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Asymmetric Dark 
Matter

Motivation:

Why are ΩDM and Ωb similar?

the baryon relic density arises from a 
tiny baryon- antibaryon asymmetry which 
is of the order of 10−10.

In contrast, in the WIMP picture, relic 
density of DM is determined by the 
freeze- out of its annihilations to standard 
model particles.

nb ↔ baryogenesis

nDM ↔ relic freeze-out
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Asymmetric Dark 
Matter

ADM models generally involve the co-generation of an asymmetry in 
both dark matter and baryonic sectors or a transfer of asymmetries 
between the two through higher-dimensional operators.
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• In most of the models, it is assumed that a baryon/lepton 
asymmetry is created well above the electroweak scale.

• and transferred to dark matter through B/L number violating 
operators as

• Symmetric interactions stay in equilibrium longer and 
essentially wipe out all remaining population 
→ ΩDM depends only of asymmetry.

Asymmetric Dark 
Matter

~100 papers on the ADM idea have been published since the 80ties [S. Nussinov,PLB(1985)].

For example...
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where the exact proportions are O(1) and are determined
by the particular operator transferring the asymmetries, and

(nX − nX̄), (n! − n!̄) and (nb − nb̄) are the asymmetries
in the DM (X), leptons and baryons respectively. As a result
mX ∼ ΩDM

Ωb
mp, where mX is the DM mass, mp is the pro-

ton mass, ΩDM is the DM relic density and Ωb is the baryon

density of the universe. This relation implies a DM mass

mX # 5 GeV. Though the size of this mass is phenomeno-
logically viable, it does not directly link the DM sector to the

new physics which stabilizes the weak scale.

If the L-violating operators which transfer the asymmetry
have not decoupled as the DM becomes non-relativistic, there

is a Boltzmann suppression of the DM asymmetry (see [16,

17] for a more detailed discussion)

(nX − nX̄) ∼ (n! − n!̄) e−mX/Td , (2)

where Td is the temperature at which theL-violating operators
decouple. This implies that the DM mass can be much larger

[23]

mX =
45

29
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f(mX/Td)
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Ωb
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where NX is the number of DM families and f(x) is the
Boltzmann suppression factor given by

f(x) =
1

4 π2

∫ ∞

0

y2 dy

cosh2(1
2

√

y2 + x2)
. (4)

The decoupling temperature, Td, is naturally at the elec-

troweak scale if the corresponding higher dimensional opera-

tors are TeV scale suppressed. Once these L-violating opera-
tors decouple, the asymmetric DM density is frozen in.

Although the L-violating interactions have frozen out, L-
preserving interactions are expected to remain in thermal

equilibrium to lower temperatures. This is particularly natural

if the L-violating operators are generated by a combination
of the L-preserving interactions and an operator which intro-
duces a small amount ofL-violation into the theory. While the
L-preserving operators may be in thermal equilibrium longer
than the resulting L-violating interactions, they do not change
the relic DM density, which will be dominantly composed of

X̄s with essentially noXs.
If the asymmetry in the DM persisted until today, there

would be no indirect detection signal from X − X̄ annihi-

lation. If, however, there is a small violation of DM number

in the dark sector, as may result from a small DM Majorana

mass, X − X̄ oscillations will erase the asymmetry without

reducing the relic density, giving rise to a signal for indirect

detection experiments from X̄ X → "+ "−. In some cases the
hidden sector may be more complicated, and four lepton final

states may also result, e.g. X̄ X → "+ "− "+ "−. Since this
L-preserving interaction is expected to be stronger than the
L-violating operator which set the asymmetry, the associated
annihilation cross-section may be large enough to generate the

cosmic ray positron excesses.

There are many models which exhibit the generic features

described above. The rest of the letter is devoted to an illustra-

tive toy model which reproduces this scenario. Consider the

L-violating interaction (from [2])

Lasym =
1

M ′4
ij

X̄2(Li H)(Lj H) + h.c., (5)

where L is the lepton doublet, H is the SM Higgs doublet

and M ′ is a new L-violating mass scale. This term mediates
X̄ X̄ ↔ ν̄ ν̄, thereby transferring the lepton asymmetry to an
X − X̄ asymmetry. Consider in addition the L-preserving
interaction

Lsym =
1

M2
ij

X̄ X L̄i Lj + h.c., (6)

where M is a new L-preserving mass scale, which mediates
X̄ X ↔ "+ "−, ν̄ ν. A UV completion of these operators is

L & yi Li H ′ X̄ −
λ′

2
(H† H ′)2 + h.c., (7)

where H ′ is a new Higgs doublet. There is a Z2 symme-

try under which X , X̄ and H ′ are charged, which is unbro-

ken for 〈H ′〉 = 0. This symmetry ensures that the lightest
Z2 odd state, which we take to be X̄ , is stable. Upon inte-
grating out H ′, the effective scale of L-violation (Eq. (5)) is
M ′4

ij = m4
H′/(yi yj λ′), and the scale of the L-preserving op-

erator (Eq. (6)) is M2
ij = m2

H′/(yi yj). Also note that while
the model withNX = 1 does not violate L, it does violate any
two of electron number, muon number and tau number due to

the first interaction in Eq. (7). For weak scale parameters and

assuming that yi = y # 1, the rate for µ → e γ is∼ 15 orders
of magnitude above the current bound. One way to avoid this

bound is to assume a hierarchy of O(10−8) between the first
two generations of yi couplings. For NX = 3 the interactions
are expanded to

L = yij LiH
′ X̄j + mi

X X̄i Xi. (8)

For a generic yij matrix, the same large rates for µ → e γ
are present as describe above for NX = 1. If yij =
diag(y1, y2, y3) in this basis (where mX is diagonal), con-

tributions to µ → e γ vanish.
The λ′ term is present in Eq. (7) to break a global U(1)X ,

under which X, X̄ and H ′ are charged so that an X asym-

metric operator such as Eq. (5) can arise. For M and M ′ at

or above the electroweak scale and λ′ < 1, (M ′2
ij ) ! (v Mij),

implying that the L-violating operators decouple first (v ≡
〈H〉). The annihilations through the operator in Eq. (6) (and
Eq. (12) below) give rise to larger cross-sections than through

Eq. (5). The smaller cross-section from the L-violating oper-
ators set the DM asymmetry, and hence its relic density.

From Eq. (3),mX/Td ≈ 5− 8 formX ≈ 100− 1000GeV
(note there is only logarithmic sensitivity tomX ). Then using

H(Td) = nX̄ 〈σasym v〉 to set the L-violating cross-section
yields λ′ = 2×10−4 formX = 500GeV,NX = 1 and y = 1,
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H′/(yi yj). Also note that while
the model withNX = 1 does not violate L, it does violate any
two of electron number, muon number and tau number due to

the first interaction in Eq. (7). For weak scale parameters and

assuming that yi = y # 1, the rate for µ → e γ is∼ 15 orders
of magnitude above the current bound. One way to avoid this

bound is to assume a hierarchy of O(10−8) between the first
two generations of yi couplings. For NX = 3 the interactions
are expanded to

L = yij LiH
′ X̄j + mi

X X̄i Xi. (8)

For a generic yij matrix, the same large rates for µ → e γ
are present as describe above for NX = 1. If yij =
diag(y1, y2, y3) in this basis (where mX is diagonal), con-

tributions to µ → e γ vanish.
The λ′ term is present in Eq. (7) to break a global U(1)X ,

under which X, X̄ and H ′ are charged so that an X asym-

metric operator such as Eq. (5) can arise. For M and M ′ at

or above the electroweak scale and λ′ < 1, (M ′2
ij ) ! (v Mij),

implying that the L-violating operators decouple first (v ≡
〈H〉). The annihilations through the operator in Eq. (6) (and
Eq. (12) below) give rise to larger cross-sections than through

Eq. (5). The smaller cross-section from the L-violating oper-
ators set the DM asymmetry, and hence its relic density.

From Eq. (3),mX/Td ≈ 5− 8 formX ≈ 100− 1000GeV
(note there is only logarithmic sensitivity tomX ). Then using

H(Td) = nX̄ 〈σasym v〉 to set the L-violating cross-section
yields λ′ = 2×10−4 formX = 500GeV,NX = 1 and y = 1,

[K. Zurek et al, PhysRevLett.104.101301]
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Asymmetric Dark 
Matter

If DM is non-relativistic when the B/L-violating operators which transfer the 
asymmetry decouple (Td), nDM is exponentially suppressed, and higher DM 
masses are possible (arguably less natural).

