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ABSTRACT: Motivated by the hypothesis that dark matter self-interactions provide a solu-
tion to the small-scale structure formation problems, we investigate the possibilities that
the relic density of a self-interacting dark matter candidate can proceed from the thermal
freeze-out of annihilations into Standard Model particles. We find that scalar and Majo-
rana dark matter in the mass range of 10-500 MeV, coupled to a slightly heavier massive
gauge boson, are the only possible candidates in agreement with multiple current experi-
mental constraints. Here dark matter annihilations take place at a much slower rate than
the self-interactions simply because the interaction connecting the Standard Model and the
dark matter sectors is small. We also discuss prospects of establishing or excluding these
two scenarios in future experiments.
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1 Introduction

Observations of dynamics of galaxies, clusters of galaxies and the Universe at large scales
strongly support the Cold Dark Matter (CDM) paradigm. This suggests that most of the
matter of the Universe consists of non-relativistic collisionless particles not present in the
Standard Model (SM) of particle physics. In spite of these successes, within the CDM
paradigm, a number of difficulties — such as the too-big-to-fail [1, 2] and the core-vs-
cusp [3, 4] problems — have been found in N-body simulations of formation of small-scale
structures, most notably of dwarf and low-surface-brightness galaxies. For a review of these
problems, see ref. [5].

Strongly self-interacting dark matter (SIDM) is a plausible solution to some of these
challenges [6]. Its key ingredient is the hypothesis that dark matter (DM) particles scatter
off each other in small-scale structures with a cross section per unit of mass of around
lem?/g [7-14]. This corresponds to 102 pb for DM masses around 1GeV, which is or-
ders of magnitude above the standard thermal freeze-out cross section of about 1pb; for
a comprehensive discussion of alternative production regimes in the context of SIDM, see
ref. [15]. Clearly, if DM undergoes a thermal freeze-out in the early Universe, some mech-
anism should be at work in order to explain this disparity of cross sections.

Two of these mechanisms have been discussed extensively in the literature. One of
them is invoking a light mediator enhancing DM self-interactions via non-perturbative
effects in small-scale structures [16-19]. The other one is considering DM annihilation
processes in the early Universe that are induced by a relatively strong interaction but
that are nevertheless phase-space suppressed due to the presence of many particles in their
initial state [20, 21]. In both cases, the production of DM proceeds via annihilations within
the hidden sector. In the first case, DM annihilates dominantly into the light mediator



responsible for the self-interactions. In the second case, three or four [22] DM particles
annihilate into two of them. Thus in both scenarios an interaction connecting the DM and
the SM sectors is not necessary for the DM self-interactions or annihilations.! Needless to
say, without such an interaction we will never discover the DM particle and will only be
able to probe it through its gravitational and/or its self-interaction effects.

Although it is possible that after inflation no connector between both sectors has
played any major role for DM annihilation and self-interaction processes, in this work we
explore a third mechanism, largely overlooked to the best of our knowledge, in which the
relic density of SIDM stems from the freeze-out of its annihilations into SM particles. In
other words, we will show that DM self-interacting in a hidden sector must not necessarily
annihilate into particles beyond the SM.

If, as we will assume all along this work, the large self-interaction cross section does not
result from non-perturbative effects associated to the exchange of a lighter mediator, the
DM particle must lie below the GeV scale. Searches of particles beyond the SM severely
constrain such scenarios, basically restricting sub-GeV DM to be a singlet under the SM
gauge group and requiring it to have rather small interactions with the SM particles. This
is the mechanism we explore in this work: even though the DM sector has relatively strong
interactions, its portal to SM particles — which are the dominant annihilation products
of DM — is comparatively small and leads to a thermal freeze-out in agreement with the
observed abundance of DM.

This article is organized as follows. We start off in section 2 by determining the possible
scenarios giving rise to annihilations of sub-GeV DM into SM particles, based on the four
possible portal interactions that are allowed by SM symmetries. From this discussion, only
one scenario emerges, which is based on the portals that include an extra gauge boson.
In section 3, we discuss such scenario in detail and examine the long list of corresponding
experimental and observational constraints. Possibilities of future particle physics tests,
associated to the fact that DM annihilates into SM particles, are also analyzed. Finally,
we present our conclusions in section 4.

