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leptogenesis

1. INTRODUCTION

The latest results on the cosmological parameters [1] reveal that
only 4.9% of the content of the Universe is in the form of bary-
onic matter whereas 26.8% is constituted by dark matter. The rest
is accounted for by the mysterious dark energy. If we focus on
the matter front then two disturbing questions are readily asked:
What is the nature of dark matter? and why is its density so close to
the baryonic matter density, i.e., Qpy ~ 5257

Moreover, the above-mentioned visible matter density does
not include anti-baryons i.e., the visible universe is asymmetric
with an initial excess of baryons over anti-baryons parametrized
by n(b) = (ny — nz) /s ~ 10719 where n denotes the number
density and s the entropy density. Therefore, another fundamen-
tal question is what is the origin of the observed baryon asymmetry
of the universe (BAU)?

This puts finding the nature of DM and the mechanism behind
baryogenesis at the top of the agenda of modern physics'. While
the solutions to these two problems might well be unrelated to
each other, it is nevertheless tempting to assume the new physics
to be minimal and unifying enough so that it solves both of them
with the same ingredients. Moreover, if we discard simple numer-
ical coincidence as an explanation to the intriguing closeness of
matter densities, we are left with the task to construct theories
relating them or unifying their genesis.

Indeed, numerous models have been proposed in the recent
years to achieve this end. Broadly speaking, there are three
approaches that are followed to relate dark matter to baryons. The
first idea is that there is a sector connecting DM and baryons in
the early universe. The connecting sector acts either as a parent
sector, generating DM and baryons through decay for instance,
or as a mediator mechanism transferring the asymmetry from
the dark to the baryonic sector or vice versa. Asymmetric DM
models (see below) used this approach extensively. The second
approach uses the DM sector as an auxiliary to a successful

IFor reviews on DM we refer the reader to [2, 3] and for baryogenesis to[4, 5].

The nature of dark matter and the origin of the baryon asymmetry are two of the deepest
mysteries of modern particle physics. In the absence of hints regarding a possible solution
to these mysteries, many approaches have been developed to tackle them simultaneously
leading to very diverse and rich models. We give a short review where we describe the
general features of some of these models and an overview on the general problem. We
also propose a diagrammatic notation to label the different models.

Keywords: dark matterWIMP. baryon asymmetry, asymmetric dark matter, electroweak phase transition,

baryogenesis scenario. The strength of the phase transition in
electroweak baryogenesis may for instance be enhanced by the
presence of DM. The third approach uses the thermal WIMP
paradigm as a framework to relate the abundances.

The purpose of this mini-review is to provide a succinct yet
global picture on these models focusing on the key concepts and
ingredients that are used in each reviewed model and on the pre-
dictions that are made. While there are some similarities between
these models, it is difficult to classify them in a consistent and easy
way. Instead we opt for a diagrammatic approach Figure 1 and we
review models that follow the main roads of the schematic. It is
not our goal to be exhaustive with the references and we will refer
to more systematic reviews when possible.

From the baryogenesis side we know that any mechanism that
satisfies the three Sakharov condition[6]: B violation, C and CP
violation and departure from thermal equilibrium can lead to a
successful BAU. Whereas from the cold dark matter side we can
generally speak of three classes of candidates: weakly interacting
massive particles (WIMPs), asymmetric dark matter (ADM) and
non-thermal dark matter (NTDM)?

In principle, we can organize the paper in terms of either one
of these categories, we chose however to focus on the DM nature.

The paper is organized as follows. In section 2 we review mod-
els relating DM to the baryon asymmetry while preserving the
WIMP miracle. Section 3 is devoted to ADM models, where we
will review different mechanisms and highlight the key concepts
that are needed to construct them. In section 4 we quickly men-
tion the possibility of non-thermal DM. Finally we summarize
the different models and the roads taken in Table 1. To simplify
the understanding of the different models, we will specify in the
text (in bold face) whenever it is helpful and in the table the
path that is followed in the schematic. We will use the follow-
ing convention: A * denotes the stage in the diagram where a new

2Where we include any non-thermally produced DM that does not fall in the
ADM case.
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asymmetry appears while a bar on the top means that the direc-
tion of the arrow is flipped. We will also use the letter T to refer to
a thermalization stage.