1 Introduction

There is compelling evidence from astrophysical and cosmological data that the dom-
inant contribution of the matter in the universe is in the form of “dark matter” that
interacts very weakly with ordinary matter [1]. One of the striking features of this

picture is that the dark matter density today is rather close to the baryon density:
ρDM ! 4.5ρbaryon in the standard cosmological model [2], suggesting that these relic

densities have a common origin. However, in the standard paradigm for dark matter,
the dark matter and baryon relic densities arise by completely different mechanisms,

and the fact that they have the same order of magnitude is a “cosmic coincidence.”

In the standard cosmology the baryon relic density arises from a tiny baryon-
antibaryon asymmetry of order 10−10 at temperatures above 10 MeV. This paradigm

is strongly supported by the success of big-bang nucleosythesis. The baryon asymme-
try can be generated starting from an initially symmetric universe (“baryogenesis”)

if baryon number and CP are violated out of equilibrium in the early universe [3].
Non-perturbative effects in the Standard Model efficiently violate baryon and lepton
number at temperatures above the electroweak phase transition (T >∼ 100 GeV), so

the simplest possibility is that a B − L asymmetry is generated at high scales, e.g.
by leptogenesis.

In contrast with the baryon relic density, the origin of the dark matter abundance
is not strongly constrained by cosmological data. The most popular model is a weakly-
interacting massive particle (WIMP) whose relic density is determined by the freeze-

out of its annihilations to standard model particles. This naturally explains the
observed order of magnitude of the dark matter relic abundance, but not why this is

close to the baryon abundance.

In this paper we consider a simple explanation for ρDM ∼ ρbaryon, namely that
the dark matter density arises from a dark matter particle-antiparticle asymmetry

related to the B−L asymmetry. Previous models based on this idea are described in
[4, 5, 6, 7, 8, 9]. In our models, the B−L and dark matter asymmetries can be related

by interactions in equilibrium that transfer the B − L asymmetry (assumed to arise
from a standard baryogenesis mechanism) to the dark matter. Any interaction that

forces the dark matter to carry a nonzero B−L charge will accomplish this. Since the
dark matter relic density is set by the baryon asymmetry and not by the properties
of thermal freeze-out, we term this class of models Asymmetric Dark Matter (ADM).

This mechanism predicts nDM ∼ nB, and therefore ΩDM ∼ (mDM/mB)ΩB. We
therefore obtain the observed dark matter abundance for mDM ∼ 5 GeV. The precise

dark matter mass is calculable in a given model, and the models we construct give

1

1 Introduction

There is compelling evidence from astrophysical and cosmological data that the dom-
inant contribution of the matter in the universe is in the form of “dark matter” that
interacts very weakly with ordinary matter [1]. One of the striking features of this

picture is that the dark matter density today is rather close to the baryon density:
ρDM ! 4.5ρbaryon in the standard cosmological model [2], suggesting that these relic

densities have a common origin. However, in the standard paradigm for dark matter,
the dark matter and baryon relic densities arise by completely different mechanisms,

and the fact that they have the same order of magnitude is a “cosmic coincidence.”

In the standard cosmology the baryon relic density arises from a tiny baryon-
antibaryon asymmetry of order 10−10 at temperatures above 10 MeV. This paradigm

is strongly supported by the success of big-bang nucleosythesis. The baryon asymme-
try can be generated starting from an initially symmetric universe (“baryogenesis”)

if baryon number and CP are violated out of equilibrium in the early universe [3].
Non-perturbative effects in the Standard Model efficiently violate baryon and lepton
number at temperatures above the electroweak phase transition (T >∼ 100 GeV), so

the simplest possibility is that a B − L asymmetry is generated at high scales, e.g.
by leptogenesis.
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where the exact proportions are O(1) and are determined
by the particular operator transferring the asymmetries, and

(nX − nX̄), (n! − n!̄) and (nb − nb̄) are the asymmetries
in the DM (X), leptons and baryons respectively. As a result
mX ∼ ΩDM

Ωb
mp, where mX is the DM mass, mp is the pro-

ton mass, ΩDM is the DM relic density and Ωb is the baryon

density of the universe. This relation implies a DM mass

mX # 5 GeV. Though the size of this mass is phenomeno-
logically viable, it does not directly link the DM sector to the

new physics which stabilizes the weak scale.

If the L-violating operators which transfer the asymmetry
have not decoupled as the DM becomes non-relativistic, there

is a Boltzmann suppression of the DM asymmetry (see [16,

17] for a more detailed discussion)

(nX − nX̄) ∼ (n! − n!̄) e−mX/Td , (2)

where Td is the temperature at which theL-violating operators
decouple. This implies that the DM mass can be much larger

[23]

mX =
45

29

1

NX

f(0)

f(mX/Td)

ΩDM

Ωb
mp, (3)

where NX is the number of DM families and f(x) is the
Boltzmann suppression factor given by

f(x) =
1

4 π2

∫ ∞

0

y2 dy

cosh2(1
2

√

y2 + x2)
. (4)

The decoupling temperature, Td, is naturally at the elec-

troweak scale if the corresponding higher dimensional opera-

tors are TeV scale suppressed. Once these L-violating opera-
tors decouple, the asymmetric DM density is frozen in.

Although the L-violating interactions have frozen out, L-
preserving interactions are expected to remain in thermal

equilibrium to lower temperatures. This is particularly natural

if the L-violating operators are generated by a combination
of the L-preserving interactions and an operator which intro-
duces a small amount ofL-violation into the theory. While the
L-preserving operators may be in thermal equilibrium longer
than the resulting L-violating interactions, they do not change
the relic DM density, which will be dominantly composed of

X̄s with essentially noXs.
If the asymmetry in the DM persisted until today, there

would be no indirect detection signal from X − X̄ annihi-

lation. If, however, there is a small violation of DM number

in the dark sector, as may result from a small DM Majorana

mass, X − X̄ oscillations will erase the asymmetry without

reducing the relic density, giving rise to a signal for indirect

detection experiments from X̄ X → "+ "−. In some cases the
hidden sector may be more complicated, and four lepton final

states may also result, e.g. X̄ X → "+ "− "+ "−. Since this
L-preserving interaction is expected to be stronger than the
L-violating operator which set the asymmetry, the associated
annihilation cross-section may be large enough to generate the

cosmic ray positron excesses.

There are many models which exhibit the generic features

described above. The rest of the letter is devoted to an illustra-

tive toy model which reproduces this scenario. Consider the

L-violating interaction (from [2])

Lasym =
1

M ′4
ij

X̄2(Li H)(Lj H) + h.c., (5)

where L is the lepton doublet, H is the SM Higgs doublet

and M ′ is a new L-violating mass scale. This term mediates
X̄ X̄ ↔ ν̄ ν̄, thereby transferring the lepton asymmetry to an
X − X̄ asymmetry. Consider in addition the L-preserving
interaction

Lsym =
1

M2
ij

X̄ X L̄i Lj + h.c., (6)

where M is a new L-preserving mass scale, which mediates
X̄ X ↔ "+ "−, ν̄ ν. A UV completion of these operators is

L & yi Li H ′ X̄ −
λ′

2
(H† H ′)2 + h.c., (7)

where H ′ is a new Higgs doublet. There is a Z2 symme-

try under which X , X̄ and H ′ are charged, which is unbro-

ken for 〈H ′〉 = 0. This symmetry ensures that the lightest
Z2 odd state, which we take to be X̄ , is stable. Upon inte-
grating out H ′, the effective scale of L-violation (Eq. (5)) is
M ′4

ij = m4
H′/(yi yj λ′), and the scale of the L-preserving op-

erator (Eq. (6)) is M2
ij = m2

H′/(yi yj). Also note that while
the model withNX = 1 does not violate L, it does violate any
two of electron number, muon number and tau number due to

the first interaction in Eq. (7). For weak scale parameters and

assuming that yi = y # 1, the rate for µ → e γ is∼ 15 orders
of magnitude above the current bound. One way to avoid this

bound is to assume a hierarchy of O(10−8) between the first
two generations of yi couplings. For NX = 3 the interactions
are expanded to

L = yij LiH
′ X̄j + mi

X X̄i Xi. (8)

For a generic yij matrix, the same large rates for µ → e γ
are present as describe above for NX = 1. If yij =
diag(y1, y2, y3) in this basis (where mX is diagonal), con-

tributions to µ → e γ vanish.
The λ′ term is present in Eq. (7) to break a global U(1)X ,

under which X, X̄ and H ′ are charged so that an X asym-

metric operator such as Eq. (5) can arise. For M and M ′ at

or above the electroweak scale and λ′ < 1, (M ′2
ij ) ! (v Mij),

implying that the L-violating operators decouple first (v ≡
〈H〉). The annihilations through the operator in Eq. (6) (and
Eq. (12) below) give rise to larger cross-sections than through

Eq. (5). The smaller cross-section from the L-violating oper-
ators set the DM asymmetry, and hence its relic density.

