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Abstract

On Connections Between Dark Matter and the Baryon Asymmetry

A thesis submitted for the degree of Doctor of Philosophy, Trinity Term 2013.

James A. Unwin

Pembroke College

This thesis is dedicated to the study of a prominent class of dark matter (DM) models,

in which the DM relic density is linked to the baryon asymmetry, often referred to as

Asymmetric Dark Matter (ADM) theories. In ADM the relic density is set by a particle-

antiparticle asymmetry, in direct analogue to the baryons. This is partly motivated by

the observed proximity of the baryon and DM relic densities ΩDM ≈ 5ΩB, as this can be

explained if the DM and baryon asymmetries are linked. A general requisite of models

of ADM is that the vast majority of the symmetric component of the DM number

density, the DM-antiDM pairs, must be removed for the asymmetry to set the DM

relic density and thus to explain the coincidence of ΩDM and ΩB. However we shall

argue that demanding the efficient annihilation of the symmetric component leads to

a tension with experimental constraints in a large class of models.

In order to satisfy the limits coming from direct detection and colliders searches, it

is almost certainly required that the DM be part of a richer hidden sector of interacting

states. Subsequently, examples of such extended hidden sectors are constructed and

studied, in particular we highlight that the presence of light pseudoscalars can greatly

aid in alleviating the experimental bounds and are well motivated from a theoretical

stance. Finally, we highlight that self-conjugate DM can be generated from hidden

sector particle asymmetries, which can lead to distinct phenomenology. Further, this

variant on the ADM scenario can circumvent some of the leading constraints.
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1 Introduction and Background

This chapter roughly follows treatments in [9, 10].

The need for additional non-baryonic gravitating matter - dark matter - in or-

der to explain astrophysical observations is generally accepted. Moreover, it is also

widely held that the dark matter (DM) phenomenon is caused by the existence of new

non-relativistic (meta) stable particle species with small or vanishing interactions with

photons and hadrons. However, the precise nature of DM is one of the central questions

in contemporary theoretical physics and (along with evidence for neutrino masses) is

perhaps the most compelling indication of physics beyond the Standard Model (SM).

This thesis is dedicated to the study of a prominent class of DM models, in which

the DM relic density is linked to the baryon asymmetry, often referred to as Asym-

metric Dark Matter (ADM). After outlining the main principles of both traditional

DM and ADM in Chap. 1 & 2, respectively, we proceed to carefully examine a crucial

requirement on models of ADM in Chap. 3. In Chap. 4, we show that satisfying this the-

oretical requirement leads to conflict with DM direct detection and collider constraints

in a large class of models. We proceed to construct models which satisfy the constraints

arising from direct detection and colliders in Chap. 4 & 5, and we examine further ex-

perimental limits which can constrain these models. In particular, we demonstrate that

viable, motivated models of ADM can be constructed. In Chap. 6 we outline a variant

on the ADM scenario which circumvents many of the leading constraints on ADM and

which can exhibit distinct phenomenology from traditional models. A summary of the

thesis is presented in Chap. 7 with some final remarks.



1 Introduction and Background

1.1 The case for dark matter

The earliest indications of deviations in long range gravitational measurements were

found by Fritz Zwicky in 1933 [11]. Zwicky estimated the total mass of the galaxy

cluster Coma based on the motion of galaxies at the periphery of the cluster, and

observed that his result deviated by two orders of magnitude from mass estimates based

on the luminosity of the cluster and the number of constituent galaxies. Subsequently,

he postulated that this large deviation between measurements was due to the presence

of some non-luminous form of matter. Indeed, it was noted that the gravitational force

due only to the visible matter would be insufficient for the galaxy cluster to be stable.

Further, evidence for DM comes from observations of galactic rotation curves. If

one examines bodies near the galactic edge, the trajectories deviate significantly from

näıve expectations of motion under the gravitational effects of just the luminous matter.

Rather, the observed velocities of bodies in the periphery of the galaxy are consistent

with motion under the gravitational potential generated by an approximately spherical

halo of gravitating sources in addition to the observed disk. This lends significant

weight to the idea of a DM halo which encompasses the visible galactic disk.

Empirically, the gravitational potential can be inferred by measuring the velocities

of bodies at different radial distances from the galactic centre. Take for instance galaxy

NGC 6503, the galactic rotation curve for which is shown in Fig. 1 (left) [12]. The

plot shows rotational velocities as a function of radial distance for various bodies.

Experimental data points are shown with 1σ error bars. The rotational velocity vc(r)

can be calculated for a body at radial distance from the galactic centre r moving under

a gravitational potential via Newtonian gravity

vc(r) =

√
GM(r)

r
, M(r) = 4π

∫ r

0

ρ(r′)r′2 dr′ , (1.1)
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1 Introduction and Background

Figure 1. left. Galaxy NGC6503 rotation curve [12]. right. Bullet cluster [13]. Details in text.

where G = M−2
Pl is Newton’s constant, with MPl = 1.2 × 1019 GeV the Planck mass,

and ρ is the mass density.

The visible galactic disk, the DM halo, and the intergalactic gas present in the

galaxy each contribute differently to the gravitational potential because of their dif-

ferent mass distributions, as dictated by eq. (1.1). A three parameter fit of these

components is used to match the data points and is shown in Fig. 1 (left) as the solid

line [12]. The contributions of the various components are also indicated, and it is

seen that the experimentally observed velocity distribution is consistent with the DM

halo hypothesis. Notably, the observed velocity distribution deviates markedly from

the näıve expectation based on the visible disk, in particular the radial dependence of

the velocity distribution is clearly inconsistent.

One might reasonably suppose that the observed missing mass could be comprised

of non-luminous astrophysical bodies composed of normal baryonic matter - such as

black holes, neutron stars, brown dwarfs, or rouge planets - collectively referred to as

MACHOS (massive compact halo objects). However, whilst these objects certainly

- 3 -



1 Introduction and Background

exist, MACHO searches via gravitational microlensing [16] [15] have estimated that

their mass contribution is insufficient to account for the total mass density indicated

by experimental observations, such as galaxy rotation curves.

Observations of collisions between galaxy clusters have led to further astrophys-

ical anomalies which are attributed to the presence of DM. One famous example is

the galaxy cluster 1E0657-558 [13, 14], also known as the Bullet Cluster. The Bullet

Cluster provides striking evidence for DM, which is encapsulated in Fig. 1 (right). The

image combines several pieces of information; the gravitational potential inferred by

gravitational lensing is highlighted in blue. The red hue indicates the distribution of

hot interstellar gas, as determined by observations of X-ray emissions by the Chandra

telescope. It is estimated that such interstellar gas makes up roughly 90% of the visible

mass of the galaxy cluster. In the absence of DM one would naturally expect that

these regions should coincide, however what is observed is a separation between grav-

itational and luminous sources. The galaxies and DM of each cluster are essentially

collisionless and the motion of these bodies is unimpeded by the collision. In contrast,

the hot interstellar gas of each cluster does collide, coalescing in the epicentre, and

thus is stripped from the galaxy clusters. Not only does this give compelling empirical

evidence for DM, it also puts bounds on the size of the DM self-interaction strength.

We shall discuss limits on DM self-interactions further in Chap. 5.

The experimental anomalies discussed above are corroborated by a wealth of fur-

ther results in astrophysics. In particular, the presence of DM has been inferred in

measurements of gravitational lensing (see e.g. [17, 18]), the cosmic microwave back-

ground (CMB) [19], and galactic structure formation (see e.g. [20]). Moreover, from

these measurements it has been determined that there is roughly five times more DM

than baryonic matter in the universe. One might remark that the fact that the present

- 4 -



1 Introduction and Background

day DM and baryon densities are comparable is quite curious, and taking this coinci-

dence as a hint of some underlying physical mechanism that sets both of these quantities

will be the basis of this thesis, as we shall discuss in the next chapter.

Detailed studies of cosmological structure formation can provide further informa-

tion on the nature of DM. Density perturbations in the early universe seed structure for-

mation. Notably, if the DM is relativistic then density perturbations at short scales are

washed-out, which suppresses small scale structure and, consequently, non-relativistic

- cold - DM is generally favoured. Relativistic DM is generally in tension with observa-

tions; the relevant limits come from the observation of dwarf galaxies which are thought

to be formed from density perturbations of ∼ 0.1 Mpc [9]. For temperatures above the

DM mass (but after the DM is decoupled from the thermal bath, as we shall discuss

further below), the DM will escape potential wells and fill under-dense regions, erasing

density perturbations smaller than the free streaming length (we use ~ = c = kB = 1

units)

lF = (1 + z(mDM))lH ∼
1.66
√
g∗MPl

T0mDM

, (1.2)

where lH ∼ MPl

m2
DM

is the horizon size for T ∼ mDM, the redshift factor is given by

z(T ) = R0

R(T )
− 1, involving R(T ) the cosmic scale factor [9, 10] with R0 = R(T0), the

present day value, defined at the present temperature T0 ' 2.73 K ' 0.23 meV, and g∗

is the number of number of available relativistic degrees of freedom

g∗ =
∑

bosons

gi

(
Ti
T

)4

+
7

8

∑
fermions

gi

(
Ti
T

)4

, (1.3)

where gi is the number of internal degrees of freedom of the particle. It follows from

eq. (1.2) that for thermally produced sub-keV DM density perturbations which lead to

dwarf galaxies are erased. Thus the observation of such cosmological structures places
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a lower bound on the DM mass (for thermally produced DM)

lF ∼ 4× 1023 cm

(
1 keV

mDM

)
∼ 0.1 Mpc

(
1 keV

mDM

)
. (1.4)

Thus ultra-light (mDM & keV) DM which is highly relativistic - hot - is excluded by

the observation of dwarf galaxies, also by Lyman alpha forest measurements. However,

warm DM in the range keV . mDM . MeV, which decouples relativistically but is non-

relativistic by radiation-matter equality, is still viable. The conclusion is that either the

DM can not be ultra-light, or it must be produced non-thermally, with non-relativistic

velocities, such as axion DM [21–24].

1.2 Dark matter production

Having established the empirical case for new non-luminous particle species we next

outline the ‘freeze-out’ picture of how such cosmological DM populations might arise.

Consider a population of DM states X which are in thermal equilibrium at temperature

T with the visible sector states in the early universe. For simplicity let us assume that

the DM has no chemical potential, thus either it is self-conjugate or there is no particle-

antiparticle asymmetry between DM and antiDM states. For T > mX the initial DM

number density is set by its thermal distribution nX ∼ nγ, where nγ ∝ T 3 is the number

density of photons. We would like to determine the final number density - or relic

density - which is the quantity that is inferred from observations of the gravitational

effects of DM.

If the temperature is much below the DM mass, thermal excitations will not pro-

duce DM states and the number density decreases monotonically due to DM pair anni-

hilation to lighter states. As the temperature drops below the DM mass T < mX , and

- 6 -
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whilst it remains in equilibrium, its number density is given by a Maxwell-Boltzmann

distribution

nX ' gX

(
mXT

2π

)3/2

e−mX/T , (1.5)

where gX is the number of internal degrees of freedom. Once the rate of annihilation

Γ drops below the expansion rate of the universe Γ . H ≡ 1.66
√
g∗T 2

MPl
the density of DM

states is diluted to the degree that DM pairs rarely meet, and consequently annihilations

cease - or freeze-out. If particles of a given species are not created or destroyed, then

their number density per comoving volume Y ≡ R3n is constant. The number density

per comoving volume can equivalently be expressed Y ≡ n
s

in terms of the entropy

density s = 2π2

45
gs∗T

3, with

gs∗ =
∑

bosons

gi

(
Ti
T

)3

+
7

8

∑
fermions

gi

(
Ti
T

)3

. (1.6)

For a DM particle created from the thermal bath, the average time before it meets

a partner state to annihilate with is

τ =
1

nX〈σv〉
, (1.7)

where σ is the annihilation cross-section and v is the relative velocity of the two states.

As discussed above, the DM annihilations freeze-out for τ−1 ≡ Γ . H, thus the comov-

ing DM number density becomes constant for

H(Tf ) ≡
1.66
√
g∗T

2
f

MPl

= nX(Tf )〈σv〉 , (1.8)

for Tf the freeze-out temperature, which can be determined for a given model and is

characteristically Tf ∼ mX
25

(which is only logarithmically sensitive to changes in σ). It

- 7 -



1 Introduction and Background

follows that the final DM yield Y (∞) ' nX
s

∣∣∣
T=Tf

is given by

Y
(∞)

FO ∼ 1

MPl〈σv〉mX

. (1.9)

This is illustrated in Fig. 2 and freeze-out is shown in the solid coloured lines, the

black line indicates the evolution of the equilibrium (exponentially suppressed) number

density, as described by eq. (1.5). Note that increasing the annihilation cross section

results in a reduction in the relic density, as indicated by the rightmost arrow in Fig. 2.

An alternative possibility which has recently come to prominence as a general

mechanism for DM production is that of DM freeze-in [25], based on earlier studies of

gravitino production [26]. We outline qualitatively this mechanism for completeness,

as it is the only alternative process for thermal production of DM, and also because

it shares some features in common with the framework we outline in Chap. 6. In this

Figure 2. Schematic diagram (from [25]) illustrating the evolution of the DM yield in both
freeze-out (solid) and freeze-in (dashed). The black solid line shows the equilibrium yield and
the arrows indicate the effect of increasing the coupling strength of the intersector interaction.
Note that freeze-out occurs at x ∼20-30, whilst freeze-in is dominated by processes at x ∼2-5.
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scenario it is proposed that the DM state X is coupled so feebly to the visible sector

that it never reaches thermal equilibrium. It is further assumed that the initial DM

abundance is significantly suppressed nX � nγ and in certain constructions the initial

DM number density is assumed to be negligible nX ≈ 0. Such vanishing initial DM

number density may be due to preferential inflaton decay, which does not heat the

hidden sector containing the DM.

With the assumption that the hidden sector is significantly colder than the visible

sector and, consequently, the DM number density significantly lower than the expected

thermal distribution with respect to the visible sector temperature one can study the

subsequent thermal evolution due to the feeble connector operator between the two

sectors. Processes which connect the thermal bath and the DM can lead to the pro-

duction of DM states as energy ‘leaks’ from the visible sector to the hidden sector.

For instance let us consider the process B → B′X, involving two states in the visible

sector thermal bath B,B′. Parameterising the decay width of B by Γ, which depends

on the feeble intersector coupling, it follows that the freeze-in yield at temperature T

is parametrically [25]

YFI(T ) ∼ MPlmBΓ

T 3
, (1.10)

where mB is the mass of B. At temperatures significantly above the DM mass the

process is suppressed and the operator turns-off once the temperature drops much

below the mass of the bath state B, as the number density of B becomes Boltzmann

suppressed. This is shown in Fig. 2, where the evolution of the DM comoving number

density is given by the coloured dashed lines. Note that the behaviour is opposite to

that of freeze-out; with freeze-in there is initially a negligible amount of DM and its

yield slowly increases, moreover the evolution of the yield is strongly IR dominated

until T ∼ mB is reached and the process switches-off. The parametric expression [25]

- 9 -
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for the final DM yield due to freeze-in production is

Y
(∞)

FI ∼ MPlΓ

m2
B

. (1.11)

Further, whilst in freeze-out increasing the couplings (the annihilation cross section)

reduced the DM relic density, with freeze-in larger couplings (i.e. larger Γ) increase the

final DM abundance.

Finally, we shall briefly comment on a leading example of non-thermal DM, the

QCD axion [21–23]. The axion is well motivated from particle physics, as it is associated

to the Peccei-Quinn solution of the strong CP Problem [27]. Specifically, since no

symmetries forbid the following term it should be present in the SM Lagrangian

L ⊃ αS
8π
θF µνaF̃ a

µν , (1.12)

where F̃ a
µν = 1

2
εµνστF a

µν . However, this term would lead to CP violation in strong

interactions and non-observation of such processes constrain |θ| < 3 × 10−10 [28]. To

resolve this apparent conflict with technical naturalness [29], Peccei and Quinn proposed

that a spontaneously broken symmetry could be utilised to set |θ| to zero dynamically.

It was subsequently observed by Weinberg and Wilczek [30, 31] that such a mechanism

necessarily introduces a new light state, the pseudo-nambo-Goldston boson (PNGB) of

the spontaneous broken symmetry. The Weinberg-Wilczek axion, with mass around 10

MeV, was subsequently excluded by experiment, however it has been shown that with

further model building PQ-mechanisms with phenomenological acceptable axions can

be constructed [32–35].

As the axion has diminutive couplings to photons and baryons, suppressed by the

mass scale at which the PQ-symmetry is broken fa, it can in principle play the role of

- 10 -
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DM. Indeed, the interactions between the axion and the SM are so feeble that the axion

is never in thermal equilibrium with the visible sector and is not thermally produced.

Axion production can proceed via coherent oscillations of the axion field around the

minimum of the potential following spontaneous symmetry breaking.

The scale of PQ-breaking and the axion mass are related by ma ∼ mπfπ/fa, where

fπ and mπ are the mass and decay constant of the pion, respectively. For an axion

mass in the range 10−6 eV . ma . 10−2 eV the observed DM relic density can be

reproduced whilst avoiding other astrophysical limits [36, 37]. Although the axion

mass is generally expected to be sub-eV, the states are typically produced with small

velocities and consequently the free streaming bounds which apply to thermal DM are

circumvented. The reader is referred to the review [24] or [9, 10] for further details.

