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1 Introduction

The nature of Dark Matter (DM) is unknown, and its understanding is one of the major
problems of fundamental physics. Despite the huge experimental effort, not even its inter-
actions with the Standard Model (SM) particles are known, except for the fact that are
very weak. There is a vast literature of particle physics models that tries to explain the DM
origin. A possible way to characterize a DM model is according to the properties of its DM
candidate. One of the major features of the dark sector (DS) is that it can either be made
by a symmetric abundance of dark matter particles and antiparticles, like in typical weakly
interacting massive particles (WIMP) models. The other popular possibility is that it is
asymmetric (ADM), being made only by particles and not their charge-conjugates. This
is very similar to what happens in the visible universe, that possesses a matter-antimatter
asymmetry (BAU) ηb ≡ nb/s ∼ 10−10. If the DM is asymmetric, there are interesting
differences with the symmetric scenario, regarding for example indirect detection (ID)
bounds [1, 2], evolution of astrophysical objects [3, 4], and annihilation cross section pre-
dictions [5]. Therefore this property is not a mere academic curiosity, rather it bears a
phenomenologically distinct scenario.

Experimentally, the dark matter abundance is roughly of the same order of the baryonic
(visible) abundance [6, 7]:

ΩDM ' 5Ωb . (1.1)

This numerical coincidence, in conjunction with the existence of BAU in the visible sector,
has led to many speculations about a possible common origin for the DM and visible
sector abundances (see [8, 9] for reviews). In particular, if the DM is asymmetric, the ratio
between the two energy densities can be explained by building models that predict a O(1)
relation between the asymmetry in the DS and in the visible sector. The relation 1.1 is
then obtained by taking the mass of the DM to be in the 1÷10GeV. Typically in this class
of models only the numerical density coincidence is explained, while the explanation for
having a DM mass near the proton mass (needed to enforce equation (1.1)) is not given.1
The task is usually accomplished by transferring some primordial asymmetry between the

1See [10] for an exception based on mirror world framework.
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visible and dark sector, for example through higher dimensional operators [11], or through
anomalous electroweak (EW) interactions like sphalerons [12]. The primordial asymmetry
can be generated in several ways. For example it can be generated in the visible sector
via the decay of some heavy states (like in leptogenesis [13] or GUT baryogenesis [14]),
in the dark sector first via decays [15] or dark first order phase transitions [16–18], or
simultaneously in both sectors from the decay of a heavy particle [19].

Another distinctive trait of the DM is that it can be made by elementary or composite
particles [20]. The prototypical composite scenario describes some constituent particles,
that we will improperly label dark quarks, that are bound together via a new confining
gauge interaction, called dark color, in baryon-like or pion-like bound states (respectively
dark baryons and dark pions). The dark quarks can also carry non-trivial charges under
the SM gauge group. The confinement of the dark quarks inside a dark color singlet
bound state can be exploited to conceal their SM charges inside a globally SM-neutral (or
weakly interacting) bound state [21, 22], if the charges of the constituents are properly
chosen. In this way bounds from direct and indirect detection can be evaded, but the
presence of potentially SM-charged resonances leads to peculiar collider signatures, that
can be tested at current or future experiments. Another consequence of compositeness is
that dark color gauge invariance can lead to a residual symmetry that protects the DM
candidate from decaying, without the need to impose by hand further global or discrete
symmetries. Combining these two concepts is the idea behind accidental composite dark
matter (ACDM) models, that were fully classified in [21].

Composite asymmetric dark matter models were previously explored in the literature
since the early days of technicolor (TC) theories [23, 24]. Unlike ACDM models, the field
content of original TC theories is chiral and the mass of the composite technibaryon is
naturally tied to the weak scale, given that the goal of such theories is to dynamically
generate it. The chiral field content and the scale coincidence allows the possibility of
having the transfer mechanism, the electroweak sphaleron [25], to decouple at tempera-
tures at which the DM candidate starts to become non-relativistic. As a consequence, a
Boltzmann suppression factor generates a hierarchy between the DM and visible number
density asymmetries, and therefore a hierarchy in the masses needed to explain the DM
abundance. Interestingly enough, the mass obtained from reproducing the observed DM
relic density naturally falls into the TeV range, as predicted by TC theories [26–29] (see [30]
for a non-TC model in which the same happens).2 Other composite asymmetric dark mat-
ter models instead do not link the scale of the DM with the EW scale. Typically they follow
the route of predicting a O(1) relation between the DS and SM number densities, which
implies mDM ∼ O(1)GeV [31–33]. As previously stated, typical ADM models leave this
connection unexplained.3 As a consequence of the lightness of the DM candidate, the DS
cannot be charged under the SM given current collider bounds. In such composite ADM
models, the role of the new dynamics is not only to stabilize the DM candidate via residual

2In a certain sense, this class of TC-based models do not have a O(1) relation between the number
densities, but naturally explain the relation in equation (1.1) by compensating an exponentially suppressed
number density with a hierarchically larger mass of the technibaryon with respect to the proton mass.

3See [34] for an exception based on a common running of scales of the QCD and dark color group.
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symmetries, but to also open new avenues in the generation of the asymmetry, for exam-
ple using dark sphalerons [35]. The rich spectrum of asymmetric composite dark matter
models can be engineered to have peculiar signatures and cosmological histories [36–38].
In particular, the scarcity of anti-particles in the thermal bath can allow the formation
of larger composite bound states like dark nuclei and dark atoms, leading to a very rich
phenomenology [39–42]. Besides, another hint to the asymmetric nature of the DM comes
from the very value of the DM mass, MDM. Indeed, ACDM models in their symmetric
version predictMDM ' 100TeV in order to explain the observed DM abundance. The pres-
ence of an asymmetry significantly lowers this value, so that measuring a DM mass in the
50TeV ballpark would clearly exclude the symmetric scenario. This, together with many
different signatures pointing to a composite dark sector (detection of Gravitational Waves
(GW) from the confinement phase transtion, characteristic direct detection signatures. . . ),
makes asymmetric ACDM models a phenomenologically distinct possibility.

Indeed, the goal of this paper is to start from ACDM models and try to extend them
in the most minimal way to build an UV completion that can dynamically generate the
asymmetry for the DM candidate, and deplete its symmetric component. The completion
should also be technically natural and not spoil the accidental IR symmetries responsible for
the DM stability. Notice that ACDMmodels differ from the previous composite asymmetric
models presented above: the dynamical scale is unrelated to the EW scale, since it is set
by requiring the correct DM relic abundance, and its values are typically in the range
10÷100TeV. Moreover, their field content is not chiral under the EW group, making the use
of EW sphaleron impossible. Given the non-chiral nature of the dark quarks field content
under dark color, also dark sphalerons are precluded. Since one of the main features of
ACDMmodels are collider signatures, the mass of a ACDM candidate cannot be at the GeV
scale. This implies that the asymmetries of the visible and dark sector cannot be related
using standard model building tools as done in light composite DM models [43]. While
there are mechanisms that allow a hierarchical asymmetry transfer [44], they typically
rely on some coincidence of the DM scale with the scales of other processes, making such
mechanisms fine-tuned if applied to the ACDM scenario [45]. The additional constraint of
having confined dark quarks in the model does not allow the possibility to have a Higgsed
phase for the dark color, that could induce a first order phase transition [16, 17].

Given the model-building limitations stemming from the defining features of ACDM
models, we will not pursue the route of relating the visible and DM asymmetries. We focus
only on the generation of the DM asymmetry, leaving the SM asymmetry to be generated
in an independent, unspecified way. Despite this, we find that there is indeed the possibility
of generating simultaneously the SM and DS asymmetries in one particular realization of
our models. We will briefly present it without working out the details.

The structure of the paper is the following: in section 2 we review the ideas behind
ACDMmodels, and their specific field content. In section 3 the necessary conditions needed
to asymmetrize ACDM models are given, with a step-by-step description of the features of
the resulting models. In section 4 the basic building block of the asymmetrization proce-
dure of ACDM models is given. In section 5 we present an asymmetric extension for each
of the original golden class ACDM models, that feature a stable, asymmetric DM candi-
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date; the asymmetrization of such models is based on the benchmark implementation, or
slight modifications of it, described in section 4. In section 6 we complete the discussion
by giving additional models that features an unstable DM candidate based on a slightly
different implementation of the asymmetrization procedure. In section 7, we review the
main phenomenological signature of Asymmetric ACDM models. In section 8 we summa-
rize the results and discuss alternative possibilities to generate the asymmetry in ACDM
models to be explored in future works.

2 Review of accidental composite Dark Matter models

The idea behind Accidental Composite DM models [21] is to provide a DM candidate
which is stable thanks to accidental symmetries in the Lagrangian, in a similar fashion
to proton stability and baryon number conservation in QCD. The visible sector is thus
enlarged with a Dark Sector (DS) made of new fermions Ψ, called dark quarks (DCquark,
DCq), charged under a new dark color (DC) interaction, based on SU(N)DC or SO(N)DC
gauge groups4 that confines at a scale ΛDC. The dark quarks are assumed to be in the
fundamental representation of dark color, as well as vector-like representation under the
SM. In particular, SM representations are taken to be “fragments” of the SU(5) GUT
extension of the SM gauge group: the GUT framework motivates the choice of possible
gauge representations for the DCquarks.

The DS renormalizable Lagrangian is simply given by:

LDS = −1
4G

µν,a
D GaD,µν + Ψi(i /D −mΨ)Ψi + yijΨiΨjH + h.c. , (2.1)

where we have included a Dirac mass term mΨ for the DCquarks, given their vector-like
nature. Below DC confinement, the dark quarks bind into dark hadrons:

• dark pions (DCπ), m2
DCπ ≈ mΨΛDC.

• dark baryons (DCb), mDCb ≈ NDCΛDC.
In SU(N)DC models, the lightest DCb is stabilized by an accidental U(1)DB, the dark

baryon number, under which all dark quarks rotate with the same phase, and by an acci-
dental Z2 in SO(N)DC models. The SM quantum numbers of the dark quarks must thus be
chosen properly in order for this lightest DCb to be neutral and hence a good DM candi-
date. Charged DCπ are in general dangerous if protected by additional species symmetries,
which must be broken either by Yukawas or by suitable higher dimensional operators. We
focus on the so called golden class models (GC), in which all the extra species symme-
tries responsible for DCπ stability are broken by Yukawa with the SM Higgs. Neutral
DCπ instead are always unstable at the level of 5d operators with the Higgs generated at
the Planck scaleMP = 1.22×1019 GeV, and are never good DM candidates. In appendix B
we list the original GC models. In appendix C we briefly comment on the possibility of
applying our mechanism to silver class models, that unlike GC models contain dangerous
stable DCπ.

4Other confining gauge group like Sp(2N) or special group like G2 were not considered in the original
paper. Here we do not aim at making an analogous classification of DM models for the missing groups, so
that we stick to the groups mentioned in the main text.
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The cosmological evolution of ACDM models is rather simple and depends only on
ΛDC and mΨ. If ΛDC � mΨ, after DC confinement the DCb’s go through a phase of non-
perturbative annihilation, whose freeze-out determines the final DM abundance. Since in
this regime both the DM mass and its annihilation cross-section are set solely by ΛDC,
the DM abundance turns out to be a function of this parameter alone. In the absence of
any pre-existing dark baryon asymmetry, the observed ΩDMh

2 ≈ 0.119 is reproduced for
mDCb ≈ 100TeV.

If ΛDC � mΨ, instead, the cosmological evolution consists of two stages [46]: a first
phase of perturbative annihilations among DCq’s, which freezes-out around T ≈ mΨ/25,
followed, after DC confinement, by a phase of re-annihilation among DCbs. Indeed, in
this regime the binding energy of DCbs is dominated by the Coulomb potential among
the constituents rather than by confinement effects, so that the annihilation cross-section
now is set by the Bohr radius rB ≈ (αDCmΨ)−1 of the bound state. Since rB � m−1

Ψ , the
DCb-DCb annihilation cross-section is much larger than that among the constituent DCq
(see [47] for a detailed discussion of this regime in composite DM models). For simplicity,
we will only analyze in the rest of the work the case mΨ � ΛDC. The presence of a pre-
existing net dark baryon asymmetry alters in no way the different cosmological histories
that we have outlined above: the requirement of annihilating the symmetric component
only yields a different relation between the observed relic density ΩDM and ΛDC or mΨ.

3 Making accidental composite DM models asymmetric

In this section we explore the different possibilities in order to make ACDM models asym-
metric. Our goal is to write the minimal UV completions of the models of [21] that, at
some UV scale ΛUV, can accommodate an asymmetry generation mechanism in the dark
sector. Below ΛUV, we want to recover, at the EFT level, the original ACDM models. In
other words, we want to build a UV completion for ACDM models with an initial non-zero
asymmetry at the cutoff ΛUV. Of course, an asymmetric DM model makes sense only if it is
possible to distinguish the DM candidate from its antiparticle. This very basic requirement
already makes all the SO(N)DC models classified in [21] not suitable for asymmetrization:
all the DM candidates in this case are of the form (ΨCΨC)nΨm

R , where ΨC (ΨR) is a DCq
in a complex (real) representation of the SM.5 Therefore, we shall assume in the following
that the DS is charged under a SU(N)DC gauge group.