From Eq. (3),mX/Td ≈ 5− 8 formX ≈ 100− 1000GeV
(note there is only logarithmic sensitivity tomX ). Then using

H(Td) = nX̄ 〈σasym v〉 to set the L-violating cross-section
yields λ′ = 2×10−4 formX = 500GeV,NX = 1 and y = 1,

→ mDM~5 GeV! 

General features:
• DM is naturally light:

• No indirect detection signatures of DM (it does not self-annihilate).
• Bounds on ADM models typically set from an effect of accumulation 

in (neutron/white dwarf) stars.
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Standard WIMP picture

Why consider DM/anti-DM oscillations?
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1. It fills a gap between the standard freeze out prediction (where ΩDM 
depends only on the annihilation cross section σ), and the aDM 
prediction where ΩDM depends only on the primordial DM asymmetry. 



Asymmetric Dark 
Matter

2.Higher masses >~100 GeV are therefore ‘naturally’ available in this 
framework

3.Phenomenological bounds modified: traditional ADM bounds do not apply 
while standard WIMP bounds become relevant.

Why consider DM/anti-DM oscillations?
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In our study, δm is a free parameter that can range orders of magnitude. 
An example:
• δm can be connected to neutrino mass through the seesaw Lagrangian:

After integrating out the heavy 
right-handed neutrino, N 
generates a small Majorana mass 
for χ (μχ ≪ mχ). 

[A. Falkowski et al, JHEP05(2011)106]

worthwhile to further explore.

4.2 Asymmetric Sterile Neutrinos from Leptogenesis

So far, we have assumed that the scalar in the hidden sector, φ, does not obtain a VEV at

low-energy. This permits DM to be stable when mφ > mχ. In this section, we relax this

assumption by allowing φ to receive a nonzero VEV. We will see that this simple change

leads to several new phenomenological possibilities. Because of the nonzero vφ ≡ �φ�, DM
now mixes with the left-handed neutrinos. Therefore, it constitutes a Dirac sterile neutrino

(we continue to assume that DM has a Dirac mass, which is necessary for its abundance to

be set by an asymmetry). This scenario thus provides a novel mechanism to account for the

correct relic abundance of sterile neutrino DM (for a nice review and references see Ref. [16]).

DM stability is no longer guaranteed, and several decay modes open up due to the mixing

with neutrinos. For the appropriate DM lifetime, this leads to observable cosmic rays at the

present epoch. Another consequence of vφ �= 0 is that DM inherits a small Majorana mass,

µχχ2, where µχ � mχ. As we discuss below, this leads to oscillations at late times, allowing

for a large annihilation rate at the present day, as in section 4.1. We consider the above

effects in detail below.

Recall that the seesaw Lagrangian (here simplified to the one-flavor case) is given by,

L ⊃ −mχχχ̃+
1

2
MN1N

2
1 + λN1χ �φ�+ y N1L �h�+ h.c. , (4.12)

where have included an explicit Dirac mass for χ, and we emphasize that both φ and the

SM higgs, h, receive VEVs. After integrating out the heavy right-handed neutrino, N1, we

have the following mass terms,

L ⊃ −mχ χχ̃− µχ

2
χ2 − mν

2
ν2 − µχν χν + h.c. , (4.13)

where µχ � mχ constitutes a small Majorana mass for χ, mν is the usual Majorana mass for

left-handed the neutrino, and µχν represents a mass-mixing between χ and ν. These masses

are given by,

µχ = λ2
v2φ
MN1

, mν = y2
v2EW
MN1

, µχν =

�
λ

y

vφ
vEW

�
mν . (4.14)
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• a natural value in the fermionic case is obtained from the dimension-5 

operator:

In our study, δm is a free parameter that can range orders of magnitude. However,
in specific models, there will be some constraints. For instance, in the case where DM
carries lepton number and there is an additional Higgs doublet that gets no vev, δm can be
generated by a neutrino Majorana mass (e.g [?]). The DM Majorana mass is then bounded
by the neutrino mass:

δm ∼ y
2 λ

16π2
v

2 mν

m
2
S

(7)

If still DM carries a lepton number but there is now a Yukawa coupling with a singlet
scalar that gets a vev, the Majorana mass comes from the vev of a scalar field, DM mixes
with neutrinos, and this implies a majorana DM mass after integrating out the heavy RH
neutrino. Finally, if δm comes from the vev of a lepton-number violating scalar S, there may
be constraints in this case to prevent the washout of the asymmetry via DMDM → SS.

We will keep δm unconstrained as we want to remain model-independent. However, let
us note that a natural value in the fermionic case is obtained from the dimension-5 operator

XXH
†
H

Λ
(8)

When H gets its vev and taking Λ at the Planck scale we get the see-saw value δm ∼ 10−6

eV. This turns out to be a value that can lead to interesting effects. In fact, as we will
see shortly, if m � 10 TeV, δm should not be larger than 10−4 eV if we want oscillations
to have an effect on the final relic abundance. In the bosonic case, this translates into a
bound ∆ � 10−5 GeV.

here I discuss a couple of models (Arina-Sahu + ... )

3 Oscillation + annihilation + scattering formalism

Our aim is to study the evolution in time t of the populations of DM particles and their
antiparticles DM, denoted respectively by n

+ and n
−, which possess an initial asymmetry

and are subject to the simultaneous processes of annihilations DM DM → SM SM (with
SM being any Standard Model particle), oscillations DM ↔ DM and elastic scatterings
DM SM→ DM SM. For definiteness, we assume that particles are initially more abundant
than antiparticles, i.e. n

+
> n

−.
The proper tool to treat this problem, in which a coherent process such as oscillations is

overlapping with incoherent processes such as annihilations and scatterings, is provided by
the density matrix formalism, originally developed for the case of neutrino oscillations in the
Early Universe [47, 48], but which can be adapted to our present needs. One defines a 2×2
matrix, whose diagonal entries correspond to the individual number densities n

+ and n
− and

whose off-diagonal entries express the superposition of quantum states + and − originated
by the oscillations. As is customary, we introduce the comoving densities Y

± ≡ n
±
/s,

where s is the total entropy density of the Universe, and we follow the evolution in terms of
the dimensionless variable x = mDM/T , where mDM is the DM mass and T the temperature.
We will therefore work in terms of a comoving number density matrix

Y(x) =

�
Y

+(x) Y
+−(x)

Y
−+(x) Y

−(x)

�
(9)

(the curly font for Y will indicate in the following the matrix quantity). We will always
be interested in the epoch of radiation domination, during which the Hubble parameter

4

δm~10-6 eV



Formalism
We study a system of χ+ and χ-, which possess an initial asymmetry 
(n+ > n−) and are subject to simultaneous:

i) oscillations χ+ ↔ χ- 

ii) annihilations χ+ χ- ↔ SMSM and 

iii) elastic scatterings χ SM ↔ χ SM. 

‘Density matrix formalism’ (originally developed for ν oscillations 
in the Early Universe) provides a framework to treat an interplay 
between a coherent process such as oscillations with incoherent 
processes such as annihilations and scatterings.



