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Summary

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

T < Tfr n�h�Avi >< H (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P
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where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
 

f���⇢�
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
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2



Ki-Young Choi, Sungkyunkwan University, Korea

Matter >> anti-matter

We see only matters on Earth, and in the Universe.
Anti-matters are rare. They exist only in the laboratories or 
in the cosmic rays with small amount

Why there are more matters than anti-matter?
The amount of matter compared to the entropy (or photon):

Non-thermal WIMP baryogenesis
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Abstract

We propose a WIMP baryogensis achieved by the annihilation of non-thermally produced WIMPs from decay of heavy particles,
which can result in low reheating temerature. Dark matter (DM) can be produced non-thermally during a reheating period created
by the decay of long-lived heavy particle, and subsequently re-annihilate to lighter particles even after the thermal freeze-out. The
re-annihilation of DM provides the observed baryon asymmetry as well as the correct relic density of DM. We investigate how
wahout e↵ects can a↵ect the generation of the baryon asymmetry and study a model suppressing them. In this scenario, we find
that DM can be heavy enough and its annihilation cross section can also be larger than that adopted in the usual thermal WIMP
baryogenesis.

Keywords: Baryogenesis, dark matter, early Universe

1. Introduction

The baryon density at present inferred from Cosmic Mi-
crowave Background (CMB) anisotropy and Big Bang Nucle-
osynthesis (BBN) is [1]

⌦Bh2 = 0.0223 ± 0.0002, (1)

which corresponds to the baryon asymmetry

YB ⌘ nB

s
' 0.86 ⇥ 10�10, (2)

YB ⌘ nB

n�
s ' 7.04n� (3)

where nB and s is the baryon number density and entropy den-
sity respectively. There are many suggested models for baryo-
genesis. One of them is the thermal weakly interacting mas-
sive particle (WIMP) baryogenesis [2, 3, 4, 5], which has been
paid much attention for past few years thanks to the intrigu-
ing coincidence of the observed baryon and dark matter (DM)
abundances, ⌦B ' 5⌦DM . WIMP miraculously accounts for
⌦DM , and may play a role in generation of baryon asymmetry.
The WIMP baryogenesis mechanism [4] uses the WIMP dark
matter annihilation during thermal freeze-out. Baryogenesis is
successfully achieved because the WIMP annihilations violate
baryon number, C and CP, and the out-of-equilibrium is attained
when the DM number density is deviated from the thermal equi-
librium. For this scenario to be e↵ective, the temperature of the

⇤Corresponding author
Email addresses: kiyoungchoi@skku.edu (Ki-Young Choi),

skkang@snut.ac.kr (Sin Kyu Kang), jongkukkim@skku.edu (Jongkuk
Kim)

Universe must be larger than the freeze-out temperature of DM
which is Tfr ' m�/20. Therefore there is a limitation for low-
reheating temperature.

In new physics beyond the standard model (SM), there are
many long-lived massive particles (we call it � afterwards) that
can dominate the energy density of the Universe, and decay,
such as inflaton, moduli, gravitino, axino, curvaton, and etc [6].
These particles interact very weakly with visible sector and thus
decay very late in the Universe. The lifetime can be longer than
10�7 sec which corresponds to the cosmic temperature around
1 GeV, which is far after the electroweak phase transition and
freeze-out of WIMP DM with mass m� ⇠ O( TeV), whose
freeze-out temperature is around m�/20. Then, in the models
with such a long-lived particle, the reheating temperature can
be low enough. However, with such a low-reheating tempera-
ture, the relic abundance of DM can not be explained in simple
models for thermal WIMP freeze-out. In addition, it is ques-
tionable whether baryon asymmetry can be successfully gener-
ated in models with low-reheating temperature.

Since the primodial asymmetry generated is diluted during
the late time reheating, new generation of asymmetry is re-
quired. At the low temperature below the electorweak scale,
leptogenesis does not work since the conversion of lepton asym-
metry to baryon asymmetry via Shpaleron processes is e↵ective
at temperatures above the electorweak scale. Thus, alternative
to leptogenesis is demaned to generate baryon asymmetry in
models with low-reheating temperature. A direct generation
of baryon asymmetry [7] may be possible without the help of
Sphaleron processes.

The aim of this letter is to propose a possible way to gen-
erate baryon asymmetry applicable to models with low reheat-
ing temperature. We will show that DM can be produced from
heavy long-lived unstable particles and then both baryon and
DM abundances can be achieved by the re-annihilation of DM.

Preprint submitted to Journal of LATEX Templates May 26, 2018
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* Y is conserved quantity when s and n decreases as 1/a^3.

Baryogenesis
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Sakharov Condition

1. Baryon number violation

2. C-symmetry and CP-symmetry violation

3. Interactions out of thermal equilibrium

[Sakharov, 1967]

* wash-out effect
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Models of Baryogenesis

Affleck-Dine mechanism

Electro-weak baryogengesis

…….

Heavy Particle Decay

Leptogenesis
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(thermal) WIMPy Baryogenesis (Leptogenesis)
[Cui, Randall, Shuve, 2012]
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Figure 3: Diagrams of tree and loop contributions to S decay. The difference between these rates and their
conjugates generates a lepton asymmetry.
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Figure 4: Diagrams of tree and loop contributions to the XX annihilation cross section. The difference between
these rates and their conjugates generates a lepton asymmetry.

3.1.2 Asymmetry generation

In this model, a lepton asymmetry can in principle be generated through two processes: the more conventional
process of Sα decay into Liψi and their conjugates (or directly into Li + ni + H if mψ > mS), and XX
annihilation into the same final states. We show these in Figures 3 and 4, respectively, assuming that decay
and annihilation occur predominantly through the lightest scalar S1. Existing work discusses the relevant
processes for generating a lepton asymmetry through 2 → 2 scattering [12], although the authors consider
only high-scale models (T ! 109 GeV) with qualitatively different features than WIMPy leptogenesis. CP -
violating phases in our model appear in the interference between tree-level and one-loop diagrams. We define
asymmetry factors for the decay of the lightest scalar S1 and for WIMP annihilations, respectively, in the
manner of conventional leptogenesis:

ϵ1 =
Γ(S1 → ψiLi)− Γ(S1 → ψ†

iL
†
i )

Γ(S1 → ψiLi) + Γ(S1 → ψ†
iL

†
i )
, (20)

ϵ2 =
σ(XX → ψiLi) + σ(X̄X̄ → ψiLi)− σ(XX → ψ†

iL
†
i )− σ(X̄X̄ → ψ†

iL
†
i )

σ(XX → ψiLi) + σ(X̄X̄ → ψiLi) + σ(XX → ψ†
iL

†
i ) + σ(X̄X̄ → ψ†

iL
†
i )
. (21)

ϵ1 gives the fractional asymmetry generated per S1 decay, while ϵ2 gives the fractional asymmetry generated
per XX annihilation. The precise values of ϵ1, ϵ2 in this case depend on the masses mSα and the couplings
λαi.

To reduce the number of arbitrary parameters in our analysis, we make the following assumptions:

• Dark matter annihilation occurs dominantly to only one flavor of lepton, and the couplings of all other
leptons to Sα are zero. The non-zero couplings of the single lepton flavor are denoted λLα.

• Dark matter annihilation and washout occur mostly through the lightest scalar, S1, and we consider the
rates of only these processes in our analysis. For concreteness, we require that the corresponding cross
sections with intermediate S2 to be less than 20% of the corresponding cross sections with S1, giving

10

Lepton (baryon) asymmetry from the annihilation of  WIMPs 
during the freeze-out process.

Freeze-out of WIMPs is the process of out-of-equilibrium.
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Figure 5: Diagrams leading to washout of the lepton number from (top row) s-channel and (bottom row)
t-channel scatterings.

from Lψ → L†ψ† scatterings, because the inverse annihilation Lψ → XX is kinematically suppressed for
T < mX and ψX → L†X gets more Boltzmann suppression. Applying (5) for the specific model of WIMPy
leptogenesis, the washout rate is proportional to

Γwashout(x) ≈
s(x)

Yγ
⟨σLψ→L†ψ† v⟩Y eq

L Y eq
ψ (x), (26)

where s(x) is the entropy density at x. Washout freezes out when its rate is about equal to the Hubble scale,
Γwashout(xwashout) ≈ H(xwashout). Γwashout(xwashout) can be small for one of two reasons:

1. mψ ! mX so that Y eq
ψ (xwashout) is Boltzmann-suppressed while dark matter is annihilating.

2. ⟨σLψ→L†ψ† v⟩ is small relative to the annihilation cross section so that washout freezes out before anni-
hilation. The washout cross section can be small if λL ≪ 1.

One of these two conditions must hold for each washout process. We find that option #1 leads to viable
WIMPy leptogenesis. Option #2, on the other hand, does not give a large asymmetry. According to (25),
the asymmetry efficiency factor ϵ is also suppressed when λL ≪ 1, and the potential gain in the baryon
asymmetry from early washout freeze-out in option #2 is offset because leptogenesis occurs less efficiently.
Therefore, mψ ! mX is generally required to generate the observed baryon asymmetry.

Whenmψ is much larger thanmX (we find this is typically true formψ ! 2mX), the exponential suppression
of Yψ is so large that 3 → 3 scatterings of LnH → L† n†H∗ become important (see Figure 6). This region
is, however, kinematically inaccessible in WIMPy leptogenesis since 2mX > mψ for efficient annihilation to
occur, and we neglect 3 → 3 processes.

3.1.4 Boltzmann equations

We consider the evolution of a single component La, where a is a gauge index (flavor indices are suppressed
since we consider only one flavor). We define BrL (BrX) as the total branching fraction of S into leptons
(X), with BrL + BrX = 1. Also, ξ = 1 + µψa/µLa, where µ are chemical potentials, and η is defined as

12

Wash-out

“if washout processes freeze out before WIMP freeze-out, then a large 
baryon asymmetry may accumulate, and its final value is proportional to 
the WIMP abundance at the time that washout becomes inefficient.” 
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WIMPy Baryogenesis

October 16, 2015 0:13 WSPC/INSTRUCTION FILE review˙WIMPbg
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Fig. 3. The evolution of the number density per comoving volume for field i (Yi) as a function
of x = mX/T . The numerical solutions shown here are based on the WIMPy leptogenesis model
discussed in Section 3.3.1, where the dominant annihilation process is XX ! L and the dominant
washout is L ! L

†
 

†. The input parameters are yX = 2.7, �L = 0.8, ✏ = 0.2, mX = 3 TeV,
and mS = 5 TeV. m = 4 TeV gives the behavior when washout freezes out well before WIMP
annihilation freezes out (“weak washout”). m = 2 TeV gives the behavior when washout becomes
ine↵ective subsequent to WIMP freeze-out (“strong washout”).

disfavored strong washout case where the washout processes freeze out after WIMP
annihilation freeze out, typically when  is much lighter than X. The details of this
estimate can be found in,2 and we simply quote the result here:

⌦B

⌦X
& 10�3 ⇥ ✏

✓
m 

mX

◆ ✓
TeV

mX

◆
. (15)

We see that in the strong washout limit, the generated asymmetry is typically not
enough to explain the observed baryon abundance, unless mX is much below weak
scale.

Before moving on to model examples and the related studies, in Fig.3 we illus-
trate the evolution of the abundance of DM X as well as that of baryon asymmetry
in the two limiting regimes of weak and strong washout. The plots are obtained
by numerically solving the (exact) coupled Boltzmann equations derived for the
WIMPy leptogenesis model we will demonstrate soon. The illustration based on
that particular example confirms the expected features derived from our general
analysis.

3.3. Example Models

The general mechanism of WIMPy baryogenesis can be implemented in a variety
of models. Here we briefly review the essential aspects of the two example models
presented in the original paper.2 The first example model we will review is a lep-
togenesis model where WIMP directly annihilate into leptons, which require heavy
WIMP such that the WIMP freeze-out occurs early enough and su�cient lepton

[Cui, Randall, Shuve, 2012]
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Non-thermal WIMP Baryogenesis

- Baryogenesis with WIMP

- Applicable to low-reheating temperature below GeV

- Relic density of WIMP as dark matter

- Valid during reheating period: inflaton, curvaton, ….
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Reheating

Reheating after inflation (curvaton, moduli, heavy particle…)

The energy of the decaying particle is converted to the production 
of the light particles.