We stress again that in this work we do not attempt to give a common explanation
to the asymmetry of the dark sector and of the visible one. One of the consequences of
making DM asymmetric is to force a lower mass of the DCb mDCb (or equivalently the
confinement scale ΛDC) in order to satisfy cosmological constraints. Also, asymmetric dark
matter models have different constraint coming from indirect detection, and in general have
different phenomenology, which will be explored in section 7. In the following sections we
briefly sketch the necessary ingredients needed to build a succesful asymmetric ACDM
model, from the generation of the correct amount of asymmetry to the annihilation of the
symmetric component.

5In particular, such candidates do not carry any net species number.
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3.1 Sakharov conditions and DCb number

In order to generate an asymmetry in the DS, the model must satisfy the three Sakharov
conditions [48]:

1. The presence of an out-of-equilibrium process.

2. C and CP violation.

3. Violation of the number species of the candidate to be asymmetrized.

The last condition is particularly delicate: in SU(N)DC models, the very same symmetry
that we need to break in order to generate the asymmetry is the U(1)DB responsible
for accidental DM stability. Therefore in order to satisfy the Sakharov conditions, this
symmetry must be broken at some scale, possibly associated to new extra fields, but at
the same time it must be recovered at the EFT level: indeed, our goal is to keep intact the
IR physics of original ACDM models. This is a further constraint on the UV completion
we are looking for: it must not mediate a fast decay of the DCb in order to describe the
observed relic density. This in the spirit of [49], in which the authors engineered models of
asymmetric dark matter with a gauged U(1)B−L that was spontaneously broken in the UV,
while kept as a global (approximate) symmetry in the IR, stabilizing the non-composite
DM candidate. Instead here we explicitly break a global, ungauged symmetry, and do
not rely on spontaneous symmetry breaking, since it would break SU(N)DC and forbid
confinement.

In looking for minimal UV completions of asymmetric ACDM models, we restrict
ourselves for simplicity to renormalizable UV Lagrangians.

3.2 How to break DCb number

Since ACDM models are vector-like, there is no analogue of the EW sphaleron [25] in the
dark sector, unless we add a new gauge group under which DCquarks are chiral.6 For the
same reason, the DCquarks do not couple to the EW sphalerons. This implies that there is
no way to break U(1)DB via non-perturbative effects, and we must resort to perturbative
terms in the Lagrangian. If, by hypothesis, we restrict to renormalizable Lagrangians,
adding only extra fermions will not allow to break in any way U(1)DB. Indeed the only
other terms compatible with SU(N)DC invariance are bilinear in the dark fermions: the
extra gauge terms and Yukawas between the Higgs and another DCquark, in which the
fermions form a SU(N)DC singlet. No SU(N)DC invariant bilinear can break U(1)DB, since
the complex nature of the SU(N)DC representations of DCquarks prevents real bilinears.
Consistently with our hypothesis of minimality, we enlarge the DS with the addition of a
scalar field φ. This scalar must fill a complex representation of SU(N)DC in order to carry
a non-trivial U(1)DB charge. Since we want to leave untouched the light spectrum of the
original models, we take this scalar to be heavier than ΛDC and/or mΨ, so that it can later

6This might be problematic because even in simple models, the additional copies of DCquarks due to
the new gauge group might bring SM Landau poles below the GUT scale.
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decay and disappear from present-day DM content. The only possible terms that we can
add to the renormalizable interaction Lagrangian of the DS are:

φΨΨ, φΨψSM, V (φ,H) , (3.1)

where V (φ,H) is the scalar potential. Notice that we have not included terms of the form
φΨΨ: they do not violate the U(1) associated to the Ψ number. Moreover, if the scalar
potential is to break U(1)DB, it must contain terms of the form:

V (φ,H) ⊃ φ3, φ4, φ3H∗ . (3.2)

The use of such terms to break the dark baryon number has been explored previously in
symmetric [50] and asymmetric [40] (although non ACDM) contexts. Similar ideas can
also be found in the study of baryon number-violating processes in the SM alone [51, 52].
Terms containing the real combination φ2, possible only for real φ, are not viable as will
be shown in section 6. Notice that we need at least two terms involving the dark scalar
to break the global U(1)DB , since each operator in (3.1) is invariant under U(1)DB upon
a different assignment of a dark baryon charge to φ. If there is such a surviving U(1)DB,
after the scalars decay the conservation of this enlarged U(1)DB implies that no asymmetry
can be generated in the DS sector, assuming it is stored in the single lightest DCb species.

This last condition leads to three different realizations of Asymmetric ACDM models,
according to the pair of U(1)DB violating operators present in the interaction Lagrangian:

• φΨΨ + V (φ,H) (class 1 models): in section 5 we will present models in which,
despite the breaking of U(1)DB at the renormalizable Lagrangian level, DM stability
is guaranteed up to 5d operators included.

• φΨψSM + V (φ,H) (class 2 models): in section 6 we will show that in this class of
models the DM is unstable but long-lived.

• No U(1)DB-violating scalar potential (class 3 models). There are several possibilities
to realize such models, depending on the nature of the two Yukawa portals: a “dark”
Yukawa φΨΨ and a “mixed” Yukawa φΨψSM, two mixed Yukawa, two dark Yukawa.
In section 6 we will show that for φ below the Planck scale, the effective operator
obtained by integrating it out leads to fast decays of the lightest DCb.

Therefore, we can consistently generate an asymmetry in the DS without spoiling the
stability of the DM candidate only if the Lagrangian contains both a Yukawa and a U(1)DB-
violating term in the scalar potential. In this case, since the interactions of φ with the dark
quarks constrain the possible representations under SU(N)DC to:

φ ∈ , , . (3.3)

the only SU(N)DC gauge groups compatible with the terms in (3.2) are those with NDC =
3, 4, 6, 8. We remark that the role of the scalar is not to spontaneously break the dark color:
the Higgsed phase inevitably makes the DM unconfined in the IR regime, and therefore
with dangerous SM charges, excluding some highly non-trivial scenarios in the spirit of [53]
in which the dark color symmetry is restored at low temperatures.
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3.3 Generating the asymmetry

In order to build a successful asymmetric dark matter model, we must specify a proper out-
of-equilibrium process to satisfy the Sakharov conditions. The easiest way to accomplish
this is to consider heavy scalars (for example Mφ & 1015 GeV ∼ MGUT as shown in
section 4.1.2) that decay as soon as the temperature of the plasma drops below its mass, like
in the original GUT baryogenesis scenarios [14]. A necessary condition for the mechanism
to work is that the scalar must have access to multiple decay channels with different
dark baryon number in the final states. In viable models, a single heavy φ can decay to
channels with different U(1)DB by inserting the pair of U(1)DB-breaking operators chosen
(for example the Dark Yukawa and the φ3 term in the models of section 5). However in this
case the asymmetery turns out to be suppressed as we explain in section 4.2.1. This is in
part due to the fact that all the DCquarks have the same U(1)DB charge by hypothesis, and
therefore the different decay channels must involve different number of DCquarks, leading
to processes with many insertions of the couplings. A simple solution to avoid the large
suppression of the interference term, is to consider a second flavor of φ. For example, in
models of section 5, if the scalars are not degenerate, the decay

φH → φ†LΨΨ (3.4)

is allowed. As we will see, this decay violates the dark baryon number (if assigned to be
conserved in the two-body decay), and therefore there are two channels with different dark
baryon number for the heavy φ decay. Subsequent decays of the lighter φ do not generate
further asymmetries: they simply transfer to the other DCquarks their dark baryon number
(up to the negligible asymmetry due to φ decays in more than 2 DCquarks). It’s important
to notice that in order for this scenario to work, the inverse decay processes must be
suppressed, otherwise they will wash out any generated asymmetry. As we will show in
section 4.1.2, this translates into a bound on the mass of the heavy scalar, at fixed coupling,
called the weak wash-out condition. For dimensionless Yukawa couplings y ∼ O(0.1), this
amounts to Mφ & 1015 GeV. Besides, it is possible to show that these couplings get (non-
multiplicatively) renormalized only at two-loop order. Hence, technical naturalness sets a
lower bound on the Yukawas that can be estimated as y ≥ (16π2)−2 ∼ 10−4. This implies
that the smallest scalar mass compatible with the weak wash-out condition and naturalness
is Mφ ∼ 1010 GeV.

3.4 Annihilating the symmetric part

Independently on the mechanism responsible for the generation of the asymmetry, in all
these models it’s possible on general grounds to relate the dynamical scale to the amount
of asymmetry necessary to reproduce the correct DM abundance, requiring at the same
time that the non-perturbative annihilations are sufficient to deplete the abundance of the
symmetric DM component. In fact, if X is the DM and X its antiparticle and if we define

r ≡ n(X)
n(X) , (3.5)
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Figure 1. r∞ as a function of mDCb assuming only non-perturbative annihilations. The solid line
assumes a cross-section that saturates the perturbative unitarity limit. The dotted line corresponds
to the annihilation cross-section obtained in QCD, which is 10 times larger. Given the large uncer-
tainty, we shall use an intermediate value that reproduces the typical DM mass in ACDM models,
mDCb ≈ 100TeV, as shown by the dashed line. Finally, the gray line represents the reference value
r∞ = 0.01.

then solving the Boltzmann equation in the presence of an asymmetry gives the follow-
ing relation between r evaluated at late times, r∞, and the thermally averaged annihilation
cross-section 〈σv〉 ≡ σ0 [5, 8]:

r∞ ≈ exp
[
−2
(

σ0
σWIMP

)(1− r∞
1 + r∞

)]
, (3.6)

where σ0 can be estimated as σ0 ≈ 25
m2

DCb
and σWIMP ≡

(
1

23 TeV

)2
. In figure 1 we show

how r∞ depends on mDCb. As we can see, we need mDCb . 50÷ 75TeV in order to have
r∞ . 0.01. Equivalently, discovering that the DM is composite and with mass in such
range explicitly points to an asymmetric DM content.

At this point we can relate the dynamical scale to the asymmetry ηDM [8]:

ηDM ≈ 5 mp

mDCb
ηb

1− r∞
1 + r∞

≈ 2.2× 10−14
(23 TeV
mDCb

)
, (3.7)

where mp ≈ 1GeV is the proton mass. Notice that, unlike previous models such as in [40],
we do not introduce any new gauged U(1) to deplete the symmetric component, and we only
have a single DM candidate, not two oppositely charged species sharing the asymmetry.

3.5 Brief cosmological history

Once the asymmetry has been generated from the decay of the heavy φ, the IR theory is
essentially a standard ACDM model, with a non-zero asymmetry as initial condition for the
(approximately) conserved U(1)DB charges. Above ΛDC, annihilation between DCquarks
and their antiparticle are fast, and the two species are kept in chemical equilibrium. Below
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Field SU(3)DC (SU(3)c, SU(2)L)Y U(1)DB (D)

N 3 (1, 1)0 1

φ 6̄ (sym) (1, 1)0 −2

Table 1. Benchmark model field content.

ΛDC, DCquarks will form DCbs and DCπ . In the GC model under scrutiny, the latter
will decay into SM particles via Yukawa with the SM Higgs, or through a 5d operator
generated at MP. Since in GC models all species symmetries are broken by the Yukawas,7
the various DCbs will undergo fast decays into the lightest one via the species number-
breaking Yukawas with the Higgs once the masses are split due to SM gauge interactions.8
Since all these interactions conserve U(1)DB, the asymmetry will be stored and conserved
in the lightest DCb containing the constituents that possess an initial asymmetry. The
condition on mDCb (eq. (3.6)) guarantees that there is no symmetric part left. In some
asymmetric ACDM models, the possibility to radiate light SM states allows the DCbs to
form dark nuclei [2, 41, 54], for temperatures below the typical dark nuclear binding energy
EB, with distinct phenomenological signatures that will be explored in section 7. In some
models the presence of the scalar in the UV Lagrangian (or equivalently of the specific
asymmetry generation mechanism) is reflected in the IR with a Majorana mass term for
the DCb, that can cause oscillations between the DCb and its antiparticle. Such effect will
be discussed in sections 5.4 and 7.4.

4 Benchmark model

In this section we will describe a simple model to show the mechanism of asymmetry
generation and ensure that we can naturally obtain the correct amount of asymmetry.
This benchmark model can be easily adjusted to fit in every ACDM model, as will be
shown in sections 5, 6. In particular, we consider as a benchmark case Ψ = N , NDC = 3,
as shown in table 1.