Formalism

oscillations DM ↔ DM

annihilations 
DMDM ↔ SMSM

elastic scatterings 
DM SM ↔ DM SM

Y: co-moving DM abundance; 
diagonal elements are physical 
states while off diagonal elements 
are their superposition.
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H(x) =
�

8π3g∗(x)/90 m
2
DMx

−2
/MPl = Hm/x

2 and t
−1 = 2H(x). In terms of x one also

has s(x) � 2π2
/45 g∗s(x) m

3
DM · (1/x3). 2 Here g∗(x) and g∗s(x) are the effective relativistic

degrees of freedom. We define the � notation as

� ≡
�
1 +

x

4

dg∗(x)/dx

g∗(s)

�
× d

dx
=

1

x H(x)
× d

dt
(10)

Neglecting the x-dependence of g∗ is often an acceptable approximation; for completeness,
however, we keep the factor in square brackets in eq. (10) in all our computations.

We will now write explicitly the full density matrix equation that we consider. For a
better illustration and understanding, we will discuss each piece of the equation (and the
parameters that they contain) one by one in the next subsections, considering in turn a
situation with only annihilations and no oscillations nor elastic scatterings, a situation with
oscillations only, then combining oscillations and annihilations and finally including the
elastic scattering as well. In the cases in which it is possible and convenient, we will deduce
from the matricial form of the equation the more familiar Boltzmann equations for Y

+ and
Y

−. The evolution equation for the density matrix Y reads

Y
�(x) = − i

x H(x)

�
H,Y(x)

�
(11)

− s(x)

x H(x)

�
1

2

�
Y(x), Γa Ȳ(x) Γ†a

�
− Γa Γ†a Y

2
eq

�

− 1

x H(x)

�
Γs(x),Y(x)

�
.

On the right hand side, the first term accounts for oscillations, the second for annihilations
and the third for elastic scatterings. The initial conditions read Y

±
0 ≡ Y

±(x0) = Yeq(x0) e
±ξ0

and Y
+−(x0) = Y

−+(x0) = 0, at an initial time x0 (in practice we usually choose x0 = 5,
early enough to be able to follow the whole subsequent evolution, but not too early, in
order to avoid running into numerical problems). Here Yeq denotes an equilibrium comoving

density Yeq = 45
2π4

�
π
8

�1/2 g∗
g∗s

x
3/2

e
−x. The actual equilibrium comoving densities for the +

and − species are respectively Y
+
eq = Yeq e

+ξ, Y
−
eq = Yeq e

−ξ, where ξ = µ/T with µ being
the chemical potential. Since they enter only as the product (see below), the chemical
potential disappears from the equations. It is also useful to introduce the parameter η0 =
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
discussed in Sec. 3.3) and in the case which
includes elastic scatterings (bottom left panel,
discussed in Sec. 3.4). In each plot the blue and
magenta lines represent respectively the comov-
ing population of n+ and n−, while the black
line gives their sum. The assumed values of
the parameters are indicated.

which clearly shows that the difference ∆ between the populations remains constant and

equal to the initial condition η0; on the other hand, the total population of
+

and
−

particles

decreases, due to annihilations. At late times, Yeq is negligible and Σ is attracted towards

∆ = η0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM↔ DM oscillations in the

system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

to the simple form

Y
�
(x) = − i

x H(x)

�
H,Y(x)

�
. (17)

where H is the Hamiltonian of the system, which, as discussed in Sec. 2, we parametrize as

H =

�
mDM δm
δm mDM

�
. (18)

The system of four coupled equations for the individual entries of the matrix Y can be

explicitly solved analytically. The off-diagonal components can be plugged in the equations

for the diagonal components Y
±

and one finds that those correspond to the following

familiar Boltzmann equations:





Y

+ �
(x) = −Γosc(x)

x H(x)

�
Y

+
(x)− Y

−
(x)

�
,

Y
− �

(x) = −Y
+ �

(x),

(19)

7

20 40 60 80 100
10�12

10�11

10�10

10�9

10�8

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x�

�DM
0

Y�

Y�

�

YΗ0�0

Η0 � 1.02 10�10
Σ0 � 7 pb
mDM � 4.5 GeV

Η0

10 102 103
0.0

0.5

1.0

1.5

2.0

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM
0

Y�

Y�

�
� no osc

YΗ0�0

Η0 � 1.02 10�10

Σ0 � 14 pb
mDM � 9 GeV
∆m � 10�12 eV

Η0

10 102 103 104
10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

x � mDM �T
C
om
ov
in
g
de
ns
ity

Y
�x�

�DM
0

Y�

Y�

�
� no osc

YΗ0�0

Η0 � 1.02 10�10

Σ0 � 25 pb
mDM � 1000 GeV
∆m � 10�4 eV

Ξ � 10�2
Η0

Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
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decreases, due to annihilations. At late times, Yeq is negligible and Σ is attracted towards

∆ = η0.
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The system of four coupled equations for the individual entries of the matrix Y can be

explicitly solved analytically. The off-diagonal components can be plugged in the equations

for the diagonal components Y
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Figure 2: Left panel: graphical illustration of the approximate relation in eq. (22), i.e. the
value of x at which oscillations start as a function of δm for a few indicative values of the DM
mass. The dotted line traces the modification to that relation in the case where annihilations are
active, see Sec. 3.1. Right panel: graphical illustration of the approximate relation in eq. (26),
i.e. the efficiency of oscillations in depleting the aDM excess (for definiteness, in the case of no
elastic scatterings, i.e. ξ = 0). The crossings of the diagonal dotted lines with the four solid lines
individuate the values of δm for which ΩDM reproduces the correct abundance, for the indicated
values of mDM.

with the same initial conditions as for eq. (11) and where the oscillation rate is defined as

Γosc(x) = δm tan

�
δm

H(x)

�
. (20)

These can also be written in terms of Σ and ∆ as






Σ �
(x) = 0,

∆ �
(x) = −2

Γosc(x)

x H(x)
∆(x).

(21)

It is now Σ which is constant in time, since oscillations exchange particle with antiparticle

but conserve the total number of bodies, while ∆(x) follows an oscillatory behaviour.

In the absence of interactions with the plasma, the probability that a DM particle

becomes a DM particle at time t is P
+−
osc (t) = sin

2
(δm t). Oscillations start when H(x) �

δm (i.e T �
√

δm MPl). Slightly more precisely, one can define xosc via the condition

δm x
2
osc/H(mDM) � 2π, which gives

xosc �
�

8π3

90
g∗

�1/4
1√
MPl

mDM√
δm

≈ 2 · 10
−4

�
mDM

10 GeV

� �
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δm

�1/2

. (22)

This equation is plotted in Fig. 2, showing that a large range of possibilities is open,

depending on the values of the DM mass and of the δm parameter.
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
discussed in Sec. 3.3) and in the case which
includes elastic scatterings (bottom left panel,
discussed in Sec. 3.4). In each plot the blue and
magenta lines represent respectively the comov-
ing population of n+ and n−, while the black
line gives their sum. The assumed values of
the parameters are indicated.

which clearly shows that the difference ∆ between the populations remains constant and

equal to the initial condition η0; on the other hand, the total population of
+

and
−

particles

decreases, due to annihilations. At late times, Yeq is negligible and Σ is attracted towards

∆ = η0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM↔ DM oscillations in the

system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

to the simple form

Y
�
(x) = − i

x H(x)

�
H,Y(x)

�
. (17)

where H is the Hamiltonian of the system, which, as discussed in Sec. 2, we parametrize as

H =

�
mDM δm
δm mDM

�
. (18)

The system of four coupled equations for the individual entries of the matrix Y can be

explicitly solved analytically. The off-diagonal components can be plugged in the equations

for the diagonal components Y
±

and one finds that those correspond to the following

familiar Boltzmann equations:
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2 and t
−1 = 2H(x). In terms of x one also
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Neglecting the x-dependence of g∗ is often an acceptable approximation; for completeness,
however, we keep the factor in square brackets in eq. (10) in all our computations.

We will now write explicitly the full density matrix equation that we consider. For a
better illustration and understanding, we will discuss each piece of the equation (and the
parameters that they contain) one by one in the next subsections, considering in turn a
situation with only annihilations and no oscillations nor elastic scatterings, a situation with
oscillations only, then combining oscillations and annihilations and finally including the
elastic scattering as well. In the cases in which it is possible and convenient, we will deduce
from the matricial form of the equation the more familiar Boltzmann equations for Y

+ and
Y

−. The evolution equation for the density matrix Y reads
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.