2 Four portals for SIDM annihilations into SM particles

2.1 Basic requirements

In order that SIDM annihilates dominantly into SM particles, there is a number of prelim-
inary basic requirements that it must fulfill. These are:

e The DM mass must be below the GeV scale.
As already mentioned above, we do not consider the possibility of a mediator with
mass much smaller than the DM mass mpy, inducing large DM self-interactions
through non-perturbative effects. This is because, if the mediator is a particle beyond
the SM, such an option would easily allow the DM particles to annihilate dominantly

'Such an interaction might be nevertheless necessary for other concerns. For instance, for inducing
the decay of the mediator in order to satisfy BBN and CMB constraints [23] or for establishing kinetic
equilibrium between DM and SM thermal bath in the 3-to-2 framework [21, 24, 25].



into a pair of mediators, rather than into SM particles. If instead the mediator
inducing non-perturbative effects is a SM particle such as a photon or a massive
boson, a sufficiently large self-interaction cross section could hardly be accommodated
without violating experimental constraints [19, 26, 27].

In absence of lighter mediators, provided the associated dark sector couplings,
gp, have perturbative values, the self-interaction cross section can be calculated by
means of the ordinary Born expansion in the small-velocity limit [19]. In this case,
for a self-interaction induced by the exchange of a mediator with mass of order mpyy,
dimensional analysis shows that osi/mpm ~ a% /m3DM, with ap = g% /4m. Taking
ap < O(1), this implies that the DM mass must lie roughly below 500 MeV. This
bound is much lower if the self-interaction mediator is much heavier than the DM
particle.

Kinematically allowed DM annihilation channels.

For such a low mass range, DM must necessarily annihilate into one of the few kine-
matically allowed SM channels: DM DM — vi,vv,ete”, utpu~, vy and DMDM —
uil,dd (i.e. DMDM — 77—, 7970 at the scale under consideration).

DM must be a gauge singlet.

This is a consequence of the first requirement. For instance, particles with SU(2), x
U(1)y quantum numbers and a mass well below the electroweak scale would have
been seen in the decay of the Z boson at LEP [28]. There are exceptions to this
rule, but they entail some degree of fine tuning, so we will not consider them. An
example would have been DM as the CP-even neutral component of a scalar doublet.
It can be light and still escape the bound coming from the width of the Z boson if
the CP-odd component in the doublet has a mass above m.

Extra particles mediating the annihilation are singlets.
For the same reason, any additional non-singlet particle mediating DM annihilations
into SM particles would have to be much heavier than the DM particle, typically
above myz/2 or higher. This would suppress the annihilation cross section by powers
of this high mass. As a result in this case we find that the thermal freeze-out could
only be obtained for couplings on the verge of non-perturbativity.

In order to illustrate this, let us consider the tree-level annihilation of a Dirac
DM particle into neutrinos via the exchange of the neutral component of a SU(2),
doublet in the t-channel. The annihilation is suppressed by four powers of the mass
of the exchanged particle. Concretely, one obtains an annihilation cross section into
neutrinos of a given flavor equal to

4 .2
Y~ MpMm
nni - 2.1
(anniv) 327 m;l) (2.1)

where myg is the mass of the neutral scalar in the t-channel and y is the Yukawa cou-
pling in the interaction £ =y Ly¢¥py. For sub-GeV DM and my of order my, this
gives the thermal freeze-out cross section only for quite large Yukawa couplings, at the



verge of non-perturbativity,? namely, y > 5.6 - (100 MeV /mpy)'/2 - (my/100 GeV) .
Or in other words, imposing y < V47 leads to mpwm 2 200 MeV - (my/100 GeV)?2.
Also, notice that the same type of Yukawa interactions potentially leads to DM anni-
hilations into charged leptons, and that a thermal rate for that channel is forbidden
by indirect detection constraints, as discussed below. As a result of all these, we will
not consider any further such kinds of contrived scenarios.

Note that SIDM annihilations into photons are suppressed not only by the loop
factor but also, in a similar way, by the large mass of the charged mediator in the
loop. The same remarks apply to other processes leading to sharp spectral features,
such as virtual internal bremsstrahlung (since they require a charged mediator in the

t-channel).

The previous four criteria greatly simplify the discussion and highly limit the number
of scenarios where SIDM could freeze out from annihilations into SM particles, as we will
see in the following.

2.2 Four portals to the SM

In a renormalizable theory, if both the DM and the particle mediating the annihilation
process are singlets, they can only communicate with the SM particles via the so-called
portals. They correspond to the four possible ways of building, out of SM fields, a gauge
singlet operator of dimension less than four [31, 32], namely

Vector portal: YsmY bsm
Kinetic portal: F
Higgs portal: H'H
Neutrino portal: LH

where gy is any SM fermionic chiral multiplet, FI/” is the hypercharge field strength, H
is the SM scalar doublet and L is one of the lepton doublets.