The particles are thermalized and the Universe is heated to some 
temperature.  Reheating temperature is the highest temperature 
when the radiation-domination starts.

Early matter domination (eMD) before the reheating
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Early Matter Domination and Reheating
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Early Matter-Domination and Reheating

Reheating and early matter-domination also happen in 
the scenarios of Moduli, curvaton, thermal inflation, axino, 
gravitino, ....

When decoupled heavy particles are very weakly interacting, 
they decay very late in the early Universe.

Temperature ~ MeV - GeV
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Low bound on Reheating Temperature

1. Big Bang Nucleosynthesis
: at low-reheating temperature, neutrinos are not fully thermalised
and the light element abundances are changed,

Bounds on low-reheating temperature from small-scale dark matter perturbations

(tentative)
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We investigate new bounds on the low-reheating temperature in a scenario where the Universe
experiences early matter-domination before reheating which begins the standard big bang cosmol-
ogy. In many models of dark matter, the small scale fluctuations of them grow during the early
matter-domination era and seed the formation of the ultracompact minihalos (UCMHs). Using the
constraints on the number of UCMHs given by astrophysical observations such as gamma-ray and
pulsar timing, we can find new bound on the low reheating temperature with around 100MeV in
the early Universe .

PACS numbers: 95.35.+d, 14.80.Ly, 98.80.Cq

Introduction.— The early Universe is very well
known to the temperature below around 1MeV. In other
words, the temperature of the Universe must be higher
than this to be consistent with the current observations
such as big bang nucleosynthesis, cosmic microwave back-
ground and large scale structure formation.

When the reheating temperature is low, the neutrinos
are not thermalized fully and do not have the Fermi-
Dirac distribution. This changes the proton-neutron ra-
tio and also the abundance of 4He, which sets the limit
on the reheating temperature as T

reh

& 0.5 � 0.7MeV
(or T

reh

& 2.5MeV � 4MeV in the case of hadronic de-
cays) [1, 2]. In this low-reheating temperature the oscil-
lation of neutrinos can a↵ect the thermalization too [3].

By combining with cosmic microwave background and
large scale structure data, the bound on the reheating
temperature can be increased [4–6]. From the recent
Planck data, the lower bound was obtained as T

reh

&
4.7MeV when the neutrino masses are allowed to vary [7].

Before reheating, the Universe is conventionally as-
sumed to be dominated by non-relativistic heavy parti-
cles during those times the Universe undergoes a matter-
like phase. The decay of them produces light thermalised
particles and the standard hot Universe begins. The spe-
cific examples of the early matter-domination before re-
heating are the inflaton oscillation phase after inflation
or the late-time domination of heavy long-lived particles
such as curvaton, moduli or gravitino/axino [8].

When the reheating temperature is low, it is often
that the dark matters are already non-relativistic and
decoupled from the relativistic thermal plasma. Their
density perturbations linearly grow during early matter-
domination and has more possibility to seed the dark
matter substructures such as ultracompact minihalos
(UCMHs), which are expected to survive to the present
time [9, 10]. The precise determination of the present

⇤Electronic address: kiyoungchoi@jnu.ac.kr
†Electronic address: tomot@cc.saga-u.ac.jp

number of UCMHs can provide clues to the early time of
the Universe.
Up to now there is no convincing observation of small

clumps of dark matter and this restricts the number
of UCMHs in the Universe. The bound was used to
put constraints on the primordial power spectrum. The
strongest one comes form the gamma-ray searches by the
Fermi Large Area Telescope, through the annihilation of
dark matters [11, 12]. There are also constraints from
pure gravitational observations using possible small dis-
tortions in the images of macrolensed quasar jets [13],
astrometric microlensing [14] or pulsar timing [15, 16].
In this Letter, we use the limit on the UCMHs abun-

dance to obtain new bound on the low-reheating tem-
perature. Especially using the pulsar timing constraint,
we find the lowest reheating temperature as T

reh

&
30 � 100MeV in relatively broad models of dark mat-
ter independent on their microscopic properties.

Density perturbation during early matter-
domination.— During the early matter-domination,
the density perturbation of dominating heavy particle,
�, grow linearly as

�� = �2�
0

� 2

3
�

0

✓
k

aiH(ai)

◆
2

a

ai
, (1)

where �� ⌘ �⇢�/⇢�, �0

is the primordial gravitational
potential, H is Hubble parameter, and a is scale factor
with i representing the initial time. Here the comoving
scale k which enters the horizon at the scale factor a
during early mater-domination has a relation with the
reheating scale k

reh

as

k = k
reh

✓
a

a
reh

◆�1/2

, (2)

where a
reh

(a < a
reh

) is the scale factor at the time of
reheating from the decay of �. The scale of reheating k

reh

can be calculated from the standard big bang cosmology
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Fermi Large Area Telescope, through the annihilation of
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for hadronic decays

[Kwasaki, Kohri, Sugiyama, 1999, 2000]
2. BBN+CMB 
 : precise calculation of the cosmic neutrino background and CMB 
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New bound on low-reheating temperature

3. Dark matter halos
: density perturbation during early matter-domination and no 
observation of small scale DM halos.

[KYChoi, Tomo Takahashi, 1705.01200]
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Thermalization during Reheating

X: SM particles
:quickly thermalized

X:  particles
relatively slowly thermalized

[Hamada et.al.,2016]
Leptogenesis during reheating

Non-thermal WIMP baryogenesis

Ki-Young Choia, Sin Kyu Kangb, Jongkuk Kima,⇤
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Abstract

We propose a WIMP baryogensis achieved by the annihilation of non-thermally produced WIMPs from decay of heavy particles,
which can result in low reheating temerature. Dark matter (DM) can be produced non-thermally during a reheating period created
by the decay of long-lived heavy particle, and subsequently re-annihilate to lighter particles even after the thermal freeze-out. The
re-annihilation of DM provides the observed baryon asymmetry as well as the correct relic density of DM. We investigate how
wahout e↵ects can a↵ect the generation of the baryon asymmetry and study a model suppressing them. In this scenario, we find
that DM can be heavy enough and its annihilation cross section can also be larger than that adopted in the usual thermal WIMP
baryogenesis.

Keywords: Baryogenesis, dark matter, early Universe

1. Introduction

The baryon density at present inferred from Cosmic Mi-
crowave Background (CMB) anisotropy and Big Bang Nucle-
osynthesis (BBN) is [1]

⌦Bh2 = 0.0223 ± 0.0002, (1)

which corresponds to the baryon asymmetry

YB ⌘ nB

s
' 0.86 ⇥ 10�10, (2)

�! 2X, EX ' m�
2

(3)

where nB and s is the baryon number density and entropy den-
sity respectively. There are many suggested models for baryo-
genesis. One of them is the thermal weakly interacting mas-
sive particle (WIMP) baryogenesis [2, 3, 4, 5], which has been
paid much attention for past few years thanks to the intrigu-
ing coincidence of the observed baryon and dark matter (DM)
abundances, ⌦B ' 5⌦DM . WIMP miraculously accounts for
⌦DM , and may play a role in generation of baryon asymmetry.
The WIMP baryogenesis mechanism [4] uses the WIMP dark
matter annihilation during thermal freeze-out. Baryogenesis is
successfully achieved because the WIMP annihilations violate
baryon number, C and CP, and the out-of-equilibrium is attained
when the DM number density is deviated from the thermal equi-
librium. For this scenario to be e↵ective, the temperature of the

⇤Corresponding author
Email addresses: kiyoungchoi@skku.edu (Ki-Young Choi),

skkang@snut.ac.kr (Sin Kyu Kang), jongkukkim@skku.edu (Jongkuk
Kim)

Universe must be larger than the freeze-out temperature of DM
which is Tfr ' m�/20. Therefore there is a limitation for low-
reheating temperature.

In new physics beyond the standard model (SM), there are
many long-lived massive particles (we call it � afterwards) that
can dominate the energy density of the Universe, and decay,
such as inflaton, moduli, gravitino, axino, curvaton, and etc [6].
These particles interact very weakly with visible sector and thus
decay very late in the Universe. The lifetime can be longer than
10�7 sec which corresponds to the cosmic temperature around
1 GeV, which is far after the electroweak phase transition and
freeze-out of WIMP DM with mass m� ⇠ O( TeV), whose
freeze-out temperature is around m�/20. Then, in the models
with such a long-lived particle, the reheating temperature can
be low enough. However, with such a low-reheating tempera-
ture, the relic abundance of DM can not be explained in simple
models for thermal WIMP freeze-out. In addition, it is ques-
tionable whether baryon asymmetry can be successfully gener-
ated in models with low-reheating temperature.

Since the primodial asymmetry generated is diluted during
the late time reheating, new generation of asymmetry is re-
quired. At the low temperature below the electorweak scale,
leptogenesis does not work since the conversion of lepton asym-
metry to baryon asymmetry via Shpaleron processes is e↵ective
at temperatures above the electorweak scale. Thus, alternative
to leptogenesis is demaned to generate baryon asymmetry in
models with low-reheating temperature. A direct generation
of baryon asymmetry [7] may be possible without the help of
Sphaleron processes.

The aim of this letter is to propose a possible way to gen-
erate baryon asymmetry applicable to models with low reheat-
ing temperature. We will show that DM can be produced from
heavy long-lived unstable particles and then both baryon and
DM abundances can be achieved by the re-annihilation of DM.
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osynthesis (BBN) is [1]

⌦Bh2 = 0.0223 ± 0.0002, (1)

which corresponds to the baryon asymmetry

YB ⌘ nB

s
' 0.86 ⇥ 10�10, (2)

�! 2X, EX ' m�
2

(3)

where nB and s is the baryon number density and entropy den-
sity respectively. There are many suggested models for baryo-
genesis. One of them is the thermal weakly interacting mas-
sive particle (WIMP) baryogenesis [2, 3, 4, 5], which has been
paid much attention for past few years thanks to the intrigu-
ing coincidence of the observed baryon and dark matter (DM)
abundances, ⌦B ' 5⌦DM . WIMP miraculously accounts for
⌦DM , and may play a role in generation of baryon asymmetry.
The WIMP baryogenesis mechanism [4] uses the WIMP dark
matter annihilation during thermal freeze-out. Baryogenesis is
successfully achieved because the WIMP annihilations violate
baryon number, C and CP, and the out-of-equilibrium is attained
when the DM number density is deviated from the thermal equi-
librium. For this scenario to be e↵ective, the temperature of the

⇤Corresponding author
Email addresses: kiyoungchoi@skku.edu (Ki-Young Choi),

skkang@snut.ac.kr (Sin Kyu Kang), jongkukkim@skku.edu (Jongkuk
Kim)

Universe must be larger than the freeze-out temperature of DM
which is Tfr ' m�/20. Therefore there is a limitation for low-
reheating temperature.

In new physics beyond the standard model (SM), there are
many long-lived massive particles (we call it � afterwards) that
can dominate the energy density of the Universe, and decay,
such as inflaton, moduli, gravitino, axino, curvaton, and etc [6].
These particles interact very weakly with visible sector and thus
decay very late in the Universe. The lifetime can be longer than
10�7 sec which corresponds to the cosmic temperature around
1 GeV, which is far after the electroweak phase transition and
freeze-out of WIMP DM with mass m� ⇠ O( TeV), whose
freeze-out temperature is around m�/20. Then, in the models
with such a long-lived particle, the reheating temperature can
be low enough. However, with such a low-reheating tempera-
ture, the relic abundance of DM can not be explained in simple
models for thermal WIMP freeze-out. In addition, it is ques-
tionable whether baryon asymmetry can be successfully gener-
ated in models with low-reheating temperature.