On the right hand side, the first term accounts for oscillations, the second for annihilations
and the third for elastic scatterings. The initial conditions read Y

±
0 ≡ Y

±(x0) = Yeq(x0) e
±ξ0

and Y
+−(x0) = Y

−+(x0) = 0, at an initial time x0 (in practice we usually choose x0 = 5,
early enough to be able to follow the whole subsequent evolution, but not too early, in
order to avoid running into numerical problems). Here Yeq denotes an equilibrium comoving

density Yeq = 45
2π4
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−x. The actual equilibrium comoving densities for the +

and − species are respectively Y
+
eq = Yeq e

+ξ, Y
−
eq = Yeq e

−ξ, where ξ = µ/T with µ being
the chemical potential. Since they enter only as the product (see below), the chemical
potential disappears from the equations. It is also useful to introduce the parameter η0 =
Y

+
0 − Y

−
0 , which represents the initial DM – DM asymmetry and is related to ξ0 as ξ0 =

arcsinh(η0/(2Yeq(x0))).

3.1 Annihilations only

In the case with annihilations only, the density matrix equation in eq. (11) reduces to

Y
�(x) = − s(x)

x H(x)
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Y(x), Γa Ȳ(x) Γ†a

�
− Γa Γ†a Y
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. (12)

The right hand side, in particular with its anti-commutator structure, reproduces the more
detailed collision integrals as discussed in [47, 48] and once the integral over the phase space

2The � sign in the latter relation just reminds that the total entropy density is dominated by the entropy
density in relativistic degrees of freedom, in a very good approximation.
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3.4 Including elastic scatterings

Dark Matter (and antiDM) particles travel through the dense primordial plasma and elas-

tically scatter on it via DM SM → DM SM processes, where ‘SM’ denotes any Standard

Model particle that is abundant enough in the plasma, i.e. essentially relativistic species.

This affects the evolution of the system in two main ways (we follow closely for this dis-

cussion the case of neutrino propagation in matter, see e.g. [50]): (i) an effective matter

potential V is generated by the coherent interactions and enters in the commutator part of

the density matrix equation; (ii) the incoherent scatterings give rise to a rate of interactions

γs entering in the anti-commutator part.

The whole system is therefore now described by eq. (11) with all pieces included and

where

H =
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. (24)

The common terms on the diagonal of H of course do not have any effect on oscillations,

while the difference ∆V does. ∆V represents the effective energy shift of DM versus DM

induced by the baryon asymmetry of the medium. Effectively, it leads to a non-maximal

mixing angle, thus reducing the oscillation probability in the vacuum P+−
osc by a factor

4δm2/(4δm2 + ∆V 2). For simplicity we assume that δm is not affected by the medium.

The explicit form of ∆V and γs depends on the specific interactions of DM with the

plasma. Since we are mainly interested in the case of Weakly Interacting Dark Matter, we

mimic them from those of neutrinos. An important point to notice, however, is that the

same scatterings we are considering here are also those that would produce signals in DM

direct detection experiments, i.e. nuclear or electron recoils in low background set-ups. In

order to be consistent with direct detection experiments, therefore, we assume that the DM

coupling with matter is suppressed with respect to the weak coupling. On the basis of these

observations, we take

∆V = ξ
√

2 GF ηB

�
g∗s(x)− 2

�
nγ and γs = ξ2 45

π3
ζ(5) G2

F

�
g∗s(x)− 2

�m5
DM

x5
, (25)

where GF is the Fermi constant, nγ = 2/π2 ζ(3) m3
DM/x3 is the photon number density and

ζ(n) is the Riemann zeta function of n. In the equations above the presence of the factor

(g∗s(x)− 2) is due to the fact that we take into account that WIMP DM scatters on all the

relativistic degrees of freedom (counted by g∗s(x)) except for photons. Also, by using ηB in

the expression for ∆V , we are implicitly assuming that all relativistic SM species share the

same asymmetry, equal to the baryonic one.5

The parameter ξ expresses the suppression of the Fermi constant due to the fainter DM

coupling with matter, as discussed above. Direct detection experiments impose ξ � 10−2.

On the other hand, one can check that for ξ � 10−3 the presence of scatterings has

essentially no effect on the system. We will therefore consider in this work two main cases:

(a) ξ ≡ 0 (i.e. no scatterings), in which case the system reduces to the one discussed

in Sec. 3.3; this scenario makes more evident the effect of oscillations and maximizes

their importance.

5Notice that no term proportional to the DM asymmetry itself is present, since the DM and DM
population is Boltzmann suppressed in the regimes of our interest.
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Formalism
Elastic scatterings: DM SM ↔ DM SM
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Two-fold effect: the one just described + ∆V represents the effective energy shift of DM 
versus anti-DM induced by the baryon asymmetry of the medium (it leads to a non-
maximal mixing angle, reducing the oscillation probability in the vacuum.)

We consider ξ=0 (no effect of scatterings) and ξ=10-2 (corresponds to 
sigma~ 10-41cm2, somewhat stronger than current DD bounds).
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
discussed in Sec. 3.3) and in the case which
includes elastic scatterings (bottom left panel,
discussed in Sec. 3.4). In each plot the blue and
magenta lines represent respectively the comov-
ing population of n+ and n−, while the black
line gives their sum. The assumed values of
the parameters are indicated.

which clearly shows that the difference ∆ between the populations remains constant and

equal to the initial condition η0; on the other hand, the total population of
+

and
−

particles

decreases, due to annihilations. At late times, Yeq is negligible and Σ is attracted towards

∆ = η0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM↔ DM oscillations in the

system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

to the simple form

Y
�
(x) = − i

x H(x)

�
H,Y(x)

�
. (17)

where H is the Hamiltonian of the system, which, as discussed in Sec. 2, we parametrize as

H =

�
mDM δm
δm mDM

�
. (18)

The system of four coupled equations for the individual entries of the matrix Y can be

explicitly solved analytically. The off-diagonal components can be plugged in the equations

for the diagonal components Y
±

and one finds that those correspond to the following

familiar Boltzmann equations:





Y

+ �
(x) = −Γosc(x)

x H(x)

�
Y

+
(x)− Y

−
(x)

�
,

Y
− �

(x) = −Y
+ �

(x),

(19)

7

H(x) =
�

8π3g∗(x)/90 m
2
DMx

−2
/MPl = Hm/x

2 and t
−1 = 2H(x). In terms of x one also

has s(x) � 2π2
/45 g∗s(x) m

3
DM · (1/x3). 2 Here g∗(x) and g∗s(x) are the effective relativistic

degrees of freedom. We define the � notation as

� ≡
�
1 +

x

4

dg∗(x)/dx

g∗(s)

�
× d

dx
=

1

x H(x)
× d

dt
(10)

Neglecting the x-dependence of g∗ is often an acceptable approximation; for completeness,
however, we keep the factor in square brackets in eq. (10) in all our computations.

We will now write explicitly the full density matrix equation that we consider. For a
better illustration and understanding, we will discuss each piece of the equation (and the
parameters that they contain) one by one in the next subsections, considering in turn a
situation with only annihilations and no oscillations nor elastic scatterings, a situation with
oscillations only, then combining oscillations and annihilations and finally including the
elastic scattering as well. In the cases in which it is possible and convenient, we will deduce
from the matricial form of the equation the more familiar Boltzmann equations for Y

+ and
Y

−. The evolution equation for the density matrix Y reads

Y
�(x) = − i

x H(x)

�
H,Y(x)

�
(11)

− s(x)

x H(x)

�
1

2

�
Y(x), Γa Ȳ(x) Γ†a

�
− Γa Γ†a Y

2
eq

�

− 1

x H(x)

�
Γs(x),Y(x)

�
.