2. WIMP DARK MATTER MODELS

It has been noted that relic particles from a thermal bath pro-
vide in a miraculous way the correct relic density of DM. Indeed,
the number density of dark particles in the primordial thermal
bath is frozen-out when the expansion rate drops below the rate of
the dark matter interactions. The abundance of the relic particle
scales then as:

0.3 x 10720 cm?s~!

Qcpmh? =~ , (1
(0V>f40.

| Heavy Decaying Particle |

Visible Matter

FIGURE 1 | A schematic of the different mechanisms relating DM to
baryon asymmetry. The lines are the different stages of the considered
mechanism. The labels on the lines are used to describe the model.

where (ov)f,. is the thermal average of the annihilation cross-
section of DM times the relative velocity at the time of freeze-out.
Which gives the observed abundance for weak interactions cross-
sections. This coincidence between DM and the weak scale has
been dubbed the WIMP miracle. In addition to easily provid-
ing the observed relic abundance of DM, the WIMP paradigm
is falsifiable. It offers a very rich array of phenomenological tests
from underground direct detection experiments to astrophysical
signals passing by colliders. Without any doubt, maintaining the
success of the WIMP paradigm and extending it to related DM to
the baryon asymmetry is an attractive possibility. In this section
we review the main theories attaining this goal.

2.1. ELECTROWEAK BARYOGENESIS

Electroweak baryogenesis is an appealing minimal scenario of
baryogenesis based on the realization of the third Sakharov condi-
tion at the electroweak phase transition, see [5] for a review on the
mechanism. In the SM a strong first order phase transition, which
is necessary in this scenario, requires a very light higgs boson
(<42 GeV), moreover the amount of CP violation in the SM is not
enough to accommodate the observed BAU. These two considera-
tions imply the need for new physics in order to have a successful
baryogenesis and this is where DM comes in. The idea is to use
the DM itself (or the dark sector particles) to make this scenario
compatible with the SM higgs. A minimal extension of the SM
with an extra (complex) scalar [7—11] or two charged singlets [12]
achieves this goal, although recent data from LHC and WIMP
direct detection experiments render this possibility less attractive
because such a DM would have to be sub-dominant (i.e., cannot
account for the total density of DM). The same applies for inert

Table 1 | Summary of the models presented in this review and others.

Model DM HS BAU O(Mppy) Signal Diagram
Two singlets EWBG [12] WIMP X EWPHT 2-225GeV DD-ID-CO 5*

EW cogenesis [70] WIMP X EWPHT GeV-TeV CcO 5%

WIMPy L [22] WIMP X ANNIH TeV ID-CO T-4%
wiMPy QM [22] WIMP X ANNIH 500 GeV DD-ID-CO T-4*
Meta-stable WIMP [27] WIMP X DECAY GeV-TeV CO T-4*
Kitano-Low [34] ADM + DECAY GeV co 1,-1,-T2p
Hylogenesis [58] ADM v DECAY 5 GeV IND-DD WALT
ADM Leptog [59] ADM v DECAY KeV-10TeV DD-ID 1,15 T
Darkogenesis [66] ADM v TRANS 5-15 GeV GW *-3-%
Baryogenesis from DM [62] ADM v TRANS 3 GeV DD-CO 1;—3—*
Aidnogenesis [64] ADM v DECAY 6 GeV DD-FCNC -CO 1;—§—*»T
Xogenesis [66] ADM v TRANS 100 GeV-TeV CO *-3-%
Pangenesis [53] ADM v AFDIN 1.6-5 GeV DD-CO *-1 7—T—2\/—2D
Cladogenesis [68] NTDM 3 DECAY 5-5600 GeV - 1-1 D»Z;

The first column shows the type of the DM candidate : WIME ADM or NTDM (Non-thermal DM). The second one is about the hidden sector (HS): v means HS
is necessary, X means the model does not rely on HS and =+ means that there are realizations of the idea with HS. The third column shows the mechanism that
produces the observed baryon asymmetry: EWPHT (Electroweak Phase Transition), DECAY, ANNIH (Annihilation), TRANS (Transfer) or AFDIN (Affleck-Dine). The
fourth column gives the order of magnitude of (the sum of) the mass of DM candidate(s). The column Signal shows the predictions of the models: DD (Nuclear recoil
direct detection experiments), ID (photons and/or neutrinos indirect detection experiments), CO (Collider), GW (Gravitational waves), IND (Induced proton decay)
and FCNC (flavor changing neutral current). Finally the Diagram column shows the diagrammatic route followed by the model following the notation of Figure 1 (see
text for details) ()L refers to the WIMPy baryogenesis scenario applied to leptons, whereas Q refers to the baryonic version.
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higgs extensions of the SM [13] (higher SU(2) representations
were considered in [14, 15]). However, models with vector-like
fermions are able to produce the total DM density and BAU for a
wide range of masses [16].

