primarily

occurs through scatterings such as NS ↔ N̄ , NL ↔ H̄, and NH ↔ L̄; thus we estimate

τ−1 ∼ max
[
κ2 , λ2

N

]
T/4π.

To evaluate the differential reflection probability R − R̄ we work in the thick

wall regime where ∆ � Lw. In this case, the probability can be estimated as

R =
∣∣ ∫ z+∆
z e−i2pzz

′
mN (z′)eiθ(z

′)dz′
∣∣2, and R̄ is obtained by sending iθ(z)→ −iθ(z) [21, 22].

The differential reflection probability R− R̄ is estimated to be

R− R̄ ≈ 2
g
(
pz∆(z)

)
p3
z

mN (z)2 dθ

dz
. (2.7)

where g(ξ) ≡ (sin ξ−ξ cos ξ) sin ξ. We evaluate R−R̄ by treating the mass insertion pertur-

batively, and therefore eq. (2.7) becomes increasingly reliable in the regime pz � mN (z).

Eq. (2.7) explicitly shows that the non-trivial CP interference comes from a z-dependent

phase in the mass term.

Now we evaluate the N -number source from eq. (2.6). We can simplify the factor of

δfN by assuming that the wall motion (in the rest frame of the plasma) is non-relativistic,

vw � 1, and that the mass gradient is negligible, mN (z) ≈ mN (z+∆). Then using eq. (2.7)

the source can be written as3

S
/cp

N ≈ 2

π2

γwvw
τ

mN (z)2 dθ

dz
I
(
mN (z)/T , Tτ

)
(2.8)

where temperature dependence is captured by the integral

I(x, y) ≡
∫ ∞
x

εdε√
ε2 − x2

∫ 1

0
d cos θ

1

cos2 θ

eε(
eε + 1

)2 g
((

ε2 − x2
)

cos2 θ

ε
y

)
. (2.9)

We are unable to evaluate the integral in eq. (2.9) analytically, but we have veri-

fied that the modulus of the integral is well-approximated by the empirical formula∣∣I(x, y)
∣∣ ∼ min

[
y4, 0.1y0

]
(x e−x) in the parameter regime of interest. The source’s

z-dependent profile is controlled by mN (z), which goes to 0 in front of the wall, and

the phase gradient dθ/dz, which only has support at the wall. In the next section, we will

simplify by assuming that S
/cp

N (z) has a top hat profile, which takes a constant value at the

wall and vanishes elsewhere. The amplitude of the CP-violating N -number source at the

wall is estimated as

S
/cp

N (T ) ≈ 2
γwvw
π2

mN (T )3 θ(T )

Lw
min

[
(Tτ)3 , 0.1(Tτ)−1

]
e−mN (T )/T (2.10)

3Recently ref. [11] calculated the CP-violating source in a similar model using the semi-classical force

formalism of refs. [1, 25–27]. It would be straightforward to adapt those results for our model. Moreover

we also checked that the parametric behavior of our source differs from the result of the semi-classical force

formalism by a relative factor of τ/Lw, which, in practice, we expect to be numerically of O(1).
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where we have estimated dθ/dz ≈ θ(T )/Lw. Here we are being somewhat conservative

by replacing mN (z) with its asymptotic value inside the bubble, mN (T ). In this way,

we underestimate the source through the exponential factor e−mN (T )/T ≤ e−mN (z)/T . We

expect that a more careful treatment, which retains the full z-dependent profile of the

source, will lead to a larger final baryon asymmetry. It will be also interesting to repeat the

derivation following the CTP as well as the semi-classical force formalism in order to refine

our calculations and compare the two different approaches, also relaxing the assumptions

on the shape of mN (z) and θ(z) since here we have neglected second derivatives. Although,

from a first check, we believe the results are numerically comparable already.

2.4 Lepton-number diffusion and redistribution

The sourced N -number diffuses in front of the bubble wall where it is partially transferred

to the SM leptons, L and E. This process is described by a system of transport equations.

In this section we write down the transport equations, solve for the spatial distribution of

N -number, and solve for the conversion into L-number in front of the wall. Let nN and jN
be the number density and current density of N -number in the rest frame of the plasma.

In the diffusion approximation we can write jN = −DN ∇nN where DN is the diffusion

coefficient4 for species N . The diffusion occurs through scatterings such as NS → NS,

NL→ NL, and NH → NH, and therefore we estimate D−1
N ∼ max

[
κ4 , λ4

N

]
(4π)−2T .

In the plasma frame, nN depends on the temporal coordinate x0 and the spatial co-

ordinate x3 normal to the wall. However, in the rest frame of the wall, the density only

depends on the spatial coordinate normal to the wall, denoted by z. Performing the ap-

propriate Lorentz transformation, we can write z = γw(x3 + vwx
0) where γw = 1/

√
1− v2

w

is the boost factor. Following the standard formulation, we write the transport equations

in the rest frame of the plasma, but we express the N -number density in terms of z.

The full system of transport equations are derived in appendix A, and here we sim-

ply carry over the relevant results. The transport equation for nN encodes the various

N -number-changing reactions in which N and N̄ participate. These include lepton-number-

conserving reactions, such as S ↔ NN and H ↔ L̄iN̄ , as well as lepton-number-violating

reactions, such as NN̄ ↔ NN and H ↔ L̄iN . We assume that the reactions with S are

fast and the reactions with L are slow. Then the transport equation for nN is put into the

simplified form

vwn
′
N −DNn

′′
N ≈ −ΓN nN + S

/cp
N , (2.11)

where nN , ΓN, and S
/cp

N are functions of the spatial coordinate z, and the prime denotes

d/dz. The transport coefficient ΓN(z) is the effective rate of N -number violation due to

lepton-number-violating interactions behind the wall. The N -number source S
/cp

N (z) was

discussed in section 2.3.

A general solution of eq. (2.11) is available in ref. [21], and here we derive an approx-

imate solution. The source S
/cp

N (z) is localized at the wall, and therefore we approximate

4The diffusion coefficient can be expressed as a combination of the root-mean-square velocity of the

particle and its mean free path, D = λmfpvrms. The mean free path is inverse proportionally to the number

density of scatterers and the total cross section, λmfp = 1/(σtotnscat).
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S
/cp

N (z) = S
/cp

N (T ), given by eq. (2.10), for −Lw/2 < z < Lw/2 and S
/cp

N (z) = 0 else-

where. The washout term ΓN(z) is active at the wall and inside the bubble, and therefore

we approximate ΓN(z) = ΓN(T ) for −Lw/2 < z and ΓN(z) = 0 elsewhere. We estimate

ΓN(T ) ∼ mN (T )2/(10T ) [28, 29]. With these simplifications, it is straightforward to solve

eq. (2.11) for nN (z). In front of the bubble wall, z < −Lw/2, the N -number density profile

takes the form

nN (z) ≈ min

[
1,

1√
ΓNDN/v2

w

]
Lw
vw

S
/cp

N evwz/DN , (2.12)

and we define εN↔N̄ = min
[
1, 1/

√
ΓNDN/v2

w

]
. Due to the diffusion5 the N -number precedes

the wall for a distance DN/vw, which we have assumed to be much greater than the wall

thickness Lw. The prefactor leads to a suppression of the N -number if the washout time

scale Γ−1
N is much shorter than the diffusion time scale DN/v

2
w.