We will consider the following Lagrangian:

L = Lkin + yφijN
iN j + λMφε

ijkεi
′j′k′φii′φjj′φkk′ + λ4(φ†φ)2 , (4.1)

where ε stands for the totally antisymmetric Levi-Civita tensor of SU(3)DC. In equa-
tion (4.1) Lkin contains the kinetic and mass terms for φ and N , Mφ is the mass of φ,
which is taken to be near the cutoff scale, and λ is a dimensionless parameter. Notice
that in presence of SM fields, the only additional term allowed by gauge invariance and
renormalizability to the ones in equation (4.1) is φ†φH†H, which plays no role in U(1)DB
asymmetry generation. A similar model can be found in [40], although employed in a
different context. We remark that another possible benchmark model, in which the com-
putations are essentially the same, is obtained by replacing N with the SU(2)L triplet V
DCquark: indeed the Yukawa φV V can still exist if φ is a SM singlet by contracting the
SU(2)L indices of the V s together.

7An exception to this is the V ⊕N model, on which we will comment in section 5.1.1.
8The mass difference can also be induced by different DCquarks bare masses.
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First, we will show a model with two flavors of φ, in which the asymmetry is generated
via the out-of-equilibrium decay of the heaviest of the flavor of φ. This implementation
leads to the correct amount of asymmetry, and will be employed in sections 5, 6. Then,
for completeness we will give a brief overview of the problems encountered when trying to
generate the asymmetry using a single flavor of scalar. In this case, we try to generate the
asymmetry both via decay and via the thermal freeze-out of the number-changing processes
involving φ. We give heuristic arguments to show that this process does not lead to a large
enough asymmetry.

As a final comment, we point out that the values of the couplings appearing in the
potential should be such that the vacuum does not break SU(N)DC, without tuning exces-
sively the parameters (if tuning is allowed, the potential can always be made positive by
taking for example λ close to 0). For SU(3)DC as gauge group and a single scalar flavor
it has been shown in [55] that this is indeed possible by taking the couplings in a natural
region in parameter space. With additional flavors, it should still be possible to realize
this scenario without fine tuning by observing that a trilinear term in the potential can
always be bounded between the sum of quadratic and quartic terms in the potential, up
to O(1) factors. In later sections, we will always assume that it’s possible to not break
SU(N)DC by appropriately choosing the parameters, and that this procedure does not
introduce unwanted fine tuning.

4.1 Two flavors of φ: a possibility

In this section we study the possibility to generate the asymmetry by considering the
benchmark model with two flavors of φ (which we remind is a total SM singlet and is in the
conjugate 2-symmetric of SU(3)DC). The Yukawa coupling y and the trilinear coupling λ
now carry also scalar flavor indices. Notice that the addition of the second flavor upgrades
the U(1) related to φ rephasing to an SU(2). However, this symmetry is broken to the
diagonal rephasing U(1) by different mass terms, and by the couplings yi, λijk. The easiest
way to generate the asymmetry is to mimick GUT baryogenesis [14]. In this framework,
the asymmetry is generated via the out-of-equilibrium decay of a heavy scalar. In order to
do so we take a scalar φH heavier than the second φL: MH &ML. Avoiding the hierarchy
between the two flavors of φ keeps the model natural. For the sake of showing that the
mechanism indeed works, we pick a specific region of the parameter space. In particular,
we take the masses of the scalars close: ML < MH . 2ML. In this way we avoid the
possibility of φH decaying into a pair of light scalars φ†Lφ

†
L (however this is not mandatory

and does not affect the discussion significantly). We stress that in this mechanism we
do not need quasi-degenerate state, and the previous request is not a fine-tuning of the
parameters. Both masses are taken to be much heavier than max (ΛDC,mN ), so that the
IR spectrum of DCquark bound states is untouched. The complete interaction Lagrangian
therefore reads:

LI = yH
2 φHN

c
N + yL

2 φLN
c
N + λHHH

6 MHφ
3
H + λHHL

2 MHφ
2
HφL

+ λHLL
2 MHφHφ

2
L + λLLL

6 MHφ
3
L + h.c. ,

(4.2)
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where we have taken the Yukawa couplings yH,L to be the same for the right-handed and
left-handed components of the Dirac DCquark N . The couplings have been divided by
numerical factors accounting for the symmetry factor in Feynman diagrams. In the model
the heavy scalar has access to two decay channels with different dark baryon number D:

• φH → N̄N̄ ; ∆D = 0

• φH → φ†LNN ; ∆D = 6

where ∆D stands for the difference of D charge between final and initial states. In principle
φH can undergo a 4-body decay into NNNN , by simply attaching NN to the φL leg in
the 3-body decay graph. This decay has the same ∆D of the 3-body decay, and can give a
contribution to the asymmetry generation. However this decay is suppressed with respect
to the 3-body decay by an additional coupling insertion and propagator suppression: it
reduces to the 3-body decay only if the internal leg can go on-shell, which is true when it’s
φL. Therefore we will neglect this extra contribution.

The presence of the multiple decay channels with different ∆D is what allows the
asymmetry generation. Indeed, let Γ,Γ2 be the total decay width, and the decay width for
the 2-body decay φH → N̄N̄ channel (with final D = −2) respectively. Neglecting further
decay channels with respect to the two mentioned above, we can approximate the decay
width in the φ†LNN channel to be Γ − Γ2. The decays of φH will produce the following
contribution to the total D of the universe, accordingly to how the φ decays gets distributed
in the two channels:

Γ2(−2DN −Dφ) + (Γ− Γ2)(−2Dφ + 2DN )
Γ . (4.3)

By calling Γ̄2 the decay width in NN of φ†H , we get that the decays of φ†H contribute as
follows to the total D:

Γ̄2(2DN +Dφ) + (Γ− Γ̄2)(2Dφ − 2DN )
Γ , (4.4)

where by CPT invariance the total decay width of the particle and antiparticle are the
same. By putting together equations (4.3), (4.4), and assuming an equal initial abundance
for φH , φ†H , we get that the asymmetry in dark baryon number generated after the decay
of φH is:

ηDM = nφH
s

1
Γ
(
Γ2 − Γ̄2

)
(−4DN +Dφ) ≡ nφH

s
ε (−4DN +Dφ) . (4.5)

So after all the φH , φ†H are decayed, even if their initial abundances were equal, a net dark
baryonic asymmetry is created.9 The asymmetry that is generated by the decay of the
heaviest scalar is now split between the lighter scalar φL and the dark fermion N . If we
can find a region in the parameter space in which we can neglect the 2 → 2 processes
involving these two lighter species, the φL again undergoes an out-of-equilibrium decay.

9The presence of additional DCquarks does not spoil this argument since each decay channel has the
same dark baryon number. This is because all the DCquarks are in the same representation of dark color
and the dark baryon number can be assigned to be the N -ality of this representation
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The scalar φL decays dominantly in N̄N̄ , but it can also decay in NNNN . Thus in
principle an asymmetry can be generated also at this step of the decay chain. However,
the asymmetry parameter εL associated to the decay of φL is negligible with respect to
the asymmetry ε of the heavy scalar decay: it’s suppressed by an additional y2 and by
an additional propagator suppression. Therefore the asymmetry generated by φL decays
can be neglected when computing the total dark baryon asymmetry, and such processes
will simply transfer the net asymmetry generated by the decay of the heavy scalar to the
DCquarks. After the decay of all the φL, φ†L no additional asymmetry will be generated,
since there are no further active U(1)DB-violating processes.

In order for this mechanism to be successful, we have to ensure two conditons:

• the presence of a complex phase in the decay amplitudes. It must come from both
the phase in the couplings, and from the imaginary part of the graph associated to
some particles going on shell in the propagators. The former is realized in our model
by the presence of three phase-invariant, complex coupling combinations, as shown
in section 4.1.1: there are six couplings and 3 fields that can be rephased. The latter
condition is accomplished considering fermionic bubbles inserted in the external scalar
legs, or box diagrams with internal fermionic lines. Given that the mass of the scalars
are both heavier than 2mN , the momentum circulating in such loops can make the
virtual Ns go on-shell, giving an imaginary contribution to the integral. Bubbles can
also be inserted in the internal propagators, but via a direct computation it can be
shown that such amplitudes do not contribute to the asymmetry.

• We have to make sure that there is a region in the parameter space in which we
can neglect washout processes coming from inverse decay and 2→ 2 scatterings. As
shown in section 4.1.1, by taking the two scalars heavy enough the inverse decays can
be neglected: when the temperature of the bath drops below the mass of the heaviest
available scalar the inverse decay process are kinematically blocked. The same argu-
ment can be applied to the scattering processes in the very weak washout regime, in
which the decays are always the last processes to fall out thermal equilibrium. This
requires ΓD/H(Mφ) � 1, which sets a condition on the mass of the scalar and the
coupling entering the decay process (mostly the two Yukawas yi).

Taking the scalars heavy has the side effect of guaranteeing that the running of SM and
dark color couplings is not modified below Mφ, avoiding the risk of Landau Poles at low
energies. We stress that the freedom to take the scalars heavy comes with a price: the
scalar sector will be hard to test. However, as will be shown in section 7.4, its presence
gives rise to IR phenomena like DM-DM oscillations that can be in principle testable.

4.1.1 Estimating the conditions

In this section we will study in detail the two conditions mentioned in section 4.1. First
we check if we can generate an interference in one of the decay channels to get a net CPV
between the decays of φH , φ†H . In the two-body decays, the asymmetry is generated by the
interference between the tree level diagram and a two-loop one as shown in figure 2. In the
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φH

N

N

(a)

φH

N

N

(b)

Figure 2. Two-body decay of φH contributing to the generation of the asymmetry in N . The first
loop diagrams appear only at two loops and an example is shown on the right. The arrows indicate
the particle number flow.

three-body decays in figure 3, the asymmetry is generated by the interference among the
tree level diagrams represented in figure 3(a), that are identical up to the different virtual
scalars circulating in the internal line, and the 1-loop diagrams in figures 3(b)–3(c). Indeed,
a closer look at the diagram 3(d) shows that it does not contribute to the asymmetry.

It’s interesting to check that the two asymmetries are related, as implied by CPT
invariance and unitarity [56]: indeed the three-body decay can be obtained by properly
cutting the two-loops two-body decay. A quick parametric estimate tells that the asym-
metry factor is expected to be proportional to ε ∼ λ2y2/(16π2)2.

The remaining question is whether we can work in a regime in which we can neglect
the washout processes.

Following the discussion in [57], the strength of the wash-out processes is determined
by the parameter:

K ≡
(ΓD

2H

)∣∣∣∣
T=MH

, (4.6)

where ΓD stands for a generic average decay rate of the scalars and H for the Hubble
parameter. We are interested in K � 1, the so-called weak wash-out regime. In this
regime, once that T drops below MH , decays are not efficient and the number of φH gets
no exponential suppression, so that nφH ∝ nγ . This guarantees the required departure from
equilibrium necessary to produce a net asymmetry. We are also implicitly assuming that
φH was in equilibrium at some large temperature and that interactions with the thermal
bath (e.g. annihilations into dark gluons) are not efficient below T = MH ; this holds for
masses larger than ∼ 1015 GeV. Moreover, under our assumptions, it is possible to relate
the two- and three-body decay rates Γ to the rates of their inverse processes ΓID and show
that they negligible. Indeed, these inverse rates are given by:

ΓID2 =
neqφH
neqN

ΓD2 ≈
(
MH

T

) 3
2
e−

MH
T ΓD2

ΓID3 =
neqφH
neqφL

ΓD3 ,

(4.7)

where we have defined

ΓID2 = neqN 〈σNN→φHvrel〉, ΓID3 = neq,2N 〈σ
NNφ

†
L→φH

v2
rel〉 , (4.8)
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φH

φ†L

N

N

(a)

φH

φ†L

N

N

(b)

φH

φ†L

N

N

(c)

φH

φ†L

N

N

(d)

φH

N

N

φ†L

(e)

φH

N

N

φ†L

(f)

Figure 3. Diagrams representing the three-body decays of φH . The different flavors of scalars
flowing in the internal lines allows for a non-zero imaginary part in their interference term. It is
possible to show that no contribution comes from diagram 3(d). The arrows indicate the particle
number flow.

and the subscript number stands for the number of final bodies involved in a given
process. Therefore, for T < MH and beingML < MH , (4.7) implies that the inverse decays
are less efficient than direct decays, so that wash-out processes can be neglected.

In this regime we can give a very simple estimate of the asymmetry that can be
produced:

ηDM ≈ 2 ε
g∗
, (4.9)

where g∗ ≈ 102 is the number of relativistic degrees of freedom, and the factor 2 comes
from the fact that the three-body decay of φH has ∆D = 6 while the DM DCb carries
D = 3. From ΩDM ≈ 5Ωb we then have:

ΩDM ∝ mDCbηDM ≈
2εmDCb
g∗

≈ 5ηbmp , (4.10)

– 15 –



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

so that enforcing mDCb . 75TeV translates in the following lower bound on ε:

ε & 3× 10−13 , (4.11)

which can be easily accomplished with perturbative couplings.
For scalars lighter than ∼ 1015 GeV, the asymmetry (4.9) is generated after the

freeze-out of the scalars and receives a Boltzmann suppression approximately given by
x

3/2
f.o. exp(−xf.o.), where xf.o. = Mφ/Tf.o. and Tf.o. is the freeze-out temperature. Besides,

the weak wash-out condition (4.6) now reads:(ΓD
2H

)∣∣∣∣
T=Tf.o.