An even more extended higgs sector, say a 2-higgs-doublet
model improves further the prospects of this scenario by provid-
ing the needed CP phases [17, 18]. There is no direct correlation
between DM and baryonic abundances in such theories, however
the presence of the dark sector is necessary to have a successful
baryogenesis which at the same time constrains the DM mass and
couplings. Lastly, LHC and WIMP direct detection experiments
may be used to constrain or rule out such a possibility. We note
in passing that there are also models based on leptogenesis that
follow the same philosophy outlined here, as in [19-21].

2.2. WIMPy BARYOGENESIS

Another possibility linking WIMP DM to the baryon asymmetry
is the WIMPy baryogenesis model [22]. Here the baryon asymme-
try arises from WIMP annihilation instead of the decay of some
heavy state like for instance in the usual leptogenesis mechanism.
It has been remarked that the annihilation of DM in the early uni-
verse can satisfy the Sakharov conditions and leads to a net baryon
asymmetry and the observed WIMP relic density.

The baryon asymmetry generated with the WIMP annihilation
can be washout from two kind of processes: inverse annihila-
tion of baryons into DM and baryon to antibaryon processes.
Therefore, the main requirement for any available WIMPy baryo-
genesis scenario is that washout processes must freeze-out before
that WIMP freeze-out. Inverse annihilations are Boltzmann sup-
pressed for T < mpy but baryon to antibaryon washout can be
relevant also for T < mpy. One way to suppress such a pro-
cesses is by introducing an exotic heavy antibaryon { to which
WIMP annihilate through the process DMDM — B where B is
a SM baryon. If the exotic antibaryon s has mass my, > mpy;, for
T < mpyy its abundance is Boltzmann suppressed and therefore
the baryon to antibaryon washout processes are suppressed. So
the condition is

mpMm S My S 2mpm (2)

where the last condition comes from kinematic. B (L) violation is
achieved by annihilating the DM to two sectors: baryons (leptons)
and exotic antibaryons (antileptons) that are individually asym-
metric but together symmetric. It is important that the decay of
the exotic particles do not erase the baryon asymmetry generated
in the SM sector. For this extra symmetry is required to decouple
the exotic fields from the SM.

Solving the model-independent Boltzmann equations for the
WIMPy baryogenesis framework, it is possible to show that the
baryon asymmetry is proportional to the DM density at the time
of freeze-out of the washout processes, i.e.,>

Ys ~ = [Ypumy, — Youm] (3)

N ™

3Here Yy is the ratio of the number density nx of the specie X with the
entropy s.

where Ypus,, is the DM density at the washout while Yg pm
are the observed baryon and DM densities and € is the baryon-
antibaryon asymmetry. From Equation (3) and the relation

(5 GeV)
mpMm

Ypm = Yp (4)

it follows that Ypa,, > Ypum, namely it is crucial to freeze-out
the wash out processes before the WIMP freeze-out temperature
otherwise any generated asymmetry would be quickly erased.

As a concrete example we consider a realization of the WIMPy
idea in which the WIMP annihilate to leptons generating a lep-
ton asymmetry then converted into a baryon asymmetry through
sphaleron like in leptogenesis. The DM candidate consists of a
pair of gauge singlet Dirac fermions Y and Y. In addition to
DM two new weak-scale states | (fermion SUL(2) doublet) and
S1 and S, (pseudo-scalar gauge singlets) are added. The fields
{Y,Y, ¥, U, S;} transform under an extra Z, symmetry respec-
tively as {+i, —i, —1, —1, —1}. The Lagrangian contains the extra
terms

L5 (1Y + 0 T) 84y, LUS;. 5)

Since there is more than one scalar S;, it remains a relative com-
plex phase between the A couplings. Then as in the common
leptogenesis case the interference between tree level and loop dia-
grams give rise to CP violation resulting in an asymmetries in L
(4*)*and subsequently converted to B asymmetry by means of the
sphalerons. Here differently from leptogenesis, the dark matter Y
annihilates into SM leptons L and { through the pseudo-scalars
(T)>then a lepton asymmetry also accumulate in . The processes
linking s to the SM do not erase the lepton asymmetry thanks to
the extra Z; symmetry that decouples { from the SM.