1.3 WIMP dark matter

Next we review the argument for the Weakly Interacting Massive Particles (WIMP)

scenario, which is one of the leading frameworks for DM. We begin by observing that

the final DM abundance due to thermal freeze-out is parametrically

Y
(∞)

FO ∼ 1

MPl〈σv〉mX

. (1.13)

Converting the yield (using ΩXh
2 ∼ 109 YX

mX
GeV

) and rearranging gives

ΩXh
2 ∼ 0.1

(
10−26 cm3/s

〈σv〉

)
. (1.14)

This value of 〈σv〉, which gives the observed DM relic density ΩDMh
2 = 0.1138±0.0045

[19], is notable since it is roughly the same order as that expected from particles with
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weak gauge interactions

〈σWv〉 ' G2
FT

2
F '

(
10−5

GeV2

)2 (mW

20

)2

∼ 10−26 cm3/s . (1.15)

where GF ≈ 1.2×10−5 GeV−2 is the Fermi constant and we have used the fact that the

freeze-out temperature is parametrically TF ∼ m
20

. Note that the precise cross section

will often depend on the DM mass, the masses of other states in the hidden sector,

and their couplings, so eq. (1.15) should only be taken as indicative. The coincidence

between the weak annihilation cross section with that required to obtain the correct

DM relic abundance has been taken as an indication that the DM might be connected

with weak scale physics. By comparison to the weak cross section we conclude that for

‘weak’ couplings and DM masses of 100 GeV - 1 TeV the observed relic abundance can

be reproduced.

The WIMP scenario gives intriguing indications that the DM density could be tied

to the origin of electroweak symmetry breaking. In particular, it is expected that new

physics should enter below the TeV scale in order to resolve the quadratic sensitivity

of the Higgs boson mass which enters due the (expected) introduction of high scale

physics, generally referred to as the hierarchy problem. The leading proposal to solve

the hierarchy problem, and for providing a consistent description of physics above the

weak scale, is the presence of supersymmetry (SUSY) near the TeV scale (see e.g. [38]

for a review). Moreover, SUSY provides a number of additional successes beyond

an elegant solution to the hierarchy problem, most prominently, an understanding

of electroweak symmetry breaking via radiative corrections [39–41], successful gauge

coupling unification [42, 43], and, possibly, a well motivated DM candidate in the form

of the lightest SUSY particle (LSP).

- 12 -
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In SUSY extensions of the SM the LSP is stable if R-parity Rp = (−1)2s+3(B−L)

is conserved, where each particle is assigned an R-parity ±1 based on its spin s and

its global baryon and lepton number charges, B and L. This Z2 symmetry is partially

motivated from the fact that it also forbids several operators which lead to fast proton

decay. The SM states are all even under Rp, whereas their superpartners are odd.

Thus superpartners must be pair produced and the lightest superpartner is stable. The

exact identity of the LSP is rather model dependent, however there are large classes

of models in which the LSP is a linear combination of neutral gaugino and Higgsino

fields, commonly referred to as the neutralino. Such a neutralino LSP is an appealing

candidate for WIMP DM. The mass of the neutralino is expected to be around the weak

scale and its couplings are related to the ‘weak’ couplings by SUSY relations, thus in

many instances the neutralino can give the observed DM relic density (see e.g. [44]).

Indeed, the fact that SUSY has excellent theoretical motivations, and a natural WIMP

candidate, has made it the benchmark for thermal DM in recent years [45].

In the minimal SUSY SM (MSSM) definite predictions can be made about the

range of couplings and masses which are permitted for the neutralino. The same

couplings which determine the annihilation cross section also enter into the production

and scattering cross sections, so in principle the freeze-out hypothesis can be tested

by searching for missing energy at colliders or for nuclear scatterings due to WIMPs

at DM direct detection experiments. Notably in recent years the sensitivity of direct

detection experiments has increased to the level where the WIMP paradigm is starting

to be seriously constrained (already scattering by single Z exchange is excluded) and

it is expected that within five years much of the WIMP parameter space will have

been probed by multiple experiments. Furthermore, one expects the neutralino to be

accompanied by superpartners for the other SM fields, however the LHC has now set

- 13 -
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stringent bounds on many superparticles [28], in particular new coloured states. As the

sparticle masses are pushed higher by LHC searches not only is the SUSY resolution

of the hierarchy problem less successful, but also explaining the DM relic density with

the neutralino becomes more challenging, as the neutralino mass is forced out of the

correct region of parameter space, requiring accidental ‘tunings’ below the percent level

[46–48].

Concurrent with the growing constraints on WIMP DM, and SUSY models in

general, there have been several experimental hints for light DM which are hard to

accommodate in the WIMP picture. These tentative signals have been observed at

DAMA/LIBRA [49, 50], CoGeNT [51], CRESST [52] and CDMS [53], and taken at

face value indicate DM with a mass in the region 1-20 GeV. We shall comment on this

further in Chap. 7. This has motivated the study of alternative frameworks for DM in

which the DM is naturally in this low mass range. Further, one might argue that the

WIMP picture fails to resolve perhaps one of the most intriguing puzzles of DM, namely

why the DM relic density and the present day baryon density are comparable. The

observation that ΩDM ' 5ΩB will be one of our leading motivations throughout this

thesis. In the next chapter we shall introduce the asymmetric dark matter framework

which is motivated by both hints of 1-20 GeV DM, and the desire to explain the

proximity of ΩDM and ΩB.

- 14 -
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This chapter includes excerpts from [1–3].

Asymmetric dark matter [54–124] provides a framework for explaining the existence

and comparable magnitudes of the present day baryon density ΩB and the DM relic

density ΩDM. In the standard WIMP picture the origins of ΩB and ΩDM are distinct

and unrelated. Baryogenesis is conventionally attributed to CP violating processes

in baryons or leptons, whilst ΩDM is assumed to be determined by particle species

decoupling from the thermal bath (freeze-out), or out-of-equilibrium species moving

towards thermal equilibrium with the visible sector (freeze-in) [25].

A priori, the DM and baryon densities could be different by orders of magnitude

and it seems an unreasonable coincidence that they are comparable, particularly given

that ΩB is determined by CP-odd physics, whilst ΩDM is set by CP-even processes.

Consequently, the close proximity ΩDM ≈ 5ΩB has motivated a concentrated research

effort to construct related genesis mechanisms for baryons and DM, see e.g. [54–65].

2.1 General features

The starting premise for ADM models is relatively simple. Drawing inspiration from

the observed matter-antimatter asymmetry which sets the present day baryon density,

it has been proposed that the DM relic density could be set by analogous physics. In the

SM the proton is perturbatively stable, as it is the lightest particle carrying a conserved

(global) baryon number B. In many extensions of the SM, in particular GUT’s, we

expect that B is violated at some scale, although a linear combination of baryon number

and lepton number B−L is preserved (sometimes up to MPl-suppressed effects), indeed
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even in the SM B and L are both violated by non-perturbative effects arising from weak

gauge interactions. Regardless, as (experimentally) τp & 1034 s [28], for cosmological

purposes the proton can be treated as stable. The fact that the universe contains

baryonic matter, and anti-baryons are absent, is indicative of a particle asymmetry in

global baryon number. Since baryon annihilations are very efficient, in the absence of

an asymmetry the baryon and anti-baryon number densities would both be negligible.

The present day baryon density is observed to be Ωbh
2 ≈ 0.02. It follows that the

magnitude of the baryon asymmetry must be of order

ηB ≡
nb − nb
nγ

' 10−10 . (2.1)

The asymmetry is sometimes also parameterised in terms of ∆B ≡ nγ
s
ηB ≡ Yb − Yb. In

the early universe, at some temperature in excess of MeV, an asymmetry must be gen-

erated between baryons and antibaryons. This small excess in the number density of

baryons over antibaryons is ultimately responsible for the visible matter of the observ-

able universe. As the temperature drops below the proton mass, the number density of

(anti)baryons becomes exponentially suppressed, cf. eq. (1.5), and annihilations do not

freeze-out until the antibaryon (equilibrium) number density is negligible: nb ∼ 10−105 .

Consequently, nb is entirely determined by the asymmetry ηB at late times.

One can embark upon a programme to replicate this scenario in the hidden sector

and thus set the DM relic density in a similar fashion. Provided the DM mass is not

significantly larger than the proton mass (we will discuss the alternative possibility

shortly), magnitudes of the baryon and DM asymmetries and masses are related by

ΩDM

ΩB

' mXηDM

mpηB
, (2.2)
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where mp ' 0.94 GeV is the proton mass, and observations indicate that this value

should be approximately 5. For the DM to be stable and have a particle-antiparticle

asymmetry, in addition to the symmetry which stabilises the state (e.g. Z2 R-parity),

the DM must carry an additional (approximately) conserved quantum number analo-

gous to baryon number, which we denote X . Also, for the DM to have a conserved

quantum number it must not be a self-conjugate representation, therefore should be a

complex scalar or Dirac fermion. In this framework at low energies U(1)B and U(1)X

are approximate global symmetries of the visible and hidden sector, respectively. How-

ever, at higher energies these are no longer good symmetries and only some combination

is conserved, for instance B −L+ X . This individual violation of B, L and X allows

models to be constructed in which asymmetries in baryon, lepton and DM number are

linked, and hence provide the possibility of explaining the relative coincidence of the

observed DM and baryon densities.

It is clear from eq. (2.2) that, for judicious choices of DM mass and asymmetry,

ΩDM ≈ 5ΩB can be realised. In particular, if the DM asymmetry is a similar magni-

tude to the baryon asymmetry, then the coincidence of matter densities can be readily

explained if the DM mass is similar to the proton mass. Arguably, for the DM-antiDM

asymmetry to provide a natural explanation for the close proximity of ΩDM and ΩB we

desire models in which

• The conserved charge of the DM is O(1) (i.e. comparable to the baryon number

of the proton B = 1);

• Communication between the hidden and visible sectors should be such that the

asymmetries are generated or shared (roughly) equitably;

• The DM mass should be comparable to the proton mass mX ∼ mp.

- 17 -
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Figure 3. Log plot (from [3]) showing (schematically) Y against x ∝ T−1. The left panel
shows the case where freeze-out happens before the critical temperature, consequently, the
asymmetry does not set the final density of X and is comparable to the X density. Whereas
in the right panel, freeze-out happens after YX is set by the asymmetry and YX � YX .

There is some room for variation and changes in one quantity (such as the DM to proton

mass ratio) can be absorbed into the other requirements, but the above scenario is the

most attractive.

A further requirement on the ADM scenario is that the symmetric component of

the DM (the DM-antiDM pairs) must be removed, such that only the residual amount

of DM set by the asymmetry determines the relic density. As the asymmetry arises

due to CP violating loop-level processes the DM asymmetry is generally suppressed by

ε ∼ 10−3±1 relative to the symmetric part. This means that DM annihilations must be

efficient, so that the population of XX pairs is almost completely annihilated before

these interactions freeze-out. This is not an issue for baryon-antibaryon annihilations as

the cross section due to the strong force is large; to achieve an analogous removal of the

DM symmetric component, the DM annihilation cross section must not be too small.

This is illustrated schematically in Fig. 3, which shows the evolution of particle yields.

The left panel depicts the case where the DM annihilations are not sufficiently efficient

and freeze-out before the asymmetry sets the DM number density, whereas the right

panel shows the efficient annihilation scenario in which the nX is negligible at late time
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and the nX ∼ ηX . Only the latter case will have the characteristics and phenomenology

of ADM. In subsequent chapters we shall discuss this constraint in detail and argue

that this provides hints about the likely features of viable ADM models.

2.2 Sharing and cogenesis of particle asymmetries

There is no clear theoretically preferred origin for the observed baryon asymmetry, but

a significant number of possible mechanisms have been proposed. As is well known

from studies of baryogenesis, in order to generate a particle-antiparticle asymmetry the

three Sakharov conditions [125] must be satisfied

• A period of out-of-equilibrium dynamics;

• B-violation;

• C- and CP-violation.

In the ADM framework, there are are several possibilities for the origin of the asym-

metries in X and B. Asymmetries could be generated in any of B, L or X and

subsequently transferred to the other (approximately) conserved quantum numbers.

One interesting possibility, which occurs within the SM, is that during the electroweak

phase transition (EWPT) non-perturbative sphaleron processes violate B+L, although

preserve B−L, and thus transfer any particle asymmetries between B and L (and vice-

versa) [126–128]. Specifically, via a Boltzmann analysis of the evolution of chemical

potentials one can derive a relationship between a primordial B − L asymmetry and

the asymmetry transferred to B via sphalerons [9, 129] for Nf fermion generations and

Ns Higgs doublets

B =
8Nf + 4Ns

22Nf + 13Ns

(B − L) . (2.3)

- 19 -



2 Asymmetric Dark Matter

For the SM spectrum (Nf = 3 and Ns = 1), the sharing is around ∼ 35% efficient.

Analogous ADM mechanisms have been proposed in which some primordial asym-

metry exists in B, L, or X and is subsequently shared. This allows for a number of

different implementations, for instance, GUT processes can lead to a baryon asymmetry

(see e.g. [10]) which can be subsequently transmitted to the DM via some perturba-

tive portal operator [65]. Alternatively, the possibility of generating an L-asymmetry

via CP violating decays of heavy right-handed neutrinos with Majorana masses has

been studied extensively [130]. It is quite conceivable that an asymmetry in lepton

number could then be shared with B and X , possibly via electroweak sphalerons [91],

or alternative mechanisms. In particular, this fits well with the expectation of L-

violating operators required in the neutrino mass see-saw mechanism involving heavy

right-handed neutrinos (see e.g. [131]). Finally, a new scenario for baryogenesis which

is possible in models of ADM is that the asymmetry could arise in the hidden sector

[76–78] and be subsequently transmitted to the baryons. We shall explore ideas in this

direction in Chap. 6.

Alternatively, a more ambitious aim is to construct mechanisms through which the

asymmetry in baryons and DM are cogenerated by the same processes. In such cogenesis

scenarios one assumes that there is no initial asymmetry and that the asymmetries in

baryons and DM are simultaneously generated via some out-of-equilibrium CP violating

process [120–123]. In certain models of cogenesis the baryon and DM asymmetries are

equal and opposite, such that there is no overall asymmetry in the quantity B−L+X .

In this case to account for ΩB/ΩDM ≈ 5, the DM mass mX must be of similar magnitude

to the proton mass. Up to an O(1) factor, this is also the expected DM mass in ADM

models of sharing if the sharing is efficient. Thus 1 GeV . mX . 10 GeV is the

preferred ADM mass range and we focus much of our attention on this mass region.

- 20 -



2 Asymmetric Dark Matter

2.3 Aspects of ADM model building

Unlike WIMP DM, in which the neutralino of the MSSM is the benchmark scenario,

there is no canonical UV completion for ADM. This is somewhat due to the fact that

there is no clear connection between the light (GeV) ADM scale and the (TeV) origin of

electroweak symmetry breaking. However, in subsequent chapters we shall argue that

the experimental constraints on ADM suggest that the DM could be part of a richer

hidden sector and that a simple single state description of ADM is not the correct

paradigm. Notably, the visible sector certainly does not exhibit a minimal structure, it

features multiple (abelian and non-abelian) gauge interactions and replicated fermion

generations, and one might expect that the hidden sector could exhibit an equally

complicated spectrum of interacting fields. Arguably, it is questionable to assume

that the sector of physics which we have not observed should be significantly simpler

than the sector we have. Such a rich hidden sector allows many new possibilities,

in particular it is quite plausible that the hidden sector could introduce sufficiently

complicated dynamics and large CP violation such that sizeable particle asymmetries

can be generated in X .

In the previous section we argued that, for ηDM/ηB ∼ 1, the natural expectation

in ADM models is that the DM mass is comparable to the proton mass, however

there is, in fact, another mass range for which ΩDM ≈ 5ΩB can be reproduced. For

significantly larger DM masses the DM number densities become Boltzmann suppressed

and the observed relationship between ΩDM and ΩB can be achieved for mX ∼ TeV.

However, because this scenario depends on Boltzmann suppression, the DM relic density

is exponentially sensitive to changes in parameters. The asymmetries are related to
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chemical potentials which enter into the number density, modifying eq. (1.5) as follows

nX ' gX

(
mXT

2π

)3/2

e−(mX−µX)/T , nX ' gX

(
mXT

2π

)3/2

e−(mX+µX)/T . (2.4)

From which we can express the DM asymmetry in terms of the chemical potential

∆X '
nX − nX
nX + nX

' tanh
(µX
T

)
, (2.5)

where we have used that in the early universe nγ ' nX +nX . Further, for temperatures

above the proton mass nB ' nγsinh (µB/T ) and nγ ∼ T 3, thus for heavy ADM eq. (2.2)

is modified

ΩDM

ΩB

' mX(nX − nX)

mpnB
∼ m

5/2
X

T
3/2
∗

ηX
ηB
e−mX/T∗ , (2.6)

where T∗ is the temperature at which the operators communicating the asymmetry

switch-off, and thus the temperature at which the asymmetry is frozen into both sectors.

Supposing, for example, that the asymmetry is transferred by electroweak sphalerons,

then T∗ ∼ v ' 174 GeV, and hence the observed relationship between the relic densities

can be obtained for mX ' 1.5 TeV. This result however is exponentially sensitive to

both the DM mass mX and the decoupling temperature T∗ and so is less attractive

than the standard 1-10 GeV ADM mass range.

The first ADM models were based on this heavy ADM scenario and were proposed

in the context of Technicolor extensions of the SM [54–56]. Technicolor is an alternative

proposal (to SUSY) for resolving the hierarchy problem (see [132] for a review). It posits

that the SM Higgs boson is a fermion bound state under some new gauge symmetry,

in which case at some energy near the weak scale the composite nature of the Higgs

should be revealed, introducing a UV cutoff to the quadratic sensitivity of the Higgs
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mass to high scale physics. The constitute fermion states are light without violating

technical naturalness, as they can be protected by a chiral symmetry, similar to the SM

fermions. In these models the Higgs boson must be identified with a bosonic bound state

(analogous to mesons of hadronic physics) and one also expects fermionic bound states

(analogues to the baryons) at comparable energy scales. Further drawing on analogies

with hadronic physics, it is quite natural to introduce a global U(1) ‘technibaryon’

symmetry, hence the technibaryons can carry a conserved quantum number and thus

play the role of ADM. As we expect that the fermionic bound states of the model

should be at (or above) the scale of the bosonic states, this implies that the stable

technibaryons will be heavy (TeV scale) DM, which we have argued is theoretically less

appealing, since (multi) TeV ADM requires fine-tuning to provide the correct DM relic

density. The first example of light ADM is found in the work of Gelmini, Hall, and

Lin [57] (which departs from the Technicolor setting) and such light ADM was then

further studied in [58–64]. The recent surge of interest in the ADM scenario can, to

some extent, be attributed to a paper of Kaplan, Luty & Zurek [65], which connected

this class of models with certain tentative signals in direct detection experiments, and

subsequently followed-up by a series of articles by Zurek (and a collection of coauthors)

which have studied a myriad of aspects of this subject [67–76].