Since the primodial asymmetry generated is diluted during
the late time reheating, new generation of asymmetry is re-
quired. At the low temperature below the electorweak scale,
leptogenesis does not work since the conversion of lepton asym-
metry to baryon asymmetry via Shpaleron processes is e↵ective
at temperatures above the electorweak scale. Thus, alternative
to leptogenesis is demaned to generate baryon asymmetry in
models with low-reheating temperature. A direct generation
of baryon asymmetry [7] may be possible without the help of
Sphaleron processes.

The aim of this letter is to propose a possible way to gen-
erate baryon asymmetry applicable to models with low reheat-
ing temperature. We will show that DM can be produced from
heavy long-lived unstable particles and then both baryon and
DM abundances can be achieved by the re-annihilation of DM.
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While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermal particles are already
frozen, the non-thermal DMs can re-annihilate again into light
particles, when their number density is large enough to satisfy

n�h�Avi > H, (7)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (8)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (9)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
rearranged as [11]
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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out-of-thermal equilibrium

and X-X annihilation

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
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where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)
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where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as
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where f� is the branching ratio of � decay to DM, e.g. � !
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When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
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where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermal particles are already
frozen, the non-thermal DMs can re-annihilate again into light
particles, when their number density is large enough to satisfy

n�h�Avi > H, (7)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
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3M2
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(⇢� + ⇢r + ⇢�), (8)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
rearranged as [11]
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Freeze-out of Dark Matter

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis
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that the corresponding reheating temperature is relatively low.
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reheating temperature and the lifetime, ⌧�, is roughly given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
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The decay of � is continuous and even before reaching the
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are produced continuously. Right after the production, they
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consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
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til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.
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enough to satisfy
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where h�Avi ⇠ �A is the total annihilation cross section of non-
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with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as
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The Boltzmann equations which govern the evolution are
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
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vided in Section 4. We discuss how washout can be suppressed
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given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '
 

90
⇡2g⇤

!1/4 q
MP�� ' 2.5 GeV ⇥

 
10�7 sec
⌧�

!1/2

, (4)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by

�� ⇠ 1
64⇡

m3
�

⇤2 , and ⌧� ⇠ 10�7 sec
 

1 TeV
m�

!3 
⇤

1012 GeV

!2

,

(5)

respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
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The decay of � is continuous and even before reaching the
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are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

T > Tfr (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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DMs are in thermal eq.

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

T < Tfr n�h�Avi >< H (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

T < Tfr n�h�Avi < H (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
✓m�

2

◆
n�n�̄ , (11)
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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DMs are frozen

For thermal DM,

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

n� = neq
� (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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For non-thermal DM,

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

n� = n� ⇥ Br(�! XX̄) � neq
X (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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ṅ� + 3Hn� = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (12)
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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Even for

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
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component of DM which is produced from the thermal plasma,
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frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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Abstract

We propose a model of baryogensis achieved by the annihilation of non-thermally produced WIMPs from decay of heavy particles,
which can result in low reheating temerature. Dark matter (DM) can be produced non-thermally during a reheating period created
by the decay of long-lived heavy particle, and subsequently re-annihilate to lighter particles even after the thermal freeze-out. The
re-annihilation of DM provides the observed baryon asymmetry as well as the correct relic density of DM. We investigate how
wahout e↵ects can a↵ect the generation of the baryon asymmetry and study a model suppressing them. In this scenario, we find
that DM can be heavy enough and its annihilation cross section can also be larger than that adopted in the usual thermal WIMP
baryogenesis.
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1. Introduction

The baryon density at present inferred from Cosmic Mi-
crowave Background (CMB) anisotropy and Big Bang Nucle-
osynthesis (BBN) is [1]

⌦Bh2 = 0.0223 ± 0.0002, (1)

which corresponds to the baryon asymmetry

YB ⌘ nB

s
' 0.86 ⇥ 10�10, (2)

�! 2X, EX ' m�
2

(3)

where nB and s is the baryon number density and entropy den-
sity respectively. There are many suggested models for baryo-
genesis. One of them is the thermal weakly interacting mas-
sive particle (WIMP) baryogenesis [2, 3, 4, 5], which has been
paid much attention for past few years thanks to the intrigu-
ing coincidence of the observed baryon and dark matter (DM)
abundances, ⌦B ' 5⌦DM . WIMP miraculously accounts for
⌦DM , and may play a role in generation of baryon asymmetry.
The WIMP baryogenesis mechanism [4] uses the WIMP dark
matter annihilation during thermal freeze-out. Baryogenesis is
successfully achieved because the WIMP annihilations violate
baryon number, C and CP, and the out-of-equilibrium is attained
when the DM number density is deviated from the thermal equi-
librium. For this scenario to be e↵ective, the temperature of the
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Universe must be larger than the freeze-out temperature of DM
which is Tfr ' m�/20. Therefore there is a limitation for low-
reheating temperature.

In new physics beyond the standard model (SM), there are
many long-lived massive particles (we call it � afterwards) that
can dominate the energy density of the Universe, and decay,
such as inflaton, moduli, gravitino, axino, curvaton, and etc [6].
These particles interact very weakly with visible sector and thus
decay very late in the Universe. The lifetime can be longer than
10�7 sec which corresponds to the cosmic temperature around
1 GeV, which is far after the electroweak phase transition and
freeze-out of WIMP DM with mass m� ⇠ O( TeV), whose
freeze-out temperature is around m�/20. Then, in the models
with such a long-lived particle, the reheating temperature can
be low enough. However, with such a low-reheating tempera-
ture, the relic abundance of DM can not be explained in simple
models for thermal WIMP freeze-out. In addition, it is ques-
tionable whether baryon asymmetry can be successfully gener-
ated in models with low-reheating temperature.

Since the primodial asymmetry generated is diluted during
the late time reheating, new generation of asymmetry is re-
quired. At the low temperature below the electorweak scale,
leptogenesis does not work since the conversion of lepton asym-
metry to baryon asymmetry via Shpaleron processes is e↵ective
at temperatures above the electorweak scale. Thus, alternative
to leptogenesis is demaned to generate baryon asymmetry in
models with low-reheating temperature. A direct generation
of baryon asymmetry [7] may be possible without the help of
Sphaleron processes.

The aim of this letter is to propose a possible way to gen-
erate baryon asymmetry applicable to models with low reheat-
ing temperature. We will show that DM can be produced from
heavy long-lived unstable particles and then both baryon and
DM abundances can be achieved by the re-annihilation of DM.
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While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '
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!1/4 q
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10�7 sec
⌧�

!1/2

, (4)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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!2

,
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respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (8)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (9)
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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consider the SM particles from the inflaton decay are out-of equilibrium until
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For DMs, they follow the thermal equilibrium initially and soon
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til the re-annihilation happens e�ciently. There is a thermal
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and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
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where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (9)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
 

f���⇢�
h�Avim�

!1/2

/ a�3/2. (14)

After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2

reh

 
90
⇡2g⇤

!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
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10�3
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(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of a/ai. As inputs we have taken
Treh = 1.3 GeV (corresonding to a/ai ' 105), m� = 1 TeV, f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation of YB, we
have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (16)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (17)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (18)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (17) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (19)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (20)

where we have used Eq. (13) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (21)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�annvi > m�
3MPT 2
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from Eq. (6). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�
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h�Avi
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (23), we have used

n�
s
' 3

4
Treh

m�
. (24)

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with a/ai for
Treh = 1.3GeV and m� = 1TeV. We can see that the reheating
happens at around a/ai ' 105 and the energy density of the
radiation shows the scaling behavior decreasing proportional to
a�3/2 before reheating and to a�3 after reheating, as shown in
the Eq. (12).

3

12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMPy Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '
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10�7 sec
⌧�
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, (3)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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⇤2 , and ⌧� ⇠ 10�7 sec
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⇤

1012 GeV
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,

(4)

respectively. Therefore in the following we will focus on the
case of m� = 1 TeV with ⇤ = 1012 GeV, which gives a reheat-
ing temperature lower than the WIMP freeze-out temperature.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (5)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.
However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Tfr is low enough and thermal particles are
already frozen, the non-thermal DMs can re-annihilate again
into light particles, when their number density is large enough
to satisfy

n�h�Avi > H, (6)

where h�Avi is the thermal averaged total annihilation cross
section of DM. The Hubble parameter H is given by the total
sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (7)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (8)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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2
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ṅ� + 3Hn� = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (10)
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�̄ ) , (11)

where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄. Here, h�Avi is the baryon-number conserving thermal
averaged annihilation cross section of DM.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by

⇢� = ⇢�,i
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
rearranged as [11]
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12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMPy Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
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respectively. Therefore in the following we will focus on the
case of m� = 1 TeV with ⇤ = 1012 GeV, which gives a reheat-
ing temperature lower than the WIMP freeze-out temperature.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2
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g⇤T 4, (5)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.
However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Tfr is low enough and thermal particles are
already frozen, the non-thermal DMs can re-annihilate again
into light particles, when their number density is large enough
to satisfy

n�h�Avi > H, (6)

where h�Avi is the thermal averaged total annihilation cross
section of DM. The Hubble parameter H is given by the total
sum of the energy density in the Universe as

H2 =
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3M2
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where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as
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where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄. Here, h�Avi is the baryon-number conserving thermal
averaged annihilation cross section of DM.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
rearranged as [11]
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FIG. 1: Momentum evolution of the non-thermally produced
dark matter for di↵erent reheating temperatures, Treh =
0.2GeV (Blue), 30MeV (Red), 5MeV (Magenta). In this plot,
we set m� = 300GeV. The initial momentum of the DM is
given as preh� = 20m�. The dashed lines are the kinetic equi-

librium values, peq� =
p

3m�T .

non-relativistic in both frames. In the last case, the ad-
ditional factor in the elastic scattering rate drives p� to
the equilibrium value, peq� =

p
3m�T . For the order

of magnitude estimation, we obtain h�elvrel�p�i/p� ⇠
h�elvrelih�pi�/p�. Thus the additional factors of the
scattering rate, 1 (I), p�T/m2

� (II), T/m� (III) are eas-
ily understood from the fact that the allowed phase space,
h�pi�/p�, becomes wider as the collision energies be-
come higher. Since the common factor n� depends on the
temperature, the DM can quickly arrive at kinetic equi-
librium or it can just decouple relativistically depending
on Treh.

When the initial momentum of the dark matter is much
greater than m�, Fig. 1 shows possible evolution of the
momentum for di↵erent reheating temperatures. At a
relatively high reheating temperature, the elastic scat-
tering rate is large enough to make the dark matter in
kinetic equilibrium instantaneously after its production.
As the temperature goes down, the momentum follows
the equilibrium value (peq� / 1/

p
a) until the kinetic de-

coupling. If the reheating temperature is relatively low,
after the dark matter momentum experiences a small
sharp suppression around Treh, it slowly decreases as
p� / 1/a, and it could become non-relativistic well after
reheating (magenta line).

There is a natural connection between the momentum
evolution and the dark matter pair annihilation rate. For
example, if they are highly relativistic, the cross-section
becomes h�annvreli� / 1/p2�, and it will increase as the
energy of the particle decreases. Therefore, if the dark
matter is not instantaneously thermalized, the annihi-
lation of the dark matter could happen later when the
annihilation cross-section becomes large enough to start
the annihilation.

Since the corresponding dark matter abundance is af-

fected by the evolution of the annihilation cross-section,
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Boltzmann equations will be discussed in future work.
Two limiting cases are familiar. One is that p�(u)
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riod much shorter than the Hubble time as given in
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three mechanisms for the relic density of the DM. After
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2

reh

 
90
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!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as
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(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
h�Avi

n�
s

⇠ 10�10
✓ ✏
10�3

◆ f�
10�2

! h�/Bvi/h�Avi
10�2

! 
Treh/m�

10�3

!
,

(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
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(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '
 

90
⇡2g⇤

!1/4 q
MP�� ' 2.5 GeV ⇥

 
10�7 sec
⌧�

!1/2

, (4)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by

�� ⇠ 1
64⇡

m3
�

⇤2 , and ⌧� ⇠ 10�7 sec
 

1 TeV
m�

!3 
⇤

1012 GeV

!2

,

(5)

respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (8)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (9)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
✓m�

2

◆
n�n�̄ , (10)

ṅ� + 3Hn� = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (11)

ṅ�̄ + 3Hn�̄ = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (12)

where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by

⇢� = ⇢�,i

✓ai

a

◆3
e���t,

⇢r ' 2
5

(1 � f�)��
H

⇢� / a�3/2.