In front of the wall, the N -number pushes reactions such as NLi ↔ H̄ and NLi ↔ H̄W

out of equilibrium. As these reactions re-equilibrate, the N -number excess is partially

transferred to the SM lepton doublets Li. To estimate the resultant L-number, we simplify

the transport equations by focusing on the source term associated with the N -number

excess. Let nL be the number density of L-number, which is summed over the 2 isospin

degrees of freedom and the 3 generations. The simplified transport equation for L-number

takes the form

vwn
′
L −DLn

′′
L ≈ −ΓLHN nN , (2.13)

where D−1
L ∼ α2

wT is the lepton doublet diffusion coefficient [30], and ΓLHN is the thermally

averaged interaction rate. We evaluate ΓLHN in appendix A finding

ΓLHN =
λ2
N

24πζ(3)

mH(T )3

T 2
K1

(
mH(T )/T

)
(2.14)

where Kn(x) is the modified Bessel function of the second kind and order n, and

mH(T ) ' 0.6T is the thermal mass of the Higgs. We solve eq. (2.13) for nL in the back-

ground of the N -number density given by eq. (2.12). The L-number density at the bubble

wall is found to be

nL ≈ −min

[
1, ΓLHN

DN

v2
w

]
nN , (2.15)

and we define the N -to-L conversion efficiency factor to be fN→L = −min
[
1 , ΓLHNDN/v

2
w

]
.

Here we have taken the limits Lw � DN/vw, which is the case for the parameters of

interest. In the regime ΓLHNDN/v
2
w � 1, the conversion is efficient, and an O(1) fraction of

the N -number will be converted to L-number.

5The length scale DN/vw and the time scale DN/v
2
w can be understood as follows. In a time interval ∆t

the wall moves a distance ∆zwall = vw∆t and the sourced N -number diffuses a distance ∆zdiff =
√

2DN∆t

away from the wall. Initially, ∆zdiff > ∆zwall but the wall catches up to the diffusing N -number after a

time ∆t = τdiff with τdiff ≡ DN/v
2
w when it has moved a distance ∆z = Ldiff with Ldiff ≡ DN/vw.
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2.5 Washout avoidance

Finally the lepton-number diffuses inside the bubble where U(1)L is broken. The scattering

of SM leptons Li mediated by a Majorana neutrino N threatens to washout the lepton-

number. In this section, we estimate the washout factor and derive a condition on the

Majorana mass to ensure that washout is avoided.

Let nlep = nL − nE denote the number density of SM lepton-number. At the bubble

wall we have initially nlep ≈ nL where nL is given by eq. (2.15). Inside the bubble, the

evolution of nlep is described by the kinetic equation

ṅlep + 3Hnlep = −Γw.o.nlep (2.16)

where H(t) is the Hubble parameter at time t and Γw.o.(t) is the thermally averaged rate

of lepton-number-violating interactions. The solution of eq. (2.16) is simply

nlep(t) = nlep(ti)

(
a(t)

ai

)−3

exp

[
−
∫ a(t)

ai

da′

a′
Γw.o(a′)

H(a′)

]
, (2.17)

where we have introduced the scale factor a(t) and used H(t) = ȧ/a. At late times, the

exponential factor becomes a constant, and we define the washout factor εL↔L̄ to equal

this constant. Assuming that the expansion of the universe is adiabatic, da/a = −dT/T ,

we have

εL↔L̄ = exp

[
−
∫ TL

0

dT

T

Γw.o(T )

H(T )

]
(2.18)

where 3M2
plH(T )2 = (π2/30)g∗T

4 with Mpl ' 2.43× 1018 GeV and g∗ ' 106.75.

The dominant contributions to lepton-number washout are the reactions N ↔ LiH

and N̄ ↔ L̄iH̄. We evaluate the thermally-averaged washout rate Γw.o. in appendix A, and

the result is found to be

Γw.o. =
λ2
N

24πζ(3)

mN (T )3

T 2
K1

(
mN (T )/T

)
. (2.19)

Using the expression for λN that appears in eq. (2.2), we find Γw.o./H ' 25.9x4K1(x)

where x = mN (T )/T . To avoid washout we need εL↔L̄ ≈ 1, as shown in figure 2.

The washout avoidance condition can be roughly expressed as Γw.o. < xH, which im-

plies mN (TL)/TL & 9 where TL is the temperature of the U(1)L phase transition. This

condition defines a “strongly first order” U(1)L phase transition.6 If the washout avoid-

ance condition is satisfied, then the washout processes are out of equilibrium, and we can

approximate eq. (2.18) as

εL↔L̄ ≈ exp

[
−32.5

( mν

0.1 eV

)( g∗
106.75

)−1/2
x5/2 e−x

]
x=mN (TL)/TL

. (2.20)

6For comparison, one usually defines a strongly first order electroweak phase transition by the requirement

that electroweak sphaleron processes are out of equilibrium in the phase of broken electroweak symmetry.

This implies a lower bound on the sphaleron energy, Esph(T )/T & 40 [31].
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Figure 2. The left panel shows the washout rate from eq. (2.19) normalized to the Hubble param-

eter. The right panel shows the washout factor from eq. (2.18) in black and the approximation from

eq. (2.20) in red (dashed). The washout of lepton-number is avoided provided that the Majorana

neutrino mass mN is sufficiently large inside of the bubbles.

If the washout avoidance condition is not satisfied then the washout suppression factor

εL↔L̄ is given by eq. (2.18).

Let us briefly comment on the result in eq. (2.20). Note that the washout suppression

factor is exponentially sensitive to the value of the lightest neutrino mass. This is because

λ2
N ∝ mν through the seesaw relation (2.2). It may be possible to alleviate the washout

by lowering mν , but this will also suppress the L → N conversion as seen in eq. (2.14),

and we do not explore this limit in detail. Second, let us remark that washout leads to

an exponential suppression (2.17), because the washout processes remain active while the

source is no longer present. This should be contrasted with the case of thermal leptogen-

esis (out of equilibrium, CP-violating Majorana neutrino decay) in which the source and

washout processes are active simultaneously, and the suppression is only a power law for a

large range of masses.

As a final comment we notice that this calculation accounts for washout of lepton-

number inside the bubble, but neglects the washout of lepton-number at the bubble wall.

The thermally averaged washout rate (2.19) can be much larger at the wall than it is inside

the bubble, but if the wall region is sufficiently narrow, then the washout due to lepton-

number violation at the wall is negligible. To make a conservative estimate of the washout

factor we neglect all source terms that are present at the wall. Then the washout at the

wall is roughly fat wall
w.o. ∼ exp

[
−
∫ 3Lw

−3Lw
dz Γwo(z)/vw

]
, where the limits of integration are

chosen to cover the wall region, Γwo(z) is the rate in eq. (2.19), and the z-dependent N

mass can be modeled as mN (T, z) = mN (T )
(
1 + tanh z/Lw

)
/2. This contribution to the

wash-out is estimated to be fat wall
w.o. . 1 for the parameters of interest (2.23), and therefore

negligible.
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2.6 Relic baryon asymmetry

Finally, the lepton-number that survives washout inside the bubbles is partially converted

into baryon-number by the electroweak sphaleron [32]. Let nlep be the initial number

density of lepton-number, and let nB be the number density of baryon-number after the

conversion. If only SM degrees of freedom are in equilibrium, then we have the relation [33]

nB = −28

79
nlep , (2.21)

and we define the conversion factor to be fL→B = −28/79. This is the case for our scenario

where the sphaleron conversion will continue after the lepton-number-breaking phase tran-

sition is completed and the new physics degrees of freedom have gone out of equilibrium.