Without knowledge of the UV completion that describes the connection between

the hidden and visible sectors, which should be present to ensure that the baryon and

DM asymmetries are comparable, a common approach is to parameterise the physics

which connects the visible sector states and the DM via an effective operator descrip-

tion. In particular, the lowest dimension gauge invariant operator in the SM that

violates L (but preserves X − L), and thus can provide a portal operator through

which an asymmetry can be exchanged between leptons and DM (or vice-versa), is the
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(dimension five) Weinberg operator coupled to a scalar DM state φX : φX |H†L|2 . In

the case of fermion DM ψX the equivalent operator must be dimension eight in order

to preserve Lorentz symmetry. However, for fermion DM there is the dimension six

operator ψXu
cdcdc, which allows direct communication between the baryon and DM

asymmetries. One might also consider SUSY implementations of ADM. In this case it

is expected that SUSY solves the hierarchy problem, however, the LSP can not be the

neutralino as it is Majorana, thus self-conjugate, but rather the LSP is a state in the

(non-minimal) hidden sector. The number of low dimension portal operators is much

greater in the SUSY case since interactions can involve the B and L carrying scalar

superpartners of the SM fermions. The lowest dimension B and L violating portal

operators are precisely the Rp violating operators of the MSSM coupled to a new DM

superfield (which we express below in superfield formalism [38])

XLH , εijXLiLjE, XQLD, εjkXU iDjDk , (2.7)

where the indices label generation number. The first three terms of eq. (2.7) connect L

and X numbers, whereas the last operator violates B and X . Being high dimension

operators, analogous to the Fermi effective description of weak interactions, in the

effective Lagrangian they must be dressed with (an appropriate power of) an inverse

mass scale. The mass scale dressing a high dimension operator should be the scale at

which the effective description breaks-down, which is parametrically the mass of the

heaviest state integrated out in the UV completion from which the operator arises.

Notably, the intersector portal operators given above may also be the means by which

the symmetric component of the DM annihilates, and this shall be discussed in detail

in the next section.
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Problem

This chapter is based on work done in collaboration with John March-Russell and

Stephen West, appearing in [1, 2].

In standard theories of baryogenesis an asymmetry ηB is generated between the

baryons and anti-baryons which ultimately leads to the visible universe. Due to the

strong nuclear force the symmetric component of the baryon density pair-wise annihi-

lates, leaving only a small abundance of baryons set by the asymmetry, and resulting

in the matter dominated universe we observe. As discussed in the previous chapter,

the ADM framework proposes that the DM undergoes a similar cosmological history

to the baryons and that the DM relic density is due to an asymmetry between the DM

and its antiparticle. Consequently it is a generic requirement that the vast majority

of the symmetric component of the ADM is removed and, thus similar to baryons, the

DM must have a relatively large annihilation cross section. We shall denote the DM

state X and its anti-particle X. The forms of the symmetric and asymmetric yields

are, respectively

∆X ≡
nX − nX

s
, Ysym ≡

nX + nX
s

. (3.1)

As particle asymmetries arise through CP violating loop processes the asymmetric yield

is suppressed ∆X ∼ ε Ysym, which is typically anticipated to be ε . 10−2.

In principle the DM could annihilate dominantly to either visible sector states or

light hidden sector states. As we expect the DM to be 1-10 GeV, if it annihilates to the
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visible sector then this likely involves the SM fermions. On the other hand, if the DM

X annihilates to light stable hidden sector states Y then the initial energy abundance

of the symmetric component will be depleted by the ratio of masses mY /mX . Thus in

order for the residual density of X set by the asymmetry to be responsible for ΩDM

it is necessary that there is a sizeable mass splitting between the DM and the light

hidden states. This could occur through several mechanism, for instance, the mass of

Y could be loop suppressed compared to mX which provides a sufficient suppression

for the relic density of Y to be subdominant provided the CP violating parameter ε

which relates the symmetric and asymmetric yields is not too small

YY ∼
1

16π2
Ysym . ∆X ∼ ε Ysym . (3.2)

Furthermore, light hidden sector vectors and pseudoscalars are very well motivated, the

former can arise via a small breaking of a hidden U(1) gauge theory, whilst PNGB occur

in many scenarios and are naturally light. On the contrary light hidden sector scalars

will suffer from a hierarchy problem analogous to the Higgs and thus are theoretically

challenging. Finally, it could be that the light hidden sector states subsequently late

decay to the visible sector, this decouples the requirement of efficient annihilation from

direct detection limits, however it can potentially lead to signals of energy injection in

the early universe.

In this chapter we first we review the standard treatment for calculating the DM

relic density in the presence of an asymmetry. Following which we present a compre-

hensive study of effective operators and compare the requirements for successful ADM

models to the experimental limits from direct detection and LHC monojet searches in

Sect. 3.2 & 3.3.

- 26 -



3 The ADM Symmetric Component Problem

3.1 Relic abundance with an asymmetry

The DM asymmetry alters the relic density calculation from the conventional case

without an asymmetry. Relic density calculations in the ADM paradigm were recently

discussed in [133, 134] and we shall follow these analyses in determining the relic density

of the symmetric component. It was found in these previous studies that the annihi-

lation cross section is required to be larger than in the case with no asymmetry. We

define the standard variable x ≡ m/T , for a particle of mass m at temperature T , and

denote by xf the inverse scaled decoupling temperature of DM and antiDM, assuming

that the only X number changing interactions are pair-annihilations of the DM and

its anti-partner. Following [133], the yields for X and X in the limit x→∞ are given

by

YX =
∆X

1− exp [−∆XJω]
, YX =

∆X

exp [∆XJω]− 1
, (3.3)

where the quantity ω is defined by

ω =
1√
90
mXMPl

√
g∗ . (3.4)

and the annihilation integral J is given by

J =

∫ ∞
xf

〈σv〉
x2

dx . (3.5)

Making an expansion of the annihilation cross section (as discussed in Chap. 4, this

expansion is not appropriate in the case of light mediators and must be replaced with

an alternative analysis and numerical methods)

〈σv〉 = a+
6b

x
+O(x−2), (3.6)
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allows us to express eq. (3.3) as follows

YX =
∆X

1− exp
[
−∆Xω

(
a
xf

+ 3b
x2f

)] , YX =
∆X

exp
[
∆Xω

(
a
xf

+ 3b
x2f

)]
− 1

. (3.7)

Using the tables from DarkSUSY [135] for the temperature dependence of g∗(T ), we

model the behaviour of xf via the approximation introduced in [133]

xf = xf0

(
1 + 0.285

aω∆X

x3
f0

+ 1.350
bω∆X

x4
f0

)
, (3.8)

where xf0 is the inverse scaled decoupling temperature in standard freeze-out with no

asymmetry. The present relic density is given by

ΩDMh
2 = 2.76× 108 (∆X + Ysym)

( mX

GeV

)
, (3.9)

where h = 69.32± 0.8 kms−1Mpc−1 is the Hubble constant [19]. In the limit ∆X → 0,

one recovers the standard symmetric DM expressions. In order to realise the require-

ment that the asymmetric component constitutes the majority of the present relic

density, we demand that the symmetric component composes ≤ 1% of the relic density,

via the constraint

Ysym ≤
1

100
× ΩDMh

2

2.76× 108

(
GeV

mX

)
. (3.10)

Varying the constraint on the symmetric component in a wide range around 1% does

not materially affect our conclusions concerning the required annihilation cross section.
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3.2 Effective operator connecting dark matter to quarks

Whilst we have commented on possible sources for the DM asymmetry in Chap. 2,

for much of this thesis we shall remain agnostic as to its precise origin. Specifically,

in this chapter we shall focus on a general feature of ADM from which model inde-

pendent bounds can be derived. DM annihilation is more efficient for larger values

of the inter-sector couplings, however it is precisely these inter-sector couplings which

are constrained through direct detection and collider searches. Hence, the need for

efficient annihilation results in a tension between cosmological requirements and direct

search constraints. Generically, the symmetric part of the DM will be several orders

of magnitude larger than the asymmetric component, as the ratio of asymmetric to

symmetric DM is of comparable magnitude to the CP violating parameter determining

the asymmetry and is typically . 10−3. As a result, these constraints are sufficiently

strong to rule out large regions of parameter space.

Since momentum transfer is low in direct detection experiments, mediators with

masses ∼ 100 MeV or greater are sufficiently heavy to be integrated out. Consequently

the variety of portal interactions between the hidden and visible sectors may be pa-

rameterised via effective contact operators. We shall demonstrate that the current

experimental limits exclude ADM models in which the DM couples to SM quarks with

minimal flavour structure via a heavy mediator, for 1 GeV . mX . 100 GeV. However,

effective operators do not provide a good description of the collider limits and the relic

density calculation for mediators with masses . 100 GeV and, hence, in Chap. 4 we

examine the effects of such light mediators.

In Table 1 we list all effective operators up to dimension six connecting SM quarks

f to complex scalar φ or Dirac fermion ψ DM. Note that σµν = i
2
(γµγν − γνγµ) and

since σµνγ5 = i
2
εµνρσσρσ, the operators ψiσµνγ5ψfσµνf and ψσµνψfσµνf are equivalent
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∆L Int. Suppression

Oφs : 1
Λ
φ†φff SI 1

Oφv : 1
Λ2φ

†∂µφfγµf SI 1

Oφva : 1
Λ2φ

†∂µφfγµγ
5f SD v2

Oφp : 1
Λ
φ†φfiγ5f SD q2

Oψs : 1
Λ2ψψff SI 1

Oψv : 1
Λ2ψγ

µψfγµf SI 1

Oψa : 1
Λ2ψγ

µγ5ψfγµγ
5f SD 1

Oψt : 1
Λ2ψσ

µνψfσµνf SD 1

Oψp : 1
Λ2ψγ

5ψfγ5f SD q4

Oψva : 1
Λ2ψγ

µψfγµγ
5f SD v2, q2

Oψpt : 1
Λ2ψiσ

µνγ5ψfσµνf SI q2

Oψps : 1
Λ2ψiγ

5ψff SI q2

Oψsp : 1
Λ2ψψfiγ

5f SD q2

Oψav : 1
Λ2ψγ

µγ5ψfγµf
SI v2

SD q2

Ôφs : mq
Λ2 φ

†φff SI 1

Ôψs : mq
Λ3 ψψff SI 1

Ôψp : mq
Λ3 ψγ

5ψfγ5f SD q4

Table 1. Set of effective operators O of dimension six or less connecting SM quarks f to scalar
φ or fermion ψ DM with universal couplings. We consider three additional natural contact
operators Ô with quark mass dependent couplings, note Ô ≡ mq

Λ O. It is indicated whether
the corresponding direct detection cross section is DM velocity v or momentum transfer q
suppressed and if the interaction couples to nuclei in a spin-dependent (SD) or independent
(SI) manner [136].
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to ψiσµνψfσµνγ
5f and ψσµνγ5ψfσµνγ

5f , respectively. For definitiveness and to avoid

stringent flavour-changing constraints we will typically assume that the contact oper-

ators couple universally to all quark flavours. In the case of scalar and pseudoscalar

interactions we shall also study the case where the effective coupling to SM quarks

is proportional to the relevant quark mass, which is arguably more natural, and we

denote these mq-dependent operators Ô ≡ mq
Λ
O. Operators Oφp , Oψpt, Oψps and Oψsp

correspond to CP violating interactions and one might expect their coefficients to be

suppressed relative to those of the other, CP conserving, operators, consequently we

shall typically omit analysis of these contact interactions for brevity. We have checked

that the requirements for efficient annihilation of the symmetric component and exper-

imental limits for these CP violating operators are comparable to examples which will

be presented in detail.

The direct detection cross section of certain operators are suppressed by the small

DM velocity v ∼ 10−3c or momentum transfer |q| = |pi − pf | . 0.1 GeV. For oper-

ators with suppressed scattering cross sections the current direct detection limits are

insufficient to provide any useful constraints on the DM over the whole mass range.

However, the high energy production cross sections remain unsuppressed and, conse-

quently, monojet searches provide the leading limits on such operators. Approaches

based on effective operators have been employed previously to study the constraints

from direct detection and colliders on conventional DM models [68, 136–147], however,

the existence of an asymmetry in the hidden sector leads to deviations in the relic

density calculations [148].

Whilst there have been previous works on contact operators in the context of

ADM [70, 149], in the case of the former the effects of the DM asymmetry are not

fully accounted for, while the latter work considers only a limited selection of possible
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operators. In the present work we consider the full set of contact operators (correcting

some numerical errors contained in previous works) and update the experimental con-

straints from both direct detection and LHC monojet searches, in particular using the

2012 CMS analysis with 4.67fb−1. Moreover, in subsequent chapters, we go beyond the

contact operator analysis and demonstrate that if the DM is connected to SM quarks

via exchange of a light mediator state then resonance and threshold effects become very

important in determining the exclusion limits.

As remarked previously, if the DM annihilates directly to SM quarks then there is

a tension between the efficient removal of the symmetric component and experimental

searches. However, if the DM is embedded into a richer hidden sector, with a spectrum

of lighter states into which the symmetric component can annihilate (which later decay

to the visible sector), then this severs the connection between direct search constraints

and cosmological requirements. As we show, effective theories of ADM with mX ∼ mp

and minimal flavour structure which decay directly to SM quarks are excluded for all

types of connector operator, this leads to the striking conclusion that in order to realise

ADM naturally, the DM must generally be accompanied by additional hidden states

of comparable mass or lighter, either to mediate the interactions to the visible sector,

or into which the symmetric component of the DM may annihilate. The fact that

ADM must be part of a larger hidden sector is an important realisation, since this will

generally lead to significant changes to the cosmology and phenomenology, which we

shall address in later chapters.

The annihilation cross sections for the operators in Table 1 connecting fermion DM
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and SM quarks to O(v2) are1
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1These expressions correct previous errors in the literature and have been checked both by hand
and with Feyncalc [150].
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while the annihilation cross sections for operators with scalar DM are

σO
φ
s
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In the above, the cross sections corresponding to scalar or pseudoscalar interactions

(Oψs , Oψp and Oφs ) have been provided for the case of universal coupling, the cross

sections for the mq-dependent couplings may be obtained by multiplying the cross

section (under the summation) by a factor of m2
q/Λ

2. To illustrate that the omitted CP

violating operators are comparable to the CP conserving interactions we have included

the operator Oψpt.

These expressions are used to derive the maximum value of the scale Λ permitted to

ensure a suitable depletion of the symmetric component for each operator as a function

of mX , where we assume that only one operator is turned on at a time. Imposing the

constraint on the symmetric abundance, eq. (3.10), the results obtained are presented

graphically in Fig. 5-7. The black curves present upper bounds for Λ for each operator

as a function of mX . The resulting relic density curves may then be constrained through

direct detection and collider limits, which we derive in the next section.

3.3 Direct search constraints on contact operators

The constraints on each contact operator in Table 1 depend strongly on whether the

corresponding scattering cross section is spin-independent or spin-dependent. If the
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scattering cross section is suppressed by powers of v or q then direct detection limits

are severely weakened and, in fact, in all cases do not present any significant constraint

on the allowed DM mass range. Rather, for the suppressed operators the leading bounds

come from collider monojet searches, which we shall discuss shortly.

The cross section for spin-independent elastic scattering of Dirac fermion DM on a

target nuclei, with atomic mass A and atomic number Z, at zero momentum transfer

is given by [44, 140]

σ
Nf
SI =

1

π
µ2
N [Zfp + (A− Z)fn]2 , (3.11)

where µN = MXmN
(MX+mN )

is the nucleus-DM reduced mass and fp,n are effective couplings

to protons and neutrons. If the DM is instead a complex scalar then this relation is

modified

σNsSI =
1

4π

µ2
N

m2
X

[Zfp + (A− Z)fn]2 . (3.12)

In eq. (3.11) & (3.12) we have expressed the effective couplings to the nucleus in terms

of the effective coupling fn,p to nucleons. In turn the couplings fn,p may be expressed

in terms of the underlying DM-quark couplings, but this relation is dependent on the

nature of the mediator.

If the DM-quark interaction is mediated via a scalar field then [140]

fp,n =
∑

q=u,d,s

Gqf
(p,n)
Tq

mp,n

mq

+
2

27
f

(p,n)
TG

∑
q=c,b,t

Gq
mp,n

mq

, (3.13)

where Gq denotes the effective coupling of the DM to a given quark species. The terms

containing f
(p,n)
Tq

describe contributions to the cross section from scattering off light

quarks and are proportional to the matrix element of quarks in a nucleon, f
(p,n)
Tq
∝ 〈qq〉.
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These f
(p,n)
Tq

have been experimentally determined to have the following values [151]

fpTu = 0.020± 0.004, fnTu = 0.014± 0.003,

fpTd = 0.026± 0.005, fnTd = 0.036± 0.008,

fpTs = 0.118± 0.062, fnTs = 0.118± 0.062.

(3.14)

The term containing f
(p,n)
TG ≡ 1 −

∑
u,d,s f

(p,n)
Tq describes gluon interactions through a

heavy quark loops and is approximately 0.84 for protons and 0.83 for neutrons.