On the right hand side, the first term accounts for oscillations, the second for annihilations
and the third for elastic scatterings. The initial conditions read Y

±
0 ≡ Y

±(x0) = Yeq(x0) e
±ξ0

and Y
+−(x0) = Y

−+(x0) = 0, at an initial time x0 (in practice we usually choose x0 = 5,
early enough to be able to follow the whole subsequent evolution, but not too early, in
order to avoid running into numerical problems). Here Yeq denotes an equilibrium comoving

density Yeq = 45
2π4

�
π
8

�1/2 g∗
g∗s

x
3/2

e
−x. The actual equilibrium comoving densities for the +

and − species are respectively Y
+
eq = Yeq e

+ξ, Y
−
eq = Yeq e

−ξ, where ξ = µ/T with µ being
the chemical potential. Since they enter only as the product (see below), the chemical
potential disappears from the equations. It is also useful to introduce the parameter η0 =
Y

+
0 − Y

−
0 , which represents the initial DM – DM asymmetry and is related to ξ0 as ξ0 =

arcsinh(η0/(2Yeq(x0))).

3.1 Annihilations only

In the case with annihilations only, the density matrix equation in eq. (11) reduces to

Y
�(x) = − s(x)

x H(x)

�
1

2

�
Y(x), Γa Ȳ(x) Γ†a

�
− Γa Γ†a Y

2
eq

�
. (12)

The right hand side, in particular with its anti-commutator structure, reproduces the more
detailed collision integrals as discussed in [47, 48] and once the integral over the phase space

2The � sign in the latter relation just reminds that the total entropy density is dominated by the entropy
density in relativistic degrees of freedom, in a very good approximation.
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Reduces to the usual 
Boltzmann equation.

of incoming and outgoing particles has been performed. We neglect the effects related to

the quantum-statistical distribution of particles (e.g. Fermi-blocking factors). Here Γa is a

diagonal matrix (actually proportional to the identity in the case at hand) defined in such

a way that Γa Γ†a = �σv� I, where �σv� is the thermally averaged annihilation cross section.

It admits the usual expansion in even powers of the velocity v of the DM particles

�σv� = σ0 + σ1�v�2 +O(v
4
), (13)

and, for simplicity, we will always assume s-wave annihilations in the following, which

amounts to keep only the first term of the expansion. Ȳ is the charged conjugated matrix

of Y , i.e. the same quantity as the latter but with the role of particles and antiparticles

flipped. In formulæ Ȳ = CP
−1

· Y · CP, where CP = iσ2 =
�

0 1
−1 0

�
. Finally, the matrix

Y2
eq reads Y2

eq = diag(Y
2
eq, Y

2
eq).

In solving eq. (12), the off-diagonal components remain identically zero and the whole

information on the evolution of the system is encoded in the equations for the diagonal com-

ponents Y
±
. Such equations can then be recast in the more familiar Boltzmann form [49]:

Y
± �

(x) = −�σv� s(x)

x H(x)

�
Y

+
(x) Y

−
(x)− Y

2
eq(x)

�
. (14)

It is now straightforward to solve the equations (12) (or, equivalently, eq. (14), as it has

been done in [38, 39]). We show in fig.1 (upper left panel) the result in the specific case

η0 = ηB = 1.02 10
−10

(the latter being the value of the baryonic asymmetry, see e.g. [1])
3

and where we have taken a large annihilation cross section. Let us comment on the main

qualitative features. At small x, the presence of a primordial asymmetry is irrelevant and

both comoving densities follow essentially the equilibrium curve. Freeze-out happens when

the system runs out of targets, and then the absolute value of Y
+

(assumed to be the most

abundant species) approaches η0: Y
+

sits on a plateau while the contribution of Y
−

can be

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant

parameter is the initial asymmetry ηB: it sets the asymptotic number density
4

and thus,

in order to obtain the correct ΩDM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the difference of the comoving number

densities

Σ(x) = Y
+
(x) + Y

−
(x), ∆(x) = Y

+
(x)− Y

−
(x), (15)

In terms of these quantities, the Boltzmann equations read






Σ �
(x) = −2

�σv� s(x)

x H(x)

�
1

4

�
Σ2

(x)−∆2
(x)

�
− Y

2
eq(x)

�
,

∆�
(x) = 0,

(16)

3Note that we have defined here the quantities η, for DM and for baryons, in terms of the ratio of the
difference of number densities with entropy s: η = (n− n̄)/s. This notation is not to be confused with the
one (sometimes also denoted η) involving the ratio with the photon number density. In this latter notation,
the baryon to photon ratio (nB − n̄B)/nγ � nB/nγ equals the familiar value 6.18 10−10 [1].

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched off by
the time of freeze-out, so that we can consider η0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.
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−1

· Y · CP, where CP = iσ2 =
�

0 1
−1 0

�
. Finally, the matrix

Y2
eq reads Y2

eq = diag(Y
2
eq, Y

2
eq).

In solving eq. (12), the off-diagonal components remain identically zero and the whole

information on the evolution of the system is encoded in the equations for the diagonal com-

ponents Y
±
. Such equations can then be recast in the more familiar Boltzmann form [49]:

Y
± �

(x) = −�σv� s(x)

x H(x)

�
Y

+
(x) Y

−
(x)− Y

2
eq(x)

�
. (14)

It is now straightforward to solve the equations (12) (or, equivalently, eq. (14), as it has

been done in [38, 39]). We show in fig.1 (upper left panel) the result in the specific case

η0 = ηB = 1.02 10
−10

(the latter being the value of the baryonic asymmetry, see e.g. [1])
3

and where we have taken a large annihilation cross section. Let us comment on the main

qualitative features. At small x, the presence of a primordial asymmetry is irrelevant and

both comoving densities follow essentially the equilibrium curve. Freeze-out happens when

the system runs out of targets, and then the absolute value of Y
+

(assumed to be the most

abundant species) approaches η0: Y
+

sits on a plateau while the contribution of Y
−

can be

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant

parameter is the initial asymmetry ηB: it sets the asymptotic number density
4

and thus,

in order to obtain the correct ΩDM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the difference of the comoving number

densities

Σ(x) = Y
+
(x) + Y

−
(x), ∆(x) = Y

+
(x)− Y

−
(x), (15)

In terms of these quantities, the Boltzmann equations read






Σ �
(x) = −2

�σv� s(x)

x H(x)

�
1

4

�
Σ2

(x)−∆2
(x)

�
− Y

2
eq(x)

�
,

∆�
(x) = 0,

(16)

3Note that we have defined here the quantities η, for DM and for baryons, in terms of the ratio of the
difference of number densities with entropy s: η = (n− n̄)/s. This notation is not to be confused with the
one (sometimes also denoted η) involving the ratio with the photon number density. In this latter notation,
the baryon to photon ratio (nB − n̄B)/nγ � nB/nγ equals the familiar value 6.18 10−10 [1].

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched off by
the time of freeze-out, so that we can consider η0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.

6



Oscillations + Annihilations:

Results

1. Y+ sits only temporarily on the 
plateau determined by η0, as in the 
usual ADM scenarios.

2.oscillations start at x ∼ 600 and Y- gets 
repopulated. 

3.Given the relatively large annihilation 
cross section σ0 = 60 pb, annihilations 
then resume and the total population Σ 
decreases. 

4. In the later stages, Σ goes through a 
rapid series of plateaux and drops, until 
it rests on its asymptotic value, 
determined by the freeze-out of 
annihilations.
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Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. See text for details.

4 Results

We now illustrate with some more examples the physics involved in the solution of the
density matrix equations discussed above by varying the parameters mDM, σ0, η0, δm and
also ξ. In fig. 3 we show the evolution of the comoving dark matter number density in the
following cases:

◦ Case A corresponds to choices similar to those discussed in Sec. 3.3 and already
adopted for fig. 1a and is reported here for the sake of comparing with the following
cases.
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ΩDM → ΩDM (�σv�, η0,mDM , δm)

ΩDM → ΩDM (η0)

ΩDM → ΩDM (�σv�)

ΩDM
Ωb

∼ 5.86

nb
nγ

∼ 6.5 10−10

ΩDM ∼ 3×10−27 cm3s−1

�σv�

�σv� ∼ g4

TeV2 ∼ 3× 10−26 cm3s−1

1



A: the same mDM as in B, but we adopt a much larger δm. The co-moving population of 
DM therefore sits for a shorter time on the plateau determined by the initial asymmetry 
η0. Lower value of σ0 = 6 pb is now needed to reach the correct relic abundance. 