Notice also that the sphaleron transitions are in equilibrium starting from temperatures

T . 1012 GeV.

Drawing on the calculations in the previous sections, we estimate the relic baryon

asymmetry as in eq. (2.3) where the various factors appear in eqs. (2.10), (2.12), (2.15),

(2.18), (2.21). An approximate analytic solution for the baryon asymmetry is then given by

nB

s
≈ ±28

79
×min

[
1,

1√
ΓNDN/v2

w

]
×min

[
1,ΓLHNDN/v

2
w

]
× exp

[
−
∫ TL

0

dT

T

Γw.o(T )

H(T )

]
× 1

g∗

45

2π2
× 2γw

π2
θ(T )

mN (T )3

T 3
min

[
(Tτ)3 , 0.1(Tτ)−1

]
e−mN (T )/T (2.22)

where we have written the entropy density as s = (2π2/45)g∗T
3. Note that the dependence

on the wall thickness Lw cancels out when we multiply the wall passage time Lw/vw with

the CP-violating phase gradient dθ/dz ≈ θ(T )/Lw. In the parameter regime of interest, it

is generally the case that 1 �
(
ΓNDN/v

2
w

)−1/2
and (Tτ)3 � 0.1(Tτ)−1. For the fiducial

parameters we have 1 ∼ ΓLHNDN/v
2
w, but in the regime 1� ΓLHNDN/v

2
w a number of factors

cancel out, and the expression for the baryon asymmetry simplifies. Using the formulas

throughout the text we have

nB

s
≈
(
1× 10−10

)( mN (TL)

1011 GeV

)(
θ(TL)

2π

)( vw
0.1

)−1 ( g∗
106.75

)−1
(
x2e−xe−32.5x5/2e−x

4× 10−3

)
(2.23)

where x = mN (TL)/TL. The x-dependent factor is maximized at x ' 8.9 where its value is

approximately 4 × 10−3. Note that the dependence on κ has dropped out; this is because

the κ-dependence enters through DN and τ , but DN ∼ τ2.

In the left panel of figure 3 we plot the baryon asymmetry as a function of the phase

transition temperature TL and the Majorana neutrino mass mN . There is a linear relation-

ship between nB/s and mN when x = mN/TL is held fixed; this can be seen from eq. (2.23).

In order to accomodate the observed baryon asymmetry of the universe, nB/s ' 0.9×10−10

we require the Majorana neutrino mass to be larger than mN ≈ 1011 GeV. In the right-

panel we show the baryon asymmetry as function of mN and the SNN Yukawa coupling

κ. Over much of the parameter space, nB/s is insensitive to the value of κ. However, for
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Figure 3. Left: the baryon-to-entropy ratio nB/s, expressed as a function of the phase transition

temperature TL and the Majorana neutrino mass mN . For the black curves we use the exact

washout factor from eq. (2.18), and for the red (dashed) curves we use the approximation from

eq. (2.20), which appears in the expression for nB/s from eq. (2.23). Right: variation of nB/s over

the parameter space with x = mN/T = 9 fixed.

large κ we have a power suppression of the source ∼ τ3, that explains the behavior of the

isolines at κ & 5. In the “plateau” region, nB/s is insensitive to mN but varies with κ. This

regime corresponds to the case where
√

ΓNDN/v2
w > 1 and 1 > ΓLHNDN/v

2
w, so that the two

minimum conditions select the combination ΓLHN

√
DN/

√
ΓN that does not depend on mN .

3 Particle physics model

In this section we discuss a couple of concrete particle physics model that could be used to

implement our proposed baryogenesis mechanism.

3.1 A weakly coupled model

We have already presented a weakly coupled model in section 2.1. However, in the model

of eq. (2.1), a single scalar field S is responsible for breaking the U(1)L symmetry. As

we discuss here, in order to achieve a CP-violating phase gradient at the bubble wall, we

must extend the model to include a second scalar field. Furthermore, in order to achieve

the correct neutrino mass spectrum, we must extend the model to include at least one

additional heavy Majorana neutrino.

Let the SM be extended to include three left-chiral Weyl spinor fields Ni for i = 1, 2, 3

and a pair of complex scalar fields Sa for a = 1, 2. These fields are charged under U(1)L as

L(Ni) = −1 and L(Sa) = +2. The SM lagrangian is extended to include

∆L = iN †i σ̄
µ∂µNi + ∂µS

∗
a∂

µSa −
[

1

2
κajkSaNjNk + (λN )ijLiHNj + h.c.

]
− U (3.1)

– 13 –
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where a sum over repeated indices is implied, and U is a scalar potential. The scalar poten-

tial (which does not include the SM Higgs potential) needs to be a polynomial of the form

U(|S1|2, |S2|2, S∗1S2, |H|2) ⊃ µ2
1|S1|2 + µ2

2|S2|2 + µ2
12

[
eiδS∗1S2 + h.c.

]
+ quartics . (3.2)

The parameters of U are chosen such that S1 and S2 both acquire vacuum expectation val-

ues and the U(1)L symmetry is spontaneously broken, notice also that the above potential

enforce a non-vanishing vacuum expectation value for one CP-odd component of the scalars.

Let us first discuss the spectrum of light neutrinos. The scalar fields acquire vacuum ex-

pectation values, 〈0|Sa|0〉 = va/
√

2 and 〈0|H|0〉 = (0 , v/
√

2), and the Yukawa interactions

induce masses ∆L = −(1/2)(MN )ijNiNj−(MD)ijνL,iNj+h.c. where (MN )ij = κaijva/
√

2

is the Majorana mass matrix and (MD)ij = (λN )ijv/
√

2 is the Dirac mass matrix. Integrat-

ing out the heavy neutrinos induces a Majorana mass matrix for the light neutrinos, which

is given by the matrix product Mν = −MDM
−1
N MT

D. In general the spectrum will contain

three massive neutrinos, however in principle only two Majorana right-handed neutrinos

are needed to match observations.

Next let us discuss whether the U(1)L-breaking phase transition is first order.7 The

nature of the U(1)L-breaking phase transition depends on the parameters of the scalar

potential (3.2) as well as the couplings of the Sa to particles in the plasma. In gen-

eral, one should calculate the thermal effective potential Veff(|S1|2, |S2|2, S∗1S2, |H|2). If

there is some range of temperature for which the potential exhibits two local minima

— one minimum where 〈S1〉 = 〈S2〉 = 0 and a second where both 〈S1〉 and 〈S2〉 are

nonzero — then the phase transition will be first order. For instance, if S1 and S2 cou-

ple to other light scalars in the plasma, this can lead to an effective potential of the form

Veff = (1/2)(−µ2
S + cST

2)s2 − ESs3T + (1/4)λSs
4. The order parameter of the phase tran-

sition is given by sc/Tc = 2ES/λS , and we can have a strongly first order phase transition

provided that λS is sufficiently small. We leave this calculation for future work.