On the other hand, if the mediator is a vector field then the contribution from the

heavy quarks may be neglected, and the effective nucleon coupling simplifies to

fp = 2Gu +Gd, fn = Gu + 2Gd. (3.15)

The spin-independent scattering cross section per nucleon σs,fSI is given by

σs,fSI ≈
1

A2

µ2
p

µ2
N

σ
Ns,f
SI , (3.16)

where µp is the proton-DM reduced mass. The scattering cross section per nucleon for

each of the non-suppressed spin-independent interactions under consideration which

couple universally to SM quarks2 are given by [44, 68]

σO
φ
s

SI ≈
1

4πΛ2

µ2
p

m2
X

f 2
p , σO

φ
v

SI ≈
9

4πΛ4
µ2
p ,

σO
ψ
s

SI ≈
1

πΛ4
µ2
pf

2
p , σO

ψ
v

SI ≈
9

πΛ4
µ2
p .

(3.17)

where µp = mXmp
(mX+mp)

is the nucleon-DM reduced mass and fp is the DM effective

2SI cross section of operators which couple proportional to mq may be obtained by suitable rescal-
ings; where we have assumed that fn ≈ fp.
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couplings to protons. For consistency with later calculations, we use the default values

for the factor fp from micrOMEGAs [152] which are consistent with eq. (3.14).

Additionally, the non-suppressed scattering cross sections for the spin-dependent

operators of interest are given by [137, 140]

σ
Oψt
SD ' 4× σO

ψ
a

SD '
16

πΛ4
µ2
p

(∑
q

∆p
q

)2

. (3.18)

where the coefficients ∆p,n
q parameterise the matrix element of the axial (tensorial)

current in the nucleon and we use the values derived in [153] from the COMPASS

results [154]: (∑
q

∆p
q

)2

≈ 0.32 . (3.19)

Note that in the non-relativistic limit the form of the tensor operators qσµνq coincides

with the axial-vector operator qγµγ5q up to a numerical factor [139]. From the scatter-

ing cross sections given above we can use the current direct detection limits to place a

lower bound on the scale Λ.

The lower bounds placed on Λ by direct detection are displayed in Fig. 5-7 as solid

coloured curves. The leading limits (as of March 2012) on spin-independent interactions

from direct detection experiments for mX . 1 GeV come from CRESST [155] (orange),

while in the intermediate mass range 1 GeV≤ mX ≤10 GeV the dominant constraints

come from a combination of Xenon10 [156] (green) CDMS [157] (cyan) and DAMIC

[158] (magenta). For mX > 10 GeV the leading spin-independent limits are provided

by the Xenon100 experiment [45] (blue). The strongest direct detection constraints on

spin-dependent interactions are from Simple [159] (Stage 2: light purple; Combined:

dark purple) for mX > 5 GeV and from CRESST [155] for lighter DM.

A complementary set of constraints on interactions between SM quarks and DM
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Figure 4. Examples of tree-level monojet events, the square box indicates the presence of a
dimension six operator connecting DM ψ to SM quarks q (generated with FeynArts [162]).

comes from collider experiments, in particular the recent LHC searches for jets and

missing energy [160, 161]. Signals which pass the experimental cuts (detailed shortly)

correspond to events with a (relatively-hard) jet as initial state radiation and a subse-

quent annihilation to DM, as depicted in Fig. 4. Note that LHC monophoton searches

provide slightly weaker bounds to those from monojets [161]. Operating at
√
s = 7

TeV, the ATLAS and CMS collaborations reported no apparent excess in the produc-

tion of jets and missing energy with an integrated luminosity of 1fb−1 and 4.67fb−1,

respectively. The high pT ATLAS analysis [160] selected events with a primary jet with

pT > 250 GeV and pseudorapidity |η| < 2, and /ET > 220 GeV, events with a secondary

jet with pT < 60 GeV and |η| < 4.5 were also permitted. The collaboration reported

Nobs = 965 events. The SM prediction for this process is NSM±σ2
SM = 1010±75 events.

Using a χ2 analysis, following [144], limits (90%CL) may be placed on the total number

of signal events NDM consistent with null collider searches by requiring that

χ2 ≡ (Nobs −NSM −NDM(mX ,Λ))2

NDM(mX ,Λ) +NSM + σ2
SM

= 2.71 . (3.20)

Subsequently, the maximum number of signal events NDM can be converted into a
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Figure 5. Limits on the scale Λ for the effective operators from direct detection and monojets
for scalar DM φ and fermion DM ψ, as a function of DM mass mDM. The black curve
corresponds to the minimum annihilation cross section necessary to reduce the symmetric
component to 1%. Constraints are from Xenon100 (blue), Xenon10 (green), CDMS (cyan),
CRESST (orange), DAMIC (magenta) and ATLAS 1 fb−1 (red, dashed) and CMS 4.67 fb−1

(blue, dashed) monojet searches. For mDM & Λ effective operators no longer provide a good
description and can not be reliably used to calculate the relic density requirements. Moreover,
the monojet limits are no longer reliable much below Λ . 100 GeV due to the experimental
cuts employed by ATLAS and CMS. Viable models of ADM employing the listed effective
operators must lie in the shaded parameter regions. Note that contact operators due to scalar
mediators are studied for both universal couplings to quarks and mq-dependent couplings.
We see that, except for the operator 1

Λφ
†φqq around mDM ≈ 1 GeV, successful models of

ADM involving contact operators are excluded for 1 GeV . mDM . 100 GeV, which includes
the range in which ADM is most well motivated.

- 39 -



3 The ADM Symmetric Component Problem

Oa
Ψ

:
1

L
2 Ψ Γ

Μ
Γ

5
Ψ q ΓΜΓ

5 q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Ot
Ψ

:  
1

L
2 Ψ Σ

ΜΝ
Ψ q ΣΜΝ q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Figure 6. Limits on Λ for operators with spin-dependent direct detection cross sections,
viable regions are shaded. Constraints from Simple (Stage 2: light purple; Combined: dark
purple), CRESST (orange), ATLAS 1 fb−1 (red, dashed) and CMS 4.67 fb−1 (blue, dashed).

Op
Ψ

:  
1

L
2 Ψ Γ

5
Ψ q Γ5 q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

O

`

p
Ψ

:  
mq

L
3 Ψ Γ

5
Ψ q Γ5 q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Ova
Ψ

:
i

L
2 Ψ Γ

Μ
Ψ q ΓΜΓ

5q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Oav
Ψ

:  
i

L
2 Ψ Γ

Μ
Γ

5
Ψ q ΓΜq

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Opt
Ψ

:  
i

L
2 Ψ Σ

ΜΝ
Γ

5
Ψ q ΣΜΝ q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Ova
Φ

:
i

L2 Φ† ¶Μ Φ q ΓΜ Γ5 q

1 10 100 1000 104

1

10

100

1000

104

mDM HGeVL

L
HG

eV
L

Figure 7. Limits on Λ for operators with v or q suppressed direct detection cross sections,
viable parameter regions are shaded. Limits are from ATLAS 1 fb−1 (red, dashed) and CMS
4.67 fb−1 (blue, dashed). The interesting ADM range mDM . 10 GeV is excluded in all cases
and, with the exception of the

mq
Λ3 ψγ

5ψqγ5q operator, the exclusion is up to mDM . 100 GeV.
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limit on the cross section via NDM = ∆σ
∫
L, where

∫
L is the integrated luminosity.

From this it follows that the ATLAS null result excludes any new contributions to the

production cross section greater than 0.01 pb.

The ATLAS monojet searches have been previously used to place limits on certain

models of standard symmetric DM [143–147]. Here we use the LHC monojet bounds

to derive constraints on contact interactions between SM and DM states for the ADM

scenario and employ the most recent results. The recent CMS search [161] excludes

new contributions to the production cross section greater than 0.02 pb and presents a

comparable set of constraints to the ATLAS 1 fb−1 limits. The CMS analysis considered

events with a primary jet with pT > 110 GeV and pseudorapidity |η| < 2.4, and

/ET > 350 GeV, they also allowed events with a secondary jet with pT > 30 GeV,

provided the azimuth angle difference of the jets satisfied ∆ϕ < 2.5. CMS observed

1142 events in good agreement with the SM prediction of 1224± 101 events.

To calculate the limits on contact operators coupling DM to quarks, we use the

program CalcHEP [163]. The SM Lagrangian is supplemented with each operator in

separate instances and we study the total cross section pp → jXX where X is the

DM state and j is a jet. To model the ATLAS search we apply the following cuts on

the events /ET > 220 GeV, pT > 250 GeV, and pseudorapidity |η| < 2 and for CMS

we take /ET > 350 GeV, pT > 110 GeV, and pseudorapidity |η| < 2.4. We do not

consider events with additional jets, hadronisation, or parton showering, it has been

argued [164, 165] that the latter two simplifications are justified as the primary jet

pT is unaffected by these processes. With these cuts we may reliably assume that the

efficiency of the searches is close to 100%. For each operator we determine the minimum

value of Λ for which the new contribution to the production cross section is permitted

by monojet searches. Since the contact operators are generally suppressed by multiple
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powers of Λ, O(1) changes to the cross section result in only small deviations in the

limit on the scale Λ. The resulting limits are plotted in Fig. 5-7 as dashed blue (CMS)

and red (ATLAS) curves and supplement the constraints from direct detection.

For mX & Λ the contact operators no longer give a good description and one is re-

quired to consider the UV completion of the effective theory. Similarly, collider searches

do not provide reliable limits on the effective operators if the monojet bound on Λ is

comparable to LHC energies, in particular if Λ falls below the pT cut ∼ 100 GeV. This

is the case with the operator mq
Λ2 φφ

†qq, and the fermion DM, scalar and pseudoscalar

mq-dependent operator monojet bounds are close to the limit at which the effective

theory breaks down. Consequently, these portal interactions should really be studied

in the light mediator regime, which we discuss in detail in Chap. 4. Note, however,

that the Tevatron monojet searches utilise much lower momentum cuts, requiring a

primary jet with pT > 10 GeV, |η| < 1.1, and /ET > 60 GeV (90% efficiency), and

thus the contact operator description for monojet searches are reliable for Λ & 10 GeV.

Moreover, results from CDF [166] lead to constraints which are roughly comparable to

the CMS limits for 1 GeV . mX . 10 GeV.

To correctly interpret Fig. 5-7, recall that the black curves provide an upper bound

on Λ to ensure suitably efficient annihilation of the symmetric component, whilst the

coloured curves present lower bounds from searches. A given operator may present a

viable ADM model only if there exists some mass region for which a sufficiently low

Λ has not been excluded by direct search constraints. It is immediately apparent that

there exists a tension between the experimental constraints and the upper bound on Λ

required for the efficient annihilation of the symmetric component in all models with

heavy mediators.

As argued earlier, the most natural mass range for ADM is 1 GeV . mX . 10 GeV
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and from the plots in Fig. 5-7 we see that essentially no operators are viable in this

preferred mass range. For scalar DM a small region of parameter space remains atmX ≈

1 GeV for the operator 1
Λ
φφ†qq. All of the other spin-independent non-suppressed

operators are excluded by direct detection experiments up to at least mX ' 100 GeV.

The strongest bounds on the remaining fermion DM operators in the ADM mass region

are from collider searches, which are sufficient to exclude these operators over the mass

range 1 GeV . mX . 10 GeV. With a small number of exceptions the common bound

on the scale Λ due to monojet searches is roughly Λ & 1 TeV for mX . 100 GeV and

present stronger bounds than direct detection constraints in several cases. For the non-

suppressed spin-independent operators, as the ADM mass range is already excluded by

direct detection limits, these collider bounds do not impose significant new constraints.

In contrast LHC searches give virtually the sole limits on spin-dependent interactions

and the velocity suppressed operators over the mass region of interest.

Inspecting Fig. 5-7 we note that TeV scale ADM (in distinction to ADM in the

natural mass range 1 GeV . mX . 10 GeV) allows most effective operators to remove

the symmetric component efficiently without conflict with current detection limits. As

discussed previously, TeV scale ADM scenario is rather less appealing from a theoreti-

cal perspective, since the DM relic density is exponentially sensitive to changes in mX

and the decoupling temperature. Alternatively, in sharing models the operator which

transfers the asymmetry may be inefficient, and this can be used to generate discrep-

ancies between the baryon and DM asymmetries. Whilst such constructions permit a

wider range of mX , it as the mass of the DM rises it becomes increasingly difficult to

explain the coincidence ΩDM/ΩB ≈ 5 via the DM asymmetry. Thus, although a wider

range of ADM masses are certainly worth contemplating, since a natural expectation

in many models of ADM is that the asymmetries in X and B should be comparable,
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we have focused much of our discussion in this chapter on the case that the DM is

comparable to the proton mass.

A further source of limits on contact operators come from invisible quarkonium

decays [168, 170, 171]. Clearly, only bound states heavier than 2mX can decay invisibly

to the DM states. The principle constraints on the ADM region come from decays of the

Υ(1S) mesons, as measured at the B-factories BaBar and CLEO [172]. However, we find

that the limits on the contact operators of Table 1 coming from these invisible decay

searches are not competitive with previous bounds from monojet searches or direct

detection. There are also additional constraints on ADM from astrophysics [109, 173–

177]. In particular for ADM models with scalar DM there are additional constraints

from old compact stars [71, 178, 179]. Specifically, as ADM generally can not annihilates

it will accumulate inside astrophysical bodies, which can cause gravitational collapse to

a black hole. It has been argued (and is currently under active discussion [180–182]) that

the observation of long lived neutron stars places sufficiently strong limits to exclude

scalar ADM over a large mass range (including the 1-10 GeV mass range). However,

this conclusion can be circumvented with further model building. For instance, these

limits no longer apply if the scalar DM is not fundamental, but a composite state of

fermions due to some new hidden sector strong dynamics, such that Fermi repulsion of

the constituent states arises before the Chandrasekhar limit is reached [179, 183].

3.4 Discussion

If one begins from the well motivated assumptions that ADM with mass mX ∼ mp

annihilates dominantly to SM quarks, and the flavour structure of such DM-quark

couplings is minimal, then we have shown (Fig. 5-7) that the current experimental

limits allow one to make decisive statements regarding the nature of the hidden sector.
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In Fig. 5 it can be seen that contact operators with spin-independent non-suppressed

direct detection cross sections are excluded for Λ .1 TeV with universal couplings

and up to 200 GeV in the case of mq dependent couplings. The one exception is

the operator 1
Λ
φ†φqq for mX . 1 GeV. Contact operators with spin-dependent non-

suppressed direct detection cross sections are displayed in Fig. 6 and it is seen that

these are excluded by monojet searches up to Λ ∼ 300 GeV. Finally, the suppressed

direct detection cross sections displayed in Fig. 7 are excluded for Λ .100 GeV with

the exception of the pseudoscalar operator mq
Λ3 ψγ

5ψqγ5q which is ruled out in the range

Λ .10 GeV. Collating these results we conclude that most contact operators are very

strongly constrained and, moreover, that all of the operators are essentially excluded

in the interesting, motivated ADM mass region 1 GeV . mX . 10 GeV.

Some caveats to the conclusion presented above are in order. Most prominently,

the DM may couple dominantly to leptons. Although such a coupling would go against

our expectations from models of flavour and from grand unified theories, if the DM

interacts more strongly with leptons compared to quarks, this would greatly relax the

monojet bounds and the constraints from DM direct detection [184]. The dominant

bounds would now come from monophoton experiments and DM experiments which

do not veto on electron recoil, such as DAMA/LIBRA [50]. Alternatively one may

attribute a non-minimal flavour structure to the interaction with quarks, for instance,

the DM could couple in an isospin violating fashion [185]. There exist studies of the

collider limits in both the leptophilic [141] and isospin violating [143] scenarios with

reference to conventional models of DM. Whilst possible in the context of ADM models

these variant theories require further model building and a dedicated study.

In summary, with these caveats, the combination of direct detection and LHC limits

excludes DM-quark contact interaction in the ADM mass region for all contact opera-
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tors. With the exception of the pseudoscalar operator mq
Λ3 ψγ

5ψqγ5q, all of these contact

operators are disallowed by experimental searches for 1 GeV . mX . 100 GeV. The

conclusion is striking: models of ADM in which the DM at the natural mass scale (1-10

GeV) and annihilates directly to SM quarks via heavy mediators are essentially ex-

cluded. There have been some experimental updates since this analysis was completed.

The latest results from Xenon100 [186] and ATLAS [187] slightly improve the bounds

on the scale Λ by factors around 1.5 - 3, however the curves in Fig.5-7 are not substan-

tially effected. It has also been subsequently argued [4, 188] that the collider limits on

effective operators can be improved if one also includes next-to-leading-order processes,

this is especially true for mq dependent operators for which interactions via heavy quark

loops are dominant. Regardless, the analysis above - using the 2011 data - is sufficient

to argue our point that ADM models in which the symmetric component annihilates

to the quarks via an effective operator are generally excluded in natural constructions.

The case of light mediators is not a trivial extension of the effective operator analysis

since the results for the monojet and relic density calculations change drastically and

we discuss the limits and model building opportunities of light mediators in the next

chapter.
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This chapter is based on work done in collaboration with John March-Russell and

Stephen West, appearing in [1].

In the previous chapter we showed that direct detection [45, 155–159] and collider

searches [160, 161, 166] place strong constraints on certain formulations of ADM. Next

we shall discuss potential resolutions to the symmetric component problem of ADM, in

particular we argue that this strongly motivates the idea that ADM should belong to a

rich hidden sector of interacting states. Here we shall examine the limits on models in

which the ADM annihilates to quarks via a light mediator, see e.g. [169]. Whilst collider

limits are ameliorated in this scenario, direct detection limits (when relevant) remain

a stringent constraint. Using the package micrOMEGAs [152], we study numerically

two specific examples with light mediators, involving scalar and pseudoscalar states

in Sect. 4.1 & 4.2. Subsequently in Sect. 4.3 we consider a semi-analytic approach to

relate the features of the micrOMEGAs results to the underlying physics.

As discussed previously, in order to reproduce the relationship ΩDM ' 5 ΩB in

models of ADM it is essential that the DM asymmetry determines ΩDM and thus

we require that the vast majority of the symmetric component must annihilate away.