(13)

For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
 

f���⇢�
h�Avim�

!1/2

/ a�3/2. (14)

After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.

2
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

rearranged as [11]

Y� ⌘ n�
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' H(Treh)
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, (15)

and the corresponding relic density of DM is

⌦�h2 ' 0.14
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2

reh

 
90
⇡2g⇤

!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
h�Avi

n�
s

⇠ 10�10
✓ ✏
10�3

◆ f�
10�2

! h�/Bvi/h�Avi
10�2

! 
Treh/m�

10�3

!
,

(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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Evolution of Baryon Asymmetry
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

rearranged as [11]
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' H(Treh)
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
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4
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. (25)
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

rearranged as [11]

Y� ⌘ n�
s
' H(Treh)
h�Avis '

1
4

 
90
⇡2g⇤

!1/2 1
h�AviMPTreh

, (15)

and the corresponding relic density of DM is

⌦�h2 ' 0.14
 

90
⇡2g⇤

!1/2✓ m�
1 TeV

◆ 10�8 GeV�2

h�Avi
! 

20 GeV
Treh

!
. (16)

Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
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=
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1/2
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (16)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (17)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (18)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (17) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (19)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (20)

where we have used Eq. (13) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (21)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�annvi > m�
3MPT 2
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from Eq. (6). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
h�Avi

n�
s

⇠ 10�10
✓ ✏
10�3

◆ f�
10�2

! h�/Bvi/h�Avi
10�2

! 
Treh/m�

10�3

!
,

(23)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (23), we have used

n�
s
' 3

4
Treh

m�
. (24)

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with a/ai for
Treh = 1.3GeV and m� = 1TeV. We can see that the reheating
happens at around a/ai ' 105 and the energy density of the
radiation shows the scaling behavior decreasing proportional to
a�3/2 before reheating and to a�3 after reheating, as shown in
the Eq. (12).
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
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=
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1/2
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2

reh

 
90
⇡2g⇤

!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
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2
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=
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai with m� = 2 TeV. As
inputs we have taken m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 100 or a/ai ' 105), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted)
GeV�2. In the calculation of YB, we have used ✏ = 0.001, m = 3 TeV and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the
equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (16)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (17)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (18)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (17) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (19)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final parti-
cles, denoted by  with mass m , produced from the B number

violating annihilation of DM is non-relativistic while keeping
in thermal equilibrium and thus its number density, neq, is ex-
ponentially suppressed as e�m /T .

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=
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1/2
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where we have used Eq. (13) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (21)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�

3MPT 2
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from Eq. (6). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (23), we have used
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GeV�2. In the calculation of YB, we have used ✏ = 0.001, m = 3 TeV and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (16)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (17)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (18)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (17) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
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⌧ 1. (19)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final parti-
cles, denoted by  with mass m , produced from the B number

violating annihilation of DM is non-relativistic while keeping
in thermal equilibrium and thus its number density, neq, is ex-
ponentially suppressed as e�m /T .

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
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2
3H
=

2✏ f���MPp
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1/2
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where we have used Eq. (13) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (21)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�

3MPT 2
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from Eq. (6). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
h�Avi

n�
s

⇠ 10�10
✓ ✏

10�3

◆ f�
10�2

! h�/Bvi/h�Avi
10�2

! 
Treh/m�

10�3

!
,

(23)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (23), we have used

n�
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4
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
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2
3H
=

2✏ f���MPp
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1/2
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, m� = 2 TeV, Treh = 20 GeV, ✏ = 0.001, m = 3 TeV, h�Avi = 10�8 GeV�2, and
f� = 0.01 (Left) and and h�/Bvi = 0.005 ⇥ h�Avi GeV�2 (Right).

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV, m� = 2 TeV, and m� = 5TeV. We
can see that the reheating happens at around x ' 100 (or a/ai '
105) and the energy density of the radiation shows the scaling
behavior decreasing proportional to a�3/2 before reheating and
to a�3 after reheating, as shown in the Eq. (12).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (25)

where we have used Eq. (13) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (13), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (14).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 19, 20]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (20). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (20). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained. Here we used m =
3 TeV to suppress the wash-out e↵ect. The dependence of YB

on m will be presented in Fig. 3.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2

and h�/Bvi = 0.005 ⇥ h�Avi GeV�2. One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�16 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 3 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

In the left panel of Fig. 1, we show how the background en-
ergy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV and m� = 5TeV. We can see that
the reheating happens at around x ' 50 (or a/ai ' 104) and the
energy density of the radiation shows the scaling behavior de-
creasing proportional to a�3/2 before reheating and to a�3 after
reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this
figure, as can be seen in Eq. (21). We can see from the figure

that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
One can easily see that the final YB is proportional to not only
h�/Bvi in the left panel, but also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, m� = 2 TeV, Treh = 20 GeV, ✏ = 0.001, m = 3 TeV, h�Avi = 10�8 GeV�2, and
f� = 0.01 (Left) and and h�/Bvi = 0.005 ⇥ h�Avi GeV�2 (Right).

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV, m� = 2 TeV, and m� = 5TeV. We
can see that the reheating happens at around x ' 100 (or a/ai '
105) and the energy density of the radiation shows the scaling
behavior decreasing proportional to a�3/2 before reheating and
to a�3 after reheating, as shown in the Eq. (12).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (25)

where we have used Eq. (13) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (13), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (14).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 19, 20]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (20). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (20). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained. Here we used m =
3 TeV to suppress the wash-out e↵ect. The dependence of YB

on m will be presented in Fig. 3.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2

and h�/Bvi = 0.005 ⇥ h�Avi GeV�2. One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�16 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 3 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, m� = 2 TeV, Treh = 20 GeV, ✏ = 0.001, m = 3 TeV, h�Avi = 10�8 GeV�2, and
f� = 0.01 (Left) and and h�/Bvi = 0.005 ⇥ h�Avi GeV�2 (Right).

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with x = m�/T
(or a/ai) for Treh = 20 GeV, m� = 2 TeV, and m� = 5TeV. We
can see that the reheating happens at around x ' 100 (or a/ai '
105) and the energy density of the radiation shows the scaling
behavior decreasing proportional to a�3/2 before reheating and
to a�3 after reheating, as shown in the Eq. (12).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (25)

where we have used Eq. (13) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (13), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (14).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 19, 20]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (20). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (20). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained. Here we used m =
3 TeV to suppress the wash-out e↵ect. The dependence of YB

on m will be presented in Fig. 3.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2

and h�/Bvi = 0.005 ⇥ h�Avi GeV�2. One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�16 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 3 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

rearranged as [11]
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi > m�
3MPT 2

reh

 
90
⇡2g⇤

!1/2

, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as

YB ⇠ ✏ h�/Bvi
h�AviY� = ✏ f�

h�/Bvi
h�Avi
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s
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,

(24)

where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
s
' 3

4
Treh

m�
. (25)
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
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with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by
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where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin2
�

2
3H
=

2✏ f���MPp
3m�

h�/Bvi
h�Avi⇢

1/2
� / a�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
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with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,
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from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as
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where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
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Then the Boltzmann equation for the baryon asymmetry nB

is given by
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which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
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where we have used Eq. (14) and t = 2/3H during matter-
domination.
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scenario in the sudden decay approximation. After reheating,
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as
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where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by
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where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
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�/B(��! · · · ) + �/B(�̄�̄! · · · ) , (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by
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where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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This condition is satisfied when nBneq ⌧ n2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as
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where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is
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can happen when the WIMP annihilation cross section satisfies
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used
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Figure 1: Schematic diagrams showing the evolution of the asymmetry created by dark matter annihilation.
(left) Model where asymmetry created in exotic antibaryons is sequestered in a sterile sector through baryon-
number-conserving decays. (right) Model where asymmetry created in exotic antibaryons is converted into a
Standard Model baryon asymmetry through baryon-number-violating decays.

generate a baryon asymmetry that depends on the amount of dark matter annihilation occurring during
washout freeze-out, which is comparable to the dark matter density at that time.

We present models that satisfy all three Sakharov conditions, and that simultaneously generate the observed
baryon asymmetry and WIMP relic density. In particular, we find that there exist successful models of WIMPy
baryogenesis with O(1) couplings and CP phases, and weak-scale masses for all new fields. This is an extension
of the WIMP miracle to also include baryogenesis, although we show that the size of the generated asymmetry
is sensitive to the parameters in the theory and can vary by several orders of magnitude from the observed
asymmetry.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes that have the
potential to wash out the asymmetry, and their freeze-out is crucial to create the observed baryon asymmetry.
In our models, the two leading sources of washout are inverse annihilations of baryons into dark matter
and baryon-to-antibaryon processes. Washout scatterings must be suppressed to generate a sizeable baryon
asymmetry because, as we show in Section 2, any asymmetry generated prior to washout freeze-out1 is rapidly
damped away. After washout processes freeze out, dark matter annihilations can efficiently create a baryon
asymmetry, and the final asymmetry depends on how much dark matter remains when washout scatterings
freeze out. Washout freeze-out must occur before that of WIMP annihilation, at which point dark matter
annihilation is no longer efficient and no sizeable asymmetry can be created. Thus, we find our central result:
if washout processes freeze out before WIMP freeze-out, then a large baryon asymmetry may accumulate, and
its final value is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse annihilations will be
Boltzmann-suppressed for T < mDM because the thermal baryon fields are no longer energetic enough to
annihilate back into dark matter. Baryon-antibaryon scatterings, however, can remain rapid at temperatures
well below mDM. The only way to suppress baryon-to-antibaryon washout is if all washout processes involve a
heavy exotic baryon field in the initial state. We illustrate this scenario in Figure 1, showing how dark matter
annihilates to Standard Model baryons plus an exotic baryon, as well as the possible decays of the exotic
baryon (either through baryon-preserving or baryon-violating interactions). If this exotic field has a mass
! mDM, its abundance is Boltzmann-suppressed at T < mDM and suppresses the washout rate. Meanwhile,
dark matter annihilations are not kinematically allowed if the heavy baryon field has mass ! 2mDM, so the
mass condition mDM " mexotic baryon " 2mDM is essential to generate a large baryon asymmetry through
WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard Model quarks along
with an equal negative asymmetry stored in the exotic baryon field. It is important that the decays of the

1The time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble expansion rate. This
is analogous to the freeze-out of WIMP annihilation.
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

First we show the numerical results without wash-out ef-
fects in Figs. 1 and 2. In the left panel of Fig. 1, we show
how the background energy density of � and the radiation elove
along with x = m�/T (or a/ai) for Treh = 20 GeV and m� =
5TeV. We can see that the reheating happens at around x ' 50
(or a/ai ' 104) and the energy density of the radiation shows
the scaling behavior decreasing proportional to a�3/2 before re-
heating and to a�3 after reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (21). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
What is h�/Bvi in the Right figure? One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
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Toy Model

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
S ↵, and vectorlike exotic quark color triplets  i and  ̄i, with an
interaction

�L = � i
2

(�X↵X2 + �0X↵X̄2)S ↵ + i�B↵S ↵ū . (26)

The DM annihilations occurs through the intermediate S states
into u and  ,

XX ! S ⇤ ! ū , and X̄X̄ ! S ⇤ ! u †. (27)

At the same time, we assume that there are DM annihilations
that do not violate baryon number. A baryon asymmetry is gen-
erated in u as well as in  . Since we consider  is decoupled
from the SM sector while in equilibrium with the hidden sec-
tor fields, the baryon asymmetry in the SM field is not elimi-
nated. We assume that the reheating temperature is lower than
the mass scale of  , Treh ⌧ m , so that the washout e↵ect is
suppressed thanks to the exponential suppression of the num-
ber density of  as shown in Fig. 3.