< 1 (4.12)

This condition is equivalent to asking for the decay of the scalars to happen after their
thermal freeze-out. As we shall see in the next section, the largest asymmetry that we can
get with heavy scalars is ε ≈ 10−6. This implies that in order to satisfy the previous lower
bound on ε we need xf.o. . 18. For the scalars annihilating into dark gluons or DCquarks,
together with the condition on the naturalness of the couplings and the weak washout
condition, this requires Mφ & 1010 GeV.

4.1.2 Computation of the asymmetry

We are now ready to compute the asymmetry coefficient ε, defined as:

ε = Γ(φH → φ†LNN)− Γ(φ†H → φLNN)
ΓH

, (4.13)

where ΓH is the total decay rate of φH . For simplicity, we shall take a very heavy scalar,
such that (4.9) holds. As discussed in section 4.1, the Lagrangian (4.2) allows for three
different physical phases, all of which are expected to appear in the expression of the
asymmetry. Indeed, in appendix A we write the complete result for ε to show how the
different phases contribute to the asymmetry. All the 1-loop computations have been
carried out using Package-X[58, 59], taking the massless fermion limit mN = 0. For
simplicity, here we show the result obtained by fixing λLLL = λHLL = 0, thus isolating a
single CP-violating phase (see appendix A). In particular, such choice of coupling selects
only the contributions coming from the diagrams 3(c) and 3(f). The asymmetry (4.13) can
be written as:

ε = − 4
ΓH

1
6

1
2MH

1
2

∫
dΠNdΠNdΠφL

∑
i,j

=[C∗TiCLj ]=[A∗TiALj ] , (4.14)

where AT and AL are respectively the tree- and one-loop-level decay amplitudes, CT and
CL the corresponding set of couplings, while = denotes the imaginary part. Finally, the
factor 1

6 is the average over the initial dark color states. The sum runs over all possible
diagrams. Here

dΠ ≡ g 1
(2π)3

d3p

2E
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Figure 4. Asymmetry corresponding to several benchmark values of the parameters as a function
of α = MH/ML. Here we have taken λHHL = λHHH = λ and arg[λ∗LHHλHHHy∗LyH ] = π

2 for
simplicity. We have defined r ≡

∣∣∣ yLyH ∣∣∣ while always keeping ymax ≡ max(yH , yL) ≤ 1. Finally, the
orange solid lines show the limiting values for ε coming from the equivalent limiting values on mDCb.

is the phase space measure. Under our simplifying assumptions we have:∑
i,j

=[C∗TiCLj ]=[A∗TiALj ]

= −=[λ∗LHHλHHHy∗LyH ]|y2
H |

×
(

1
(x− 1)2

M2
L

M2
H −M2

L

CDC
16π −

C ′DC
x− 1D

HH
2

(
pN1
MH

,
pN2
MH

,
ML

MH

))
,

(4.15)

where x ≡ (pµN1+pµN2)2

M2
H

, CDC and C ′DC are dark color factors. The loop integral DHH2 arises
from the interference between the tree-level diagrams and the loop diagrams of figure 3(f)
and is defined in appendix A. The interference with diagrams 3(c) is trivial and can be
carried out analytically. Once that the integral in (4.14) is performed, we can compute the
asymmetry generated in our model as a function of the different parameters.

In figure 4 we show the values of ε for some benchmark values of the relevant
parameters.

As we can see, in most of the cases we produce too much asymmetry and we need
O(10−1) couplings to avoid the overclosure of the Universe. However, the plot is obtained
by taking the largest possible CP-violating phase, so that we can gain some more parameter
space by reducing its value. Moreover, this computation has been made for heavy scalars
(Mφ ' 1015 GeV), with negligible wash-out processes and no Boltzmann suppression factor.
If we take the scalar as light as Mφ ' 1010 GeV, instead, we get a suppression factor of
order 10−6, as anticipated, and still produce the correct abundance for TeV scale masses of
the DCb. Even lighter scalars would lead to an underproduction of the needed asymmetry
for mDCb < 75TeV. Finally, a more general analysis is shown in the scatter plot of
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Figure 5. Asymmetry obtained by randomly sampling the values of 10−2 ≤ λ, ymax ≤ 1 and the
three physical phases in [−π,+π] (see appendix A). The colors of the dots correspond to three
different values of r =

∣∣∣ yLyH ∣∣∣.
figure 5, where all the phases have been included, as discussed in appendix A, sampling
them randomly. Similarly to figure 4, we have assumed all the couplings in the scalar
potential to have a common absolute value λ. As we can see, the qualitative results do not
change with respect to the simplified choice of couplings.

4.2 A single flavor of φ

In this attempt to generate the asymmetry, we introduce a single flavor of φ. This can be
done either by exploiting the two decay channels of φ.

φ→ N̄N̄ , φ→ NNNN , (4.16)

or by exploiting some number-changing scattering processes. Both approaches in the single
flavor case suffer from the lack of couplings to form a phase-invariant complex combination.
The only possibility is to allow different Yukawas yL, yR for the left-handed and right-
handed component of the DCquark N . However, this implies the presence of a chirality flip
factor, which brings a suppression of ordermN/Mφ. This is very small sinceMφ & 1015 GeV
to ensure the weak washout condition for O(0.1) couplings, while is typically mΨ .TeV for
dark sectors enjoying an approximate chiral symmetry. For simplicity we will only show
the possibility of generating the asymmetry via scatterings, which was not considered in
the previous section. The processes contributing to leading order to the asymmetries are:

• ∆φ = 2, ∆N = 2, 2↔ 2 processes

φφ↔ NN, φN ↔ φ†N . (4.17)

• ∆φ = 1, ∆N = 2, 1↔ 2 processes

φ↔ N̄N̄ . (4.18)
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Higher order processes are phase space and coupling suppressed. We expect the asym-
metry to be first generated simultaneously for φ and N through the 2 ↔ 2 processes and
then the asymmetry stored in φ is converted into an additional asymmetry in N by its
decay. In fact, if the 2↔ 2 produce, for example, a net abundance of φ† and N over their
antiparticles, that is if φφ↔ NN and its cross-symmetric process dominate, then a larger
number of φ† than φ will decay, thus increasing the asymmetry of the fermionic content of
the dark sector. In order to write the Boltzmann equations, we shall write the amplitude
for the first 2↔ 2 process in (4.17) as:

|M(φφ→ NN)|2 = |M(NN → φ†φ†)|2 = (1 + ε)|M1|2

|M(φ†φ† → NN)|2 = |M(NN → φφ)|2 = (1− ε)|M1|2
(4.19)

The decay asymmetry is not independent of ε since CPT symmetry and unitarity
require [56]: ∫

dΠφdΠφ|M(NN → φφ)|2 +
∫

dΠφ|M(NN → φ†)|2

=
∫

dΠφdΠφ|M(NN → φ†φ†)|2 +
∫

dΠφ|M(NN → φ)|2
(4.20)

=⇒
∫

dΠφ|M(NN → φ†)|2 −
∫

dΠφ|M(NN → φ)|2

= −2ε
∫

dΠφdΠφ|M1|2 .
(4.21)

For the same reason, the asymmetry related to the second 2→ 2 process is related to
that of a 2→ 3 one, which we neglect.

4.2.1 A quick estimate

We want to give an estimate of the amount of asymmetry that we can produce in our
models with a single flavor resorting to the annihilation mechanism. The parameter ε
can be estimated from the diagrams in figure 4.22, where the arrow indicates the particle
number flow:

φ

φ

N

N

φ
+

φ

φ

mN

mN

N

N

(4.22)

The estimate roughly gives:

ε ≈ y2

16π2
m2
N

M2
φ

, (4.23)

where y = yL,R. The crucial point is that in order to get a net CP-violating phase in the
diagrams, a chirality flip is needed to get both yL, yR (notice that this is independent on
whether the flavors circulating in the loop are one or two). This brings an extra suppression
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of order mN/Mφ in the amplitude.10 The DM asymmetry can be related to the SM one
by the following estimate:

ηDM ≡
∆nDM
s

= 5mpηb
mDCb

≥ 6× 10−15 , (4.24)

where ηb = 10−10 is the baryon asymmetry and mDCb . 75TeV from the request of the
symmetric component of the DM abundance being depleted by non-perturbative annihila-
tions between baryons. Since the relevant dynamics for the asymmetry generation occurs
in the nearby of φ freeze-out, ηDM can be estimated (neglecting wash-outs) as:

ηDM ≈ εY f.o.
φ ≈ ε 3.79xfo√

g∗MPMφ〈σ1v〉
, (4.25)

where xfo = Mφ

Tfo
≈ 25 and 〈σ1v〉 ≈ λ2y2

M2
φ
, where λ is the dimensionless trilinear scalar

coupling. Therefore the lower bound on ηDM can be converted into a bound into Mφ once
we replace (4.25) and (4.23) into (4.24). Hence:

Mφ < 9× 1012 1
λ2
m2
N

MP
= 1.8× 10−2 mN

λ2 .
(0.1
λ

)2
30 TeV , (4.26)

where in the last step we used mN < ΛDC . mDCb/NDC ∼ 25TeV. As we can see, we need
rather small couplings to achieve freeze-out before confinement at temperatures near ΛDC.
Even with a very small λ, this minimal scenario suffers from strong wash-out processes.
This can be seen in the Boltzmann equations, where some wash-out processes have the
same rate as those responsible for the asymmetry generation. Therefore we expect the
asymmetry in equation (4.25) to be completely wiped out, making the model not viable.

5 Building the class 1 models: stable dark matter

In this section we will comment on a specific implementation of the mechanism described
in section 4 in GC models in which DM is stabilized by a remnant discrete symmetry.

5.1 Non-colored GC models

We will analyze the original ACDM models whose DCquarks are not charged under SU(3)c.
We will build models based on the φ3 term used in section 4, and on a slight modification
based on φ4 term.

5.1.1 φ3

Since the goal is to implement the benchmark model, we fix NDC = 3. Notice that all the
GC models whose DCquarks are not charged under SU(3)c contain either the SM singlet
N or the SU(2)L triplet V . Indeed if φ is a SM singlet, V can be seen as three copies of
N , leading to a factor of three in the total asymmetry. If the scalar φ couples to either

10This problem is also found when computing the asymmetry in the decay of a single scalar, leading to
a further suppression of ε.
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Model φ Couplings
V φV V

N ⊕ L φNN

N ⊕ L⊕ Ẽ φNN

V ⊕ L φV V

N ⊕ L⊕ L̃ φNN, φLL̃

V ⊕ L⊕N (6̄, 1, 1)0 φV V, φNN

V ⊕ L⊕ Ẽ φV V

N ⊕ L⊕ L̃⊕ Ẽ φNN, φLL̃

L⊕ L̃⊕ E ⊕ Ẽ ⊕N φNN,φEẼ, φLL̃

N ⊕ L⊕ Ẽ ⊕ V φNN,φV V

V ⊕N (6̄, 1, 5)0 φV V

Table 2. List of non-colored GC models, φ representation under (SU(3)DC, SU(3)c, SU(2)L)Y and
allowed Yukawa couplings (in addition to the ones of the original models with H). The models are
based on a SU(3)DC gauge group and φ3 U(1)DB-breaking term.

one of them, the computation of the asymmetry presented in 4.1.2 follows immediately.
If there are additional similar couplings to other DCquarks, we get an additional DCb
number asymmetry. This happens whenever in the model are present a DCquark and its
“tilded” SM-conjugate partner (like L and L̃). This extra contribution to the asymmetry
is numerically the same to the one computed in section 4.1.2 (with the N̄N̄ finale states),
differing only by some representation-dependent multiplicity coefficients. Each of these
additional contributions are therefore expected to be equal to the asymmetry computed in
the benchmark model, up to a O(1) coefficient. Since the quantum numbers of φ are such
that the only additional Yukawa is of the form φΨΨ, the models enjoy a Z2 symmetry,
under which only the DCquarks are non-trivially charged. We summarize in table 2 a
possibile field content and the admitted extra Yukawa couplings for each of the original
uncolored GC models. The φ3 term is always present to ensure the implementation of the
mechanism.