At the end an asymmetry is generated from a 2 — 2 process
instead of a 1 — 2. An important requirement is that my, > my
because it implies that the dominant washout process Ly —
LTyT is Boltzmann-suppressed when DM is annihilating. We
summarize diagrammatically the signature of the model as (T-
4*), as it appears in the Table 1.

The detection prospects are rich in this scenario and include
direct (for models with annihilation to quarks), indirect detec-
tion (anti-deuteron) and collider signals. See [23, 24] for a general
phenomenological study of this class of models. Other models
preserving the WIMP miracle and attempting to relate the DM
to BAU can be found in 25, 26].

2.3. META-STABLE WIMP

As in the case of WIMPy baryogenesis, this model [27] attempts to
explain the DM/baryon relic density coincidence using the WIMP
miracle. The idea is to use a decaying WIMP instead of a stable
one. A thermal WIMP Y freeze out at a temperature Ty that is
typically Ty ~ my/20. At freeze out the WIMP density is Yy (Ty)
which is equal to the DM density today Yy (Ty) >~ Yy(Tp) if the

4The depiction of this step in the schematic: the DM annihilates into the vis-
ible sector (line 4), with the * is there to show that an asymmetry is produced
in this step.

>We use here the letter T to emphasize that the DM is thermally produced.
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WIMP is stable. The authors consider two kinds of WIMPs: one
stable Y; that is the DM candidate and one Y, that decay after
freeze out, with the densities of the two WIMPS at the freeze
out being almost the same Yy, (Tf) &~ Yy, (Tf). The density of the
decay WIMP at the freeze out temperature is the initial condition
for the baryogenesis.

The meta-stable WIMP Y, decays after thermal freeze-out into
baryons in such a way that the baryon number B and CP are vio-
lated. In a minimal realization of the idea, the SM is extended to
include a di-quark scalar ¢ and { which are Majorana fermions
and a singlet scalar S. The relevant couplings are

ddd, Yrud, Vud, YiS, [HI*S (6)
Where u and d are the SM quarks. The scalar S mediates the ther-
mal annihilation of Y,Y, into SM. The meta-stable WIMP decay
as Yo — u¢* followed by the decay of ¢ — dd. A CP asymme-
try ecp in Y, — u¢* and Y, — u¢ arises from the interference
between the tree-level diagram with the one loop diagram medi-
ated by {r (that shares with Y, the same quantum numbers). In
order to generate a baryon asymmetry the WIMP must decay
before the BBN and after WIMP freeze out, i.e., Tpgny < Ty, <
Ty. Solving the Boltzmann equations it is possible to find the
baryon density today

o dyy,

Yp(To) ~ GCP/ ddeT =~ ecpYy, (Ty) (7)
To

Using the relations Yy(Ty) &~ Yy, (Tf) and that Yy(Ty) >~ Yy(To)
we arrive at the result

m
Qp = ecp—2— Qpumr (8)
mpuM

where Qpy is the relic abundance of the DM. The model lies at
the electroweak scale and therefore it can be probed in colliders.

3. ASYMMETRIC DARK MATTER MODELS

ADM [28-35] is a class of DM models often seen as an alternative
to the WIMP paradigm. The rationale of ADM is based on the
hypothesis that DM abundance is, similarly to baryons, only the
surviving asymmetric part of the initial density and is of the same
order as the baryon asymmetry, i.e.,

ny — ny ~ np — 1y (9)

where Y denotes the DM particle. The motivation comes from
the fact that the observed DM and visible matter abundances are
remarkably close to each other. These models usually lead to a
relation between DM mass and proton mass: Mpys ~ 5Mp in
contrast with WIMP DM models where the scale of reference is
the weak scale. The relation between the DM mass and the pro-
ton mass is however not explained except in some models based
on hidden sectors such as in mirror worlds [36—38], models with
a dark QCD [39] or composite models (see below).