The CP asymmetry is given by [4]

✏ ' � 1
6⇡

Im(�2
B1�
⇤2
B2)

|�B1|2
(28)

where we assumed that m� � m . For the couplings �X = 1 and
�B1 = �B2 = 0.1, the CP asymmetry given by Eq. (28) is around
✏ ⇠ 2.5 ⇥ 10�4 in the case of the maximal CP violating phase.
The B violating DM annihilation cross section is estimated as
�/B ⇠ (�X�B)2 1

m2
S
.

In Fig. 4, we show the e↵ects of the wash-out depending on
m for di↵erent model parameters, �B ⌘ �B1 = �B2 = 1 (solid
line), 0.1 (dashed line), 0.01 (dotted line) and �X = 1 for Treh =
20 GeV and m� = 2 TeV. As can be seen here, the washout of
YB is sizable for m . Treh, whereas that is ine↵ective for m &
500 GeV which corresponds roughly to 25Treh. The horizontal
line represents the required baryon asymmetry in Eq. (2).

In this model, since the particle  has color charges, m� is
strongly constrained by the collider searches. From the current
LHC gluino search, it is inferred that the lower bounds on m�

are 1.3 TeV � 1.6 TeV depending on neutralino mass [21]. The
shaded region in Fig. 4 is disfavored by those bounds. For suf-
ficient suppression of wash-out, we require that the reheating
temperature is smaller than m /25. At the same time, if we as-
sume that the reheating temperature is smaller than the thermal
freeze-out temperature of DM, then we need Treh < m�/25.

The relic density of dark matter is determined as in Eq. (15)
which depends on the total annihilation cross section of dark
matter as well as the reheating temperature. For Treh = 20 GeV,
and m� = 2 TeV, the right value of the DM relic density can be
obtained with h�Avi ' 5 ⇥ 10�8 GeV�2. This gives a testable
window in the indirect detection of dark matter depending on
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Figure 3: Plots of Y� and YB for di↵erent values of m = 3 TeV (solid), 1.5 TeV
(dash-dotted), 300 GeV (dashed), 150 GeV (dotted). Other model parameters
are fixed with the same values in Fig. 2 and h�/Bvi = 5 ⇥ 10�3h�Avi.
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Figure 4: Plot of YB versus m for di↵erent model parameters in the Section
4: �X = 1 and �B =1 (solid), 0.1 (dashed), 0.01 (dotted) with mS = 10 TeV,
m� = 2 TeV, and Treh = 20 GeV. The green horizontal line is the measured
baryon abundance in Eq. (2) and shaded region is disfavored by the collider
experiment.

the annihilation modes. If the dominant annihilation modes of
dark matter is bb̄ then it might be marginally possible to detect
signals in the gamma-ray detection [22]. On the other hand, if
the dominant annihilation is into the hidden sector, then it might
be di�cult to see signals through the indirect searches.

5. Conclusion

In this work, we have proposed a WIMP baryogenesis that
can be reconciled with low reheating temperature. In this sce-
nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
We have investigated how wahout e↵ects can a↵ect the gener-
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baryon abundance in Eq. (2) and shaded region is disfavored by the collider
experiment.

the annihilation modes. If the dominant annihilation modes of
dark matter is bb̄ then it might be marginally possible to detect
signals in the gamma-ray detection [22]. On the other hand, if
the dominant annihilation is into the hidden sector, then it might
be di�cult to see signals through the indirect searches.
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Figure 4: Diagrams of tree and loop contributions to the XX annihilation cross section. The difference between
these rates and their conjugates generates a lepton asymmetry.

3.1.2 Asymmetry generation

In this model, a lepton asymmetry can in principle be generated through two processes: the more conventional
process of Sα decay into Liψi and their conjugates (or directly into Li + ni + H if mψ > mS), and XX
annihilation into the same final states. We show these in Figures 3 and 4, respectively, assuming that decay
and annihilation occur predominantly through the lightest scalar S1. Existing work discusses the relevant
processes for generating a lepton asymmetry through 2 → 2 scattering [12], although the authors consider
only high-scale models (T ! 109 GeV) with qualitatively different features than WIMPy leptogenesis. CP -
violating phases in our model appear in the interference between tree-level and one-loop diagrams. We define
asymmetry factors for the decay of the lightest scalar S1 and for WIMP annihilations, respectively, in the
manner of conventional leptogenesis:

ϵ1 =
Γ(S1 → ψiLi)− Γ(S1 → ψ†

iL
†
i )

Γ(S1 → ψiLi) + Γ(S1 → ψ†
iL

†
i )
, (20)

ϵ2 =
σ(XX → ψiLi) + σ(X̄X̄ → ψiLi)− σ(XX → ψ†

iL
†
i )− σ(X̄X̄ → ψ†

iL
†
i )

σ(XX → ψiLi) + σ(X̄X̄ → ψiLi) + σ(XX → ψ†
iL

†
i ) + σ(X̄X̄ → ψ†

iL
†
i )
. (21)

ϵ1 gives the fractional asymmetry generated per S1 decay, while ϵ2 gives the fractional asymmetry generated
per XX annihilation. The precise values of ϵ1, ϵ2 in this case depend on the masses mSα and the couplings
λαi.

To reduce the number of arbitrary parameters in our analysis, we make the following assumptions:

• Dark matter annihilation occurs dominantly to only one flavor of lepton, and the couplings of all other
leptons to Sα are zero. The non-zero couplings of the single lepton flavor are denoted λLα.

• Dark matter annihilation and washout occur mostly through the lightest scalar, S1, and we consider the
rates of only these processes in our analysis. For concreteness, we require that the corresponding cross
sections with intermediate S2 to be less than 20% of the corresponding cross sections with S1, giving
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nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
We have investigated how wahout e↵ects can a↵ect the gener-
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3962� 3933.7

3933.7
⇥ c = 2158.27km/sec (17)

z =
�� �

0

�
0

=
v

c
(18)

1



Ki-Young Choi, Sungkyunkwan University, Korea

Baryon Asymmetry vs Wash-out

DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
S ↵, and vectorlike exotic quark color triplets  i and  ̄i, with an
interaction

�L = � i
2

(�X↵X2 + �0X↵X̄2)S ↵ + i�B↵S ↵ū . (27)

The DM annihilations occurs through the intermediate S states
into u and  ,

XX ! S ⇤ ! ū , and X̄X̄ ! S ⇤ ! u †. (28)

At the same time, we assume that there are DM annihilations
that do not violate baryon number. A baryon asymmetry is gen-
erated in u as well as in  . Since we consider  is decoupled
from the SM sector while in equilibrium with the hidden sec-
tor fields, the baryon asymmetry in the SM field is not elimi-
nated. We assume that the reheating temperature is lower than
the mass scale of  , Treh ⌧ m , so that the washout e↵ect is
suppressed thanks to the exponential suppression of the num-
ber density of  as shown in Fig. 3.

The CP asymmetry is given by [4]

✏ ' � 1
6⇡

Im(�2
B1�
⇤2
B2)

|�B1|2
(29)

where we assumed that m� � m . For the couplings �X = 1 and
�B1 = �B2 = 0.1, the CP asymmetry given by Eq. (29) is around
✏ ⇠ 2.5 ⇥ 10�4 in the case of the maximal CP violating phase.
The B violating DM annihilation cross section is estimated as
�/B ⇠ (�X�B)2 1

m2
S
.

In Fig. 4, we show the e↵ects of the wash-out depending on
m for di↵erent model parameters, �B ⌘ �B1 = �B2 = 1 (solid
line), 0.1 (dashed line), 0.01 (dotted line) and �X = 1 for Treh =
20 GeV. As can be seen here, the washout of YB is sizable for
m . Treh, whereas that is ine↵ective for m & 500 GeV which
corresponds roughly to 25Treh. The horizontal line represents
the required baryon asymmetry in Eq. (2).

In this model, since the particle  has color charges, m� is
strongly constrained by the collider searches. From the cur-
rent LHC gluino search, it is inferred that the lower bounds on
m� are 1.3 TeV � 1.6 TeV depending on neutralino mass [20].
The shaded region in Fig. 4 is disfavored by those bounds. In
our scenario, since the dark matter is heavier than  satisfying
with 2m� > m , the reheating temperature should be smaller
than min[m /25,m�/25] for the successful non-thermal WIMP
baryogenesis.

In our model, the relic density of dark matter is determined
as in Eq. (16) which depends on the total annihilation cross sec-
tion of dark matter as well as the reheating temperature. For
Treh = 20 GeV, and m� = 1 TeV, the right value of the DM relic
density can be obtained with h�Avi ' 2.4 ⇥ 10�8 GeV�2. This
gives a testable window in the indirect detection of dark matter
depending on the annihilation modes. If the dominant annihi-
lation modes of dark matter is bb̄ then it might be marginally
possible to detect signals in the gamma-ray detection [21]. On
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Figure 3: Plots of Y� and YB for di↵erent values of m = 5 TeV (solid), 1.5 TeV
(dash-dotted), 300 GeV (dashed), 150 GeV (dotted). Other model parameters
are fixed with the same values in Fig. 2 and h�/Bvi = 5 ⇥ 10�3h�Avi.
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Figure 4: Plot of YB versus m for di↵erent model parameters in the Section 4:
�X = 1 and �B =1 (solid), 0.1 (dashed), 0.01 (dotted) with mS = 10 TeV and
Treh = 20 GeV. The green horizontal line is the measured baryon abundance in
Eq. (2) and shaded region is disfavored by the collider experiment.

the other hand, if the dominant annihilation is into the hidden
sector, then it might be di�cult to see signals through the indi-
rect searches.

5. Conclusion

In this work, we have proposed a WIMP baryogenesis that
can be reconciled with low reheating temperature. In this sce-
nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
We have investigated how wahout e↵ects can a↵ect the gener-
ation of the baryon asymmetry and studied a model suppress-
ing them by introducing a heavy particle  , which is decoupled
from the SM fields when it is produced. From the analysis, we
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Figure 2: Plots of Y� and YB for h�/Bvi = 10�9 (solid), 10�10 (dashed), 10�11 (dotted) GeV�2 (left panel) and f� = 10�1 (solid), 10�5 (dashed), 0 (dotted) (right
panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

First we show the numerical results without wash-out ef-
fects in Figs. 1 and 2. In the left panel of Fig. 1, we show
how the background energy density of � and the radiation elove
along with x = m�/T (or a/ai) for Treh = 20 GeV and m� =
5TeV. We can see that the reheating happens at around x ' 50
(or a/ai ' 104) and the energy density of the radiation shows
the scaling behavior decreasing proportional to a�3/2 before re-
heating and to a�3 after reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (21). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
What is h�/Bvi in the Right figure? One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
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panel). Other parameters are fixed by the same values in Fig. 1: m� = 5 TeV, Treh = 20 GeV, f� = 0.01, ✏ = 0.001, and h�Avi = 10�8 GeV�2.

3. Numerical Results

First we show the numerical results without wash-out ef-
fects in Figs. 1 and 2. In the left panel of Fig. 1, we show
how the background energy density of � and the radiation elove
along with x = m�/T (or a/ai) for Treh = 20 GeV and m� =
5TeV. We can see that the reheating happens at around x ' 50
(or a/ai ' 104) and the energy density of the radiation shows
the scaling behavior decreasing proportional to a�3/2 before re-
heating and to a�3 after reheating, as shown in the Eq. (13).

In the right panel of Fig. 1, we plot Y� and YB for h�Avi =
10�7 (solid line), 10�8 (dashed line), 10�9 (dotted line) GeV�2.
We take ✏ = 0.001 and f� = 0.01 as inputs, and the ratio,
h�/Bvi/h�Avi, is fixed to be 5 ⇥ 10�3. Note that DMs are in the
thermal equilibrium initially and frozen and soon become domi-
nated by the non-thermal components produced from the decay
of � at around a/ai ' 103 corresponding to x = m�/T ' 20.
During this period, the abundance Y� scales as

Y� =
n� + n�̄

s
⇠ a�3/2

T 3 / a�3/8, (26)

where we have used Eq. (14) and adopted T / a�3/2 during
matter domination. This scaling can be seen in the right panel
of Fig. 1. The abundance of DM in the scaling regime depends
on h�Avi�1/2 as in Eq. (14), however after reheating, the DMs
re-annihilate quickly and the final relic density is inversely pro-
portional to h�Avi as in Eq. (15).