Notably, if the XX pairs annihilate to visible sector states then the couplings which

ensure efficient annihilation are the same parameters which can be probed by direct

detection and collider experiments. The severity of this problem was highlighted in
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the previous chapter; we argued that with the reasonable assumptions that the DM

annihilates dominantly to SM quarks via a contact operator (i.e. via a heavy mediator)

with minimal flavour structure, then limits from direct searches [45, 155–161, 166]

exclude the interesting, motivated ADM mass region 1 GeV . mX . 10 GeV for all

operators of dimension six or less.

A proper treatment of light mediators requires a careful analysis which includes

effects of resonances and mass thresholds. Mediators with mass comparable to, or less

than, the momentum cuts employed in the collider searches can lead to a substantial

weakening of the monojet bounds. Also, as noted previously, contact operators will

not provide a faithful description of the monojet bounds if the limit on Λ is much

below the pT cut. In the presence of a light mediator η the relic density depends

upon both the mass mX of the DM state X and the mass of the mediator mη. The

annihilation of the symmetric component is enhanced in the mass range mX & mη, as

the annihilation can proceed by the t-channel processes XX → ηη. Moreover, when

mη ≈ 2mX the annihilation via the s-channel process XX → η → SM is resonantly

enhanced. Consequently, the case of GeV scale mediators must be carefully analysed

and it is not sufficient to simply adjust the monojet limits as is often the approach

taken in the previous literature.

4.1 The light scalar-Higgs portal

To illustrate this general formalism we shall consider a particular example of a scalar

state η which mediates interactions between a fermion DM state ψ and the SM quarks

via mixing with the SM (or a SM-like) Higgs doublet H. In minimal models of DM

it is expected that the mediator connecting the hidden and visible sectors should be a

singlet under the SM gauge groups. In this case, mixing with the Higgs after electroweak
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symmetry breaking provides the dominant manner by which the mediator state couples

to the SM quarks. After electroweak symmetry breaking the scalar mediator and the

Higgs will mix inducing interactions between η and the SM quarks [189–191].

To see this consider the Lagrangian contribution which describes the couplings of

the two scalar states

L = λXηψψ + µη |H|2 +
1

2
m2
ηη

2 + V (H) · · · (4.1)

where λX is a dimensionless coupling, µ is a parameter with mass dimension one, V (H)

is the Higgs potential and the ellipsis contain the SM Yukawa couplings. Rewriting the

Higgs as an excitation around its expectation value H = (v + h)/
√

2 gives

L = λXηψψ +
∑
q

yqqqh+
1

2
µη |h|2 +

1

2

(
η h

)m2
η µv

µv m2
h


 η

h

+ · · · (4.2)

where mh is the Higgs mass and yq are the SM Yukawas for quarks states q. The

resulting mass eigenstates (η1, h1) are related to (η, h) via

η = cos θ η1 + sin θ h1 ,

h = − sin θ η1 + cos θ h1 ,

(4.3)

where θ ' µv
m2
h

is the mixing parameter. The mass eigenstates can be expressed as

follows

m2
y1
' m2

η −
µ2v2

m4
h

,

m2
h1
' m2

h +
µ2v2

m4
h

' m2
h ,

(4.4)
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and the Lagrangian in the mass eigenbasis, to first order in θ, gives

L = λXη1ψψ + λX
µv

m2
h

h1ψψ +
1

2
µη1h

2
1 +

∑
q

yqqqh1 −
∑
q

yq
µv

m2
h

η1qq + V (H) . (4.5)

Thus the η1 state has induced couplings to the SM quarks suppressed by the h − η

mixing parameter. The mixing parameter is parametrically the quotient of the masses

of the two states, thus we shall parameterise this interaction in our analysis by θ = λ′θ̂

in terms of the parametric mixing θ̂ = mη
mh

and a dimensionless coupling λ′ which

absorbs any deviation from this form. Thus the terms in the effective Lagrangian

which describe the light mediator interaction between DM and quarks can be written

as follows (dropping the subscript on η1)

L ⊃ λXηψψ +
∑
q

(θλ′yq)ηqq . (4.6)

We use micrOMEGAs to calculate the required λX necessary to obtain the asymmetry

dominated relic density, as a function of DM mass mX . The results are shown in Fig. 8

for a scalar mediator with parameters {mη, λ
′} = {10 GeV, 1}, {50 GeV, 0.1} and

are accompanied by the combined direct detection constraints, as used in Chap. 3.

Note, LEP searches [192] for mixed Singlet-Higgs states constrain λ′θ̂ to be small and

influence our choice of values for λ′, however varying this parameter will only lead to

rescaling of the results. For mediators heavier than a few GeV only the resonance region

survives the tension between theoretical and experimental requirements. Moreover,

because of the strength of the spin-independent direct searches even lighter mediators

are constrained to the point where only a small part of the parameter space survives.

For scalar mediators with mass . few GeV, for mX ∼ mη, DM annihilation into η

pairs (which later decay to SM states) is allowed by direct detection constraints and
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Figure 8. Constraints on a light scalar mediator coupling fermion DM to the visible sector via
mixing with a SM-like Higgs with mass mh = 125 GeV. The black curve shows the minimum
DM-mediator coupling λX required to efficiently annihilate the symmetric component of the
DM. The red curve indicates the current combined spin independent direct detection bounds.
Constraints from monojet searches are negligible. The allowed parameter space is indicated by
the shaded region. For mediators heavier than a few GeV only the resonance region survives
the tension between direct detection limits and the requirement for efficient annihilation of
the symmetric component.
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presents a viable model. However, mediators with mη . 10 GeV or DM with mX . 5

GeV will lead to additional limits, most prominently searches for quarkonium decays

to invisible states [172]. Moreover, this portal interaction will be constrained by future

precision measurements of Higgs boson couplings [193–197]. In Sect. 4.3 we give an

semi-analytic treatment of ADM relic density in the presence of s-channel resonances

ψψ → η → SM and t-channel threshold effects ψψ → ηη.

4.2 The light pseudoscalar portal

Next we shall consider the case of a light pseudoscalar which mediates interactions

between DM and the SM quarks. Pseudoscalars are an ideal candidate for light me-

diator states and present a particularly interesting case as the constraints from direct

detection (suppressed by q4) are negligible. We parametrise the portal interaction con-

necting a fermion DM state ψ with SM quarks via a pseudoscalar mediator as follows,

in analogy with eq. (4.6)

L ⊃ iλXaψγ
5ψ +

∑
q

i(θ̂λ′yq)aqγ
5fq, (4.7)

where, as previously, yq are the SM Yukawa couplings and θ̂ is the mixing parameter.

Such a scenario could occur via mixing with a CP-odd state of an extended Higgs sector

(e.g. the A0 of the MSSM [38]).

In Fig. 9 we display the minimum λX required for efficient annihilation of the

symmetric component, as a function of mX , for a portal interaction due to a 10 GeV

pseudoscalar mediator a for θ̂λ′ = 0.1, 0.01 as the black solid curve. By fixing the

coupling of the mediator to SM quarks, the size of the DM coupling λX to the mediator

required for efficient annihilation of the symmetric component is simply a function of
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Figure 9. Constraints on a pseudoscalar mediator coupling fermion DM to the visible sector.
The solid curve shows the required hidden sector coupling in order to efficiently annihilate the
symmetric component. The dashed curve visible near 5 GeV (the resonance region) indicates
the LHC monojet limits, as can be seen these do not present significant constraints on the
model, this is in contrast to the corresponding contact operator Oψp studied in Sect. 3.3.
Moreover, as the scattering cross section is suppressed by q4 there are essentially no limits
from direct detection. The allowed parameter space is indicated by the shaded region.
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the DM mass and the mediator mass. This allows us to present the effects of varying the

parameters in a clear manner, which can be readily compared with the previous example

of the light scalar-Higgs portal. The leading constraints on the light pseudoscalar portal

come from the LHC monojet searches. We use CalcHEP to determine the LHC monojet

bounds following the same procedure as in Sect. 3.3 and these limits are presented as

the red dashed curve in Fig. 9.

4.3 Semi-analytic analysis of light mediators

In this section we shall make some remarks regarding the source of the features exhibited

in the relic density calculations with light mediators using a semi-analytic analysis. The

introduction of light mediators leads to resonance and mass threshold effects and the

dominant process which determines the relic density becomes strongly dependent upon

the DM mass. Note also that many models, in particular supersymmetric models,

may lead to co-annihilation effects which must be accounted for but this is beyond the

scope of these simple models. In correctly specifying the annihilation integral J for

light mediators, we shall follow the work of Griest and Seckel [198].

With a light mediator η the standard expansion of 〈σv〉 used for contact operators,

eq. (3.6), is not valid over the whole mass range of the DM, X. There are a number of

notable ranges of the DM mass in which the annihilation of the symmetric component

is enhanced. In the DM mass range mX & mη the annihilation can proceed by the

t-channel process XX → ηη. The second region of interest is when mη ≈ 2mX , in

which case annihilation via s-channel XX → η → qq is resonantly enhanced.

To model the effects of resonant production we factor out the pole factor P (v2)
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from the cross section

P (v2) =

(1− (2mX/mη)
2

1− v2

4

)2

+

(
Γη
mη

)2
−1

. (4.8)

Whilst more sophisticated approximations are discussed in [198], this will suffice for

our purposes. Following this we can write the thermally averaged cross section in the

mass region mX . mη as follows

〈σv〉mX.mη '
(
as +

6bs
x

)
× P (0), (4.9)

where as and bs are the coefficients from the velocity expansion of the cross section

corresponding to s-channel XX → η → qq, assuming a scalar mediator as in Sect. 4.1.

From inspection of eq. (4.8) the cross section will be peaked at mX ≈ mη/2, in which

case the annihilation integral, appearing in eq. (3.3) may be expressed as follows

JmX.mη '

(
as + 3bs

xf

)
× P (0)

xf
. (4.10)

In the mass region mη & mX the states η can be pair produced and present the

dominant annihilation channel. For DM states with mass mX ≈ mη the final state

velocity vf becomes important and can not be approximated as unity in the velocity

expansion of the cross section

σv ' (at + btv
2)vf . (4.11)
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The quantity vf can be expressed as follows

vf =

√
1−

(
mη

mX

)2(
1− v2

4

)
. (4.12)

We may make a velocity expansion of vf

vf '

√
1−

m2
η

m2
X

(
1 +

m2
ηv

2

8(m2
X −m2

η)

)
. (4.13)

Note that for mη � mX the vf ≈ 1 and we recover the standard velocity expansion for

the cross section. Furthermore, observe that the velocity expansion for vf breaks down

for mX ≈ mη. The annihilation integral for mX > mη and away from the threshold

region mX ≈ mη, may be approximated thus

JmX&mη '

(
atIa + 3btIb

xf

)
xf

, (4.14)

where at and bt are the coefficients from the velocity expansion of the cross section

corresponding to t-channel XX → ηη. The factors Ia,b account for the final state

velocities of the produced states and are given by

Ia =
xf
at

∫ ∞
xf

〈atvf〉
x2

dx,

Ib =
2x2

f

bt

∫ ∞
xf

〈btv2vf〉
6x2

dx.

(4.15)

The explicit form of the factors Ia,b given in eq. (4.15) depend on vf . Away from the

threshold region the approximation in eq. (4.13) is valid, however near the threshold

one must use the exact form for vf . Moreover, since the interacting states have non-zero
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velocities, processes which would be forbidden at zero velocity may be accessible and

lead to the dominant decay channels. We construct the total annihilation integral as a

piecewise function

J =



JmX.mη mX < 0.97×mη

JThreshold 0.97×mη ≤ mX ≤ ×1.03mη

JmX&mη 1.03×mη < mX

, (4.16)

where JThreshold is identical in form to JmX&mη but the Ia,b factors are evaluated using

the exact form for vf . The factors Ia,b are given explicitly in [198], which we reproduce

below

Ia =


4z

3
√
πxf

(
1− 3xf

(
mη−mX
mX

))
Threshold

√
1− m2

η

m2
X

(
1 +

3m2
η

8(m2
X−m2

η)xf

)
mX & mη

, (4.17)

and

Ib =


32z

15
√
πxf

(
1− 5

6
xf

(
mη−mX
mX

))
Threshold

√
1− m2

η

m2
X

(
1 +

5m2
η

6(m2
X−m2

η)xf

)
mX & mη

. (4.18)

To calculate the relic density with light mediators we must use the corrected anni-

hilation integral, eq. (4.16), in eq. (3.3):

YX =
∆X

1− exp [−∆XJω]
, YX =

∆X

exp [∆XJω]− 1
.

Then, as previously, we require that the asymmetric component alone accounts for

the relic density by the requirement on the symmetric component given in eq. (3.10.)

At this stage, for a given model, one can numerically evaluate the analytic forms
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Figure 10. Relic density constraint on annihilation of the symmetric component to the visible
sector through a 50 GeV scalar mediator, derived via a semi-analytic approach. Note that
the aspect of the plot is comparable to the results obtained using micrOMEGAs, as displayed
in Fig. 8 (right), and thus supports the findings of the numerical analysis.

above. This semi-analytic computation gives comparable results to those obtained

from micrOMEGAs, as is shown in Fig. 10 for a mediator of mass mη = 50 GeV. This

semi-analytic analysis could be improved to better match the numerical results and

some details of how this might be achieved are given in [198]. However, by comparing

Fig. 8 & 10, it is already reasonable to conclude that the general features appearing in

the numerical analysis are correct and understood.

4.4 Discussion

In Chap. 3 we demonstrated that most contact operators are very strongly constrained

and that all of the operators were essentially excluded in the interesting, motivated

ADM mass region 1 GeV . mX . 10 GeV. The validity of this effective operator de-

scription breaks down for mediators lighter than other scales appearing in the model,
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this is .100 GeV for LHC physics and around the DM mass for processes which de-

termine the annihilation cross section, at which point resonance and threshold effects

become important in determining the exclusion limits. Both the monojet limits and

the DM relic density are very sensitive to the DM mass, with both curves featuring

resonances and mass threshold effects. In contrast to the effective operator analysis,

where ADM was excluded up to 100 GeV by collider searches, the monojets limits for

light mediators ma .100 GeV are weakened to the extent that for natural couplings

they present no appreciable constraint. Indeed the monojet limits are only visible in

the plots of Fig. 9 in the resonance region ma ≈ 2mX .

For ma 6= 2mX the DM annihilation is via a virtual mediator and this leads to

a large suppression in the cross section, thus for natural values of the parameter the

mediator and DM masses must typically be arranged such that the annihilation of

the symmetric component proceeds via resonant s-channel processes or t-channel pair

production of the mediator states. In particular, if the DM is heavier than the me-

diator then there will generally be unconstrained parameter space in which efficient

annihilation of the symmetric component to the visible sector can be achieved.

As can be seen in Fig. 8 & 9, if the mediator states are light then successful models

of ADM can be constructed. However, for mediators with mass ∼ 10− 100 GeV there

remain strong limits in cases where direct detection bounds are strong and to satisfy

these constraints it is often required that the DM and mediator masses are arranged

such that the DM annihilation is resonantly enhanced. This requires a degree of fine-

tuning which is theoretically disfavoured. On the other hand if the direct detection

bounds are suppressed as in the case of the pseudoscalar then there is no requirement

for the DM and mediator masses to be tuned to the resonance region and thus such

scenarios are very appealing.
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We would like to highlight that pseudoscalars provide a viable, well motivated pos-

sibility for connecting the hidden and visible sectors in the ADM scenario. Not only

do they allow the efficient annihilation of the symmetric component without conflict-

ing with direct searches or requiring resonant (or similar) enhancement, but such light

states arise quite naturally as PNGBs. In the next chapter we shall consider an al-

ternative approach to removing the symmetric component of ADM, in which the DM

annihilates to light hidden sector states and we shall examine the leading limits which

constrain this scenario. Notably, we shall argue that in this case pseudoscalars also

provide one of the best means of implementing this scenario.
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This chapter is based on work done in collaboration with John March-Russell and

Stephen West, appearing in [2].

In the antecedent sections we have argued that if the symmetric component anni-

hilates directly to the SM then large classes of ADM models face stringent constraints

from collider and direct detection experiments. The introduction of new light states is

perhaps the most interesting and well motivated manner to avoid the strong constraints

examined previously. If the DM belongs to an extended hidden sector, containing lighter

states into which the symmetric component can annihilate, then the limits from both

direct search constraints and cosmological requirements are greatly ameliorated.

In this chapter we focus on the case where the hidden sector contains light degrees

of freedom Y into which the symmetric component can annihilate. There are two dis-

tinct scenarios, firstly the XX could decay to light hidden sector particles Y which later

decay to SM states. In this case the production and scattering cross sections are loop

suppressed and the tension between the relic density requirements and the search con-

straints can be resolved. Alternatively, if the Y are stable on cosmological time scales

then the initial energy density of the symmetric component will be effectively depleted

by the ratio of masses mY /mX . (Here we are assuming that the annihilation process

is XX → Y Y .) Hence for the residual abundance of X set by the DM asymmetry to

be the dominant contribution to ΩDM it is required that mY � mX .
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Figure 11. left. Dominant annihilation channels of the fermion DM X to hidden sector
states Y . right. Minimum αX = λ2

X/4π, where λX is the Y XX coupling, required for efficient
annihilation of the symmetric component in the limit mY � mX , for Y a scalar (blue) or
psuedoscalar (red).

Note, however, that for sub-keV (meta) stable Y states there are limits from struc-

ture formation and determinations of the number of relativistic species at CMB and

BBN [199–206]. Additionally, for sub-10 MeV hidden sector states with couplings to

SM particles there are potentially further constraints, such as invisible quarkonium

decay [168, 170, 171]. Henceforth, in this work we generally consider the regime where

the light hidden sector states are MeV or heavier.