The only model in which a different SM representation for φ is needed to forbid the
existence of multiple couplings is V ⊕N . This is the only GC model in which there are 2
extra unbroken U(1), the V and N species numbers. Each coupling with φ breaks one of
them, or a combination of the two. Since these symmetries are only broken by the heavy φ,
below Mφ the effective theory will enjoy the extra U(1) symmetries: afterall, the effective
theory coincides with the original GC model in this regime. This implies that in general
the model can possess a shared asymmetry between the two species in the IR. By properly
choosing the SM representation of φ, the scalars can be taken to couple to a single species,
which for concreteness we will take to be V :

L ⊇ φV V

In this case, even in the UV theory the N species number is unbroken, and therefore the
dark sector will contain an asymmetric, non-thermally generated component stored in V
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DCquarks, and a symmetric, thermally produced component stored in the N DCquarks.
Below confinement, the DCπ decay via the non-renormalizable 5d operators, leaving only
the DCbs. By taking mDCb . 75TeV, as shown in section 3.4, only the asymmetric part
survives. It is stored in the form of DCbs containing V as valence DCquark. Notice however
that given the symmetries of the IR theory, the asymmetry will in general be shared among
the different type of DCbs containing V . If instead the φ couples to both species, like:

L ⊇ yNφNN + yV φV V , (5.1)

both species number will be broken. Virtual φ exchange will mediate the conversion of DCbs
with different species number, together with a DCπ emission (if kinematically allowed) or
SM gauge boson radiation. For the sake of showing what can go wrong if the coupling
in equation (5.1) is not forbidden, we assume a splitting mV −mN ' ΛDC. The rate of
species conversion followed by a DCπ emission can be estimated roughly as

Γ ≈ y2

8π

(
mDCb
Mφ

)4

ΛDC ≈
1

NDC

(
y

0.1

)2 ( mDCb
30 TeV

)5
(

1015 GeV
Mφ

)4

10−46 GeV . (5.2)

Since DCπ quickly decay after production via the MP-suppressed 5D operator, they decay
shortly after the species conversion of the DCbs, as shown in section 5.3. The same is true
for direct gauge boson emission. For generic values of the coupling we expect N and V

asymmetries to be of the same order, and therefore the DM abundance is roughly equally
stored in the heavier and lighter DCbs. For this reason the fraction of DM energy injected
in the SM is expected to be roughly proportional to the splitting-DCb mass ratio, which
in this example is O(1). Such late energy injection is in tension with bounds coming from
ID experiments [60, 61]:

Γ < 10−53 GeV . (5.3)

Such constrain can be evaded by ad hoc model building, e.g. by tuning the splittings or
by avoiding the simultaneous coupling of φ to both DCquarks, as accomplished with the
representation presented in table 2. In the other models, even if the DCb species conversion
is kinematically allowed, it happens shortly after ΛDC via renormalizable Yukawas with H,
rather than with the different φ couplings. Therefore there are no dangerous late time
DCπ decays and no further restrictions.

5.1.2 φ4

In principle, it’s possible to pick SU(4) as dark color gauge group, and to have a quartic
potential term

V = λεijklεi
′j′k′l′φii′φjj′φkk′φll′ , (5.4)

with φ in the 10-dimensional symmetric representation of SU(4). This term substitutes
the cubic term of the benchmark model, while the Yukawas with the DCquarks are the
same. Notice that here the coefficient of the quartic term is automatically dimensionless,
and it’s O(1) in a natural theory. The difference with the mechanism of the benchmark
model is that now the secondary decay channel for the heaviest scalar is a 4-body decay:
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φH

φ†L

φ†L N

N

(a)

φH

N

N

φ†L

φ†L

(b)

Figure 6. Tree level process (left) and an example of a 1-loop correction (right) in the φ4 models.

Field Z8

φ ω2

Ψ ω

SM 1

Table 3. Z8 charges of the SU(4) model, where ω = ei
π
4 .

φH → φ†Lφ
†
LNN . In figure 6 we show the tree level expression and an example of loop level

contribution.
For simplicity, we will not do the explicit computation, but we expect the generated

asymmetry to be suppressed by an additional phase-space factor, leading even in this case
to the correct amount.

It’s interesting to see that even in this SU(4) scenario, there is still an accidental
remnant Z8 symmetry, whose charges are listed in table 3. DCbs, being made by four
generic DCquarks Ψ, carry −1 charge under this Z8, making the lightest DCb stable.

5.2 Colored GC models

In this scenario it is not possible to directly use the benchmark model. Indeed the conse-
quence of the cubic term in the potential is to force the hypercharge of φ to be 0. This
hypercharge assignment excludes the possibility of a Yukawa between φ and the two colored
DCfermions, as seen from the field content of colored ACDM models in appendix B. The
need to have the Yukawa φΨΨ then forces φ to have non-zero hypercharge, and therefore
to resort to a different potential term.

5.2.1 φ3H∗

The only other way to write a potential term that violates the U(1)DB charge for φ (fixed
by the Yukawa), and that can be used to mediate the decay of φ, is to involve an additional
light scalar. If we stick to a single representation for φ, the only other light scalar is the
Higgs field.11 This forces the gauge group to be SU(3)DC. If φ ∈ (6̄, 6̄, 2)1/6 of SU(3)DC ×

11And possibly its SU(5) partner, that we will not consider.
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φH

φ†L

H Q

D̃

(a)

φH

Q

D̃

φ†L

H

(b)

Figure 7. Tree level process (left) and an example of a 1-loop correction (right) in the φ3H∗

models.

GSM,12 we can build the following Yukawa:

φij,abQ
iaD̃jb, (5.5)

and the following U(1)DB-violating potential term:

λεabcεa
′b′c′εijkεi

′j′k′φii′aa′φjj′bb′φkk′cc′H
∗ , (5.6)

where i, j, k and a, b, c are dark color and color indices respectively (the SU(2)L contraction
is left implicit). No other terms are allowed by gauge invariance at the renormalizable level.
Notice that the coefficient in the potential is dimensionless, like in φ4 models of section 5.1.2.
The DCbs are stabilized by the same Z2 of φ3 models, under which only the DCquarks are
charged. Like for the models described in section 5.1.2 in this scenario the secondary decay
of the heaviest scalar is a 4-body process: φH → φ†LQD̃H. A difference is that here three
out of four of the final-state particles are ultrarelativistic (the DCquarks and H), making
it more similar to the process described in section 4. In figure 7 we show the tree level
secondary decay channel and one of its 1-loop corrections. We expect that the asymmetry
computed in this scenario is simply suppressed by an additional ∼ 1/(16π2) phase space
factor with respect to the one computed for the benchmark model in section 4.1.2. By
comparing with the results of figure 4 we expect that even in the presence of the additional
phase space the correct amount of asymmetry can still be produced.

If φ ∈ (3, 3, 2)1/6, we could have built the same lagrangian terms, however the presence
of the mixed Yukawa φ† l̄D̃ would have made the DM unstable, although sufficiently long-
lived to satisfy current bounds, as explored in section 6.

5.3 Higher dimensional operators

So far, we have studied the stability of the DM candidate by considering only renormalizable
operators made by SM fields, DCquarks and φ. However, this is not enough to study the
DM stability. Indeed the Lagrangian at the cutoff of the theory Λcut (not to be confused

12This SM representation cannot fit in any SU(5) multiplet. A possible choice compatible with the
SU(5) embedding is (6̄, 3, 2)1/6. In this case, we need at least 3 scalar flavors to write the U(1)DB-violating
potential.
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with ΛUV = Mφ, the cutoff of the original ACDM models) might contain already dangerous
non-renormalizable operators that can mediate fast decay. If a d-dimensional operator
mediates DCb decay, the lifetime of the DCb is estimated using naive dimensional analysis:

Γ ' 1
8π

(
mDCb
Λcut

)2(d−4)
mDCb ≤ 10−53 GeV , (5.7)

where the inequality comes from ID bounds on DM decay.
A possible natural cutoff for ACDM models is the GUT scale: at this scale the GUT

completion is expected to complete SM fields and DCquarks to SU(5) representations.
The particular value at which SU(5) GUT is achieved is model dependent [21]: since
by naturalness we want it to be slightly heavier than the dark scalars φ, we will take
MGUT & 1015 GeV, compatible with the typical values allowed by proton stability.13 In
order to check that the GUT completion does not affect the DCb decay, we assume that
the only additional fields that are present at the GUT scale (but possibly appearing even
at lower scales) are only the GUT partners of the Higgs and DCquarks, the SU(5) Higgs,
and the heavy SU(5) bosons. It’s important for the argument that the only non-trivial
SU(N)DC representations of extra fields, both light and heavy, are the (anti)fundamental
for fermions and the 2-symmetric for the scalars. In this case, even above GUT scale all
the arguments given in section 5 hold, since the absence of the symmetry-breaking mixed
Yukawa was based not on SM-charge arguments, rather on SU(N)DC invariance alone.
Under this assumption, integrating out fields at MGUT does not generate any symmetry-
breaking term.

Notice that the argument holds for other possible cutoff scales of the theory, provided
the condition on SU(N)DC charges of the new fields is satisfied. In particular, adding a
family of total singlet right handed neutrinos does not spoil this picture. Therefore it’s
possible to implement the asymmetry generation in the SM via the thermal leptogenesis
mechanism without ruining DM stability.

Adding different SU(N)DC representations can potentially make the model of the
classes discussed in section 6 unviable, with DM decaying too fast unless Λcut ∼MP.

The next cutoff of the theory is the Planck mass MP, at which a quantum theory of
gravity completes the IR QFT. In GC models in which DCπ do not decay via the Higgs
Yukawa (like V, V ⊕N models) 5d operators of the form

H†H (DCπ) , H†σaH (DCπ)a (5.8)

offer a fast decay channel into SM particles, as seen from equation (5.7).14 The effect of
these operator on DCb decay must be checked.

Taking mDCb ∼ 30TeV, Λcut ∼MP, it follows from equation (5.7) that only 5d opera-
tors can potentially mediate DCb fast decays. Therefore, if the residual discrete symmetry
exists at d = 5, the DCb will be stable for all practical purposes. We remark that the

13Depending on the value of the coupling αGUT, proton stability might require MGUT & 1016.
14There are also lagrangian terms made by integrating out the renormalizable operators, but they might

be too much suppressed by the M scale appearing in the virtual line. Planck-suppressed 5d operators offer
a model independent way to make the DCπ decay fast.
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existence up to 5d of the stabilizing symmetry is a sufficient, but not necessary condition:
indeed even if a symmetry-breaking operator existed, the operator mediating DCb decay
might have further suppression factors due to the integration of additional heavy fields
like φ. In the next sections we will show that the models presented keep their discrete
symmetry even at 5d.

5.3.1 φ3 models

For these models SU(N)DC = SU(3)DC, φ is in the 6̄ of SU(3)DC, and the symmetry is
a Z2 symmetry under which only the DCquarks are charged. Operators that break the
Z2 must contain on odd number of DCfermions. The only kind of 5d operator containing
an odd number of DCquarks is schematically SSSψΨ where S = φ,H is a generic scalar.
Invariance under SU(3)DC forces one or two φ. This is forbidden again by SU(3)DC for the
particular choice of representation of φ, therefore such operators do not exist.

5.3.2 φ3H∗

We have presented a SU(N)DC = SU(3)DC model with φ ∈
(
6̄, 2
)
1/6. Exactly as for φ3

models, the fact that φ is in the 2-symmetric representation of dark color prevents the
construction of SU(3)DC invariant operators with a single DCquark. The symmetry is
therefore preserved at 5d level.

On a side note, the SM baryon number, under which only the SM quarks (and eventu-
ally the SU(5) Higgs partner) are charged, is not violated even at 5d, thanks to the specific
SU(N)DC and SU(3)c representations of φ.

5.3.3 φ4

In this scenario the symmetry stabilizing the DCb is a Z8, under which both φ,Ψ are
charged, as shown in table 3. This implies that there are additional symmetry-breaking
operators that must be checked with respect to the previous cases. However, 4-ality con-
siderations tell us that in order to preserve SU(4)DC invariance, the only possible dark
field combinations appearing in such operator are either Ψ̄Ψ, which does not break the
stabilizing symmetry, φΨΨ, which does not break by construction the symmetry (it’s the
same combination appearing in the dark Yukawa), φ4, which again does not break the
symmetry.15 Therefore also this class of models is protected from 5d operators.

5.4 DCb-DCb oscillations

A feature of the models presented in this section is that the symmetry that stabilizes the
DCb below the confinement scale is a Z2 under which the DCb is non-trivially charged.
However, this implies that also its conjugate, DCb, carries the same charge. Therefore,
oscillations between the two are not forbidden by any quantum number that was protecting
the DCb from decaying. A symmetry that would prevent this to happen is a symmetry
that admits complex charges for the DCb (like Z3 or Z4). However, this is not what

15φ2 does not appear since it’s built by antisymmetrizing the symmetric indices of φ. For the same reason,
no φ†ΨΨ term is possible.
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happens in the models under scrutiny. In a certain sense, our models have a “minimally”
asymmetric DM candidate, given that the only property that distinguishes between the
DM and its conjugate is the complex representation of the dark color gauge group, which
is confined below ΛDC. The presence of oscillations can significantly alter the cosmological
history of the DM, regenerating the symmetric component, washing-out the asymmetry and
possibly recoupling the annihilation process between the DCb and its conjugate [62, 63].
It’s paramount to understand if they happen in the models we are considering. In the IR
EFT the oscillations are due to a “Majorana” mass term that depends on whether the DCb
is a fermion or a scalar, which in turn depends on the number of its constituent DCquarks:

L ⊇ cmDCbBB (NDC odd) , L ⊇ cm2
DCbBB (NDC even) , (5.9)

where B is a generic DCb, c a dimensionless constant, and we assume that the scale at
which the term is generated is around the confinement scale ΛDC. For simplicity, we
will work only the benchmark model of section 4. In this case NDC = 3, and the DCb
is a fermionic candidate. For the NDC = 4 case we expect a higher suppression of the
oscillation-mediating operator due to its higher dimensionality. In order to show the role
of the number of color, we will write the formualae without setting NDC to its value of 3,
and only setting it at the end to make the estimate of the mass splitting in our specific
models. In a generic ACDM model the term in equation (5.9) can mix different DCb
species, but this remark will not affect future conclusions about oscillations.