As mentioned above, baryon asymmetry can be generated
from the annihilatons of WIMP DM when DM begins to devi-
ate from the equilibrium and washout e↵ect freezes out, that
is called (thermal) WIMPy baryogenesis [4, 18, 19]. How-
ever, during matter-dominated era, the baryon asymmetry is
soon dominated by that generated from the annihilation of non-
thermal DM. During this period, the baryon asymmetry also
shows the scaling behavior as in Eq. (21). In the right panel of
Fig. 1, the abundance of baryon asymmetry, YB appears inde-
pendent of h�Avi because the ratio h�/Bvi/h�Avi is fixed in this

figure, as can be seen in Eq. (21). We can see from the figure
that the required value for the baryon asymmetry YB ⇠ 10�10

given in Eq. (2) can be easily obtained.
In Fig. 2, we show the evolution of Y� and YB for di↵er-

ent values of h�/Bvi (left panel) and f� (right panel). We take
h�/Bvi = 10�9 (solid line), 10�10 (dashed line), 10�11 (dotted
line) GeV�2 in the left panel and f� = 10�1 (solid line), 10�5

(dashed line), and 0 (dotted line) in the right panel for the same
inputs as in Fig. 1, except that we chose h�Avi = 10�8 GeV�2.
What is h�/Bvi in the Right figure? One can easily see that the
final YB is proportional to not only h�/Bvi in the left panel, but
also f� in the right panel.

In the limit of f� ! 0, there is no DM production from the
decay of heavier particle. However it does not simply lead to
the result of thermal WIMP baryogenesis. Instead, the baryon
asymmetry generated from the decay of � during the WIMP
freeze-out is diluted due to the entropy generation. This can
be seen in the right figure of Fig. 2. In this case with f� = 0,
we find that YB ' 10�15 and Y� ' 10�14, which is too small to
explain baryogenesis and dark matter relic density simultane-
ously.

In Fig. 3, we show the e↵ects of wash-out by changing
the mass of a particle,  , which is produced in the B-violating
DM annihilation. Here we have used m = 5 TeV (solid line),
1.5 TeV (dashed line), 300 GeV (dot-dashed line), 150 GeV (dot-
ted line). We can clearly see from Fig. 3 that the wash-out is
e↵ective and thus YB is suppressed when T & m , but at lower
temperatures T . m /25 the wash-out is suppressed and thus
YB can be sizable. For a given reheating temperature Treh =
20 GeV, the final YB is a↵ected when m . 500 GeV, which is
roughly 25Treh. Note that Y� is indendent of the washout e↵ect.

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
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4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
S ↵, and vectorlike exotic quark color triplets  i and  ̄i, with an
interaction

�L = � i
2

(�X↵X2 + �0X↵X̄2)S ↵ + i�B↵S ↵ū . (26)

The DM annihilations occurs through the intermediate S states
into u and  ,

XX ! S ⇤ ! ū , and X̄X̄ ! S ⇤ ! u †. (27)

At the same time, we assume that there are DM annihilations
that do not violate baryon number. A baryon asymmetry is gen-
erated in u as well as in  . Since we consider  is decoupled
from the SM sector while in equilibrium with the hidden sec-
tor fields, the baryon asymmetry in the SM field is not elimi-
nated. We assume that the reheating temperature is lower than
the mass scale of  , Treh ⌧ m , so that the washout e↵ect is
suppressed thanks to the exponential suppression of the num-
ber density of  as shown in Fig. 3.

The CP asymmetry is given by [4]

✏ ' � 1
6⇡

Im(�2
B1�
⇤2
B2)

|�B1|2
(28)

where we assumed that m� � m . For the couplings �X = 1 and
�B1 = �B2 = 0.1, the CP asymmetry given by Eq. (28) is around
✏ ⇠ 2.5 ⇥ 10�4 in the case of the maximal CP violating phase.
The B violating DM annihilation cross section is estimated as
�/B ⇠ (�X�B)2 1

m2
S
.

In Fig. 4, we show the e↵ects of the wash-out depending on
m for di↵erent model parameters, �B ⌘ �B1 = �B2 = 1 (solid
line), 0.1 (dashed line), 0.01 (dotted line) and �X = 1 for Treh =
20 GeV and m� = 2 TeV. As can be seen here, the washout of
YB is sizable for m . Treh, whereas that is ine↵ective for m &
500 GeV which corresponds roughly to 25Treh. The horizontal
line represents the required baryon asymmetry in Eq. (2).

In this model, since the particle  has color charges, m� is
strongly constrained by the collider searches. From the current
LHC gluino search, it is inferred that the lower bounds on m�

are 1.3 TeV � 1.6 TeV depending on neutralino mass [21]. The
shaded region in Fig. 4 is disfavored by those bounds. For suf-
ficient suppression of wash-out, we require that the reheating
temperature is smaller than m /25. At the same time, if we as-
sume that the reheating temperature is smaller than the thermal
freeze-out temperature of DM, then we need Treh < m�/25.

The relic density of dark matter is determined as in Eq. (15)
which depends on the total annihilation cross section of dark
matter as well as the reheating temperature. For Treh = 20 GeV,
and m� = 2 TeV, the right value of the DM relic density can be
obtained with h�Avi ' 5 ⇥ 10�8 GeV�2. This gives a testable
window in the indirect detection of dark matter depending on
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Figure 3: Plots of Y� and YB for di↵erent values of m = 3 TeV (solid), 1.5 TeV
(dash-dotted), 300 GeV (dashed), 150 GeV (dotted). Other model parameters
are fixed with the same values in Fig. 2 and h�/Bvi = 5 ⇥ 10�3h�Avi.
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Figure 4: Plot of YB versus m for di↵erent model parameters in the Section
4: �X = 1 and �B =1 (solid), 0.1 (dashed), 0.01 (dotted) with mS = 10 TeV,
m� = 2 TeV, and Treh = 20 GeV. The green horizontal line is the measured
baryon abundance in Eq. (2) and shaded region is disfavored by the collider
experiment.

the annihilation modes. If the dominant annihilation modes of
dark matter is bb̄ then it might be marginally possible to detect
signals in the gamma-ray detection [22]. On the other hand, if
the dominant annihilation is into the hidden sector, then it might
be di�cult to see signals through the indirect searches.

5. Conclusion

In this work, we have proposed a WIMP baryogenesis that
can be reconciled with low reheating temperature. In this sce-
nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
We have investigated how wahout e↵ects can a↵ect the gener-
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4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
S ↵, and vectorlike exotic quark color triplets  i and  ̄i, with an
interaction

�L = � i
2

(�X↵X2 + �0X↵X̄2)S ↵ + i�B↵S ↵ū . (26)

The DM annihilations occurs through the intermediate S states
into u and  ,

XX ! S ⇤ ! ū , and X̄X̄ ! S ⇤ ! u †. (27)

At the same time, we assume that there are DM annihilations
that do not violate baryon number. A baryon asymmetry is gen-
erated in u as well as in  . Since we consider  is decoupled
from the SM sector while in equilibrium with the hidden sec-
tor fields, the baryon asymmetry in the SM field is not elimi-
nated. We assume that the reheating temperature is lower than
the mass scale of  , Treh ⌧ m , so that the washout e↵ect is
suppressed thanks to the exponential suppression of the num-
ber density of  as shown in Fig. 3.

The CP asymmetry is given by [4]

✏ ' � 1
6⇡

Im(�2
B1�
⇤2
B2)

|�B1|2
(28)

where we assumed that m� � m . For the couplings �X = 1 and
�B1 = �B2 = 0.1, the CP asymmetry given by Eq. (28) is around
✏ ⇠ 2.5 ⇥ 10�4 in the case of the maximal CP violating phase.
The B violating DM annihilation cross section is estimated as
�/B ⇠ (�X�B)2 1

m2
S
.

In Fig. 4, we show the e↵ects of the wash-out depending on
m for di↵erent model parameters, �B ⌘ �B1 = �B2 = 1 (solid
line), 0.1 (dashed line), 0.01 (dotted line) and �X = 1 for Treh =
20 GeV and m� = 2 TeV. As can be seen here, the washout of
YB is sizable for m . Treh, whereas that is ine↵ective for m &
500 GeV which corresponds roughly to 25Treh. The horizontal
line represents the required baryon asymmetry in Eq. (2).

In this model, since the particle  has color charges, m� is
strongly constrained by the collider searches. From the current
LHC gluino search, it is inferred that the lower bounds on m�

are 1.3 TeV � 1.6 TeV depending on neutralino mass [21]. The
shaded region in Fig. 4 is disfavored by those bounds. For suf-
ficient suppression of wash-out, we require that the reheating
temperature is smaller than m /25. At the same time, if we as-
sume that the reheating temperature is smaller than the thermal
freeze-out temperature of DM, then we need Treh < m�/25.

The relic density of dark matter is determined as in Eq. (15)
which depends on the total annihilation cross section of dark
matter as well as the reheating temperature. For Treh = 20 GeV,
and m� = 2 TeV, the right value of the DM relic density can be
obtained with h�Avi ' 5 ⇥ 10�8 GeV�2. This gives a testable
window in the indirect detection of dark matter depending on
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signals in the gamma-ray detection [22]. On the other hand, if
the dominant annihilation is into the hidden sector, then it might
be di�cult to see signals through the indirect searches.
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can be reconciled with low reheating temperature. In this sce-
nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
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The effect of  Wash-Out

4. A model suppressing washout

As a specific example for the suppression of washout ef-
fects, we adopt the model suggested in [4, 13, 14], where the
DMs annihilate to quarks directly, and embed the non-thermal
WIMP baryogenesis in the model. The model includes a vec-
torlike gauge singlet dark matter X and X̄, singlet pseudoscalars
S ↵, and vectorlike exotic quark color triplets  i and  ̄i, with an
interaction

�L = � i
2

(�X↵X2 + �0X↵X̄2)S ↵ + i�B↵S ↵ū . (26)

The DM annihilations occurs through the intermediate S states
into u and  ,

XX ! S ⇤ ! ū , and X̄X̄ ! S ⇤ ! u †. (27)

At the same time, we assume that there are DM annihilations
that do not violate baryon number. A baryon asymmetry is gen-
erated in u as well as in  . Since we consider  is decoupled
from the SM sector while in equilibrium with the hidden sec-
tor fields, the baryon asymmetry in the SM field is not elimi-
nated. We assume that the reheating temperature is lower than
the mass scale of  , Treh ⌧ m , so that the washout e↵ect is
suppressed thanks to the exponential suppression of the num-
ber density of  as shown in Fig. 3.

The CP asymmetry is given by [4]
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where we assumed that m� � m . For the couplings �X = 1 and
�B1 = �B2 = 0.1, the CP asymmetry given by Eq. (28) is around
✏ ⇠ 2.5 ⇥ 10�4 in the case of the maximal CP violating phase.
The B violating DM annihilation cross section is estimated as
�/B ⇠ (�X�B)2 1

m2
S
.

In Fig. 4, we show the e↵ects of the wash-out depending on
m for di↵erent model parameters, �B ⌘ �B1 = �B2 = 1 (solid
line), 0.1 (dashed line), 0.01 (dotted line) and �X = 1 for Treh =
20 GeV and m� = 2 TeV. As can be seen here, the washout of
YB is sizable for m . Treh, whereas that is ine↵ective for m &
500 GeV which corresponds roughly to 25Treh. The horizontal
line represents the required baryon asymmetry in Eq. (2).