We shall first discuss the requirements on the DM couplings to achieve successful

annihilation of the symmetric component to light hidden sector scalar or pseudoscalar

states. Subsequently, in Sect. 5.2 we discuss the leading limits on DM self-interactions

and use these to constrain the hidden sector scenario. Some remarks about specific

implementations are given in the Discussion section.
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5.1 Efficient annihilation to hidden sector states

Let us examine the scenarios in which the symmetric component is removed primar-

ily due to annihilations to light hidden sector degrees of freedom XX → Y Y for Y

a scalar or pseudoscalar state. Couplings of the DM (here assumed to be a Dirac

fermion for definiteness) to scalar or pseudoscalar states are, respectively, λ
(φ)
X Y XX

and 1
fa
∂µY Xγ

µγ5X. The latter can be re-expressed as 2imX
fa

Y Xγ5X and thus we define

λ
(a)
X = 2mX

fa
. In the special case that the DM state X is a composite state, analogous

to the proton, and the pseudoscalar states Y are the nearly massless PNGB “pions”

of an associated spontaneously broken chiral symmetry, then one expects the relation

mX ∼ 4πfa to hold (here assuming that the associated chiral symmetry is not badly ex-

plicitly broken), analogous to the Goldberger-Treiman relation of SM hadronic physics.

Hence in this analogue to the hadronic sector of the SM the psedoscalar coupling is

fixed to be λ
(a)
X ' 4π (cf. gπNN ≈ 13 in the SM). Note that this relation is certainly

not necessarily the case as the pseudoscalar might not be an analogue of the pion,

but instead the PGNB of some other global symmetry spontaneously broken at a scale

much higher than the mass scale of the DM states, rather like the QCD axion in the

SM case. In this case fa and thus λ
(a)
X are free parameters.

Making an expansion σv = a+ bv2 + · · · in the annihilation cross-section [1, 133],

the symmetric yield after freeze-out is given by

Ysym '
∆X

exp
[

4π√
90

∆XmXMPl
√
g∗

(
a
xf

+ 3b
x2f

)]
− 1

. (5.1)

The yield is related to the present relic density as follows

ΩDMh
2 = 2.76× 108 (∆X + Ysym)

( mX

GeV

)
. (5.2)
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To ensure that it is the asymmetry which determines ΩDM we shall again demand that

the symmetric component is responsible for ≤ 1% of the DM relic density, and this

leads to a lower bound on the annihilation cross section.

The cross-section for fermion DM annihilating to scalar (φ) or pseudoscalar (a)

states via t- and u-channel processes (as illustrated in Fig. 11) are given, to leading

order in v, by

(σv)φ =
λ4
Xv

2mX

√
m2
X −m2

φ

(
9m6

X − 17m2
φm

4
X + 10m4

φm
2
X − 2m6

φ

)
24π

(
m2
φ − 2m2

X

)4 (
m2
X −m2

φ

) ,

(σv)a =
λ4
XmXv

2 (m2
X −m2

a)
5/2

24π (m2
a − 2m2

X)
4 .

(5.3)

Note that the annihilation is p-wave suppressed in both cases. These scenarios reduce

to one-parameter models in the limit mY � mX for Y = φ, a; expressed in terms of

αX ≡ λ2
X/4π

(σv)φ '
3α2

Xv
2π

8m2
X

, (σv)a '
α2
Xv

2π

24m2
X

. (5.4)

Substituting the above into eq. (5.1) leads to a rough order of magnitude limit on αX ,

α
(φ)
X & 1× 10−3

( mX

5 GeV

)
,

α
(a)
X & 3× 10−3

( mX

5 GeV

)
,

(5.5)

where we have dropped a very slow dependence of xf on the couplings.

This bound can be determined more precisely by taking into account the temper-

ature variation of g∗ through a numerical analysis. In Fig. 11 we plot the minimum

αX required for efficient annihilation of the symmetric component as a function of

DM mass. The freeze-out temperature is determined numerically and the temperature
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dependence of g∗(T ) is taken from the tables in DarkSUSY [135]. By inspection of

Fig. 11 we note that the previous rough analytic approximation compares well with the

precise numerical result. In the next section we shall compare the requirements on αX

necessary for efficient annihilation to constraints on DM self-interactions and we will

find that in some cases this leads to considerable tension.

5.2 Model independent bounds on hidden sectors of ADM

One of the leading constraints on light hidden sector states which must be satisfied

is the requirement that the observed ellipticity of DM halos is not destroyed by DM-

DM elastic self-interactions [70, 207] mediated by the light state(s) in the DM sector

and the precise limits vary depending on the interaction-type, which we examine in

detail below. In particular, if the DM annihilates to light hidden sector states, then

this interaction will also lead to DM scattering events which affect halo ellipticity

and, consequently, there can exist tension between the requirement that the symmetric

component annihilates efficiently and the limits coming from observations of DM halos.

Important differences arise between models depending upon the nature of the state

which mediates the DM interactions. A particular focus of the present work is the

investigation of the case of (one or more) light PNGB state(s), and we argue that this

scenario has many attractive features compared to the other possibilities investigated

in the literature.

There are a number of astrophysical bounds on DM self-interactions, namely the

observation of elliptical galaxy clusters [18] and elliptical DM halos [207], and from

colliding clusters i.e. Bullet Cluster (1E 0657-558) constraints [13]. These constraints

have been previously discussed for the case of scalar and vector DM in [70, 207], in which

they note that halo ellipticity provides the leading bounds. We return to examine these
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limits, in particular we show that in the (well motivated) scenario of a light pseudoscalar

mediator these limits are significantly ameliorated. However, if the mediator is lighter

than mXvrel then it is likely that bound states of DM will form [208, 211], this can

drastically alter the analysis and we omit this case here. In the converse scenario we

find that there is a tension with limits coming from halo ellipticity for light hidden

sector scalars.

If the DM has self interactions which are mediated via a light state then this can

lead to elastic scattering which can erase velocity anisotropies, resulting in spherical

halos. Some initial work on this constraint of hidden sectors of ADM have previously

been discussed in [70], we shall comment on this earlier study and also note some

interesting variants in which certain limits are relaxed. Following [70, 207], we extract

constraints on DM scattering cross-sections from galaxy NGC720 which is observed to

possess an elliptical halo at 5 kpc. Following the literature [70, 207], the impact on

halo morphology of DM self-interactions can be parametrised in terms of the average

rate of O(1) changes in the DM velocities

Γ∆v∼v '
∫

d3v1d3v2f(v1)f(v2)nXσTvrel

(
v2

rel

v2
0

)
, (5.6)

where nX is the halo DM density and vrel = |~v1−~v2| ∼ 10−3 is the relative DM speed.

The factor σT is the so-called transfer scattering cross-section which is the cross-section

weighted by the momentum transfer

σT ≡
∫

dΩ∗(1− cos θ∗)
dσ

dΩ∗
, (5.7)

where σ is the scattering cross-section, θ∗ the scattering angle in the centre of mo-

mentum frame, and Ω∗ the associated solid angle. To estimate the limits on the DM
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self-interactions, we will assume the Standard Halo Model, in which case the distribu-

tions f(v) are of the form

f(~v) =
e−v

2/v20

(v0

√
π)2

. (5.8)

Observations of NGC720 suggest a local density of mXnX ' 4 GeV/cm3 and radial

velocity dispersion v2
0 ' 2(240km/s)2. The existence of elliptical halos implies that the

average time in which O(1) changes in the DM velocity occur must be greater than the

lifetime of the galaxy, which corresponds to the constraint [207]:

Γ∆v∼v .
1

1010 years
. (5.9)

This can be translated into bounds on various mediator interactions following [207].

Note, Ref. [207] examines the cases of vector and scalar mediators, but not pseudoscalar

mediators, which as we will see, lead to very different limits.

5.2.1 Constrains on DM self-interactions via scalar mediators

To set the scene, and for the sake of comparison, we begin with a reprise from [70, 207]

of the constraints on the interactions of DM with non-derivatively coupled light scalar

states. The form of the DM self-interaction potential for such a scalar mediator is

simply V (r) = −αX e
−mφr

r
, where mφ is the mediator mass and αX =

g2X
4π

is related to

the size of the coupling involved in DM self-interactions gX . The transfer cross-section

follows from V (r), and in the Born approximation is given by

σT '
32π

m2
φm

2
Xv

4
rel

[αXmφ]2
(

ln(1 +R2)− R2

1 +R2

)
. (5.10)
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Note that the factor in square brackets is proportional to the potential at the effective

range of the force V (r ∼ m−1
φ ), while R is proportional to the ratio of the interaction

range of the force to the de Broglie wavelength

R ≡ mXvrel

mφ

. (5.11)

We shall work in the regime R � 1, as in this limit bound states of DM do not

form [208, 211] and thus the following analysis is valid. Away from this limit the

DM will often coalesce into bound states which can significantly alter the analysis,

and for increasing R the cross-section blows-up. Since we expect ADM to respect

mX . 10 GeV, this corresponds to mφ � 10 MeV (since vrel ∼ 10−3). In this regime

the DM self-interactions are well described by contact interactions, since the mediator

mass is significantly larger than the momentum transfer in DM scatterings, and the

transfer cross-section simplifies to the following approximate form3

σT '
32πα2

X

m2
Xv

4
rel

(
R4

2

)
= 16πα2

X

m2
X

m4
φ

. (5.12)

Since this result is independent of vrel the integral defining Γ∆V∼V in eq. (5.9) sim-

plifies and evaluating we obtain σT . 4.4 × 10−27cm2 mX GeV−1 or equivalently

σT . 10 mXGeV−3 [70]. Moreover, by eq. (5.12) this translates into a bound on

the αX for mφ � mXvrel

αX . 2× 10−3
( mφ

100 MeV

)2
(

5 GeV

mX

)1/2

. (5.13)

We observe that the elliptical halo constraints provides an upper bound on the size

3Note that we find a factor of 2 difference compared with [207].
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of αX . However, we recall that large DM self-interactions are required to annihilate

the symmetric component and thus there is also a lower bound on αX as derived in

Sect. 5.1 in the limit mφ � mX . Combining these two bounds we observe a tension

between experimental and theoretical requirements in the case of a scalar mediator

with mXvrel � mφ � mX :

1× 10−3
( mX

5 GeV

)
. αX . 2× 10−3

( mφ

100 MeV

)2
(

5 GeV

mX

)1/2

. (5.14)

Note that the lower bound has a linear mass dependence, whereas the upper bound

depends on the square root of the mass thus allowing for a potential larger allowed

parameter space if one deviates from the standard picture of ∼ 5 GeV ADM. Further,

the limit mφ � mX is realistic, since, as argued previously, we expect that unless φ

quickly decays to lighter states, the energy density of the symmetric component will be

stored in these degrees of freedom with an effective dilution of the symmetric component

energy density by a factor mφ/mX . Therefore in order for the ADM to be the dominant

component of the DM relic density this ratio of masses must be mφ/mX � 1.

In the next section we consider the case of DM self-interactions via a pseudoscalar

mediator and we shall see that this leads to significant deviations.4

5.2.2 Constrains on DM self-interactions via pseudoscalar mediators

In Sect. 5.1 we derived a lower bound on the pseudoscalar-DM coupling required to

remove the symmetric component of the DM. We now wish to compare this bound to

limits arising from halo ellipticity in analogue to the previous discussion of the scalar

mediator. We find that this scenario is decidedly different and that generically the

upper bound on αX (cf. eq. (5.14)) is no longer constricting. To study the elastic DM

4Vector mediators have similar bounds to the scalar case [70, 207].
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scattering due to exchange of a PNGB we examine an effective Lagrangian which is

constructed in direct analogue to the nucleon-pion Lagrangian in the limit that explicit

chiral symmetry breaking is small. Moreover, since momentum transfer is small, the

non-relativistic limit is a good approximation, and we consider the following effective

chiral Lagrangian

L = X†
(
i∂t −

∇2

2mX

)
X − λXX†(~σ · ~a)X + · · · (5.15)

where the σ are the Pauli spin matrices and the ellipsis indicate contact interactions

due to multiple pseudoscalar exchange, which are significantly suppressed [212–214].

The pseudoscalar field can be decomposed as follows

~a ≡ 1√
2fa

~∇a+ · · · (5.16)

The corresponding potential, which is the analogue of the standard one pion ex-

change potential [215], is given by

Va(~q) = −
(
λ2
X

2f 2
a

)
(τ1 · τ2)

(~σ1 · ~q)(~σ2 · ~q)
|~q|2 +m2

a

, (5.17)

where τi are isospin matrices. This can be re-expressed via Fourier transformation to

obtain

Va(~r) = −λ
2
Xm

2
a

24πf 2
a

(τ1 · τ2)

[(
1 +

3

mar
+

3

(mar)2

)
L2
e−mar

r
+ L0

e−mar

r

]
+ · · · (5.18)
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where and the factors L0,2 are proportional to angular momentum projectors with forms

L0 = σ1 · σ2 ,

L2 = 3r̂ · σ1r̂ · σ2 − σ1 · σ2 .

(5.19)

It follows from eq. (5.17) that the transfer cross-section is of the form

σ
(a)
T ' 24π

(
27

16

)2
1

m2
am

2
Xv

4
rel

[
αXm

3
a

f 2
a

]2(
ln(1 +R2)− R2

1 +R2

(
1 +

R2

2
− R4

6

))
.

(5.20)

where R is as given in eq. (5.11) (except with ma replacing mφ) and the factor in square

brackets is the potential at the effective range of the force V (r ∼ m−1
a ). At first view

the scalar and pseudoscalar cross-sections seem comparable, the main difference being

the factors contained in square brackets and the factor (1 + R2

2
− R4

6
), however these

differences will turn out to be significant. In the limit R� 1

σ
(a)
T ' 2π

(
27

16

αXmX

f 2
a

)2

R4 . (5.21)

It follows, comparing with the halo ellipticity bounds as in Sect. 5.2.1, that

αX . 8× 102

(
fa

1 GeV

)2 ( ma

100 MeV

)2
(

5 GeV

mX

)5/2(
10−3

vrel

)2

. (5.22)

Thus there is essentially no upper bound on the size of the coupling from DM self-

interactions in this case.

Another important difference between the scalar and pseudoscalar mediators is

that, whilst in the scalar case the cross-section blew-up in the large R limit, equivalently

mφ → 0, for the pseudoscalar in the large R limit the cross-section is well behaved and
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reduces to the one-parameter model

σ
(a)
T ' 4π

(
27

16

αXmX

f 2
a

)2

, (5.23)

which leads to the following constraint on the DM-pseudoscalar interaction

αX . 0.2

(
fa

1 GeV

)2 ( mX

5 GeV

)1/2

. (5.24)

5.3 Discussion

A particularly interesting example of PNGB is the case that the DM states X are

composites arising from a new non-abelian gauge symmetry which both confines and

breaks a (hidden) matter chiral symmetry. In this case light pseudoscalars arise from

spontaneous chiral symmetry breaking, analogous to the pions of QCD, and they inter-

act strongly with the heavy X states as do pions with baryons. Specifically, consider

a scaled version of 2-quark-flavor QCD with the non-perturbative scale of the hid-

den sector gauge symmetry increased by a factor of 5. In this case the DM X states

are identified with the hidden nucleons with, by the usual näıve dimensional analysis

arguments,

mX ' 4πfa ' 5× 4πfπ ' 5mp . (5.25)

For simplicity we assume that the current masses of the hidden quarks preserve a hidden

SU(2) isopsin symmetry, and that there is no analog of electromagnetism in the hidden

sector. In this case the lowest-lying spin 1/2 hidden nucleons form degenerate isospin

doublets interacting with a degenerate isotriplet of hidden pion-like pseudoscalar states.

Further, in the relevant limit of small explicit breaking of the hidden chiral symmetry,

so that the hidden pions are parametrically light compared to mX , the dark-sector pion
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couplings to the X states are dominantly derivative in nature, and satisfy an analog of

the Goldberger-Treiman relation

λ(a) ∼ mX

fa
∼ 4π . (5.26)

The mass of the hidden pions depends on the scale of explicit chiral symmetry

breaking in the hidden sector (in QCD this occurs both due to the non-zero quark

masses, and to the coupling the U(1)EM). In the absence of explicit chiral symme-

try breaking the Nambu-Goldstone bosons are massless, and thus the R → ∞ limit,

eqs. (5.23,5.24), of the scattering is appropriate (trivially dressed by numerical factors

arising from hidden isospin contractions). Using the Goldberger-Treiman relation of

eq. (5.26) this leads to a momentum-transfer cross-section that is clearly excluded by

the constraints from halo ellipticity.

Alternatively, if we assume that the pion masses scale-up from QCD similar to the

DM mass, then ma ' 5mπ ' mX/10, and this corresponds to the scenario in which

R < 1 with momentum-transfer scattering cross-section

σ
(a)
T ' 4π

(
27

16

αXmX

f 2
a

)2
R4

2

' 3× 10−2 GeV−2
( mX

5 GeV

)2 ( vrel

10−3

)4
(
b

4π

)8(
500 MeV

ma

)4

,

(5.27)

where we have introduced the quantity b ≡ mX
fa

to parameterise deviations from the

Goldberger-Treiman relation. This is sufficiently small to satisfy DM self-interaction

constraints and also satisfies the requirement for annihilating the symmetric component

as can be seen from Fig, 11. However, since ma 6� mX , if the PGNB’s are stable

then the contribution of the relic density due to the pseudoscalar states will likely be

comparable to the DM density due to the asymmetry. Since ΩAsym ∼ ε ΩSym and we
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expect that ε ∼ 10−3±1, it follows that for ma > 10−3mX (i.e. R > 1) in order to for the

relic density to be set by the asymmetry then we require that the pseudoscalar states

can decay to the visible sector.

In this chapter we have endeavoured to highlight the best motivated settings for

ADM model building, in which these limits are naturally alleviated or circumvented.