We have to estimate c in equation (5.9). The term in the UV theory that interpolates
the Majorana mass term is:

L ⊇ λ

M3NDC−4
φ

(N)NDC(N)NDC , (5.10)

where as we have seen, NDC = 3 for φ3 models.16 Since the operator is generated by
integrating out the heavy scalars of mass of order Mφ, this scale appears in the effective
operator in equation (5.10). In particular, the diagrams that generate this term are in
figure 8.

This leads to an estimate for c:

c ∼ kλyNDC

(
mDCb
Mφ

)3NDC−4

, (5.11)

where theMφ power have been set by the previous argument, while the mDCb power comes
from dimensional analysis and the fact that it is the relevant scale to use when interpolating
the DCb with the DCquarks. Here λ is the dimensionless coupling appearing in the cubic
term of the potential λMφφ

3 for the φ3 models. The coefficient k is non-perturbative
in nature and we will assume that is O(1). For the φ3H∗ model, the Majorana term is
only obtained when the Higgs gets a vev, leading to a further suppression factor v/Mφ

with respect to the pure φ3 case. This small mixing term leads to a splitting in mass
16The φ3H∗ model leads to a “Majorana term plus Higgs”.
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N

N

N

N

N N

Figure 8. UV diagram leading to the DCb-DCb oscillations in the IR phase.

between the two mass eigenstates of the DCb-DCb system. The mass splitting comes from
diagonalizing the matrix: mDCb mDCb

λyNDC
2

(
mDCb
Mφ

)3NDC−4

mDCb
λyNDC

2

(
mDCb
Mφ

)3NDC−4
mDCb

 (5.12)

The splitting is approximately proportional to the ratio of the off diagonal term and the
diagonal one times the common mass mDCb, in the limit of small mixing (satisfied since
Mφ � mDCb). Therefore we have that the splitting is:

∆m ≈ λyNDCmDCb

(
mDCb
Mφ

)3NDC−4

. (5.13)

For the SU(3)DC φ3 models, we have:17

∆m ≈ 7λy3
(
mDCb
30TeV

)6
(

1016GeV
Mφ

)5

10−49 GeV . (5.14)

Sizable oscillations (of the order of the initial asymmetric abundance) can begin only if
they are faster than the Hubble rate H [62, 64]: ∆m & H. Since the present value of H
is 10−42 GeV, it’s possible to avoid this constrain by taking mDCb in the multi-TeV range
(as required by the constrain from elimination of the symmetric component and collider
bounds), and Mφ around the GUT scale. In this case the DM candidate will not oscillate
for all the practical purposes, and the asymmetry will be preserved. In the φ3H∗ and φ4

models the oscillations are further suppressed, therefore this effect cannot be seen at the
current stage of cosmological history even in the other models presented.

However, in some of our models, even in the presence of oscillations, washout can be
avoided due to the peculiarity of the IR dynamics. For concreteness, we will consider the

17For the φ3H∗ models there is the additional v/Mφ suppression.
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NDC = 3, Ψ = V model, in which the DCquark is a SU(2)L triplet. The DCb is itself a
SU(2)L triplet, and it can form dark nuclei [41], as will be shown in section 7. For TeV scale
masses of the DCb, roughly up to O(1) fraction of the DCbs gets bound in a deuterium-
like bound state, while much less for 100TeV DCbs. DCbs inside a nucleus experience a
different potential with respect to free DCbs, shifting the diagonal upper and lower entries
of the mass matrix in eq. (5.12) by ∓En respectively. The same is true also in the SM for
neutrons and antineutrons, where the energy difference between the two particles inside
a nucleus is En̄ − En ' 100 MeV [65]. The energy splitting is due to the strong nuclear
potential, and so to the SU(3) structure of QCD. Therefore, a similar result apply to
our case, and we will assume, for practical purpose, the energy difference inside a dark
nucleus between the two DCbs to be of order ΛDC. By following the arguments in [66],
the oscillation rate inside a nucleus not only is slowed by the larger mass splitting induced
by the nuclear potential, but it gets damped by scattering events between the constituents
happening at a rate proportional to the inverse size of the nucleus ΛDC. This leads to a
suppression of the oscillation rate by an extra factor

∆m
ΛDC

= NDC

(
mDCb
Mφ

)5

' 0.7× 10−53
(
mDCb
30TeV

)(1015GeV
M

)
, (5.15)

forbidding oscillations even for lighter φ. So, forMφ . 1014 GeV it’s possible to regenerate a
symmetric component of the unbounded DCbs, while preserving the asymmetric component
intact and stored in the dark nuclei, avoiding the washout of this component. Notice that
this scenario is peculiar to our models: it needs the DCbs to be able to form dark nuclei
and a small Majorana mass for the DCbs. The presence of a symmetric component leads to
residual annihilations that can in principle be tested using Indirect Detection experiments.
More details of this scenario are further discussed in section 7.4.

6 Other models

In section 5 we have shown models predicting stable DM. For colored GC models, re-
stricting to stable DM, this comes at the price of modifying the mechanism for asymmetry
generation presented in 4.1.2 by including 4-body decays for φH mediated by φ3H∗. In this
section we illustrate models in which it’s possible to replicate more closely the mechanism
with a secondary 3-body decay channel, but that predict unstable dark matter. After ar-
guing about bounds coming from the lifetime of the DM in section 6.1, we will go through
the other two classes of models introduced in 3.2. We anticipate one of the two is viable
only by taking the scalar φ mass close to the Planck scale.

6.1 Critical dimensionality of the DCb violating operator

As argued in section 5.3, integrating out the heavy scalar can lead to higher dimensional
operators mediating fast DCb decay. By taking the couplings y & O(10−1),mDCb ∼ 30TeV
and Mφ & 1015 GeV, from ID bounds we get that d, defined in equation (5.7), must satisfy
d > 6. As shown in section 6.2, this corresponds to an operator obtained by integrating
out a single φ line. Notice that d is set by the powers of Mφ appearing in the graph, or in
other words by the number of φ internal lines.
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6.2 Class 3 models: double Yukawa

In this class of model U(1)DB is broken by two Yukawa couplings that do not allow for a
consistent assignment of such quantum number among the fields. After integrating out the
heavy scalar φ, we generate operators that will mediate the decay of the DCb. Indeed, by
hypothesis, we assumed that in the two Yukawas the dark color contraction are such to
violate U(1)DB. At the UV lagrangian level, when integrating out the scalar, we generate
an effective operator that contains the “unconfined DCb” ΨNDC (ε contracted). Let’s focus
on each of the three possibilities for this scenario:

• Mixed-Mixed. This case is only possible for NDC = 2, since the effective operator
is εijΨiΨjψψ. This implies that the dark color group is actually SO(3) (but with
DCquarks in the spinorial rather than the fundamental). This possibility does not
appear in the original ACDM models. Anyway, the operator of dimension 6 mediates
a too fast decay for the DCb, assuming Mφ ≤MP.

• Dark-Mixed. Integrating out φ gives the operator εijkΨiΨjΨkψ. This is possible
only for NDC = 3, as can be also shown by N -ality considerations on the two Yukawa
terms. This operator can mediate fast decay, since ψ can radiate a SM gauge boson
and make the DCb decay into SM kinematically allowed.

• Dark-Dark. In this case, the effective operator contains only DCquarks, and is
εijklΨiΨjΨkΨl. This works only for NDC = 4. This term does not mediate a de-
cay of a DCb directly. However, if one of the DCquarks involved is charged under
SM, it’s possible to radiate a SM gauge boson and decay into SM particles. Notice
that the total asymmetry of the ε tensor forces different flavors of DCquarks in order
to not have a vanishing effective term. This can also be seen at the UV level, since
the only φ dark color representation that allows non-vanishing Yukawas with differ-
ent contraction structure is the 6-dimensional antisymmetric representation (which
is self conjugate). Since all GC models that have at least 4 flavors of DCquarks have
one charged under SM, decay into SM is possible. Another possibilty for the DCb
decay is to radiate a Higgs pair from the internal φ line. Since the effective operator
is effectively 6d, it mediates too fast decays, as shown in section 6.1.

In conclusion, models in which U(1)DB breaking happens through 2 Yukawas with incon-
sistent U(1)DB charges assignments are phenomenologically viable only if φ is around the
Planck scale. The presence of the additional fields of the GUT completion might even
worsen the problem of stability of the DCb, because the new particles might generate dan-
gerous operators at scales lower than Mφ. Since this is a model dependent issue, we will
not further discuss such models.

6.3 Class 2 models: “failed baryogenesis”

In this class of models U(1)DB breaking happens through a potential term for the scalar
φ and a mixed Yukawa between the DS and SM (unlike class 1 models in which the
Yukawa was only involving DS fields). The presence of the mixed Yukawa forces φ to
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be in the (anti)fundamental of SU(N)DC. The DCb decays into SM but is long lived for
heavy enough scalars. The difference with respect to the case in section 6.2 is that the
scalar appears with a potential term ∝ φ2, φ3, φ4 that violates φ number, and therefore
also U(1)DB in conjunction with the mixed Yukawa. As a consequence, the potential term
forces additional Mφ suppression in the EFT operator due to more internal propagators,
bringing the d appearing in equation (5.7) up to 7. In this case bounds on the lifetime
of the DCb can be satisfied for Mφ & 1015 GeV, as low as allowed by the weak washout
condition for O(0.1) couplings. In particular, in this scenario, the d of the operator in the
various cases is the following:

• φ2 (”Majorana” mass for φ): this lead to effectively 6d operators εijΨiΨjψψ, therefore
the presence of a Majorana mass term with a mixed Yukawa is disfavored. Therefore
we will not consider theories in which is possible to write a Majorana mass term and
a mixed Yukawa. Also, it’s only possible in a SU(2)DC theory (because φ must belong
to the fundamental gauge representation), which are not found in [21].

• φ2Hn: this potential term leads to effective operators of the form ΨΨψψHn, with
a M4−n

φ suppression. Therefore they are safe from bounds for n > 1. Again, this is
possible only for SU(2)DC theories, which do not satisfy the constraints of the original
ACDM models.

• φ3Hn: this term generates effective operators of the form εijkΨiΨjΨkψ3Hn. The
suppression is M5+n

φ . It’s possible only for SU(3)DC theories. In both cases, this lead
to unstable but long-lived DM. Notice that these potential terms were found in the
models with stable DM in sections 5.1.1 and 5.2.1 (n = 0, 1 respectively).

• φ4: this term generates the effective operator εijklΨiΨjΨkΨlψ4. The suppression is
M8
φ. It’s possible only for SU(4)DC theories. The DCb therefore is unstable, but

long-lived to escape decay bounds as in models of section 6. This potential term is
the same found in section 5.1.2.

As a concrete example of this class of models, we fix GDC = SU(3)DC and the complex
dark scalar φ in its antifundamental, while the dark quarks field content and SM quantum
numbers are the left handed Q = (3, 2)1/6 and D = (3, 1)−1/3 and their right-handed
conjugates (in principle there are many different possibilities, here we only pick one). The
possible portals are:

L ⊇ yqφq̄LQR + ydφd̄RDL + h.c. , (6.1)

while the cubic term for the scalars is:

MλεABCεijkφAiφBjφCk . (6.2)

where ABC are flavor indices and ijk the SU(3)DC gauge indices, and M is the scale of
the cubic interaction. This term would vanish in the presence of a single flavor: that’s why
we need 3 at least to make a non-zero cubic term. Notice that this type of asymmetric
extension is rather general since it can be applied to any SU(N)DC model listed in [21]
simply by pairing the DCquarks to the corresponding SM fermions.
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As a side effect of the mixed Yukawa, the SM and DS asymmetries are related by an
unbroken symmetry rotating the DCquark and SM fermion:

nSM = −nDS . (6.3)

Notice that now the Yukawa couplings in equation (6.1) become 3× 3 matrices: there
is enough room to have a physical CP violating phase.

Equation (6.3) implies the following relation between the dark and visible sector
abundances:

ΩB = mp

mDCb
ΩDM (6.4)

so that for O(1) TeV DM mass, assuming the correct DM relic density ΩDM is reproduced,
the asymmetry generated from this process in the visible sector is only a subdominant
fraction of the present-day observed SM asymmetry. Hence, despite being a viable model
on his own, it cannot be a successful baryogenesis model unless the DM mass itself is in
the GeV ballpark. In fact, this last possibility can be achieved by taking the model with
the SM singlet N as the only DCquark. Indeed, due to the absence of any charged state, it
is possible in principle to take ΛDC close to the GeV scale and achieve a scenario where the
asymmetry is correctly generated for both the SM and DM. The fermionic field content
of such model forces φ to carry hypercharge in order to have a non trivial Yukawa with
the SM. So the potential term has to be φ3H∗, which, together with the request of the
existence of the Yukawa, determines the SM quantum number of φ, and forces the Yukawa
to be

φ†qLN , (6.5)

where φ has to carry also SU(3)c and SU(2)L charges. Investigating this scenario is outside
the scope of this work.