Next we discuss what is needed to obtain a CP-violating phase gradient at the bubble

wall. During the first order U(1)L-breaking phase transition, the scalar field expecta-

tion values become inhomogeneous at the bubble wall. We can write the field profiles as

〈Sa〉 = (va(x)/
√

2) eiθa for a = 1, 2. Energy considerations suggest that θ1 and θ2 will be

homogenous, since additional field gradients cost energy. In the inhomogeneous background

of the Sa fields, the Yukawa interactions in eq. (3.1) induce a Majorana mass matrix

MN (x) =
(
κ1 cosβ(x)ei(θ1−θ2) + κ2 sinβ(x)

) vL(x)√
2

(3.3)

where we have suppressed the ij flavor indices and identified the physical CP phase

θ1 − θ2. Here we have defined vL(x) ≡
√
v2

1 + v2
2 and tan β(x) ≡ v2/v1. In this back-

ground, the dynamics of N are described by the effective theory, which we discussed

previously in section 2.2. The inhomogeneous Majorana mass matrix can be written as

7The phase transition in the closely-related singlet-majoron model has been studied extensively, par-

ticularly in association with electroweak symmetry breaking [34–37]. Various avenues for achieving a first

order phase transition are discussed from a general perspective in ref. [38].
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MN (x) = mN (x) exp[iθ(x)] where the physical phase is given by

θ(x) = arctan

[
κ1 cosβ(x) sin(θ1 − θ2)

κ1 cosβ(x) cos(θ1 − θ2) + κ2 sinβ(x)

]
. (3.4)

It follows that ∂µθ is proportional to ∂µβ, which is familiar from studies of electroweak

baryogenesis in supersymmetric models (see for example [39]). Therefore, it is clear that

two independent contributions to the mass of the right-handed neutrinos are necessary to

achieve the phase gradient, which is required for CP-violation.

In order to calculate the field profiles, va(x) and θa, a scalar potential U must be

specified, and the thermal effective potential must be derived. If the phases θ1 and θ2

are sampled uniformly from the interval [0, 2π) then the phase gradient will be positive

for some bubbles and negative for others. Consequently, the global lepton-number will

remain equal to zero even though individual bubbles develop an excess of either leptons

or anti-leptons. To avoid this outcome, it is necessary that the scalar potential U contains

CP-violating phases that bias θ1 − θ2 to a preferred, nonzero value.

3.2 A strongly coupled model

Confining gauge theories present an elegant framework for achieving a first order phase

transition. In the presence of fundamental fermions the confining phase transition can

spontaneously break the chiral symmetries associated to the light flavors. In particular

in SU(3) gauge theories (see for example [40–42]), the confining phase transition is first

order when at least three flavors, ψi and ψci with i = 1, 2, 3, are sufficiently lighter than

the confinement scale. Here ψ and ψc are a 3 and a 3̄ of the new SU(3) confining group,

and they are singlets under the SM.

In order to match onto our model of baryogenesis, one of the chiral symmetries should

correspond to lepton-number, U(1)L. One can envision a model such as

∆L ⊃ κij
ψiψ

c
j

Λ2
UV

NN + λSNN + cijS
∗ψiψ

c
j + h.c. (3.5)

where we have written all the renormalizable interactions for N and ψ allowed by the gauge

symmetry and U(1)L, and we have written the leading higher-dimensional operator, which

is needed to generate the right-handed neutrino mass. The right-handed neutrino N gets

mass from the “techni-color” condensate 〈ψiψcj〉 as well as a weakly coupled source 〈S〉,
which is needed to get a non-trivial CP-violating gradient. When the condensate forms,

〈ψiψcj〉 ∼ δijΛ3/(16π2), it will also induce a tadpole for S at approximately the same scale.

As shown in the previous section one needs a misalignment between the two (z-dependent)

sources of lepton-number breaking and a physical CP-violating phase arises as long as the

ratio Λ(x)3/〈S〉 depends on the spacetime coordinate x.

Since the scale of lepton-number violation is typically mN ∼ 1012 GeV in our model,

it would be interesting to explore the possible relation with (composite) axion models.

Similarly to those models, here massless fundamental fermions are required, since fermion

masses, mψψc, can explicitly break lepton-number.
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4 Phenomenology highlights

Here we discuss a few aspects of the phenomenology.

4.1 Neutrinoless double beta decay

Since the neutrinos are Majorana particles, the neutrinoless double beta decay (0νββ)

channel is not forbidden by any conservation law. For a recent review see ref. [43]. The

0νββ rate is proportional to the squared effective mass mββ ≡
∣∣∑

i U
2
eimi

∣∣. The next

generation of 0νββ experiments expects to reach a sensitivity of σ(mββ) ∼ (100–200) meV.

4.2 Majoron

Since the global U(1)L symmetry is spontaneously broken, the spectrum contains a mass-

less Goldstone boson; this is the so-called majoron [44, 45]. At low energies the heavy

leptons, N and S, have been integrated out of the theory, and we are interested in the

interactions between the pseudoscalar majoron field J and the SM leptons Li and Ei. To

make these interactions evident, let us perform the field redefinition, Li → Li e
iJ/2vL and

Ei → Ei e
−iJ/2vL , which follows from the U(1)L charge assignments. Thus, the majoron

acquires a derivative interaction

Lint = −∂µJ
2vL

jµL (4.1)

where jµL = L†i σ̄
µLi − E†i σ̄

µEi is the SM lepton-number current. The interac-

tion is put into a more convenient form if we first integrate by parts to obtain

Lint = (J/2vL)∂µj
µ
L . The lepton-number current is not conserved, but rather it is vio-

lated both explicitly by the Majorana mass and anomalously by the SM weak interac-

tions: ∂µj
µ
L = (λ2

NLHLH/mN + h.c.) + 3(αw/8π)WW̃ − 3(αy/8π)BB̃. After electroweak

symmetry breaking, 〈0|H|0〉 = (0 , v/
√

2), the interaction of the majoron with the SM

neutrinos becomes

Lint ⊃ −
i

2
gJννJνν + h.c. (4.2)

where gJνν ≡ −mν/vL.

The majoron-neutrino Yukawa interaction (4.2) leads to an array of well-studied phe-

nomenology. Majorons may be produced in stellar environments, and limits on super-

noave cooling impose an upper bound on the Yukawa coupling gJνν at the level of 10−7

to 10−5 for different flavor components [46, 47]. Comparable bounds arise from anoma-

lous meson and lepton decays into majorons [48]. However, for the parameters of interest

gJνν ∼ 10−22(vL/1012 GeV)−1, and these bounds are easily evaded.