ADM can be implemented in many ways leading to a very rich
theoretical and phenomenological landscape. While it is difficult
to classify these models in a straightforward way, it is nevertheless

enriching to highlight the key principles they usually rely on.
Basically two main approaches are followed: (1) Dark and visible
matter asymmetries are generated at the same time. This is usually
achieved with the decay of a heavy particle. (2) The asymmetry
is generated in the dark sector then is transferred (via sphaleron
processes, higher dimension operators or renormalizable interac-
tions) to the visible sector or vice versa. It is also necessary to pass
at some point by a thermalization phase to get rid or to avoid the
production of the symmetric part of DM (a less extreme cance-
lation of the asymmetric part leads to mixed scenarios between
WIMP and ADM [40]).

We will present here ADM models explicitly showing the key
assumptions and principles used as well as their phenomenologi-
cal impact. They make use of the main ADM concepts and pass by
the main diagrammatic roads. For a recent review and an exhaus-
tive list of reference we refer the reader to [41-43] and for a more
succinct overview [44].

3.1. COMPOSITE ADM

The idea of the ADM has been proposed in the seminal work of
Nussinov [28] who suggested that in analogy with the visible sec-
tor’s baryon asymmetry, a technibaryon asymmetry is a natural
possibility. This idea has been recently revamped in the context
of walking dynamics [45-48]. If the model is arranged such that
the lightest technibaryon (LTB) is neutral and stable, the density
of the LTB scales as:

Qm _ TBmm o
QB B mp

Where m,, is the proton mass, mrp is the mass of the LTB. TB and
B are the technibaryon and baryon number densities, respectively.
This is the typical scaling of ADM models.

The model discussed in [45] is a technicolor theory based
on the SU(4) global symmetry spontaneously broken down to
SO(4). Such a breaking gives rise to 9 Goldston bosons, three
of them corresponding to the SM gauge bosons. The remmant
six Goldstone bosons carry technibaryon charge and the lightest
of them (LTB) is the DM candidate®. In [49, 50] the properties
of composite (asymmetric or symmetric) dark matter candi-
dates have been computed in detail via first-principle lattice
simulations.

3.2. KITANO-LOW

The model implemented in [34] considers a mechanism orig-
inally proposed in [31] to unify in an elegant way the abun-
dances of DM and baryons. It is a prototype of the ADM mod-
els based on decay of a field connecting the dark and visible
sectors.

The authors postulate a new symmetry, namely a Z, parity,
under which the SM particles are neutral and new particles are
charged, forming a dark or hidden sector. The lightest of the hid-
den particle is stable and is a DM candidate. A generalized B-L
number is unbroken and is shared between the SM and the dark
sector, thus any excess of B-L that is generated in one of the two

%The Goldstone bosons are supposed to pick up a mass from a higher scale.
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sectors is compensated by the same excess in the other sector.
After baryogenesis the interactions between the visible and the
dark sectors become negligible and the B-L excesses are separately
conserved in the two sectors giving a relation between the visible
and dark relic densities.

A simple model realizing the idea consists of a heavy particle P,
a messenger particle X which carries a color charge and the DM
candidate Y, all odd under the Z, while the SM is even. The mech-
anism passes through 3 stages. In the first stage P has CP-violating
out of equilibrium decays into SM and to a lighter messenger X
generating an excess in both sectors but preserving the generalized
B-L globally. Then is assumed that below the baryogenesis tem-
perature the two sector are decoupled and the two asymmetries
are conserved such that we have:

M X
Ng_p = —Nng_p ~ hx — Ng (11)

In the second stage the dark X messenger annihilate away its sym-
metric part with X through gauge interactions and we are left with
its asymmetric part only. In the third and final stage the decay of
X to DM particle Y and therefore

npM X 1’1%(_ L (12)
giving a tight relation between the visible (baryonic) and DM
number densities. To ensure that such a relation exists it is impor-
tant that X is long lived enough such that it decays after its
symmetric part cancels out.

We summarize the mechanism: Decay of P that produces the
asymmetries in X (17) and SM (17, since an asymmetry in the
visible sector is generated by the decay) followed by symmetric
annihilation of X (T) and finally the decay of X to the lightest
dark particle Y (2p). We denote the full mechanism in a compact
way as (13,-17-T-2p).