Specifically, we considered hidden sector models with extend field content and dynam-

ics. In particular, we suggested that the scenarios in which the hidden sector features

light pseudoscalars, into which the symmetric component of ADM can annihilate, is per-

haps one of the best motivated and least constrained. We showed that for pseudoscalar

states a the tension between limits from elliptical halos and relic density requirements

are greatly relaxed (by a factor (ma/fa)
2, which is generally small) compared to anal-

ogous models with light scalars or vectors. Moreover, light pseudoscalars are very well

motivated as they naturally emerge in many frameworks as PNGB’s.

Conversely, in the case that the symmetric component annihilates into light hidden

sector scalars or vectors, the limits from elliptical halos significantly constrain the

parameter space of these models. Notably, over much of the remaining parameter

space (i.e. away from the limit R � 1), one generically expects that the formation

of DM bound states is possible. Such bound states can have a significant effect on

the physics and lead to a wealth of new phenomenology [208, 211]. This is a research

direction which we are currently pursuing and will be discussed further in [2].
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This chapter is based on work appearing in [3].

The matter of the observable universe, the visible sector, exhibits a rich structure

of interacting states and, a priori, one might expect that the DM could be part of an

equally complicated (set of) hidden sector(s). Such a suggestion is not implausible from

a UV perspective as, for example, it has been argued that the topological complexity

of generic string theory compactifications results in a large number of hidden sectors

[216–219]. In this context it is quite conceivable that exchanges between dark and

visible sectors can have cosmological consequences (beyond the usual moduli problem)

and this reasoning motivates us to propose a new mechanism for cogenerating the DM

relic density ΩDM and baryon density ΩB in such a way that the close coincidence

ΩDM ≈ 5ΩB is explained without necessarily resorting to the assumption that that the

DM itself carries a particle-antiparticle asymmetry.

In this chapter we first provide an qualitative overview of the mechanism and

discuss the general requirements for connecting ΩDM and ΩB in this model. We discuss

aspects of model building and general constraints in this framework, in Sect. 6.1 &

Sect. 6.2, respectively. Notably, in contrast to traditional ADM models, the DM can

be a real scalar or Majorana fermion and thus presents distinct phenomenology. In

Sect. 6.3 we examine the Boltzmann equations which describe the evolution of particle

yields in the exodus mechanism in a general setting. Further, we present a specific
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SUSY example in which we use this mechanism, in the setting of the MSSM, to obtain

the correct DM relic density for a bino LSP in Sect. 6.4. In Sect. 6.5 we add some

further comments, in particular we discuss argue that this mechanism circumvents the

usual symmetric component problem of ADM.

6.1 Outline of the exodus mechanism

Hidden sectors can readily accommodate large CP violation which can lead to asym-

metries in hidden sector states, for instance, via analogues of traditional baryogenesis

mechanisms. If this asymmetry is transferred to the visible sector then it can generate

the baryon asymmetry and thus set the present day baryon density [66, 76–78, 82].

In the new framework presented here the interplay between two hidden sectors, con-

nected via a weak trisector coupling involving the visible sector, is used to explain the

coincidence of cosmological densities ΩDM ≈ 5ΩB. An asymmetry in some approxi-

mately conserved quantum number is generated in a hidden genesis sector resulting

in an asymmetry between a state X and its anti-partner X. The genesis sector then

evolves such that the symmetric component of X annihilates away and the abundance

of X is set by the asymmetry. Subsequently, the asymmetric component of X decays to

the visible sector and a second hidden sector, the relic sector, in a manner that cogen-

erates the DM and the baryon asymmetry. This scenario is illustrated schematically in

Fig. 12. Since the mechanism proposed here occurs after the genesis of a hidden sector

asymmetry, and the DM and baryon asymmetry are due to energy leaving the genesis

sector, we refer to this mechanism as exodus.

The mechanism presented here is related to models of ADM [54–124] and also DM

assimilation [220]. However, the construction and phenomenology of the exodus frame-

work is quite distinct, and, notably, unlike existing models our mechanism allows the
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Visible
Sector

Contains:  X, X

Genesis
 Sector

Contains: Ζ (stable)

Relic
Sector

ΛXΖF

metastable

Figure 12. Illustration of the three sectors connected via a weak trisector interaction λXζΦ,
where Φ is some SM singlet operator involving SM states which violates B − L.

generation of self-conjugate or ADM, whilst simultaneously explaining the coincidence

ΩDM ≈ 5ΩB. In particular, we shall argue that this framework provides a new possi-

bility for obtaining the correct DM relic density composed of (nearly) pure bino LSP,

a scenario which is generally not viable in the conventional freeze-out picture.

In the framework proposed here the observed DM relic density ΩDM is due to

an abundance of stable states ζ in the relic sector. The genesis sector features large

C- and CP-violating processes and appropriate out-of-equilibrium dynamics (therefore

satisfying the Sakharov conditions [125]) which results in a sizeable asymmetry between

the states X and X, with some approximately conserved quantum number which we

denote X . The state X transforms under the DM stabilising symmetry, but mζ < mX

and the X do not comprise the present day DM relic density. The state X can decay

to ζ, however, only via a suppressed intersector interaction, which violates X and B

(and/or L) but conserves some combination of these quantum numbers, e.g. B−L+X .

For this mechanism to link Ωζ and ΩB there are are three general requirements which

must be satisfied:
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• The intersector coupling must be sufficiently small that decays of X do not occur

until after the symmetric component of X has been removed via pair annihilation.

• The number density of DM states nζ in the relic sector is due only to decays of the

residual asymmetric component of X via the trisector coupling, i.e. nζ
∣∣
initial

' 0.

• The relic DM produced via X decays must be entirely responsible for the DM

relic density, and not due to thermally produced DM from heating of the relic

sector.

These conditions ensure that the baryon asymmetry and the DM number density are

linked nζ ∝ nb−b, as we will discuss in detail below. We assume that the initial abun-

dance of DM states ζ is negligible, perhaps due to preferential inflaton decay [221, 222]

which results in the relic sector reheating to a temperature lower than mζ (alterna-

tive scenarios could be envisaged). This type of cold hidden sector is similar to that

considered in models of freeze-in production of DM [25, 121], as briefly discussed in

Chap. 1. Importantly the temperature must be significantly lower that mζ to ensure

that the tail of the thermal distribution does not populate ζ. For the case of weak-scale

ζ self-interactions this translates into the requirement that TRH
relic . mζ/25 for X decays

to be solely responsible for the DM relic density.

Immediately after the X -genesis in the hidden sector (shaded red in Fig. 13) there

is no asymmetry in B or L, the number density of X is set by the asymmetry in X and

nζ , nX ≈ 0. At a later time the X states decay via the trisector coupling producing the

DM and an asymmetry in the visible sector which sets the baryon asymmetry (green in

Fig. 13). As the temperature drops below the baryon mass (∼ 1 GeV) the baryon num-

ber density becomes suppressed and reveals the baryon asymmetry inherited from the
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Figure 13. Log plot illustrating the cosmological history, it shows (schematically) particle
yields Y ≡ n

s , where s is the entropy density, against x ∝ T−1. Black, red and blue solid
lines give, respectively, the yields for X, the baryons and the relic DM ζ (antiparticles shown
dashed). The red shaded region indicates where the X density becomes dominated by the
asymmetry, the green region highlights the decays of X and subsequent generation of DM
and visible sector asymmetry. In blue is shown the mass threshold of protons past which their
number density is Boltzmann suppressed and the baryon density is set by the asymmetry.

genesis sector (blue in Fig. 13). We examine the Boltzmann equations which describe

the asymmetry transfer shortly.

The decay of the asymmetric component of X from the genesis sector is solely via

the trisector interaction λXζΦ, for Φ some SM singlet operator involving SM states

which violates B −L. For preferential inflationary reheating to occur the sectors must

be only feebly coupled to each other and consequently, we expect the coefficient of the

intersector portal λ to be small. In many realisations the operator XζΦ has high mass

dimension and the effective coupling is set by the inverse power of some mass scale M ,

for example 1
M3Xζu

cdcdc, as discussed in Sect. 2.3.

One of the main factors upon which the phenomenology of these models depends is

whether the DM particle ζ carries X number. If ζ does not carry X then it can be self-

conjugate state (a real scalar or Majorana fermion), thus resulting in symmetric DM.
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In this case DM annihilations are possible and can lead to indirect detection signals

with annihilation profiles [169]. On the other hand, if ζ is non-self-conjugate (a Dirac

fermion or complex scalar), with non-zero X number, then these states will inherit the

asymmetry of the genesis sector, like the baryons, resulting in ADM.

6.2 Constraints on the exodus mechanism

6.2.1 Lifetime constraints

To explain the comparable sizes of the cosmic relic densities Ωζ/ΩB ≈ 5 via the exodus

mechanism it is required that the X asymmetry alone be responsible for the DM relic

density. Consequently we require that the symmetric component annihilates within the

lifetime of X. Here we calculate the minimum lifetime of X required such that decays

of the X states occur only after the symmetric component is removed via pair annihi-

lation. The X and X could annihilate to either light hidden sector states which do not

carry X , and subsequently redshift away the energy density, or to visible sector states

which thermalise before Big Bang nucleosynthesis (BBN). In order for the symmetric

component of X to be sufficiently depleted it is necessary that the XX annihilations

do not freeze-out too quickly, as illustrated in Fig. 3 (Chap. 2).

At high temperatures the X and X are in thermal equilibrium with the other states

of the genesis sector and when the temperature of the genesis sector Tgen drops below

the mass of X the number densities of these states decrease exponentially (provided

mX > |µX |)

neq
X =

(
mXTgen

2π

)3/2

e
−mX−µX

Tgen , neq

X
=

(
mXTgen

2π

)3/2

e
−mX+µX

Tgen . (6.1)

However, once the interaction rate falls below the Hubble rate H the XX annihilations
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freeze-out and their co-moving number densities plateau. The temperature at which

annihilations freeze-out T
(FO)
gen can be determined by adapting a standard calculation [9].

Freeze-out occurs when the production and decay rate is too low to maintain the state

in equilibrium and the freeze-out condition can be expressed in terms of the Boltzmann

equation for antiDM. As nX is greatly suppressed at low temperatures we can neglect

DM-antiDM annihilations and only consider DM pair production

ẎX ∼ σsY eq
X Y eq

X
. (6.2)

where σ is the XX annihilation cross section. We can rewrite neq

X
as follows

neq

X
=

1

nX

(
mXTgen

2π

)3

e−2mX =
m3
X

ηX
e−2mX . (6.3)

where the latter equality is derived using nX = ηXnγ. Then it follows from the Boltz-

mann equation that the condition of freeze-out is given by

mX

T
(FO)
gen

H
(
T (FO)

gen

)
∼
(
T (FO)

gen

)3
ηXσ . (6.4)

Using the standard definition H(T ) =
1.66
√
g∗T 2

MPl
, we solve eq. (6.4) to obtain an expres-

sion for the freeze-out temperature

T (FO)
gen ∼

√
1.66
√
g∗mX

MPlηXσ
. (6.5)

Next we calculate the critical temperature T
(C)
gen for which the number density of

X states becomes primarily due to the asymmetry, or equivalently the temperature at

which Y eq

X
� YX . For concreteness we shall insist that Y eq

X
< ηX/100. The critical
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temperature below which this depletion of the symmetric component is achieved is a

function of the DM mass. The number density for states with an asymmetry is given

by eq. (6.3) and we use s = 2π2

45
gs∗T

3 to express the depletion condition as follows

Y eq

X
∼ 2π2

45

gs∗

(
T

(C)
gen

)3

m3
X

ηX
e
− 2mX

T
(C)
gen =

ηX
100

. (6.6)

In Fig. 14 we plot the critical temperature T
(C)
gen necessary for sufficient annihilation

of the symmetric component against mX , taking ηX = 6.2× 10−10, equal to the baryon

asymmetry. In the case that the genesis sector is radiation dominated,5 time can be

related to temperature via t ∼ 1/H(T ) ∼ MPl/
√
ρ(T ), in terms of the energy density

ρ(T ) ∼ 3M2
Pl

8π
H(T )2, and we can re-express the critical temperature T

(C)
gen in terms of the

minimum time t∗ required to adequately deplete the symmetric component

t∗ ∼
MPl

1.66
√
g∗ T 2

vis

∼ 10−6 s

(
R

1

)2
(

GeV

T
(C)
gen

)2

, (6.7)

where R = Tvis/Tgen is the quotient of the temperatures of the genesis and visible sector.

In many constructions it is reasonable to assume that in the early universe the

genesis sector and visible sector were in thermal equilibrium, before later decoupling.

In this case the thermal evolution of the genesis and visible sectors may be very sim-

ilar and we can compare the critical temperature T
(C)
gen to important thresholds in the

visible sector, such as BBN and the EWPT, as is shown in Fig. 14. Of course, if the

genesis sector and visible sector are not in thermal equilibrium in the early universe,

or evolve very differently after decoupling, then the critical temperature can not be

readily compared with visible sector milestones.

5The time-temperature relationship for matter-dominance is of the form t ∼ H−1 ∼ MPl√
ρ (1+z)−3/2

where z is the redshift. For simplicity we shall assume a radiation dominated genesis sector henceforth.
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EWPT for  Tgen = Tvis

BBN for  Tgen = Tvis
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Figure 14. The critical temperature T
(C)
gen , below which the symmetric component of X states

is sufficiently depleted, for varying mX , with ηX = 6.2 × 10−10. In the simplest scenarios
the genesis and visible sectors are in thermal equilibrium and we indicate the temperature at
BBN (red dashed) and EWPT (green dashed) for this case.

To demonstrate that viable models can be constructed we must compare the X

lifetime to the minimum time required to annihilate the symmetric component. For

simplicity, let us examine the lifetime of the X states assuming decays via a renormal-

isable operator with coupling constant λ to a two-body final state

τX = Γ−1
X ' 1× 10−4 s

(
10−10

λ

)2(
10 GeV

mX

)
. (6.8)

In several scenarios X decays to a multi-body final state via a high dimension operator

dressed by the reciprocal of an appropriate scale M , this leads to additional phase

space suppression of ΓX and the coupling λ should be replaced by a ratio of scales,

parametrically, (mX/M)n for a 4 + n dimensional operator. To construct a proof

of principle, let us further assume that the temperatures of the visible and genesis

sectors are equal and evolve together Tvis = Tgen. The minimum time required to
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sufficiently deplete the symmetric component t∗ is given by eq. (6.7), with R = 1.

Further, from inspection of Fig. 14, the critical temperature behaves like T
(C)
gen ∼ mX

30

and thus parametrically

t∗ ∼ 10−5

(
10 GeV

mX

)2

s . (6.9)

Comparing with eq. (6.8) we conclude that viable models, with τX > t∗, can be con-

structed.

6.2.2 Constraints on energy injection

In order for the exodus mechanism to set the relic density rather than the conventional

freeze-out mechanism it is required that the number density of the relic DM nζ is

entirely due to decays of X states. It is important that the temperature of the relic

sector remains lower than mζ such that the DM can not be thermally produced. Note

that the requirement Trelic � mζ < mX implies that, for there to be initially a thermal

distribution of X states, the reheat temperature of the X sector must be significantly

higher than the relic sector, which could be due to preferential inflaton decay. Crucially,

if the temperature of the relic sector is raised due to energy injection to the point

that the exponential tail of the DM distribution is populated, then freeze-out of this

thermally produced DM will likely dominate over the DM component produced via X

decays and thus ruin the exodus mechanism. If one assumes that the ζ have weak-scale

self-interactions, then to avoid populating the tail of the distribution it is required

that Trelic . mζ/25. Note that changes in the interaction strength will only lead to

logarithmic deviations in the temperature bound. Additionally, a weaker requirement

is that the three sectors should not equilibrate, in which case we expect a negligible X

relic density which will disrupt the relationship ΩDM ≈ 5ΩB.

Consider the decays X → ζb, for some final state b carrying baryon number B = 1.
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In order to satisfy the requirement that Trelic . mζ/25 it must be that the X decay

products have non-relativistic momenta and, working in this regime, we calculate the

temperature of the relic sector after energy injection from the genesis sector T
(∞)
relic . The

temperature of the ζ final states is related to the average kinetic energy

3

2
kBT

(∞)
relic = 〈KE〉 =

〈p2
ζ〉

2mζ

. (6.10)

The kinematic variables are related via p2
X = (pb + pζ)

2 and m2
X = m2

b +m2
ζ + 2pb · pζ .

Working in the rest frame of X we have pζ = (Eζ , pζ) and pb = (Eb,−pζ); it follows

that

m2
X − (m2

b +m2
ζ) ' 2(mbmζ + p2

ζ) . (6.11)

Solving for pζ and substituting into eq. (6.10) yields

〈pζ〉 ' 2mbmζ + 6T
(∞)
relicmζ . (6.12)

From which we can find the temperature of the relic sector after energy injection

T
(∞)
relic '

m2
X − (mb +mζ)

2

6mζ

. (6.13)

Thus the constraint T
(∞)
relic . mζ/25 can be recast in terms of the masses; in the simplest

scenarios we expect that mζ ∼ 5 GeV and mB ' 1 GeV in order to explain ΩDM ≈ 5ΩB

and substituting values for mB and mζ , eq. (6.13) reduces to

T
(∞)
relic

GeV
'
( mX

6 GeV

)2

− 1 , (6.14)

and the constraint T
(∞)
relic . mζ/25 places an upper bound on mX . 6.5 GeV. We note
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that in a wide range of scenarios there is sufficient freedom to choose the relative sizes

of mζ and mX and thus viable models can be constructed.

6.3 Boltzmann equations for exodus

To understand quantitatively the transfer in the X asymmetry nX ≡ nX−nX from the

genesis sector to the visible sector we can use the Boltzmann equations (see e.g. [9, 10]).