10 102 103
0.0

0.5

1.0

1.5

2.0

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�

Y�

�

Η0 � ΗB
Σ0 � 6 pb
mDM � 10 GeV
∆m � 10�11 eV

Η0

A

10 102 103 104
0.0

0.5

1.0

1.5

2.0

x � mDM �T
C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�

Y�

�

Η0 � ΗB
Σ0 � 60 pb
mDM � 10 GeV
∆m � 10�13 eV

Η0

B

10 102 103 104
10�3

10�2

10�1

1

10

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�
Y�
�

Η0 � ΗB
Σ0 � 6 pb
mDM � 300 GeV
∆m � 10�7 eV

Η0

fast
oscillations

C

10 102 103 104
10�3

10�2

10�1

1

10

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�
Y�
�

Η0 � ΗB
Σ0 � 50 pb
mDM � 300 GeV
∆m � 10�7 eV

Η0

Ξ � 10�2

D

10 102 103
0.0

0.5

1.0

1.5

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�
Y�
�

YΗ0�0

Η0 � ΗB�4
Σ0 � 2.5 pb
mDM � 4.5 GeV
∆m � 10�11 eV

Η0

E

10 102 103 104
10�1

1

10

102

103

104

x � mDM �T

C
om
ov
in
g
de
ns
ity

Y
�x��1

01
0

�DM

Y�
Y�
�

Η0 � 102 ΗB
Σ0 � 600 pb

mDM � 10 GeV
∆m � 10�13 eV

Η0

F

Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. See text for details.

4 Results

We now illustrate with some more examples the physics involved in the solution of the
density matrix equations discussed above by varying the parameters mDM, σ0, η0, δm and
also ξ. In fig. 3 we show the evolution of the comoving dark matter number density in the
following cases:

◦ Case A corresponds to choices similar to those discussed in Sec. 3.3 and already
adopted for fig. 1a and is reported here for the sake of comparing with the following
cases.
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Results
Oscillations + Annihilations: impact of varying δm. 



For too large δm oscillations start too 
early and symmetrize the dark sector 
such that decoupling proceeds as in the 
standard thermal freeze-out scenario.

Results
Oscillations + Annihilations: ‘maximal’ δm. 
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Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. See text for details.

4 Results

We now illustrate with some more examples the physics involved in the solution of the
density matrix equations discussed above by varying the parameters mDM, σ0, η0, δm and
also ξ. In fig. 3 we show the evolution of the comoving dark matter number density in the
following cases:

◦ Case A corresponds to choices similar to those discussed in Sec. 3.3 and already
adopted for fig. 1a and is reported here for the sake of comparing with the following
cases.
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One could wonder whether δm can be indefinitely large in these set-ups. This is of
course not the case: for too large δm oscillations start too early and symmetrize the dark
sector such that decoupling proceeds as in the standard thermal freeze-out scenario. It can
therefore also be useful to explicitly define δmmax as the value of δm below which the new
phenomena described here arise. For the case without elastic scatterings (i.e. ξ ≡ 0), we
obtain

δmmax = 2π H(m)/x2
decoupl, asym. (27)

∼ 10−11√
g∗ (mDM/1 GeV)2 eV, (28)

where the numerical estimate in the last step is obtained by neglecting a small change in the
value of x = mDM/T at decoupling, in our scenario with respect to the standard case, i.e.
we assumed the standard value xdecoupl, asym. ≈ xdecoupl, std. ∼ 20. We see, that for heavy DM,
with mass ∼ 1 TeV, already for δm ≤ 10−5 eV oscillations affect the decoupling history.
For lighter DM, δm is accordingly smaller. Case E in fig. 3 illustrates a critical case in
which oscillations start somewhat precisely at the right moment to thwart the impact of
the asymmetry and drive the evolution along the usual freeze-out history.

Another feature of these models worth emphasizing is that the required annihilation
cross section always needs to be higher than the usual thermal freeze-out value σ0. This
occurs just because annihilations have to still be active later than in the usual scenario.
The parameter space is indeed effectively bound from below at cross sections of the order
of 2 pb 6. High cross sections in the standard case would under-produce ΩDM, while with
the asymmetry+oscillation mechanism, we can reach the correct value.

5 Constraints

In the setup we are considering, when oscillations start, annihilations promptly resume.
Therefore the parameter space presented above is subject to the usual constraints on anni-
hilating Dark Matter. Since, in some examples, we are dealing with large annihilation cross
sections, these constraints can be particularly significant. We will discuss the constraints
coming from the different epochs, and then identify the most stringent ones. We will always
work under the approximation of the oscillation rate to be much shorter than the interac-
tion rate, so that we can work with averaged quantities �Y +� and �Y −� and consider the
annihilation rate to be determined only by σ0, as usual. In other words, when this condition
is satisfied we do not have to worry about the time dependence of the populations of the
two species (and therefore of the annihilation rate) or about possible partial repopulations
of one of the two species.

BBN. The period of the synthesis of nuclei in the primordial plasma (i.e. Big Bang Nu-
cleosynthesis (BBN)) is the earliest test of standard cosmology, constraining the properties
of the Universe starting from when it was a few seconds old, or equivalently at the MeV
temperature scale. The good agreement of predicted abundances of the light elements with
their measured values makes BBN a powerful cosmological probe: injections of particles and
energy due to DM annihilation or decay, either during BBN, or at later times when those

6Note that as we have two DM species, we have twice lower number of targets than in the standard
case, and therefore cross sections twice higher are needed to have the same annihilation rate.
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mDM~1 TeV, δm<10-5 eV (when there is 
no elastic scatterings, ξ < 10−2!).
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Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. See text for details.

4 Results

We now illustrate with some more examples the physics involved in the solution of the
density matrix equations discussed above by varying the parameters mDM, σ0, η0, δm and
also ξ. In fig. 3 we show the evolution of the comoving dark matter number density in the
following cases:

◦ Case A corresponds to choices similar to those discussed in Sec. 3.3 and already
adopted for fig. 1a and is reported here for the sake of comparing with the following
cases.
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Case D corresponds to same situation as C (in terms of mDM and δm), except that now 
we include elastic scatterings (ξ = 10−2). The effect of incoherent scatterings that delay and 
damp the oscillations is very much apparent with respect to case C.  A larger cross section 
is needed to keep the annihilations active at late times and thus reach the right 
abundance.

Results
Oscillations + Annihilations + Scatterings:



Overview of general features:

1.higher cross sections than usual σ0 are needed to reach the correct 
abundance! 

2. these effects are present for δm< δmmax.

3. osc start later than a simple guess ~1/δm, due to decoherence.
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Figure 2: Left panel: graphical illustration of the approximate relation in eq. (22), i.e. the
value of x at which oscillations start as a function of δm for a few indicative values of the DM
mass. The dotted line traces the modification to that relation in the case where annihilations are
active, see Sec. 3.1. Right panel: graphical illustration of the approximate relation in eq. (26),
i.e. the efficiency of oscillations in depleting the aDM excess (for definiteness, in the case of no
elastic scatterings, i.e. ξ = 0). The crossings of the diagonal dotted lines with the four solid lines
individuate the values of δm for which ΩDM reproduces the correct abundance, for the indicated
values of mDM.

with the same initial conditions as for eq. (11) and where the oscillation rate is defined as

Γosc(x) = δm tan

�
δm

H(x)

�
. (20)

These can also be written in terms of Σ and ∆ as






Σ �
(x) = 0,

∆ �
(x) = −2

Γosc(x)

x H(x)
∆(x).

(21)

It is now Σ which is constant in time, since oscillations exchange particle with antiparticle

but conserve the total number of bodies, while ∆(x) follows an oscillatory behaviour.

In the absence of interactions with the plasma, the probability that a DM particle

becomes a DM particle at time t is P
+−
osc (t) = sin

2
(δm t). Oscillations start when H(x) �

δm (i.e T �
√

δm MPl). Slightly more precisely, one can define xosc via the condition

δm x
2
osc/H(mDM) � 2π, which gives

xosc �
�

8π3

90
g∗

�1/4
1√
MPl

mDM√
δm

≈ 2 · 10
−4

�
mDM

10 GeV

� �
eV

δm

�1/2

. (22)

This equation is plotted in Fig. 2, showing that a large range of possibilities is open,

depending on the values of the DM mass and of the δm parameter.
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with the same initial conditions as for eq. (11) and where the oscillation rate is defined as

Γosc(x) = δm tan
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It is now Σ which is constant in time, since oscillations exchange particle with antiparticle

but conserve the total number of bodies, while ∆(x) follows an oscillatory behaviour.