An interesting possibility is to consider X itself as the DM par-
ticle. This possibility is not possible here here because of charge
assignment of X (colored particle). However, we will see now that
Hylogenesis realizes this possibility. Note that the original asym-
metry can be generated through the Affleck-Dine [51, 52] mech-
anism in a SUSY framework [53-56] or through leptogenesis as
in [57].

3.3. HYLOGENESIS

This model [58] is based on a hidden sector composed of 3 Dirac
fermions X, X5, Y and a complex scalar ¢. It is assumed that
My ~ My ~ GeV and TeV < My, < My,.X; are made to couple
to the visible sector through the neutron portal (X; d“u°dc), the
relevant terms in the Lagrangian are:

LD % X;dutd® +«; X;Y® + h.c. (13)
The particle content and the symmetries of the model permit
the definition of a generalized baryon number (B), conserved
by both sectors, under which By = —(By + Bg) = 1 as well as
non-reducible CP phases.

In the early universe an equal number of X; and its antiparticle
X are generated non-thermally (e.g. during reheating) and the

total baryon number is zero at this stage. Then both states X; and
X decay into the visible and hidden states as X; — udd (1%,) and
Xi — Y®* (13) and their conjugates at tree level and through
loops (including the lighter dark particles ¢ and Y), generating
an asymmetry in the visible sector €y and an asymmetry in the
hidden sector €p d la leptogenesis

[ (X; — udd) — T (X; — udd)  m3 Im (Nfhakiich)
N Iy, 25613k |2 Atmy,

. (14)

€v

where 'y, is the total rate and €p can be obtained in a similar way.

We have
'Xy > udd) =Ty +evly,,

r (Xl — 1716_16_1) =TIy — €VFX17
I'(X; —> Y®*) =Tp —eply,,
I'(X; > Y®) =T'p—+eply,.

(15)

Because X is a Dirac particle, the asymmetry generated in the vis-
ible sector is then translated as an asymmetry in the hidden sector.
Indeed, CPT invariance forces the particle and its anti-particle
to have equal total decay rates I'[X; — n+ Y®*] =T'[X; —
n + Y @], which translates as a relation between asymmetries, that
is €p = —ey where we have used the Equation (15). Therefore,
in the decay of X and X; a baryon number is generated in the
visible sector and an equal and opposite baryon number is gener-
ated in the hidden sector so that the total baryon number is zero.
The two asymmetries are frozen-in thanks to the weakness of the
interactions between the two sectors.

The final step is to cancel out the symmetric part of the dark
matter particles and this is achieved for instance with an extra
U(1)p gauge symmetry in the hidden sector under which Y and
@ have opposite charges and X; , are neutral. The symmetric
part is depleted (T) by the annihilation processes YY — Z’Z’ and
DO* — Z'Z' with my < my ¢ ~ GeV (this is consistent with
present observations for 107 < k < 1072) with Z’ decaying to
SM through photon. These cross section are much larger to the
one need to obtain the correct DM relic density by thermal freeze-
out. Then the DM density is given by the residual asymmetric
component and we are then left with the relation:

ny = ne = ng (16)
that gives a strong relation between the visible and dark matter
abundances:

Qpyv _ My +Msg) 5

Q Mp
We denote in a compact way this mechanism with the signature
(13—15-T). Because of the neutron portal, hylogenesis provides
an interesting signature of the DM: the induced proton decay

(IND). Indeed DM can scatter with protons producing mesons
¢o*p — YKT.

(17)

3.4. ADM FROM LEPTOGENESIS

If we take Majorana instead of Dirac decaying fields in the previ-
ous model, we get different consequences on the DM mass. The
model considered in [59] is based on the decay of a heavy right
handed neutrino field N.
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The model is an extension of the SM and consists of two right-
handed neutrinos and a scalar ¢ and fermion Y gauge singlets,
charged under an extra Z, parity, that made the hidden sector