The couplings to electrons (and quarks) arises at the one-loop through interactions

with the W and Z bosons. The contribution (neglecting off-diagonal flavor mixing) is

proportional to [44]

gJee '
λ2
N

8π2

me

vL
∼ κ

8π2

mνme

v2
∼ κ 10−20, (4.3)

while the coupling to quarks is obtained replacing me → mq. The majoron’s coupling with

SM matter is also sensitive to the explicit breaking of the lepton-number. For example, a

mixing between the majoron and the SM Higgs gives rise to new interactions.
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4.2.1 Majoron mass

In the model considered here, the U(1)L symmetry is not broken explicitly, and the majoron

Goldstone boson is exactly massless. However, higher-dimensional operators may break

U(1)L and contribute to the mass of the majoron. For instance, the operator c/LS|H|4/MPl

induces a majoron mass mJ ∼ v2/
√
MplvL ∼

(
0.01 eV

)√
c/L(1012 GeV/vL).

If U(1)L is broken explicitly, this may threaten to disrupt the baryogenesis mecha-

nism. Specifically, the operator S|H|4 opens new channels for lepton-number-violating

washout, such as SHH ↔ HH. We estimate the rate for these ∆L = 2 processes as

Γ/L(T ) ∼ c2
/L
T 3/M2

Pl. Provided that c/L ∼ O(1), the new washout process is out of equilib-

rium, Γ/L(T )� H(T ), and it can be safely neglected.

4.2.2 Majoron as dark radiation

The interactions in eq. (4.1) keep the majoron in thermal equilibrium at high temperature.

We estimate the interaction rate as Γ ∼ λ4
NT

3/m2
N , which can be written as m2

νT
3/v4 using

eq. (2.2). The interaction rate drops below the Hubble expansion rate, H ∼ T 2/(10Mpl),

at temperatures T . 1010 GeV. At this time, the majoron particles decouple from the

thermal bath.

In our model the majoron is very light (possibly massless) and very long-lived. Conse-

quently, the relic abundance of relativistic majoron particles will contribute to the effective

radiation density of the universe. Since the majorons decouple so early in the cosmological

history, they do not receive the entropy injections from the decoupling of the other SM

species. As a result, the relic majoron background is colder than the relic neutrino back-

ground by a factor of ∼ 1/g
1/3
∗ ' 0.2, and the corresponding contribution to the effective

number of neutrino species is ∆Neff ≈ 0.027 [49]. The relic majoron background evades

current CMB limits on additional radiation density, but the improved sensitivity of the

CMB Stage-IV telescopes may be able to pick up this subtle effect [50].

4.2.3 Majoron as dark matter

If the majoron is massive, as we discussed above, then it provides a dark matter candidate.

Depending on neutrino mass spectrum, the majoron may be unstable toward the decay into

a pair of light neutrinos via the interaction in eq. (4.2). For the fiducial scales considered

above, vL ∼ 1012 GeV and mJ ∼ 0.01 eV, the Majoron lifetime greatly exceeds the age of

the universe today, and it is effectively stable.

Although majorons decouple early from the thermal bath, they can be produced non-

thermally from the misalignment mechanism [51–54]. The Hubble friction will become

subdominant at a temperature TJ ∼
√
mJMpl

(
π2g∗(TJ)/10

)−1/4
when mJ ∼ 3H(TJ), and

after that the Majoron will start to oscillate around the minimum of its potential, much

similar to what happens to axion DM (for a review on the cosmology of light pseudoscalars

see [55]).8 The energy density of the oscillations will behave as cold dark matter. The yield

8Oscillations of majoron field can also be used to generate a lepton asymmetry [56].
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today is estimated as

nJ
s
∼ 〈θ2

J〉
mJv

2
L

s(TJ)
(4.4)

where we average over different initial misalignment angles. The present energy density is

estimated as

ΩJ =
mJ nJ(T0)

3M2
plH

2
0

∼ 〈θ
2
J〉m2

Jv
2
L

3M2
plH

2
0

g∗S(T0)T 3
0

g∗S(TJ)T 3
J

∼

 π3/2

3× 103/4

g∗S(T0)T 3
0

M
7/2
pl H2

0

 〈θ2
J〉m

1/2
J v2

L

g∗(TJ)1/4
(4.5)

where H0 ' 2×10−42 GeV is the Hubble constant, T0 ' 2.34×10−13 GeV is the temperature

of the CMB, g∗S(T0) ' 3.91, and g∗S(TJ) ≈ g∗(TJ) ' 106.75 is the effective number of

relativistic species. In the last line, we have used the expression for TJ from above. As

we discussed in section 4.2.1, the majoron mass depends on the operator responsible for

explicit lepton-number violation, and we therefore treat mJ as a free parameter. Therefore

the majoron DM relic abundance is given by

ΩJ ∼ 0.2

(〈θ2
J〉
π2

)( mJ

0.1 meV

)1/2 ( vL

1012 GeV

)2
. (4.6)

This agrees well with the observed relic abundance of dark matter, ΩDM ∼ 0.2. Notice

also that the dynamics of the strings and domain walls can affect the contribution to the

energy density of Majorons (see subsection 4.4).

4.3 Gravitational wave background

An essential ingredient in our baryogenesis mechanism is that the U(1)L-breaking phase

transition is first order. A first order cosmological phase transition also leads to the produc-

tion of gravitational waves [57, 58]. Therefore, the existence of a stochastic gravitational

wave background is an inevitable secondary prediction of our mechanism.

Gravitational radiation arises partially from the collision of bubbles and partially from

the decay of turbulence and sound waves in the plasma. Since there are multiple source of

gravitational waves, predictions for the spectrum of gravitational radiation are very model-

dependent. However, it is a general prediction that the spectrum is peaked at an interme-

diate frequency fp, and the value of this frequency can be inferred robustly in terms of the

phase transition temperature, because it is related to the size of the cosmological horizon

at the time of the phase transition. Assuming that the bubbles collide when their diameter

is a fraction x of the cosmological horizon, we have fp ≈ (105 Hz)x−1(TL/1011 GeV).

The stochastic background of gravitational wave radiation will be probed by gravi-

tational wave interferometers such as LIGO [59] and LISA [14]. The sensitivity of LIGO

peaks at f ∼ 102 Hz and the sensitivity of LISA peaks at f ∼ 10−3 Hz. Therefore LIGO

or a future high-sensitivity interferometer like BBO [60] or DECIGO [61] may be best

equipped to search for the high-frequency gravitational wave radiation produced during

the first order U(1)L-breaking phase transition (see also ref. [62]).

– 18 –



J
H
E
P
1
0
(
2
0
1
7
)
0
9
5

4.4 Cosmic string network

It is a necessary ingredient in our model that the U(1)L symmetry is spontaneously broken

through a cosmological phase transition. In general, cosmic strings will form during a phase

transition in which a U(1) symmetry becomes broken [63, 64]. The subsequent evolution of

the cosmic string network depends on whether the U(1) symmetry was global or gauged,

and whether it was also explicitly broken.

If the U(1)L symmetry is global and not explicitly broken in the lagrangian, then the

network of topological defects is made up of global strings [65]. When string loops are

pinched off from the network of long strings, they efficiently radiate Goldstone bosons

(massless majorons) thereby damping the high frequency oscillation modes of the string

loop [66] and suppressing the gravitational wave radiation [67]. However, the majoron emis-

sion may provide an additional non-thermal component of dark matter or dark radiation.