In the absence of interactions with the plasma, the probability that a DM particle

becomes a DM particle at time t is P
+−
osc (t) = sin

2
(δm t). Oscillations start when H(x) �
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This equation is plotted in Fig. 2, showing that a large range of possibilities is open,

depending on the values of the DM mass and of the δm parameter.
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One could wonder whether δm can be indefinitely large in these set-ups. This is of
course not the case: for too large δm oscillations start too early and symmetrize the dark
sector such that decoupling proceeds as in the standard thermal freeze-out scenario. It can
therefore also be useful to explicitly define δmmax as the value of δm below which the new
phenomena described here arise. For the case without elastic scatterings (i.e. ξ ≡ 0), we
obtain

δmmax = 2π H(m)/x2
decoupl, asym. (27)

∼ 10−11√
g∗ (mDM/1 GeV)2 eV, (28)

where the numerical estimate in the last step is obtained by neglecting a small change in the
value of x = mDM/T at decoupling, in our scenario with respect to the standard case, i.e.
we assumed the standard value xdecoupl, asym. ≈ xdecoupl, std. ∼ 20. We see, that for heavy DM,
with mass ∼ 1 TeV, already for δm ≤ 10−5 eV oscillations affect the decoupling history.
For lighter DM, δm is accordingly smaller. Case E in fig. 3 illustrates a critical case in
which oscillations start somewhat precisely at the right moment to thwart the impact of
the asymmetry and drive the evolution along the usual freeze-out history.

Another feature of these models worth emphasizing is that the required annihilation
cross section always needs to be higher than the usual thermal freeze-out value σ0. This
occurs just because annihilations have to still be active later than in the usual scenario.
The parameter space is indeed effectively bound from below at cross sections of the order
of 2 pb 6. High cross sections in the standard case would under-produce ΩDM, while with
the asymmetry+oscillation mechanism, we can reach the correct value.

5 Constraints

In the setup we are considering, when oscillations start, annihilations promptly resume.
Therefore the parameter space presented above is subject to the usual constraints on anni-
hilating Dark Matter. Since, in some examples, we are dealing with large annihilation cross
sections, these constraints can be particularly significant. We will discuss the constraints
coming from the different epochs, and then identify the most stringent ones. We will always
work under the approximation of the oscillation rate to be much shorter than the interac-
tion rate, so that we can work with averaged quantities �Y +� and �Y −� and consider the
annihilation rate to be determined only by σ0, as usual. In other words, when this condition
is satisfied we do not have to worry about the time dependence of the populations of the
two species (and therefore of the annihilation rate) or about possible partial repopulations
of one of the two species.

BBN. The period of the synthesis of nuclei in the primordial plasma (i.e. Big Bang Nu-
cleosynthesis (BBN)) is the earliest test of standard cosmology, constraining the properties
of the Universe starting from when it was a few seconds old, or equivalently at the MeV
temperature scale. The good agreement of predicted abundances of the light elements with
their measured values makes BBN a powerful cosmological probe: injections of particles and
energy due to DM annihilation or decay, either during BBN, or at later times when those

6Note that as we have two DM species, we have twice lower number of targets than in the standard
case, and therefore cross sections twice higher are needed to have the same annihilation rate.

15
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case (η = 0, δm = 0). The labelled points (A to F) refer to the cases shown in Fig. 3. Top panels:
Oscillations and annihilations only, i.e. ξ = 0. Bottom panels: Adding elastic scatterings, i.e.
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we assume an initial asymmetry η0 = ηB and we show two indicative values of the oscillation
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abundances are established, are constrained, as they would alter the observed abundances

of primordial elements with respect to prediction (for a review see [55]).

More precisely, BBN can offer in principle two types of probes for the scenarios in

which we are interested. If oscillations start well before BBN, DM annihilations could be

happening at a low level during the BBN (without significantly changing ΩDM) and the usual

constraints on σ0 during that era would apply (see e.g. [56]). However these constraints are

typically weaker than the ones we will discuss below. A second, more attractive possibility

arises if oscillations start after the end of BBN, i.e. if tosc > tBBN. In that case, as

annihilations recouple, a large amount of energy is injected into the plasma. The set-up

is similar to the one of late-decaying heavy DM progenitor states. Such decays have been

extensively studied and stringent constraints set, in the energy injection versus injection

time plane. If the characteristic time tosc is longer than 0.1 s, we would in fact be in a

position to constrain the amount of energy stored in the dark sector before oscillations start,

i.e. the initial value of DM asymmetry η0. However, once again, this possibility appears

to be ruled out in the set-up in which we are interested, since tosc ∼ 0.1 sec requires an

annihilation cross section of the order of 10
3

(10
4
) pb (in order to allow annihilations to

recouple so late), for DM mass of 100 GeV (1 TeV): these values are already ruled out by

the other constraints we will discuss below.

Epoch of Reionization and CMB. Strong constraints are imposed on DM annihilations

from considering the effect on the generation of the CMB anisotropies at the epoch of
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In these scenarios DM consists of equal portions of DM and anti-DM and can self-annihilate 
at late epochs, as in usual WIMP scenarios. We plot current constraints from:
i) energy injection from DM annihilation during recombination, and its impact on the CMB 
anisotropies, [F. Iocco et al., Phys.Rev.D84 (2011)] and ii) Fermi-LAT observation (non-
detection) of dwarf spheroidal Galaxies [Fermi-LAT collaboration, arXiv:1108.3546v2].   

http://arxiv.org/abs/1108.3546v2
http://arxiv.org/abs/1108.3546v2


Conclusions
  

• Scenarios with DM anti-DM oscillations preserve the attractive feature of aDM, 
that relates the DM primordial asymmetry and the baryon asymmetry in the 
first place, but at the same time preserve also the appeal of weak scale DM 
mass (and possibly cross-sections).

• We present a formalism needed to treat the system of particles that oscillate 
coherently but at the same time suffer coherence-breaking elastic scatterings on 
the plasma and annihilations among themselves.

• We have then applied such formalism to explore the phenomenologically 
available space, by varying the parameters of mDM, σ0, η0, δm, for two discrete 
choices of the parameter ξ that sets the strength of the elastic scatterings on 
the plasma.

• We show that for motivated values of δm, predictions for σ0 relevant for indirect 
DM searches are effected.
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We assume that all operators responsible for the asymmetry are switched off when we start

following the evolution, which is a reasonable when considering WIMP particles.

The effect of ∆X = 2 operators is to introduce a mass splitting and mixing between X

and X
c, which are no longer mass eigen states. Oscillations will be cosmologically relevant

if δm � H ∼ T
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/mP l. Therefore, it is clear that for a too large δm, oscillations will start

too early, well before annihilations freese-out and we recover a standard symmetric DM

freese-out scenario. If on the other hand, δm is small, oscillations may start during or after

annihilations freese-out, leading to an interesting new phenomenology modifying the final

DM relic abundance, a situation that has not yet been studied in detail.
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c. We will

typically be considering the situation ∆ � m. A similar analysis applies to a complex

scalar field which splits into two quasi-degenerate real scalars. A well-known example is

the sneutrino that carries the same lepton numbers as the neutrinos and are distinguished

from their antiparticles, the anti-sneutrinos. In the presence of a lepton number violation
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We keep instead the same annihilation 
cross section as in A, but we move to a 
higher, mDM = 300 GeV. 
The correct relic abundance is achieved 
by starting oscillations earlier than in A, 
i.e. by choosing a much larger δm. 
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Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. See text for details.

4 Results

We now illustrate with some more examples the physics involved in the solution of the
density matrix equations discussed above by varying the parameters mDM, σ0, η0, δm and
also ξ. In fig. 3 we show the evolution of the comoving dark matter number density in the
following cases:

◦ Case A corresponds to choices similar to those discussed in Sec. 3.3 and already
adopted for fig. 1a and is reported here for the sake of comparing with the following
cases.
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Results
Oscillations + Annihilations:Oscillations + Annihilations: impact of varying mDM. 