L D M;N? + y;,LHN; + \;N;Y¢ + h.c. (18)
N couples to the SM with Dirac Yukawa coupling and to the hid-
den sector, Y is the DM candidate. Therefore, N can decay (out
of equilibrium) simultaneously as N — LH (1},) and N — Y¢
(1}) generating two different and unrelated CP-asymmetries €
and epys respectively. Here N is a Majorana particle and CPT
does not imply that |er| = |epps| like in Hylogenesis (see pre-
vious section). The DM must be a Dirac particle in order to
preserve a lepton number. Because both Y and ¢ are charged
under the extra Z,, the DM is stable and the hidden sec-
tor can interact with the SM only by means of the heavy
right-handed neutrino. In order to cancel out the symmetric
component of the DM, an additional gauged U(1) interac-
tion is imposed to annihilate the Y, Y pair. We are left with
the asymmetric parts of Y (T). The DM and baryon density
Qppm/ 2p is then proportional to the ratio of the CP-asymmetries
€DM/€Ls

$pm _ Mpm €DM MDM
Qp mp € ML

(19)

where nppr are the washout factor. Therefore, the DM mass
can be very different from the value of 5M, given in most ADM
models. A similar model based on type-II leptogenesis instead of
type-I has been proposed in [60]. See also [57] for an earlier ADM
model based on leptogenesis and where the DM mass is in the
typical few GeV scale.

3.5. DARKOGENESIS
In this model [61] an asymmetry is generated in the dark sector
and is then transferred to the visible sector. The DM asymme-
try arises from a first order dark phase transition in the hidden
sector to which the SM does not participate. The dark baryoge-
nesis proceed through the symmetry breaking phase transition
of a dark non-Abelian gauge group Gp. The fields in the dark
sector have a global dark symmetry Up(1) which is anomalous
under Gp. During the symmetry breaking first order phase tran-
sition an dark asymmetry is generated by means of CP violating
interactions.

The asymmetry can be transferred to the visible sectors in two
ways: by fields that carry both hidden and visible charges (pertur-
batively) or via electroweak sphalerons (non-perturbatively).In
the last case, in order to transmit the asymmetry from the dark
sector to the SM one, it is required a mediator charged under both
the SUL(2) and the dark symmetry Up(1). Then the dark number
is anomalous under SUL(2) and the SM electroweak sphaleron
can convert the asymmetry of the dark sector into an asymmetry
in the SM.

In the first case the connectors can consists of higher order
effective operators of the type

O4LH, Ojudd, OjLLe, O4;LQd,

O4LHLH, (20)

where Oy is a dark sector operator like for instance Oy = X, X2
The hidden sector phase transition occurs at a temperature above
the temperature at which the effective transfer operator freeze-
out The dark matter mass lies around 5 to 15 times the mass of
the proton.

Direct detection cannot falsify the darkogenesis mechanism,
however the gravitational wave signal from dark first order
transition could in principle probe this mechanism. The asym-
metry in the dark sector can also be generated via a differ-
ent baryogenesis mechanism, see [62] for an example where
a heavy particle decays to the dark sector, creating an asym-
metry there that is then transferred to the visible sector. For
the opposite case, see [63] or aidnogenesis[64], for instance
where the asymmetry is transferred through sphalerons from
the SM to the dark sector. Diagrammatically we denote this
model as : *—3—*, which means that an original asymmetry
in the dark sector (following the direction the arrow) is trans-
ferred to the visible sector. See also [65] for a recent model
where sphalerons are responsible for cogenerating the dark
matter.

3.6. XOGENESIS

Like in the darkogenesis model, here [66] a DM asymmetry is
created and then transferred to the baryon by means of trans-
fer operators. The problem of the creation of a DM asymmetry
is not addressed here and the authors focuses on the transfer
mechanisms. The main difference between this mechanism and
the classic ADM ones going in the same direction is that the
DM mass can be around the weak scale instead of the proton
mass (for a different idea how to obtain heavy ADM see [67])
without fine-tuning the parameters. The main idea can be sum-
marized as follows: If DM is not relativistic at the temperature
where the transfer operator decouples Tp then the DM number
density undergoes a thermal suppression allowing the DM to be
heavy.