To first order in the small trisector coupling λ, assuming two-body X decays to DM

states ζ and baryons b, this can be expressed as

ṅX + 3HnX =

∫
dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)

[
|M |2bζ→Xfbfζ − |M |2X→bζfX

]
−
∫

dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)
[
|M |2

bζ→Xfbfζ − |M |
2
X→bζfX

]
(6.15)

where we have neglecting statistical factors. Note, dΠi = d3pi
(2π)32Ei

and the phase space

distribution function fi is related to the number density by

ni =
gi

(2π)3

∫
d3pfi , (6.16)

where gi is the number of internal spin degrees of freedom. For a state in thermal

equilibrium at temperature T the phase space distribution function is of the form

fi ' exp

(
−Ei
T
± µi
T

)
, (6.17)

where µi is the chemical potential which describes unbalances between particle-antiparticle

number densities due to asymmetries: ηi ∝ µi/T . This term takes opposite signs for

particles and antiparticles and is absent in the case of self-conjugate fields.

Immediately prior to X decays the number density of relic DM is negligible nζ,ζ ≈ 0
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and it follows fζ ≈ fζ ≈ 0. Moreover, as the processes do not feature large CP violation,

X and X processes can be treated equally, hence |M |2bζ→X = |M |2
bζ→X and by CPT

invariance |M |2bζ→X = |M |2
X→bζ . Thus eq. (6.15) reduces to

ṅX + 3HnX '
∫

dΠX2mXΓX (fX − fX) , (6.18)

where we have introduced the decay width

ΓX =
1

2mX

∫
ΠbdΠζ(2π)4δ(4)(pX − pb − pζ)|M |2X→bζ . (6.19)

Converting the integration variable from momentum to energy (following [25]) we obtain

ṅX + 3HnX '
∫ ∞
mX

dEX
2π2

mXΓX

√
E2
X −m2

Xe
−EX/T

(
eµX/T − e−µX/T

)
' m2

XΓXT

2π2
K1

(mX

T

) (
eµX/T − e−µX/T

)
,

(6.20)

where Ki a the modified Bessel function of the second kind. Re-expressing this in terms

of ∆X , and using the asymptotic form of the Bessel functionK1(x) ∼
√

πT
2mX

exp
(
−mX−µ

T

)
gives

∆̇X '
ΓX
s

(
mXT

2π

)3/2 (
e−(mX+µX)/T − e−(mX−µX)/T

)
' −ΓX∆X , (6.21)

where we have collected terms into the number densities, as stated in eq. (2.4). It

follows that ∫
d∆X

∆X

' −
∫

dt ΓX ' ΓX

∫
dT

1

HT
, (6.22)
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and integrating between early time and late time, at temperature T , yields

log

(
∆

(init)
X

∆X(T )

)
' − ΓX

2

MPl

1.66
√
g∗

(
1

T 2
UV

− 1

T 2

)
. (6.23)

where ∆
(init)
X is the initial X asymmetry and ∆X(T ) is the asymmetry at temperature

T . The quantity T 2
UV is the temperature at which the primordial X asymmetry is

generated and which in certain cases may be taken to be the reheat temperature.

For the asymmetry to be transferred we require that ∆X(T )� ∆init
X , thus

∆X(T ) ∼ ∆init
X × 10−9 exp

[
2

(
1−

(
GeV

T

)2(
ΓX

10−18 GeV

)(
10
√
g∗

))]
. (6.24)

For instance, for the asymmetry to be transferred via X decays prior to T ∼ GeV

(assuming that the visible and hidden sectors maintain comparable temperatures) the

width must be Γ ∼ 10−18 GeV and, hence, the lifetime of X is τ ∼ 10−6 s. Conversely,

to ensure that the asymmetry is transferred before BBN at T ∼MeV one requires

Γ ∼ 10−24 GeV, hence τ ∼ 1 s, as expected. In the case that the temperatures between

the sectors undergo different thermal evolutions then R ≡ Tvis/Tgen 6= 1 and the above

equation will depend on this quantity

∆X(T ) ∼ ∆init
X × 10−9 exp

[
2

(
1−

(
GeV

Tvis

)2(
R

100

)2(
ΓX

10−22 GeV

)(
10
√
g∗

))]
.

(6.25)

Further, by conservation of the combination of quantum number B − L + X it

follows that ηX ∝ −ηB ∝ −ηζ . Moreover, for two body X decays or in the case that ζ

does not carry a conserved charge (e.g. for self-conjugate ζ) then ηX = −ηB, which is
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clear from analysis of the corresponding Boltzmann equation

ṅB + 3HnB =

∫
dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)

[
|M |2X→bζfX − |M |2bζ→Xfbfζ

]
−
∫

dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)
[
|M |2

X→bζfX − |M |
2
bζ→Xfbfζ

]
(6.26)

Then, similarly to previously, as fζ ≈ fζ ≈ 0 this reduces to

∆̇B '
1

s

∫
dΠX2mXΓX (fX − fX) ' −∆̇X , (6.27)

where the final equality can be seen by comparison to eq. (6.18). A similar argument

can be made for the X asymmetry inherited by the ζ states in the case that they carry

X number. On the other hand, in the case that the relic DM ζ is self-conjugate then

the Boltzmann equation which describes their evolution is

ṅζ + 3Hnζ =

∫
dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)

[
|M |2X→bζfX − |M |2bζ→Xfbfζ

]
+

∫
dΠXdΠbdΠζ(2π)4δ(4)(pX − pb − pζ)

[
|M |2

X→bζfX − |M |
2
bζ→Xfbfζ

]
(6.28)

Thus, following analogous steps to (6.18)-(6.21), this implies

Ẏζ ' ΓX

(
nX + nX

s

)
' ΓX∆X ' −∆̇X , (6.29)

where in the intermediate step we have written nX + nX = s∆X + 2nX and used that

nX ≈ 0. These results conform with our expectations, as outlined in the previous

sections and as depicted in Fig. 13. Note that washout effects enter only at order λ2

and higher in the feeble trisector coupling and thus can be neglected.
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6.4 Exodus in the MSSM

Next we present a simple SUSY realisation which offers a resolution to the well known

problem of obtaining the correct relic abundance for (nearly) pure bino DM. The bino

generally falls foul of relic density constraints since its annihilation cross section is p-

wave suppressed.6 However, in the exodus mechanism the relic density is not set by

the annihilation cross section and the bino can provide a viable DM candidate. In this

section we consider an implementation of the exodus framework in which the MSSM is

appended with a genesis sector, we will not provide a full description of this sector, but

we assume that it contains a SM singlet chiral superfield X which carries a conserved

quantum number X = 1 with a particle-antiparticle asymmetry.

If the inflaton decays preferentially to the genesis sector, it is conceivable that the

reheat temperature of the genesis sector could be much higher than the visible sector

TRH
vis � TRH

gen . If the reheat temperature of the visible sector is lower than the mass of

the LSP then (initially) there will be no abundance of Rp odd states. Moreover, if the

genesis sector is heated to temperature greater than the lightest Rp odd state in the

genesis sector, then visible sector superpartners can be generated through the decays

from the genesis sector. This realises the exodus mechanism with the set of Rp odd

states identified with the relic sector and where the reheat temperatures of the relic

and visible sectors are equal.

Little is known about the reheat temperature of the universe after inflation apart

from that it should be higher than the temperature of BBN (few MeV). In order to

construct a viable model of bino DM via exodus production we require that the following

6However, it is possible to have phenomenologically viable bino DM with the relic density due to
freeze-out if the bino can annihilate via slepton coannihilation or Z-resonance [46, 167].
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hierarchy is respected

TRH
vis � mLSP < mX < TRH

gen . (6.30)

This ensures that the bino is not thermally produced (as discussed in Sect. 6.2.2)

and that there is initially a thermal abundance of X states. In minimal models we

expect that mLSP ∼ 5 GeV in order to explain ΩLSP ≈ 5ΩB and thus we require

TRH
vis < mLSP/25 ∼ 200 MeV. For a 5 GeV neutralino LSP to be phenomenologically

viable the state must be essentially purely bino in order to avoid direct production limits

and invisible quarkonium decays [168, 170, 171]. Aspects of light bino phenomenology

has been studied in [46, 220, 223, 224].

The temperature of the early universe was certainly in excess of a few MeV at some

stage, as a colder universe would alter the relative abundance of nucleons and deviations

in these quantities are very restricted [199–202]. There are two possible cosmological

histories which could be realised in this model depending on the reheat temperature of

the visible sector. In order to avoid observable deviations from BBN predications we

require that either TRH
vis > few MeV or, if TRH

vis . MeV, that the energy injection due

to X decays must be sufficient to raise the temperature of the visible sector such that

primordial nucleons are destroyed (Tvis & 100 MeV), otherwise there is a risk that the

experimentally verified ratios of nucleons may be disrupted. In the latter scenario, the

requirement that energy injection heats the visible sector to TRH
vis � 1 MeV, combined

with the condition that the energy injection must not lead to thermal bino production,

results in a window for viable models and allows predictive scenarios to be constructed.

Referring to the calculation of Sect. 6.2.2, the temperature of the bino DM generated

through X decays for a 5 GeV bino LSP is parametrically T
(∞)
vis ∼ ((mX/6 GeV)2 − 1)

GeV and, for an appropriate value of mX , X decays are sufficient to heat the visible

sector to Tvis & 100 MeV.
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Additionally, it must be that the X states generally decay well before the universe

cools to T ∼MeV and that there are very few residual X decays after this point, since

injection of hadronic energy during BBN is greatly constrained [199–202]. Suppose that

the exodus mechanism proceeds via the portal operator εjkXU iDjDk, where i, j, k are

generation indices. Under the generalised definition of R-parity, Rp = (−1)2s+3(B−L+X ),

the X scalar (denoted φX) is Rp odd. The asymmetric component of the hidden sector

state φX decays via a dimension five B-violating interaction producing an (off-shell)

squark which subsequently decays to the bino LSP, as shown in Fig. 15. Note that this

is the lowest dimension B-violating trisector portal operator which can be constructed.

The decay width due to this interaction is parametrically

ΓX ∼
λ2g′2

m4
q̃

∆7

512π5

1

M2
, (6.31)

where ∆ ≡ mX −mLSP −mb, the baryonic decay product has mass mb ' 1 GeV, and

the operator εjkXU iDjDk is dressed by the scale M in the Lagrangian. Therefore

typically the size for the decay width is

ΓX ∼ 10−22 GeV

(
∆

5 GeV

)7(
1.5 TeV

mq̃

)4(
λ

1

)2(
104 GeV

M

)2

, (6.32)

which corresponds to a lifetime τX ∼ 10−2 s, with the indicated choices of parameters,

and thus models is which the X states decay before BBN can be constructed. Note

that here the B-violating operator is suppressed by a scale M ∼ 10 TeV and therefore

we do not expect collider constraints on this contact operator. Furthermore, order of

magnitude changes in scale M can be accommodated given O(1) changes in ∆.
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Figure 15. A bino LSP provides good candidate for exodus dark matter.

6.5 Discussion

In this chapter we have outlined a new framework for explaining the observed relation

ΩDM ≈ 5ΩB. The exodus scenario assumes that the number density of the DM state

is initially near-zero and is only generated due to decays from a second hidden sector

possessing a particle-antiparticle asymmetry. This produces DM and generates a B−L

asymmetry, resulting finally in the observed baryon asymmetry. In contrast to models

of ADM, the DM can be a real scalar or Majorana fermion, thus presenting distinct

phenomenology. In particular, models of ADM can not typically have annihilation

signals, however, if the exodus DM state ζ is a real scalar or Majorana fermion DM

annihilations can occur, and thus potentially produce observable indirect detection

signals with annihilation profiles [225].

Furthermore, in traditional models of ADM the symmetric component of the DM

must annihilate in order for the asymmetry to set the relic density and this leads

to strong constraints. As discussed in earlier chapters, these limits rule out large

classes of models if the symmetric component annihilates directly to the visible sector

and there may remain strong constraints on annihilations to light hidden sector states

from DM self-interactions. In contradistinction, the genesis sector states X of exodus
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models, which possess a particle-antiparticle asymmetry, can have large annihilation

cross sections to the visible sector or to light hidden sector states whilst avoiding

these bounds, since the DM relic density is not composed of the X states, but rather

the relic sector states ζ (which do not necessarily carry an asymmetry). Thus the

exodus mechanism detailed here avoids the tension between experimental searches for

DM interactions and relic density constraints of traditional ADM models discussed

in previous chapters. One potential observable of annihilations to light hidden sector

states is that this could increase the effective number of neutrino species, similar to as

studied in [226]. Some further comments concerning this scenario appear in [3].
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This thesis has studied various aspects of asymmetric dark matter and related scenarios.

In particular, we have highlighted the tension between direct searches for DM and

efficient annihilation of the symmetric component of DM-antiDM pairs required for

the DM relic density to be set by the DM asymmetry rather than by conventional

freeze-out. In Chap. 3 we outlined the symmetric component problem in detail and

we presented a careful study of the case where ADM annihilates to quarks via heavy

mediators, for which an effective field theory approach is valid. It was demonstrated

that this scenario is effectively excluded for all models due to null search results from

the LHC and DM direct detection experiments. Subsequently, in Chap. 4 & 5 we went

beyond the simplified effective field theory and examined, respectively, the case of light

mediators, and the scenario in which the symmetric component annihilates dominantly

to light states in the hidden sector.

The contact operator description used in Chap. 3 breaks down for mediator masses

comparable to LHC energies as resonance and mass threshold effects become important

in determining the exclusion limits. It was seen in Chap. 4 that with light mediators,

successful models of ADM can be constructed, in particular collider limits are greatly

ameliorated in this case. However, in models where the scattering cross sections are

unsuppressed (by velocity or momentum transfer) stringent constraints remain from

direct detection, which are generally only satisfied for resonantly enhanced annihila-

tions. Further, it was argued that light pseudoscalars provides an attractive possibility

as such states are well motivated, since they naturally occur in the context of pseudo-

Nambu-Goldstone bosons, and the experimental bounds can be more readily satisfied

as the scattering cross section, thus direct detection bounds, are heavily suppressed.
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Alternatively, the symmetric component could annihilate to light hidden sector

states. In Chap. 5 we considered the case where these light hidden sector states are

stable. In this scenario the tension between direct searches and efficient annihilation

of the symmetric component is evaded as the annihilation cross section and the DM-

nucleon scattering cross section are no longer directly connected. However, the anni-

hilation cross section is now related to the DM-DM scattering cross section and thus

limits on DM self-interactions can lead to renewed tension with the successful depletion

of the symmetric component. We argued that whilst DM self-interaction bounds com-

ing from the observation of elliptical halos strongly constrain the case where the light

hidden sector states are scalars, these limits are much weaker for pseudoscalars and

this scenario is a viable and well motivated possibility for realising models of ADM. It

could also be that the light hidden states late decay to the visible sector, this scenario

still decouples the direct search constraints and the relic density requirements, but may

lead to observable cosmological signals due to energy injection in the early universe.

This latter case will be discussed further in a forthcoming publication [2].

In Chap. 6 we outlined an interesting variant on the traditional ADM framework,

which allows for self-conjugate DM with the relic density set by an asymmetry (in con-

trast to standard ADM models) and also evades the symmetric component problem. It

is important that the DM can be self-conjugate since it allows for distinct phenomenol-

ogy compared to other ADM models. In particular it is possible to produce indirect

detection signals from DM annihilations, which are not generally expected in ADM

models. Thus signatures of annihilating DM with a mass of 1-10 GeV would be a good

indication that this mechanism may be realised in nature. Notably indirect detection

signals for decaying DM and annihilating DM have different morphologies as the decays

depend linearly on the DM density, whereas annihilations have a quadratic dependence
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[227, 228]. The exodus mechanism of Chap. 6 evades the symmetric component prob-

lem which strongly constrains other ADM constructions since the annihilation of the

symmetric component occurs in a meta-stable particle species which then later decays

to the DM. Thus the limits on DM scattering cross sections do not bound the efficient

removal of the symmetric component. It would be interesting to study this setting in

further detail and investigate other possible realisations in future work.

Before concluding this thesis it is interesting to briefly note the status of searches

for light DM at the time of writing. In April 2013 the CDMS collaboration [53] reported

the observation of three nuclear recoil events in their silicon detectors consistent with

DM-nucleon scattering (at roughly 2-3σ significance), suggestive of a DM state with

mass around 5-20 GeV and scattering cross section ∼ 10−41 cm2. Further, the CoGeNT

collaboration [51] have also presented possible hints of DM which are aligned with the

CDMS region; their tentative signal corresponds to 7-10 GeV DM with a cross section

comparable to the CDMS signal.7 Whilst a proportion of the CDMS signal region is

in tension with exclusion bounds from Xenon100, it has been claimed that under mild

variation of certain assumptions and approximations that this can be alleviated to some

degree [229–233]. It is expected that this region of parameter space can be indepen-

dently probed at several new direct detection experiments, in particular LUX, COUPP,

and SuperCDMS, due to report in the near future. Finally, we remark that it has also

been suggested that certain indirect detection signals from the galactic centre could be

indicative of annihilating 1-10 GeV DM [234, 235]. Notably, in most formulations of

ADM annihilations do not occur as the DM is non-self-conjugate and the abundance

of X is negligible. However, such a signature could arise if the DM is produced via the

exodus mechanism of Chap. 6 and this possibility is worth investigating further.

7Additionally, CRESST [52] and DAMA/LIBRA [49, 50] also have presented possible hints of light
mass DM, however these are more challenging to reconcile with other experiments.
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7 Summary and Closing Remarks

Given the increasing tension on the traditional WIMP framework from direct detec-

tion and (SUSY) collider searches, the theoretical motivation for ADM as an attempt

to explain the observed coincidence ΩDM ' 5ΩB, and the tantalising hints of light

DM in direct detection experiments, ADM is fast becoming a serious competitor to

the ‘WIMP miracle’. Moreover, should the current tentative signals of light DM be

verified in the future, then it is likely that ADM may become the standard paradigm

in our attempt to understand the structure of the dark sector. There are still many

interesting aspect of ADM to investigate, and indeed some intriguing possibilities for

future research directions have been alluded to in this work.
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