Apart from this special case, it is important to realize that portals like (6.1) do not nec-
essarily spoil any asymmetry-generating mechanism in the SM, such as the usual thermal
leptogenesis scenario [13]. Indeed, if the temperature at which the usual B−L asymmetry
is generated in the SM is much lower than the mass of the scalar, the asymmetry generated
in the SM will not be transferred to the dark sector since the SM and the DS are not
chemically coupled at such temperatures. Also, any initial B − L asymmetry in the SM
will be washed out by the SM-asymmetry generating mechanism, such as ∆L = 2 processes
involving virtual and real Majorana neutrinos in the leptogenesis case. In other words, the
asymmetry that is simultaneously generated from φ decay into SM is a byproduct of the
mixed Yukawa which bears no consequences on the baryon asymmetry of the Universe.

A final comment for this class of models is the effect of the specific GUT realization
on the DCb decay. The presence of the mixed Yukawa with the SM field forces φ to
be either in the fundamental or antifundamental of SU(N)DC. In both cases, only the
SM quantum numbers can prevent the existence of extra Yukawas that could make the
model effectively class 3, and therefore unviable. The same is true also when discussing the
presence of higher dimensional operators that could mediate fast DCb decays. Unlike the
class 1 models presented in section 5, SU(N)DC invariance does not automatically protect
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Figure 9. Spectra of GWs from a dark first order phase transition compared to projected reach
of several future experiments. The upper and lower edges of the bands correspond to different
nucleation rates β = H and β = 10H, respectively, where H is the conformal Hubble rate at T = T∗.

the DCb from fast decay in presence of GUT partners. Given that the question depends on
the particular ways in which the GUT completion is realized, we will not further analyze it.

7 Phenomenology of asymmetric ACDM models

In this section we summarize the relevant phenomenology of Asymmetric ACDM. As we
shall see, the different searches can discriminate between a symmetric and an asymmetric
scenario (gravitational waves) or between an elementary or composite one (sizeable dipole
moments from direct detection experiments), as well as signatures which are typical of
composite asymmetric models (indirect detection from bound state formation). Finally,
we also discuss the case of oscillations, predicted in one of the classes of models that we
introduced, which can lead to present day residual annihilations. All in all, the combination
of the various searches can single out the Asymmetric ACDM scenario, so that finding
consistent UV completions is less a theoretical whim than the need to provide a model
building base to a precise phenomenological picture.

7.1 Gravitational waves

The observation of Gravitational Waves (GWs) originating from a dark first order phase
transition is an exciting possibility since it can lead to observable signatures even from
completely secluded dark sectors. In SU(N)DC ACDM models with nf flavors, the con-
finement phase transition at T∗ ≈ ΛDC is first order if 3 ≤ nf < 4NDC (or nf = 0), where
the second inequality is the requirement of asymptotic freedom. During the phase of nu-
cleation, magnetohydrodynamics turbolences in the plasma induced by the expansion of
the bubbles or collisions among the bubbles themselves are both sources of GWs. Follow-
ing [67], in figure 9 we show the GW spectra for different confinement scales compared to
the projected reach of future GW detectors [68].
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As we can see, because of the different position of the peaks, future interferometers
could discriminate a symmetric from an asymmetric ACDM scenario. In particular, the
former would be disfavored if the detected GW spectrum is compatible with a phase tran-
sition occurring at T∗ . 10TeV.

7.2 Direct detection

One of the features of ACDMmodels is that, despite its overall neutrality, the DM candidate
has in general electrically charged components. In the case of fermionic DCb, for example,
this leads to magnetic or electric dipole moment interactions of the DCb B with the photon
generated by the following 5D operators:

∆L = Bσµν(µM + idMγ
5)BFµν (7.1)

where the dipole moments are parametrized in terms of the gyromagnetic and gyroelectric
factors as follows:

µM = gM
e

2mDCb
, dE = gE

e

2mDCb
. (7.2)

In particular, from the strong dynamics of the dark sector a O(1) gM is expected, while
the gyroelectric factor can be estimated as follows:

gE ∼ θDC
minmΨ
mDCb

(7.3)

where a non-zero θ-angle is necessary due to the otherwise CP-preserving dynamics of
the dark sector. Dipole moments lead to direct detection cross-sections with peculiar
dependencies on the nuclear recoil energy ER [69]:

dσM
dER

= µ2
Mαem
ER

F ppM +O
( 1
v2

)
dσE
dER

= d2
Eαem
ERv2 F

pp
M

(7.4)

where F ppM is a nuclear form factor [70]. In particular, the SI part of the magnetic dipole
cross-section has a 1/ER enhancement at low ER, while the electric dipole cross section has
an even stronger enhancement of 1/ERv2. Following the matching and rescaling procedure
outlined in [71], in figure 10 we show the constraints on the gyromagnetic and gyroelectric
coupling from present and future direct detection experiments.

While gM ≥ 1 is already excluded by XENON1T and PANDAX-4T, future large
exposure experiments like DARWIN can extend such exclusion to the entire range of masses
typical of both symmetric and asymmetric ACDM. Similar conclusions hold for the electric
dipole moment, where θDC = O(1) is disfavored because it would imply very small masses
for the constituent techniquarks, possibly at odds with collider bounds on DCπ . On a final
note, the strong dynamics could make even higher dimensional operators like the charge
radius operator BγµB∂νFµν , or Bi∂µB∂νFµν for scalar DM, more important than dipole
interactions [69], though it does not exhibit the 1/ER enhancement. In the scalar case, in
particular, the charge radius operator is the lowest dimensional operator that couples DM to
the nuclei. Additional interactions make the previous bounds on dipole moments stronger.
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Figure 10. In dark green we show the exclusion regions on the gyromagnetic (left) and gyroelectric
(right) factors from the XENON-1T [72] and PandaX-4T [73]. The dashed lines represent the
projected exclusion limits from future LZ [74] and DARWIN [75].

7.3 Indirect detection from Bound State Formation (BSF)

One weak side of typical ADM models is the absence of relevant indirect detection signa-
tures due to lack of antiparticles. However, as pointed out by [2], this may not be true
for models of composite asymmetric DM thanks to the formation of dark nuclei. In such
process, two DM particles bind into a deuteron-like state, emitting radiation with energy
equal to the nuclear binding energy EB, due to the small initial relative velocity. In the
simplest case considered in [2], the DM belongs to an integer representation of SU(2)L, like
in Minimal Dark Matter (MDM) models [76], and can be realized in the Ψ = V model,
where the dark baryon V 3 is a weak isotriplet. In this case, BSF proceeds through the
emission of a photon via a magnetic dipole transition18 mediated by the operator:

Lmag = gM
e

mDCb
V 3(~σ · ~B)J3V

3 (7.5)

where ~B is the magnetic field and J3 the third isospin generator. Upon solving the
Schroedinger equation:

− d2u

dr2 + V (r)u = mDCbv
2u (7.6)

where u is the reduced wave function describing the DM multiplet and V (r) = VEW(r) +
VN (r) the potential containing both the electroweak and the nuclear contributions, the
BSF cross-section is given by:

σBvrel = 8g2
M

E3
B

m2
DCb

∣∣∣∣∫ dru†iuf
∣∣∣∣2 (7.7)

where uf is the reduced wave function describing the nucleus while ui the solution to the
Schroedinger equation. The BSF cross-section is then compared to the bound by noticing
that, while the DM number density in the DM halo is set by the mass, the energy of the

18Electric dipole transitions are also present but more suppressed [54].
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Figure 11. Binding energies of the deepest nuclear state, the isosinglet B1 excluded by FERMI
(blue) and HESS (orange) telescopes. Darker hues refer to larger nuclear radii in units of the DM
mass. The γ-ray spectrum is obtained under the assumption that the nuclear potential can form
a single shallow bound state for each isospin channel and by fixing the ratio of binding energies to
EB1 = 2EB3 = 18EB5 .

emitted photon is given by EB, so that:

(σBvrel) < 2
(
mDCb
EB

)2
(σannvrel)|mDCb=EB . (7.8)

Following [2], we assume that DM can only form a single shallow nucleus in each
isospin channel, which in this case translates into the following isospin-spin configurations
10⊕31⊕50. In figure 11 we then show the values of the binding energy of the deepest state
(the isosinglet in our case) in order to produce a detectable signal for indirect detection
from the FERMI [77] and HESS [78] observation of the galactic center (γ-rays from dwarf
galaxies lead to no appreciable bound).

As we can see, BSF proves effective in producing a detectable signal in the low mass
range mDCb . 35TeV, which is completely covered by HESS for deep enough bound states.

Another remarkable feature of this kind of dynamics is that, because of the selection
rules on the magnetic dipole interactions, the nucleus that is initially formed is the isotriplet
which later decays into the isosinglet state. Therefore, together with the photon emitted in
the capture process, another monochromatic photon can be observed from the subsequent
decay. This would represent a staggering signature pointing towards BSF in the dark sector.
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Finally, apart from GC models containing V in the DCq spectrum, the DM candidate
is a complete SM singlet DCb, so that the typical EW potentials VEW(r) as computed,
for example, in MDM models are now absent. However, the EW interactions may be
replaced by Yukawa interactions among the DCq, which are in general present in order to
break unwanted species symmetries. These Yukawa’s may generate analogous interactions
between the DM and another DCb, leading to a similar dynamics with respect to that
considered in this section. Such possibility will be investigated in a future work.

7.4 Oscillations

A feature of the Class 1 models is that the DM itself can oscillate, thanks to the Majorana
mass of eq. (5.9) induced by the heavy scalars. Since the scalars are heavy, both for
naturalness and to avoid washing out the asymmetry, they are hardly detectable at current
or future collider experiments. Testing the oscillation can therefore be a probe of the
mass of the scalar. The effect of the oscillation is to regenerate a symmetric component
of the DM. As a consequence, DCb-DCb residual annihilation is enhanced, and possibly
can even recouple. As anticipated in section 5.4, this suggests the possibility to probe
the oscillation rate, and therefore Mφ, via ID experiments [62]. In general, we expect the
DCb-DCb annihilations to produce a number of DCπ, similarly to what happen in the SM
with proton-antiproton annihilations [79]. Such channels were analyzed in [80], although in
different models of composite DM. For example, in the NDC = 3, Ψ = V model we expect
the DCb to be a SU(2)L triplet, and therefore the DCb-DCb system can be decomposed
in its different isospin components. Each of these components can annihilate in a different
number of DCπ, consistently with SU(2)L invariance and G-parity (the conservation stems
from the fact that the annihilation process proceeds through the SU(N)DC interaction,
which conserves the other quantum numbers). Each of the final state DCπ will then decay
in the SM, either via the chiral anomaly in photons, or via Higgs and other SM gauge bosons
(if there are extra DCquarks and Higgs portals). A precise spectrum computation of such
lines is outside the scope of the current work. To give a crude estimate of the feasibility
to probe the residual annihilations, we assume that the number of DCπ in all relevant
final states is O(1). Given that such states can then give rise to lines, we expect that the
γ-ray spectrum will be peaked roughly at mDCb/2, although it will present a spread due to
the multi-body nature of the DCb annihilation processes. Current experiments like HESS
are sensitive to γ-rays in the multi-TeV range, and are able to exclude annihilation cross
sections of order 〈σv〉 ∼ 10−22 ÷ 10−24 cm3/s [81]. Although such exclusions are taken for
monochromatic annihilation spectra, we will study two benchmark values of 〈σv〉, to get a
crude picture of whether or not it’s possible at current experiments to probe the oscillations.