A scale-invariant spectrum of stochastic gravitational waves arises as long strings enter the

horizon and the scalar field has to self-order [68]. The gravitational wave radiation may

be within reach of future space-based gravitational wave interferometers, such as BBO [60]

and DECIGO [61].

If the U(1)L symmetry is global and broken explicitly, then the topological defect

network consists of strings connected by domain walls [65]. If the U(1)L-breaking term is a

linear, such as S|H|2 or S|H|4, then the topological defects can decay. Specifically, strings

become connected by domain walls, and the tension of the wall causes the configuration

to collapse while losing energy into the radiation of pseudo-Goldstone bosons (massive

majorons) [69]. On the other hand, if the U(1)L symmetry is broken by an operator which

leaves a Zn discrete subgroup, such as S2 or S3, then the domain walls are stable. This

is not a cosmologically viable scenario, as the domain wall energy density will eventually

come to dominate [70].

Finally, if the U(1)L symmetry is gauged, then the defect network is composed of gauge

(or Abelian-Higgs) strings. To avoid gauging the anomalous U(1)L symmetry, we allow S

to carry a baryon-number as well such that QB(S) = −QL(S) = −2. Then vacuum ex-

pectation value of S breaks U(1)B−L, which is not anomalous, and the phase transition

generates a network of gauged U(1)L strings, which can arise in models of grand unifi-

cation [71]. For the high symmetry breaking scales that we consider here, the primary

energy loss mechanism9 is the radiation of gravitational waves, which is not very efficient,

and therefore the string loops are long-lived. The presence of a cosmic string network

in the universe today generates a stochastic background of gravitational wave radiation

as string loops oscillate and periodically form cusps where gravitational wave radiation is

enhanced. The low frequency gravitational wave background is constrained by observa-

tions of pulsar timing. These limits can be expressed as Gµ/c2 . 2.8 × 10−9 [73] where

G ' (1.22× 1019 GeV)−2 is Newton’s constant and µ is the string tension. Typically µ is

set by the scale of symmetry breaking, which we have denoted as vL for the U(1)L-breaking

phase transition. In terms of the symmetry breaking scale, µ ∼ v2
L, the pulsar timing limit

becomes vL . 6.5 × 1014 GeV. Therefore, models with large mN = κvL/
√

2, which are

9For lower values of the string tension, the emission of SM Higgs bosons can also be significant [72].
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favorable for baryogenesis, may be constrained by the non-observation of stochastic gravi-

tational waves arising from the cosmic string network. While we do not expect that gauging

the U(1)L symmetry will dramatically affect the dynamics of baryogenesis, this scenario

surely merits further investigation.

4.5 Reheating after inflation

As we have seen in section 2.6, in order for the predicted baryon asymmetry to match the

observed value, we need the Majorana mass scale to be large, for instance mN & 1012 GeV.

Since the baryon asymmetry is maximized for x = mN/TL ∼ 10 this implies a lower

bound on the temperature of the U(1)L-breaking phase transition, namely TL & 1011 GeV.

Since the plasma forms at the end of inflation during reheating, we therefore impose a

lower bound on the reheat temperature TRH & 1011 GeV. Our model of baryogenesis is

most naturally accommodated in models of high scale inflation or models with efficient

reheating.

5 Discussion

In this article, we have proposed a new model of baryogenesis from leptogenesis, which relies

upon a first order U(1)L-breaking phase transition. The lepton asymmetry is generated

by the CP-violating scattering of neutrinos at the bubble wall, and in this regard the

model shares many common features with electroweak baryogenesis. We have estimated

the resultant baryon asymmetry in section 2. A more accurate prediction could be made

with improvements to the source and transport calculations, but we do not expect that the

qualitative results will be changed.

Although lepton-number is violated inside of the bubbles, washout is avoided provided

that the phase transition is strongly first order. That is to say, the ratio of the Majorana

neutrino mass and the phase transition temperature, mN/TL, should be sufficiently large

to suppress lepton-number-violating scattering among the SM leptons and Higgs bosons.

At the same time, the mass cannot be too large, otherwise it becomes energetically dis-

favored for the Majorana neutrinos to enter the bubbles. These two conditions bracket

the phase transition temperature TL to satisfy mN/TL ∼ 10, and the baryon asymmetry is

exponentially suppressed for either larger or smaller temperatures. In this work we have

taken TL as a free parameter, but it would be interesting to perform a full phase transition

study on the model in section 3.

The amplitude of the baryon asymmetry is suppressed by λ2
N , that is the squared

Yukawa coupling associated with the LHN interaction. This coupling controls the effi-

ciency with which N -number is converted into L-number in front of the bubble wall. The

seesaw relation (2.2) relates λN to the Majorana mass scale mN , and consequently the

baryon asymmetry is suppressed as we lower the scale of lepton-number violation, as we

see in figure 3. It may be interesting to explore other seesaw scenarios or a nontrivial

flavor structure in order to break the naive seesaw relation and thereby achieve the desired

baryon asymmetry even for a lower Majorana mass scale.
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The model presented here draws upon some of the most appealing features of lep-

togenesis and electroweak baryogenesis. The model inherits its connection with neutrino

physics from leptogenesis, which restricts the number of free parameters by predicting

relations with the spectrum of light neutrinos. Similar to electroweak baryogenesis, the

model admits a number of interesting cosmological probes associated with the first order

phase transition. These include a stochastic background of gravitational wave radiation,

a network of cosmic strings, relativistic bath of dark radiation, and a dark matter can-

didate. The detection of these “baryogenesis by-products” will be challenging, but if the

endeavor is successful, then future cosmological observations may point the way toward

understanding the origin of the matter / antimatter asymmetry.
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A Derivation of the diffusion transport equations

We are interested in computing the number density of baryons (and leptons). This requires

solving Boltzmann and diffusion equations for the phase space distribution function of a

species a, which we denote by fa(p, T ).

Let fa(x,p, T ) be the phase space distribution function of species a, and let na(x, T )

be the number density of species a. The number density is evaluated as

na = ga

∫
d3p

(2π)3
fa (A.1)

where ga counts the degrees of freedom. If species a is kept in kinetic equilibrium, then fa
is well-approximated by the Bose-Einstein or Fermi-Dirac distribution function:

fa =
1

e(Ea−µa)/T ± 1
(A.2)

where Ea =
√
|p|2 +m2

a is the energy, µa(T ) is the chemical potential, and the + (−) is

for fermions (bosons).

For a non-relativistic species, Ea/T > ma/T � 1, we can approximate

fa ≈ f̄a eµa/T and na ≈ n̄a eµa/T (A.3)

where f̄a(p, T ) = e−Ea/T and

n̄a(ma � T ) = ga
m2
aT

2π2
K2

(
ma/T

)
. (A.4)
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For a relativistic species, ma/T � 1, with µa/T � 1 we can approximate

na(ma � T )bosons = ga
ζ(3)

π2
T 3 , na(ma � T )fermions = ga

3

4

ζ(3)

π2
T 3. (A.5)

where ζ(x) is the zeta function. In the following, we will write fa as in eq. (A.3). For

non-relativistic particles (N and N̄) this is a good approximation. For relativistic particles

(Li, L̄i, H, and H̄) we expect the error to be no more than an O(1) factor, since the

scattering amplitudes are free from IR divergences.