In this model, since the particle  has color charges, m� is
strongly constrained by the collider searches. From the current
LHC gluino search, it is inferred that the lower bounds on m�

are 1.3 TeV � 1.6 TeV depending on neutralino mass [21]. The
shaded region in Fig. 4 is disfavored by those bounds. For suf-
ficient suppression of wash-out, we require that the reheating
temperature is smaller than m /25. At the same time, if we as-
sume that the reheating temperature is smaller than the thermal
freeze-out temperature of DM, then we need Treh < m�/25.

The relic density of dark matter is determined as in Eq. (15)
which depends on the total annihilation cross section of dark
matter as well as the reheating temperature. For Treh = 20 GeV,
and m� = 2 TeV, the right value of the DM relic density can be
obtained with h�Avi ' 5 ⇥ 10�8 GeV�2. This gives a testable
window in the indirect detection of dark matter depending on
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the annihilation modes. If the dominant annihilation modes of
dark matter is bb̄ then it might be marginally possible to detect
signals in the gamma-ray detection [22]. On the other hand, if
the dominant annihilation is into the hidden sector, then it might
be di�cult to see signals through the indirect searches.
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can be reconciled with low reheating temperature. In this sce-
nario, DM is non-thermally produced during a reheating period
created by the decay of long-lived heavy particle, and subse-
quently re-annihilate to lighter particles even after the thermal
freeze-out. The re-annihilation of DM provides the observed
baryon asymmetry as well as the correct relic density of DM.
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Summary

While the SM particles produced from the decay of � are ther-
malized quickly and find themselves in the thermal equilib-
rium, the interactions of DM are so slow that can stay in the
out-of-equilibrium state until their re-annihilation. After re-
annihilation, the dark matter relic density is fixed [8, 9, 10, 11,
12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMP Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '
 

90
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!1/4 q
MP�� ' 2.5 GeV ⇥

 
10�7 sec
⌧�

!1/2

, (4)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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64⇡

m3
�

⇤2 , and ⌧� ⇠ 10�7 sec
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m�

!3 
⇤

1012 GeV

!2

,

(5)

respectively. Therefore in the following we will focus on the
case of m� ' O( TeV) with ⇤ = 1012 GeV, which gives a re-
heating temperature lower than the WIMP freeze-out tempera-
ture.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T 4, (6)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,
and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Treh ⌧ Tfr and thermally produced dark mat-
ters are already frozen, the non-thermal DMs can re-annihilate
again into light particles, when their number density is large
enough to satisfy

n�h�Avi > H, (7)

T < Tfr n�h�Avi >< H (8)

where h�Avi ⇠ �A is the total annihilation cross section of non-
thermal DM arising from the decay of �, which is relativistic
with energy m�/2. 2 The Hubble parameter H is given by the
total sum of the energy density in the Universe as

H2 =
1

3M2
P

(⇢� + ⇢r + ⇢�), (9)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (10)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
✓m�

2

◆
n�n�̄ , (11)

ṅ� + 3Hn� = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (12)

ṅ�̄ + 3Hn�̄ = f���
⇢�
m�
� h�Avi(n�n�̄ � neq

� neq
�̄ ) , (13)

where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by

⇢� = ⇢�,i

✓ai

a

◆3
e���t,

⇢r ' 2
5

(1 � f�)��
H

⇢� / a�3/2.

(14)

For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
 

f���⇢�
h�Avim�

!1/2

/ a�3/2. (15)

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is

2For complete calculations, we need to keep track of the momentum depen-
dence of the DM distribution function. However, its e↵ect is expected to be not
so substantial to change our main results.
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The quarks are in the state of plasma and quark and antiquark 
coexist in the thermal equilibrium.

The difference between them gives the Baryon asymmetry

During the QCD phase transition, the anti-quarks annihilate
and the difference only remains ad result in the present baryons
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Thanks.
Cosmology is the scientific study of the large scale properties of the Universe

as a whole, to understand the origin, evolution and ultimate fate of the entire
Universe.

First I will give you brief history with answering questions on the Universe
and then talk about the recent surprising developments. That includes structure
formation, inflation, dark matter and the determination of the cosmological
parameters.

This table shows the development of modern cosmology. From the ancient
times, people had various models for the universe, however the scientific cosmol-
ogy has begun with the construction of General Relativity by Albert Einstein
and application it to the Universe. That leads to the Big Bang model. This big
bang model has well passed the the tests: the expansion of the Universe, the
abundances of the light elements, and the observation of CMB.
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Abstract

We propose a WIMP baryogensis achieved by the annihilation of non-thermally produced WIMPs from decay of heavy particles,
which can result in low reheating temerature. Dark matter (DM) can be produced non-thermally during a reheating period created
by the decay of long-lived heavy particle, and subsequently re-annihilate to lighter particles even after the thermal freeze-out. The
re-annihilation of DM provides the observed baryon asymmetry as well as the correct relic density of DM. We investigate how
wahout e↵ects can a↵ect the generation of the baryon asymmetry and study a model suppressing them. In this scenario, we find
that DM can be heavy enough and its annihilation cross section can also be larger than that adopted in the usual thermal WIMP
baryogenesis.

Keywords: Baryogenesis, dark matter, early Universe

1. Introduction

The baryon density at present inferred from Cosmic Mi-
crowave Background (CMB) anisotropy and Big Bang Nucle-
osynthesis (BBN) is [1]

⌦Bh2 = 0.0223 ± 0.0002, (1)

which corresponds to the baryon asymmetry

YB ⌘ nB

s
' 0.86 ⇥ 10�10, (2)

YB ⌘ nB

n�
s ' 7.04n� (3)

where nB and s is the baryon number density and entropy den-
sity respectively. There are many suggested models for baryo-
genesis. One of them is the thermal weakly interacting mas-
sive particle (WIMP) baryogenesis [2, 3, 4, 5], which has been
paid much attention for past few years thanks to the intrigu-
ing coincidence of the observed baryon and dark matter (DM)
abundances, ⌦B ' 5⌦DM . WIMP miraculously accounts for
⌦DM , and may play a role in generation of baryon asymmetry.
The WIMP baryogenesis mechanism [4] uses the WIMP dark
matter annihilation during thermal freeze-out. Baryogenesis is
successfully achieved because the WIMP annihilations violate
baryon number, C and CP, and the out-of-equilibrium is attained
when the DM number density is deviated from the thermal equi-
librium. For this scenario to be e↵ective, the temperature of the

⇤Corresponding author
Email addresses: kiyoungchoi@skku.edu (Ki-Young Choi),

skkang@snut.ac.kr (Sin Kyu Kang), jongkukkim@skku.edu (Jongkuk
Kim)

Universe must be larger than the freeze-out temperature of DM
which is Tfr ' m�/20. Therefore there is a limitation for low-
reheating temperature.

In new physics beyond the standard model (SM), there are
many long-lived massive particles (we call it � afterwards) that
can dominate the energy density of the Universe, and decay,
such as inflaton, moduli, gravitino, axino, curvaton, and etc [6].
These particles interact very weakly with visible sector and thus
decay very late in the Universe. The lifetime can be longer than
10�7 sec which corresponds to the cosmic temperature around
1 GeV, which is far after the electroweak phase transition and
freeze-out of WIMP DM with mass m� ⇠ O( TeV), whose
freeze-out temperature is around m�/20. Then, in the models
with such a long-lived particle, the reheating temperature can
be low enough. However, with such a low-reheating tempera-
ture, the relic abundance of DM can not be explained in simple
models for thermal WIMP freeze-out. In addition, it is ques-
tionable whether baryon asymmetry can be successfully gener-
ated in models with low-reheating temperature.

Since the primodial asymmetry generated is diluted during
the late time reheating, new generation of asymmetry is re-
quired. At the low temperature below the electorweak scale,
leptogenesis does not work since the conversion of lepton asym-
metry to baryon asymmetry via Shpaleron processes is e↵ective
at temperatures above the electorweak scale. Thus, alternative
to leptogenesis is demaned to generate baryon asymmetry in
models with low-reheating temperature. A direct generation
of baryon asymmetry [7] may be possible without the help of
Sphaleron processes.

The aim of this letter is to propose a possible way to gen-
erate baryon asymmetry applicable to models with low reheat-
ing temperature. We will show that DM can be produced from
heavy long-lived unstable particles and then both baryon and
DM abundances can be achieved by the re-annihilation of DM.
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possible more massive absolutely stable replications (their masses are irrelevant if they are much
smaller than the temperature ∼ 1015 GeV at which the asymmetries must be generated). The
observed deceleration parameter for the universe suggests that the mean energy density does not
exceed that observed in nucleons by more than about an order of magnitude. Thus there cannot
exist absolutely stable particles much heavier than the proton in the concentrations suggested
by grand unified models with the mechanism for baryon asymmetry generation described below.
This constraint strengthens existing limits on neutral and charged heavy leptons and hadrons
derived previously without grand unified models [13].

2. Basic formalism

2.1. Introduction

Let M(i → j) be the amplitude for a transition from a state i to state j, and let ı̄ be the state
obtained by applying a CP transformation to i. Then the CPT theorem (the validity of which
is necessary to justify use of quantum field theory) implies that

M(i → j) = M(j̄ → ı̄), (CPT invariance).(2.1.1)

CP invariance (and hence, by CPT , T invariance), when valid, demands

M(i → j) = M(̄ı → j̄) = M(j → i), (CP invariance).(2.1.2)

The requirement of unitarity (that the probabilities for all possible transitions to and from a
state i should sum to one) yields1

∑

j

|M(i → j)|2 =
∑

j

|M(j → i)|2 , (unitarity).(2.1.3)

But from (2.1.1) (the sum over j includes all states and their antistates)2

∑

j

|M(i → j)|2 =
∑

j

|M(j → ı̄)|2 =
∑

j

|M(j → i)|2 , (CPT + unitarity).(2.1.4)

In thermal equilibrium (and in the absence of chemical potentials corresponding to non-zero
conserved quantum numbers) all states j of a system with a given energy are equally populated3.
Eq. (2.1.4) then shows that transitions from these states (interactions) must produce states i
and their CP conjugates ı̄ in equal numbers. Thus no excess of particles over antiparticles (and
hence, for example, a net baryon number) may develop in a system in thermal equilibrium, even
if CP invariance is violated. (A restricted form of this result was given in ref. [5].)

From eqs. (2.1.1) and (2.1.3) one finds
∑

j

|M(i → j)|2 =
∑

j

|M(̄ı → j)|2 , (CPT + unitary),(2.1.5)

implying that the total cross section for interactions between a set of particles and their CP
conjugates are equal, and that the total decay rate of a particle and its antiparticle must be equal.
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3962� 3933.7

3933.7
⇥ c = 2158.27km/sec (12)

z =
�� �

0

�
0

=
v

c
(13)

|⌫
1

(t)i = e�iHt|⌫
1

(t)i

' e�ipL

"
cos ✓e

�i

✓
m2

1
2E

◆
L
|⌫m1

i+ sin ✓e
�i

✓
m2

2
2E

◆
L
|⌫m2

i
#

(14)

⌘, �, !, ⇢0s ⌃0s, ⌅0s, �0s (15)

(E + E0)2 E � m, M 8⇥ 1017 3⇥ 1015 (16)

1



Ki-Young Choi, Sungkyunkwan University, Korea

Heavy Particle Decay

Baryogenesis 19

bosons, Y , we get the analogous bound

h2 or y2

4π
≪

m

Mp
√

g∗
(3.5)

which can be satisfied by taking small Yukawa couplings. Therefore the Higgs
bosons are the promising candidates for decaying out of equilibrium.
For clarity, I will now focus on a particular decay channel, Y → uReR, whose

interaction Lagrangian is

yijY
aūR a,ie

c
R,j + h.c. (3.6)

At tree level, we cannot generate any difference between the squared matrix ele-
ments, and we find that

|MY →eRuR |
2 =

∣∣MȲ →ēRūR

∣∣2 (3.7)

The complex phases are irrelevant at tree level. To get a CP-violating effect, we
need interference between the tree amplitude and loop corrections, as shown in
figure 6.

qL
i

uR
i

uR
i

eR
j

eR
j

uR
i

eR
j

yij
Y

yij
Y

g

g

Y
YXµ hkl

ilh*

kjy

dR
l
_

uR
k_

+ +

_

_

L
jq

Fig. 6. Tree plus 1-loop contributions to Y → eRuR

The one-loop diagrams develop imaginary parts which interfere with the phase
of the tree diagram in a CP-violating manner. We can write the amplitude as

− iM = −i
(
yij + yijFX

(
M2

X/p2
)

+ (h∗HT y)ijFY

(
M2

X/p2
))

(3.8)

where p is the 4-momentum of the decaying Y boson,

FY = i5
∫

d4q

(2π)4
1

q2 − M2
Y

1

/q + 1
2 /p + iϵ

1

/q − 1
2 /p + iϵ

≡ RY + iIY (3.9)

and FX is similar, but with MY → MX and γµ factors in between the propa-
gators. (It will turn out that the X exchange diagram does not contribute to the

We need imaginary Loop function and imaginary couplings
to generate asymmetry.