The transfer can be due from the SUL(2) sphalerons (or the
exotic sphalerons of a new gauge group) or lepton/baryon num-
ber violation from higher order operators. In any transfer scenario
chemical equilibrium between DM and baryon is maintained
until the transfer operator decouples. When the transfer is active,
we have:

WDM ~ B - (21)
Given a specie 7 in general its asymmetry na; = n; — #; is propor-
tional to its chemical potential
n; = Cipk (22)
The coefficients ¢; are function of the mass and temperature ¢; =
ci(m;, T) [29]:

y2dy

1 /oo
472 Jo cosh? (\/x2 +y2/2

where g; is the statistical weight and R is the Robertson-Walker
scale factor at temperature T. For small value of m;/T then

ci=gf (mi/T)T*R?, f(x)=

(23)
)
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f(m;/T) tend to a constant, while for large m;/T then f(m;/T)
is very small

mi/T K1,

24
m;/T > 1, (24)

_ N 1/6
f(ml/T) |: z(m/zj.cT)3/2€7H1/Ti|

Typically only the first possibility where mpy/Tp < 1 is taken
(Tp is the decoupling temperature of the transfer operator). In
this case from Equations (21) and (22) it follows that nap,, ~ #ia,
leading to the "prediction’ mpys ~ 5 m,. However, a second solu-
tion is possible. If the ratio mpys/ Tp is large, then the coefficients
cpM 1s suppressed, see Equations (22) and (24). This results in
a lower npys with respect to the case where the ratio m;/Tp is
small and thus a larger DM is allowed. For a given value of Tp
the non-relativistic solution give about mpy; ~ 10 Tp instead of
5GeV (relativistic solution), giving a mass for the DM of the order
of the TeV.

A simple example is given by a DM particle Y that transform
as a fermion doublet of SUL (2) with hypercharge +1/2. Since the
DM is charged under SUL(2), it interacts with the SM sphaleron.
Thanks to the sphaleron Y and quarks are in thermal equilibrium,
therefore the DM and quarks chemical potential are releted, i.e.,
Wy = —3py, . In this example the decoupling temperature Tp of
the transfer operator is the temperature where the spahleron is no
more active, that is around 200 GeV. Solving equations (21) and
(22) one gets for the DM a value of about 2000 GeV.

The idea has been illustrated with different classes of transfer
operators: SM sphalerons, exotic sphalerons of a new gauge group
and lepton or baryon number violation higher order operators.
Since the DM is heavy it will be difficult to search for it but new
particles at the weak or TeV scale are can be probed in collider
experiments.

4. NON-THERMAL DARK MATTER MODELS
4.1. CLADOGENESIS
Cladogenesis [68] is based on the observation that the dilu-
tion factor due to entropy release by moduli decay is very close
to the observed baryon asymmetry. Indeed for a modulus t
with a reheating temperature in the range MeV — GeV (cor-
responding to M of order 20-1000 TeV) the dilution factor is
given by

3TrH

Y, = ~107% - 1077
T oM

(25)

a value that is close to np and also to Ypys as long as Mpyy is
within a factor or two from the proton mass. At the same time
any previous DM abundance will be suppressed by the same
factor. These considerations lead the authors of Cladogenesis
to consider a non-thermal origin of DM from modulus decay.
The scenario goes as follow: t decays to some species N (1r)
and to DM (directly or via dark sector particles following 1p).
The decay to DM must be suppressed down to 10~ to achieve
the observed relic abundance. N then decays to SM by violat-
ing baryon (or lepton) number and CP to produce the correct
baryon asymmetry (2},). Note that the DM is not asymmetric
in this model because baryogenesis is done in the visible sector
only.

Another example of non-thermal mechanism is given in [69]
where the DM arises from the out-off equilibrium decay of the
inflaton instead of the moduli.

5. SUMMARY

In this short review we have given an overview of the models link-
ing the generation of the baryon asymmetry of the universe and
dark matter. These models are varied and diverse and tackle the
problematic from different points of view. Models attempting to
preserve the WIMP miracle lead to a very rich phenomenology
and their couplings can be probed at LHC soon. These models do
not address the coincidence between the baryon and DM asym-
metries and the link between the two abundances is not strong.
ADM models, one the other hand, give a natural explanation
to this ratio at the price of WIMP phenomenology. Lastly non-
thermal production models are yet another possibility relating
the genesis of the dark and visible sector. LHC and dark matter
search experiments will probe large chunks from the theoretical
landscape of DM, hopefully shedding light on its nature and on
the mechanism at work for baryogenesis.

We summarize the models discussed here in Table 1 where we
give information about the nature of their DM, the BAU mecha-
nism at work, the existence of a hidden sector, range of the DM
mass allowed in the model as well as the expected signal. The last
column shows the diagrammatic signature of the model based on
Figure 1 and the convention outlined in the introduction.
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