The evolution of na with time is described by a Boltzmann equation. Suppose that

particles of species a participate in interactions that change the number of particle of

species a by δa units. The Boltzmann equations can be written as

ṅa+3Hna−Da∇2na = −
∑

all processes

δaγaij···↔kl···

(
na
n̄a

ni
n̄i

nj
n̄j
· · · − nk

n̄k

nl
n̄l
· · ·
)

+Sa (A.6)

where H is the Hubble parameter, Da is the diffusion coefficient of species a, and Sa is a

density-independent source. The transport coefficients γaij···↔kl··· are defined as

γaij···↔kl··· =
∑∫

dΠaf̄adΠif̄idΠj f̄j · · ·
∫

dΠkdΠl · · ·
∣∣Aaij···→kl···∣∣2(2π)4δ(4)

(∑
p
)
,

(A.7)

where we sum the initial and final spin states and properly account for identical particles.

The Lorentz-invariant phase space volume elements are defined as dΠi = d3pi/(2π)3/(2Ei).

In writing eq. (A.6) we have assumed that the interactions respect time-reversal invariance,

or equivalently both CP- and CPT-invariance.

We make the following simplifications. In calculating the diffusion of charges away

from the bubble wall, the time scales of interest are much shorter than H−1, and therefore

we can drop the Hubble drag term 3Hna from eq. (A.6). Similarly the change in the

plasma temperature is negligible on the time scales of interest, i.e. Ṫ = −HT , and we can

treat T as a constant. Since particles can acquire mass at the bubble wall, the equilibrium

distribution n̄a may depend on the spatial coordinate. We assume that the change in n̄a
is smooth from outside to inside the bubble and that we can neglect derivatives on n̄a.

Finally we assume that the departures from chemical equilibrium are small, µa/T � 1,

which is an excellent approximation for baryogenesis since the observed baryon asymmetry

of the universe corresponds to µ/T ∼ 10−8. With these assumptions, eq. (A.6) simplifies to

µ̇a −Da∇2µa = −
∑

all processes

δa
γaij···↔kl···

n̄a
(µa+µi+µj+· · ·−µk−µl−· · · )+

Sa
n̄a

. (A.8)

In general µa is a function of space x and time t.

Now we discuss the various interactions that are relevant to our model of baryogenesis.

• LHN Yukawa-mediated interactions. They play an important role both outside and

inside the bubble. Outside they redistribute the excess in N by converting it into an

excess of L. Inside the bubble they need to be strongly out of equilibrium, so that

processes like LH → N do not erase the excess of L-number when it diffuses into the
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bubble. We define the following transport coefficients (thermally averaged rates per

unit volume)

γ0 = γH↔L̄N̄ + γL↔H̄N̄ + γN↔L̄H̄ = γH̄↔LN + γL̄↔HN + γN̄↔LH , (A.9)
γ

4
= γN↔L̄H̄ = γN̄↔LH = γN↔LH = γN̄↔L̄H̄ , (A.10)

which depend on x and t in general. The lepton Li carries a flavor index (i = 1, 2, 3),

which is also suppressed when we write γ0 and γ. The first transport coefficient, γ0,

describes the re-equilibration of lepton number outside the bubble. In principle all

three channels can contribute to γ0, but if the Higgs has the largest thermal mass,

mH > mL +mN , then only the Higgs decay channel will be kinematically open. The

second transport coefficient, γ, describes transitions inside the bubble where N is

Majorana. We neglect any CP-violating effects. This is different from thermal lepto-

genesis where CP-violation in the decay of right-handed neutrinos plays a major role.

• N -number violating interactions. Inside the bubble, the right-handed neutrinos

pick up a Majorana mass, which tends to erase the asymmetry between N and N̄ .

The rate is indicated as γ∆N and is mainly due to N -number scatterings with the

condensates. In the main text we estimated ΓN = γ∆N/n̄N ∼ m2
N/(10T ).

• L-number violating interactions. In presence of massive right-handed neutrinos,

∆L = 2 transitions are mediated by the Weinberg operator LHLH. However the

off-shell contribution correspond to interactions at O(λ2
N ) that we neglect. The

L-breaking interactions are already taken into account by N -decays and inverse

decays (described by the rate γ).

• Other Yukawa interactions. The N -number asymmetry is eventually redistributed to

the other SM species via the SM Yukawa interactions. We indicate the correspond-

ing transport coefficients by γEij , γUij and γDij for the charged lepton and quark

interactions. We let γS indicate the yukawa interaction rate between N and S.

• Sphaleron transitions. The weak sphaleron process is slow compared to the diffusion

time scale. Thus we can drop it from the diffusion equations, and account for its

effect after the phase transition has completed. Doing so, we neglect a possible

contribution to left-handed quark asymmetries during the phase transition, but this

will not affect our final results significantly. We also neglect the strong sphaleron

process, which is expected to have an O(1) effect on the quark asymmetries.

Now we write down the Boltzmann equations that are relevant for baryogenesis. For

each particle species a we denote the corresponding CP-conjugate anti-particle species

by ā, and we define n∆a = na − nā. Using eq. (A.3) we have the approximation

n∆a = n̄a(µa − µā)/T , which is reliable for µ/T � 1. Including each of the processes
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described above, we construct the Boltzmann equations from (A.8)

ṅ∆N + 3Hn∆N −DN∇2n∆N = −
∑
i

γi0

(n∆N

n̄N
+
n∆Li

n̄Li

+
n∆H

n̄H

)
− γS

(
2
n∆N

n̄N
+
n∆S

n̄S

)
−
(∑

i

γi/2 + γ∆N

)
n∆N

n̄N
+ S∆N

ṅ∆Li + 3Hn∆Li −DL∇2n∆Li = −γi0
(n∆N

n̄N
+
n∆Li

n̄Li

+
n∆H

n̄H

)
− γi

2

(n∆Li

n̄Li

+
n∆H

n̄H

)
−
∑
j

γEij

(n∆Ej

n̄Ej

+
n∆Li

n̄Li

− n∆H

n̄H

)
,

ṅ∆H + 3Hn∆H −DH∇2n∆H = −
∑
i

γi0

(n∆N

n̄N
+
n∆Li

n̄Li

+
n∆H

n̄H

)
−
∑
i

γi
2

(n∆Li

n̄Li

+
n∆H

n̄H

)
+
∑
ij

γEij

(n∆Ej

n̄Ej

+
n∆Li

n̄Li

− n∆H

n̄H

)
−
∑
ij

γUij

(n∆Uj

n̄Uj

+
n∆Qi

n̄Qi

+
n∆H

n̄H

)
+
∑
ij

γDij

(n∆Dj

n̄Dj

+
n∆Qi

n̄Qi

− n∆H

n̄H

)
,

ṅ∆S + 3Hn∆S −DS∇2n∆S = −γS
(

2
n∆N

n̄N
+
n∆S

n̄S

)
. (A.11)

In writing the N -number source term, we have defined S∆N = SN − SN̄ . These equations

are valid for general flavor structures. The densities are defined with an implicit sum over

isospin and color gauge indices. The multiplicity factors, which appear in eq. (A.1), are

gN = 1, gLi = 2, and gH = 2.