To recast the bound, we notice that in the oscillating case, for large oscillation periods
tosc, the ratio between DCb and DCbs is roughly (t/tosc)2, given that the probability of
conversion is proportional to sin2(t/tosc) Therefore the quantity that enter the bound is:

(
t

tosc

)2
〈σv〉 ≈

(∆m
H

)2 25
m2

DCb
, (7.9)
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Figure 12. γ-ray bounds from dwarf galaxies in the Mφ-mDCb plane for two different values of the
cross section. Bounds are computed by assuming λ = yL = 1. Shadowed regions can be potentially
tested and excluded.

where ∆m is the DCb mass splitting of eq. (5.14). This kind of estimate only works if the
residual annihilation and elastic scattering process do not make the oscillation process lose
its coherence, as suggested in [63, 64]. In our models this is possible because the elastic
scattering with thermal bath particles can be suppressed via mass splitting of the DCb
components (due for example to EW mass splittings in the V model) or be mediated by
higher dimensional operators involving the Higgs (if N3 is the DCb for example), while
annihilations and scatterings with other DCbs are always Boltzmann suppressed in a fully
asymmetric regime. So we will neglect such processes and use eq. (7.9). We plotted the
results in figure 12. The horizontal lines are due to the fact that eq. (7.9) only works for
t� tosc, since for t large enough the densities of particles and antiparticles will reach and
oscillate around half the initial particle density. In this case the bound on the cross section
(and therefore on mDCb) saturates since no larger value for nDCbnDCb can be reached. We
checked that for Mφ & 1010 GeV oscillations start only at temperatures too low for the
residual annihilations to recouple and change the total DM abundance, therefore there is
no thermal recoupling of the annihilations. For Mφ in the range of the plot in figure 12, the
weak washout condition can be fulfilled by taking the Yukawa of the heavy scalar yH to be
around 10−3. Notice that only a thin portion of the plane, around Mφ . 1013 GeV has a
cross section in range of current γ-ray experiments. However, for lighter φ, oscillations can
start even at CMB or before, as shown by the dashed lines. In this case, the asymmetry
can be totally washed-out if it’s not stored in dark nuclei. CMB bounds could then in
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principle be studied for such models, possibly leading to stronger bounds. To conclude, in
our models the region 1012 GeV . Mφ . 1013 GeV can be probed by studying residual
annihilations, while for Mφ . 1012 GeV bounds from CMB could be applied. For heavier
Mφ no bound from oscillations arises. Another interesting fact to test the oscillations is
that the asymmetry in the DCbs bound in dark nuclei is preserved, as argued in section 5.4.
This could lead to signatures of a dark nucleus “annihilating” with a DCb, and possibly to
spectral shapes which are unique to our models.

8 Conclusions

We have built a class of possible minimal UV completions to the Accidental Composite
Dark Matter models that can produce the correct amount of asymmetry. In order to do
so, we simply added two flavors of a heavy scalar φ, with mass around the cutoff of the full
theory Λcut. The scale Λcut can be taken to be the Planck scale MP, the GUT scale (which
is a natural cutoff of ACDM models), or as low as Mφ ' 1010 GeV, provided the additional
fields at the cutoff do not introduce new non-trivial SU(N)DC representations. Below the
mass of the heavy scalars, the model behaves like the original ACDM models with a non-
zero initial asymmetry. The DM candidate is a dark baryon, and with our choice of gauge
representations it is accidentally stable in the IR theory. The mechanism we provided can
be easily adapted to all the golden class ACDM models, even allowing the possibility for
generic SU(5) GUT completions and asymmetry generation in the visible sector via, for
example, thermal leptogenesis. The symmetric component of DM is eliminated thanks to
non-perturbative annihilations below ΛDC due to residual dark color interactions, provided
mDCb . 75 TeV, without the need of having new dark forces. This lower even further the
scale of the DM mass (and of the typical resonances of the dark sector) with respect to the
original symmetric ACDM models. The asymmetry generation mechanism can produce
enough asymmetry for mDCb in this range. The choice of the coupling of the UV sector
responsible for the asymmetry generation can be made natural (or at most fine-tuned at
the percent level). We have also built models in which the DM candidate is unstable but
long-lived enough to satisfy current experimental bounds.

Future directions of this work include the exploration of other mechanisms that can
give a common explanation to the asymmetry of the DS and the visible sector. The main
obstruction to this kind of construction is that collider constraints force ΛDC to be larger
than at least the TeV scale. This implies a natural hierarchy between the asymmetries in
the two sectors, that can hardly be achieved through usual cogenesis mechanism realized
via renormalizable portals.19 Possible solutions to this problem could be found exploiting
peculiarities of the strong dynamics [82], and the dynamical generation of the ΛDC scale.
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A Complete asymmetry parameter

In order to compute the asymmetry (4.14), we first need to evaluate:

δ ≡ |M|2 − |M|2 = −4(IH + IL) , (A.1)

where IH (IL) collects the contributions coming from the interference of the loop diagrams
in figure 3 with the tree-level one with φH (φL) in the internal line. They are given,
respectively, by:

IH = =[λ∗LHHλHLLy∗LyH ]
x− 1

(
α2

α2 − 1
|yH |2

16π
1

x− 1 + 4|yH |2DHL1 + 2|yL|2DLL2

)

+ =[λ∗LHHλLLLy∗2L y2
H ]

x− 1

(
α2

α2 − 1
α2

16π(α2x− 1) + 2DLL1

)
(A.2)

+ =[λ∗HLLλLLLy∗LyH ] α2

α2 − 1
|yL|2α4

16π(α2x− 1)2 −=[λLHHλ∗HHHy∗LyH ]2|yH |
2DHH2

x− 1

IL ==[λ∗LHHλHLLy∗LyH ]
α2x− 1

(
1

α2 − 1
|yL|2

16π
α2

α2x− 1 − 2|yH |2DHH1 − 4|yL|2DHL2

)

+ =[λHLLλ∗HHHy∗2L y2
H ]α2

16π(α2x− 1)(x− 1)
1

α2 − 1 + 2=[λ∗HLLλLLLy∗LyH ]|yL|2α2

α2x− 1 DLL2 (A.3)

+ =[λLHHλ∗HHHyHy∗L] 1
α2 − 1

|yH |2

16π(x− 1)2

where x ≡ (pµN1+pµN2)2

M2
H

, pN1 and pN2 being the momenta of the final fermions, and α = MH
ML

.

The functions Dij1,2 ≡ D
ij
1,2

(
pN1
MH

, pN1
MH

, ML
MH

)
are the imaginary parts of the diagrams 3(e)

and 3(f), respectively, and are given by:

Dij1 = =
[∫ d4l

(2π)4
Tr[/pN1/pN2

/l(/pH − /l)]
l2(pH − l)2((pH − l − pN2)2 −M2

i )((l − pN1)2 −M2
j )

]
, (A.4)

Dij2 = =
[∫ d4l

(2π)4
Tr[/pN1/pN2(/l − /pN1)(/pH − /l − /pN2)]

(l2 −M2
i )((pH − l)2 −M2

j )(pH − l − pN2)2(l − pN1)2

]
(A.5)

where pH is the 4-momentum of the initial φH scalar, and i, j run over the scalar flavors.
These integrals have been evaluated by means of Package-X, setting mN = 0. Despite
the different combination of couplings in the above interference terms, there are only three
independent phases, as expected from (4.2). Indeed, if we define:

arg[λ∗LHHλHLLy∗LyH ] ≡ θ1, arg[λ∗LHHλLLLy∗2L y2
H ] ≡ θ2, arg[λLHHλ∗HHHy∗LyH ] ≡ θ3

(A.6)
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SU(5) SU(3)c SU(2)L U(1)Y charge name
1 1 1 0 0 N

5̄ 3̄ 1 1/3 1/3 D

1 2 -1/2 0,1 L

10 3̄ 1 -2/3 -2/3 U

1 1 1 1 E

3 2 1/6 2/3,-1/3 Q

15 3 2 1/6 2/3, -1/3 Q

1 3 1 0,1,2 T

6 1 -2/3 -2/3 S

24 1 3 0 -1,0,1 V

8 1 0 0 G

3̄ 2 5/6 4/3,1/3 X

1 1 0 0 N

Table 4. List of possible DCquarks. Tilded DCquarks have same SU(N)DC representation (i.e.
the fundamental), but conjugate SM representations with respect to the untilded counterparts.

then the phases in the remaining combinations of couplings are given by:

arg[λ∗HLLλLLLy∗LyH ] = θ2 − θ1, arg[λHLLλ∗HHHy∗2L y2
H ] = θ1 + θ3 (A.7)

In equations (A.2), (A.3) we have omitted the color factors to avoid cluttering. To
properly account for them, each function Dij1,2 (related to box diagrams) must be multiplied
by C ′DC = −27, while the other terms (related to bubble diagrams) by CDC = 24. Once we
plug the previous expressions into (4.14) and perform the integral over phase space, we get
the asymmetry generated in our benchmark model with the complete set of parameters.
Instead, if we set λLLL = λHLL = 0 we recover (4.15).

B Golden Class models

In GC models the fermions are taken to be in the fundamental representation of SU(N)DC,
and to be vector-like representations under the SM. In particular, it’s assumed that the
SM representations must be in SU(5) fragments. In table 4 we list the possible DCquarks
out of which GC models are built.

In table 5 we list the various golden class models identified in the original work [21].

C Silver Class models

Silver Class models predict accidentally stable DCπ, with unwanted charges under SM.
This is due to the fact that the field content does not allow the presence of Yukawa with
the SM Higgs that breaks the species number.20 In addition to these stable DCπs, there is a

20We neglect the possibility of breaking such symmetry using operators built with GUT partners since
this is an issue dependent on the completion.
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DCq content Allowed NDC DM candidates
NDF = 3

Ψ = V 3 V V V =3
Ψ = N ⊕ L 3,. . . ,14 NNDC∗

NDF = 4
Ψ = V ⊕N 3 V V V, V NN =3, V V N =1

Ψ = N ⊕ L⊕ Ẽ 3,4,5 NNDC∗=1
NDF = 5

Ψ = V ⊕ L 3 V V V =3
Ψ = N ⊕ L⊕ L̃ 3 NLL̃=1

= 4 NNLL̃, LL̃LL̃=1
NDF = 6

Ψ = V ⊕ L⊕N 3 V V V, V NN =3, V V N=1
Ψ = V ⊕ L⊕ Ẽ 3 V V V =3
N ⊕ L⊕ L̃⊕ Ẽ 3 NLL̃, L̃L̃Ẽ=1

= 4 NNLL̃, LL̃LL̃, NẼL̃L̃=1
NDF = 7
Ψ = L⊕ L̃⊕ E ⊕ Ẽ ⊕N 3 LLE, L̃L̃Ẽ, LL̃N, EẼN = 1

Ψ = N ⊕ L⊕ Ẽ ⊕ V 3 V V V, V NN = 3, V V N = 1
NDF = 9

Ψ = Q⊕ D̃ 3 QQD̃ = 1
NDF = 12

Ψ = Q⊕ D̃ ⊕ Ũ 3 QQD̃, D̃D̃Ũ = 1

Table 5. SU(N)DC golden-class models as classified in [21]. For each model we specify the allowed
number of dark colors which guarantee the perturbativity of the SM gauge group up to MP, and
the DM DCb candidate with the corresponding SU(2)L representation. A ∗ denotes a higher spin
representation.

neutral DCb that is also accidentally stable thanks to the usual U(1)DB. The introduction
of the dark scalar φ could be used to both break U(1)DB and the unwanted species number,
effectively “goldenizing” the model. This is similar to what happens in the golden class
V ⊕ N model, in which φ couplings can break residual species numbers. We will show
that SU(N)DC SC models cannot be asymmetrized by implementing the benchmark model
(or one of its variations): the dangerous DCπ must decay via scalar exchange before the
formation of the earliest known structure, i.e. before Big Bang Nucleosynthesis (BBN),
τBBN ' 1.5 × 1024 GeV−1. This request is in contrast with the weak washout condition.
SC SO(N)DC models instead suffer the problem of containing only real candidates, and
therefore cannot be asymmetrized.
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C.1 SU(N)DC models

By energetic considerations, we expect the asymmetry to be shared by DCπs and
DCbs, so that non-perturbative annihilations cannot annihilate entirely the population
of DCπ. Hence DCπ are forced to decay, but this is in contrast with indirect detection
bounds. Indeed:

• The ingredients to allow asymmetrization of a sufficiently long-lived DCb are, as in
the GC model, the presence of a potential term for φ in conjunction with Yukawa
interactions involving φ and the DCquarks.

• The breaking of the species symmetry stabilizing the DCπ is due to the presence of
one of the Yukawa couplings between φ and the DCquarks.

• Since the decaying DCπ are SM charged, they must decay before BBN to avoid
injecting extra energy in the SM fields. This argument relies on the fact the a non-
negligible fraction of DM is stored in DCπ. Indeed, we expect such fraction to be
O
(√

mΨ/ΛDC
)
.

• This sets the bound ΓDCπ � τ−1
BBN ' 6.6× 10−25 GeV.

• By assumption, the minimum dimensionality of the effective operator mediating
DCπ decay obtained by integrating out the heavy φ is 6. Indeed in SC models
no 5d operator mediating DCπ decay can be generated due to gauge invariance.

• The upper bound for the DCπ decay width is: ΓDCπ ' y4

8π
M5

DCπ
M4
φ

.

• By taking O(1) couplings and taking MDCπ ' 1TeV (to avoid collider bounds), we
get Mφ � 1010 GeV.

• Such a mass for φ is outside the weak-washout regime, and the asymmetry generated
by its out-of-equilibrium decay will be washed-out by inverse decay processes. Also,
it suffers from a too large Boltzmann suppression, as remarked in section 4.1.1.

Therefore our mechanism does not work to asymmetrize the SC models.

C.2 SO(N)DC models

The list presented in the appendix of [21] all the DCb DM candidates are self-conjugate:
the gauge representation of the DCquark is self conjugate, and additionally, the DCb does
not carry any species number needed to differentiate it from its antiparticles. Therefore it
makes no sense to make these models asymmetric.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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