20 J. M. Cline

CP-violating interference.) In the second line we have indicated that the loop in-
tegral has real and imaginary parts. The latter arise as a consequence of unitarity,

−i [M(pi → pf ) −M∗(pf → pi)] =
∑

a

dΠaM(pi → pa)M∗(pf → pa)(3.10)

where the sum is over all possible on-shell intermediate states and dΠa is the
Lorentz-invariant phase space measure. IfM∗(pf → pi) = M∗(pi → pf), then
the left-hand-side is the imaginary part ofM. The right-hand-side implies that
an imaginary part develops if intermediate states can go on shell:

dΠ∫= ( )×( )=Im

This will be the case as long as the decaying particle is heavier than the interme-
diate states.
To see how a rate asymmetry comes about, schematically we can write

M(Y → eu) = y + yFX + ỹFY

M(Ȳ → ēū) = y∗ + y∗FX + ỹ∗FY (3.11)

where ỹ ≡ h∗hT y. Then the difference between the probability of decay of Y
and Ȳ goes like

|MY →eu|2 − |MȲ →ēū|
2 = [y∗(1 + F ∗

X) + ỹ∗F ∗
Y ] [y(1 + FX) + ỹFY ]

− [y(1 + F ∗
X) + ỹF ∗

Y ] [y∗(1 + FX) + ỹ∗FY ]

= y∗ỹFY + ỹ∗yF ∗
Y − yỹ∗FY − ỹy∗F ∗

Y

= [ỹy∗ − ỹ∗y]2iIY

= −4Im[ỹy∗]IY

= −4Im tr(h∗hT yy†)Iy (3.12)

(You can check that the FX term does not contribute to this difference, since g
is real.) Now, unfortunately, it is easy to see using the properties of the trace
that tr(h∗HT yy†) is purely real, so this vanishes. However, there is a simple
generalization which allows us to get a nonvanishing result. Suppose there are
two or more Y bosons with different Yukawa matrices; then we get

|MYA→eu|2 −
∣∣MȲA→ēū

∣∣2 = −4
∑

B

Im tr(h∗
BhT

AyBy†
A)Iy

(
M2

B

M2
A

)
(3.13)

which no longer vanishes. The function IY can be found in [17], who estimate it
to be of order 10−2 − 10−3 for typical values of the parameters.
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2 = [y∗(1 + F ∗

X) + ỹ∗F ∗
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= [ỹy∗ − ỹ∗y]2iIY

= −4Im[ỹy∗]IY
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2 = [y∗(1 + F ∗

X) + ỹ∗F ∗
Y ] [y(1 + FX) + ỹFY ]

− [y(1 + F ∗
X) + ỹF ∗

Y ] [y∗(1 + FX) + ỹ∗FY ]

= y∗ỹFY + ỹ∗yF ∗
Y − yỹ∗FY − ỹy∗F ∗

Y

= [ỹy∗ − ỹ∗y]2iIY

= −4Im[ỹy∗]IY

= −4Im tr(h∗hT yy†)Iy (3.12)

(You can check that the FX term does not contribute to this difference, since g
is real.) Now, unfortunately, it is easy to see using the properties of the trace
that tr(h∗HT yy†) is purely real, so this vanishes. However, there is a simple
generalization which allows us to get a nonvanishing result. Suppose there are
two or more Y bosons with different Yukawa matrices; then we get

|MYA→eu|2 −
∣∣MȲA→ēū

∣∣2 = −4
∑

B

Im tr(h∗
BhT

AyBy†
A)Iy

(
M2

B

M2
A

)
(3.13)

which no longer vanishes. The function IY can be found in [17], who estimate it
to be of order 10−2 − 10−3 for typical values of the parameters.
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CP-violating interference.) In the second line we have indicated that the loop in-
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−i [M(pi → pf ) −M∗(pf → pi)] =
∑

a

dΠaM(pi → pa)M∗(pf → pa)(3.10)

where the sum is over all possible on-shell intermediate states and dΠa is the
Lorentz-invariant phase space measure. IfM∗(pf → pi) = M∗(pi → pf), then
the left-hand-side is the imaginary part ofM. The right-hand-side implies that
an imaginary part develops if intermediate states can go on shell:

dΠ∫= ( )×( )=Im

This will be the case as long as the decaying particle is heavier than the interme-
diate states.
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(You can check that the FX term does not contribute to this difference, since g
is real.) Now, unfortunately, it is easy to see using the properties of the trace
that tr(h∗HT yy†) is purely real, so this vanishes. However, there is a simple
generalization which allows us to get a nonvanishing result. Suppose there are
two or more Y bosons with different Yukawa matrices; then we get
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which no longer vanishes. The function IY can be found in [17], who estimate it
to be of order 10−2 − 10−3 for typical values of the parameters.
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where ϵ is the CP violating phase, and we noted that IY ∼ 10−2 − 10−3. Ac-
cording to our estimate of the size of y or h needed to decay out of equilibrium,
y2 ∼ 4π×(10−4−10−6). We can easily make η large enough, or even too large.

3.1. Washout Processes

The foregoing was the first quantitative estimate of the baryon asymmetry, but it
is missing an important ingredient which reduces η: B-violating rescattering and
inverse decay processes. We have ignored diagrams like

uR

Re

Y
, , ...

quR

Re

L

qL

_

_
Y

dR

uR

_

_

uR

Re

Y ,

The first of these, inverse decay, was assumed to be negligible by our assumption
of out-of-equilibrium decay, but more generally we could include this process
and quantify the degree to which it is out of equilibrium. Any of the washout
processes shown would cause the baryon asymmetry to relax to zero if they came
into equilibrium.

To quantify these effects we need the Boltzmann equation for the evolution of
baryon number. This was first carried out by Kolb and Wolfram [18], who were
at that time postdoc and graduate student, respectively, at Caltech. The form of
the Boltzmann equations is

dnuR

dt
+ 3HnuR

∼=
∫

dΠi

(
fY |M(Y → ue)|2 − fufe|M(ue → Y )|2

)
(3.20)

+

∫
dΠi

[
fqLfqL |M(qq → ue)|2 − fufe|M(ue → qq)|2

]
+ . . .

where fx is the distribution function for particle x,
∫

dΠi is the phase space
integral over all final and initial particles,

∏

i

dΠi ≡

[
∏

i

(
d4pi

(2π)3
δ(p2

i − m2
i )

)]

×(2π)4δ(4)
(
∑

final

pa −
∑

initial

pa

)

(3.21)

and I have ignored final-state Pauli-blocking or Bose-enhancement terms, (1±f).
We should include similar equations for any other particles which are relevant for
the baryon asymmetry (Xµ, Y , quarks, leptons), and solve the coupled equations
numerically to determine the final density of baryons. Depending on the strength
of the scattering, the washout effect can be important. We can estimate its signif-
icance without solving the Boltzmann equations numerically.

Reduces the baryon asymmetry generated.
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Define the abundance Yi ≡ ni/nγ and consider a simplified model where
X → bb, b̄b̄ (baryons or antibaryons), with

ΓX→bb ≡
1

2
(1 + ϵ)ΓX

ΓX→b̄b̄ ≡
1

2
(1 − ϵ)ΓX

ΓX̄→bb ≡
1

2
(1 − ϵ̄)ΓX

ΓX̄→b̄b̄ ≡
1

2
(1 + ϵ̄)ΓX (3.22)

Kolb and Wolfram found that the time rate of change of the baryon abundance
(which we could also have called η̇) is

ẎB = ΓX(ϵ− ϵ̄) [YX − Yeq] − 2YB [ΓXYX,eq + Γbb↔b̄b̄] (3.23)

On the right-hand-side, the first term in brackets represents baryon production
due to CP-violating decays, while the second term is due to the washout induced
by inverse decays and scatterings. The scattering term is defined by the thermal
average

Γbb↔b̄b̄ = nγ (⟨vσbb→b̄b̄⟩ + ⟨vσb̄b̄→bb⟩) (3.24)

In the treatment of Nanopoulos andWeinberg, the effect ofΓbb↔b̄b̄ was neglected,
but we can estimate it using dimensional analysis as

Γbb↔b̄b̄ ∼
α2T 5

(M2
X + 9T 2)2

(3.25)

(considering s-channel exchange of the X boson), again using ⟨E⟩ ∼ 3T . Then
if we imagine the initial production of the baryon asymmetry happens quickly
(by the time t ≡ 0), followed by gradual relaxation, then

YB(t) ∼ YB(0) e−
∫

Γbb↔b̄b̄dt (3.26)

UsingH ∼ 1/t ∼ g∗T 2/Mp, dt ∼ (Mp/g∗)(dT/T 3),
∫

Γdt ∼
Mp

g∗

∫
Γ

dT

T 3
∼=
πα2Mp

100MX
(3.27)

so the maximum BAU gets diluted by a factor ∼ e−(πα2Mp/(100MX ). We thus
need α2 <∼ 30MX/MP , hence α <∼ 0.05, using MX/MP ∼ 10−4. This agrees
with the quantitative findings of Kolb and Turner, schematically shown in figure

wash-out
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decrease in Yukawa couplings which renders the theory still untestable by direct
laboratory probes.
In leptogenesis, the first step is to create a lepton asymmetry, which can be

done without violating electric charge neutrality of the universe since the asym-
metry can initially reside in neutrinos. We know however that sphalerons violate
B + L, while conserving B − L. Therefore, an excess in L will bias sphalerons
to produce baryon number, just as an excess in left-handed B did within elec-
troweak baryogenesis. Roughly, we can expect that any initial asymmetry Li in
L will be converted by sphalerons into a final asymmetry in B and L given by

Bf ∼ −
1

2
Li, Lf ∼

1

2
Li (8.1)

This estimate is not bad. A more detailed analysis gives [24, 66]

Bf = −Li

{
28
79 , SM

8
23 , MSSM

}

∼ −
1

3
Li (8.2)

since sphalerons couple to BL + LL and we must consider the conditions of
thermal equilibrium between all species.
Leptogenesis is conceptually very similar to GUT baryogenesis, but it relies

on the decays of heavy (Majorana) right-handed neutrinos, through the diagrams

lj

yij
νR,i

lj

yik
ylj

ykl

νR,l

H

νR,i

H

+

*

The cross represents an insertion of the L-violating heavy neutrino Majorana
mass, which makes it impossible to assign a lepton number to νR, and hence
makes the decay diagram L-violating. The principles are the same as in GUT
baryogenesis. Physically this is a highly motivated theory because (1) heavy νR

are needed to explain the observed νL masses, and (2) νR’s are predicted by
SO(10) GUT’s.
The first point is well-known; it is the seesaw mechanism, based on the neu-

trino mass terms

yij ν̄R,iHLj + h.c. −
1

2

(
Mij ν̄

c
R,iνR,j + h.c.

)
(8.3)

Leptogenesis uses the decay of RH heavy neutrino, 
with lepton number violating mass.

The lepton asymmetry generated is converted to the baryon 
asymmetry through the Sphaleron process.
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Lepton asymmetry from the decay of heavy RH neutrinos, is 
converted to the baryon asymmetry.