Approximation in the limit of flavor universal couplings. In the main text we

analyzed a simplified limit, where flavor mixing in the right-handed neutrino is negligible.

Moreover, for simplicity, we assume a flavor universal coupling of the lightest right-handed

neutrino such that γi0 = γ0δii and γi = γδii. Further simplifications of the above equations

arise considering the size of the SM Yukawa interactions. The SM rates γE,U,D ≈ λ2
E,U,DT

4

do not depend on the z coordinate. Moreover, only the third generations are in equilibrium

at the temperature that we want to consider T ≈ 1010 GeV. We can therefore drop the

first two generations of right-handed leptons from the diffusion equations as well as the

first two generations of quarks. In order to get O(1) estimates it is also convenient to work

in the limit where the rates for third generations fermions are much faster than diffusion

time scale. In this limit we can also drop the third generations quarks and right-handed τ

lepton, since they will simply impose a constraint on the chemical potentials.

These assumptions simplify the Boltzmann equations significantly. We define the total

L-asymmetry as the sum of the individual asymmetries n∆L =
∑

i n∆Li (this is the quantity

that appears in section 2.4 where we have dropped the ∆ to simplify the notation). Given

the degeneracy, we can now define n̄L as the equilibrium number density for the three

families, where now gL = 6. By these simplifications the boltzmann equations can be
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reduced to

ṅ∆N + 3Hn∆N −DN∇2n∆N = −
∑
i

γi0

(n∆N

n̄N
+
n∆L

n̄L
+
n∆H

n̄H

)
− γ∆N

n∆N

n̄N
+ S∆N

ṅ∆L + 3Hn∆L −DL∇2n∆L = −
∑
i

γi0

(n∆N

n̄N
+
n∆L

n̄L
+
n∆H

n̄H

)
−
∑
i

γi
2

(n∆L

n̄L
+
n∆H

n̄H

)
,

ṅ∆H + 3Hn∆H −DH∇2n∆H = −
∑
i

γi0

(n∆N

n̄N
+
n∆L

n̄L
+
n∆H

n̄H

)
−
∑
i

γi
2

(n∆L

n̄L
+
n∆H

n̄H

)
,

(A.12)

where we also neglected γ as compared to γ∆N in the equation for n∆N . As a cross-check we

can show that in the limit where diffusion does not play any role (e.g. after the completion of

the phase transition, when γ0 = 0), the amount of lepton asymmetry is simply controlled by

ṅ∆L + 3Hn∆L = −
∑

i γ
i/2

n̄L

(
n∆L +

n̄L
n̄H

n∆H

)
. (A.13)

It is therefore important that (
∑

i γ
i)/(2n̄L) is smaller than the Hubble rate.

A.1 Calculation of the rates

In this section we derive the thermally averaged rates, which are used in the main text

of the paper (see ref. [74] for a review). We focus on the wash-out rate Γw.o. and the

N -to-L redistribution rate ΓLHN. By matching the full Boltzmann equations for the chemical

potentials to the simplified limits discussed in the text, it is evident that the defining

relations are given by

Γw.o. =

∑
i γ

i/2

n̄L
and ΓLHN =

∑
i γ

i
0

n̄L
. (A.14)

We will work in the limit of flavor universality.

Computation of Γw.o.. Consider the process N → L̄iH̄. The corresponding transport

coefficient γi/2 is inferred from eq. (A.7) to be

γi

2
=
∑

isospin

∑
sN , sL

∫
dΠNdΠLdΠH f̄N |AN→L̄iH̄

|2(2π)4δ(pN − pL − pH) (A.15)

where we sum the 2 final states related by isospin, and we sum the spins of N and L̄i. The

integral over pN factorizes from the integrals over pL and pH , and we can write

γi

2
= n̄N,Maj

K1(mN/T )

K2(mN/T )
ΓN→L̄iH̄

(A.16)

where n̄N,Maj is given by eq. (A.4) with gN = 2, and

ΓN→L̄iH̄
=

1

2mN (T )

∑
isospin

1

gN

∑
sN , sL

∫
dΠLdΠH |AN→L̄iH̄

|2(2π)4δ(Σp) = 2× 1

2
× λ2

N

16π
mN (T )

(A.17)
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is the partial width of N (averaged over the initial and summed over the final spin states).

The factor of K1(x) arises from the integration of mN/EN with the Boltzmann factor.

We have used mN � mL,mH , since the thermal masses for L and H are negligible. The

thermally-averaged washout rate (per particle), which appears in (2.16), is given by

Γw.o. =

∑
i γ

i/2

n̄L
=

λ2
N

24πζ(3)

mN (T )3

T 2
K1

(
mN (T )/T

)
(A.18)

where n̄L = 3×2× (3ζ(3)/4π2)T 3 is the number density of left-chiral SM leptons, summed

over generations (3) and isospin (2). In the regime mN/T � 1, the washout rate is

Boltzmann suppressed, Γw.o. ∼ λ2
NmN (mN/T )3/2e−mN/T .

Computation of ΓLHN. We evaluate γi0 as the thermally-averaged decay rate for the

process H → L̄iN̄ . Outside of the bubbles, both the electroweak and U(1)L symmetries are

unbroken, and the particle masses arise entirely from thermal effects. For the parameters

of interest we have mH > mL+mN , and therefore the Higgs decay channel is open. (If the

1-to-2 processes are kinematically blocked or suppressed, the 2-to-2 scattering WH → L̄iN̄

will mediate the transfer of N -number into L-number. If we were to include these processes

mediated by a t-channel fermion exchange, γi0 is enhanced by an O(1) factor [75].) We

calculate γi0 in the same way as γi above, and we find

γi0 = 2× m2
HT

2π2
K1(mH/T ) ΓH→L̄iN̄

(A.19)

where the factor of 2 accounts for a sum over isospin. The partial width of H is given by

ΓH→L̄iN̄
=
(
λ2
NmH(T )

)
/(16π), and there is no sum on the final state spins because L̄i and

N̄ are chiral. From the Boltzmann equation we now get the definition of ΓLHN,

ΓLHN =

∑
i γ

i
0

n̄L
=

λ2
N

24πζ(3)

mH(T )3

T 2
K1

(
mH(T )/T

)
(A.20)

where n̄L appears below eq. (A.18). In the regime mH(T ) � T , we have

(m3
H/T

2)K1(mH/T )→ (m2
H/T ).
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[16] R.N. Mohapatra and G. Senjanović, Neutrino Mass and Spontaneous Parity Violation, Phys.

Rev. Lett. 44 (1980) 912 [INSPIRE].

[17] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.

Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

[18] T. Yanagida, Horizontal Symmetry and Masses of Neutrinos, Prog. Theor. Phys. 64 (1980)

1103 [INSPIRE].
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