On the one hand, the fermion bilinear can only be coupled in a renormalizable way
to a vector boson field, Z;/r On the other hand, the hypercharge field strength can only
couple to the field strength of a vector boson, Z;/u/? through a kinetic mixing interaction

L= —%F#”ZZM (2.2)
Thus, from the exchange of a Z’, both sectors can communicate through either of these
two portals or through both.

As for the HTH bilinear, it can couple to any single scalar operator with dimension
two. The most general form is

L=HH- (i + Nijdios;) (2.3)

2Note that for Majorana or scalar DM, the exchange of a doublet in the t-channel also induces annihi-

lations into neutrinos. However, in those cases, the cross section is even more suppressed than for Dirac
DM, because it is proportional to the neutrino masses (see e.g. [29, 30]). In fact, we did not find any viable
scenario where DM annihilations into SM fermions are suppressed by only two powers of the mass of the
exchanged particle.



where ¢; are singlet scalar fields. Finally, the bilinears LH must couple to fermion singlets,
i.e. to right-handed neutrinos
L =yoLoHvr +h.c., (2.4)

All these portals induce annihilations at tree level. In principle, such annihilations
can proceed in three ways: from a s- or a t-channel exchange and from a quartic bosonic
interaction. We now discuss each case separately:

1. Tree-level annihilation via a Z’ exchange. Since the Z’ couples to a pair of
SM particles, the annihilation necessarily takes place through a s-channel exchange,
either from the vector portal, or from the kinetic portal, or from both. Furthermore,
DM naturally self-interacts at an unsuppressed rate via the exchange of the Z’ boson.
Hence, this scenario is particularly attractive and minimal. We will discuss it in detail
in section 3. It differs from previous SIDM studies involving Z’ bosons by the fact
that here DM is lighter than such particles, and thus does not annihilate into a pair
of them but into SM particles through the s-channel exchange of a Z’. Notice that
models with MeV DM coupled to a heavier Z’ boson have also been considered in
contexts different from SIDM (See e.g. [33, 34] for its implications on the galactic
511keV line).

2. Tree-level annihilation via the Higgs portal. If a field ¢ entering in the Higgs
portal above has no linear interactions -in particular no vacuum expectation value
(¢) and no term pu¢ H'H in the Lagrangian- it can only communicate to the SM
through the interaction £ = A ¢ HTH.

In this case, this field could be a DM candidate and annihilate through a Higgs
boson exchange into light SM particles. However, taking into consideration that (i)
the Higgs boson can not decay into DM with a large rate (in order to avoid the
LHC bound on its invisible decay width), (ii) the Yukawa couplings of light fermions
are very small, and (iii) the Higgs boson is much heavier than the sub-GeV DM
candidate discussed here, we conclude the exchange of a Higgs boson can not mediate
annihilations processes fast enough in order to lead to the observed relic density.

Instead, if there is a Higgs portal interaction linear in ¢ (i.e. u # 0, or A # 0
when (¢) # 0), after electroweak symmetry breaking, the scalar field ¢ mixes with
the SM model scalar and inherits its Yukawa couplings to ordinary fermions. It is
thus unstable and we need an additional particle as DM candidate, which annihilates
into SM fermions via the scalar portal. The tree-level annihilations of such candidate
can take place via the exchange of the two scalar mass eigenstates in the s-channel:
the Higgs boson and the other scalar arising from the mixing. The former case is
excluded in the (i)—(iii) way above. The latter case is also excluded because, even
if the other scalar arising from the mixing is lighter, the corresponding annihilations
turn out to be still quite suppressed because its interactions are still proportional to
the small Higgs Yukawa couplings. Thus, unless we sit on the mg ~ 2mpy resonance
to enhance the annihilation process, the relic density cannot be accounted via the
freeze-out mechanism and this scenario is therefore not viable.



3. Tree-level exchange via the neutrino portal. The neutrino portal requires one or
more right-handed neutrinos. Since it necessarily induces a mixing of these particles
with the SM neutrinos, this portal offers the possibility of having DM annihilations
into active neutrinos. At tree level, for scalar DM as well as fermion DM, there are
three ways to induce such an annihilation, two in the s-channel (via the exchange
of a scalar or a vector particle) and one in the t-channel. In all these cases, this
requires the existence of an extra particle in addition to the DM and singlet neutrinos.
However, the resulting neutrino mixing is highly bounded from above by neutrino-
mass constraints, and the corresponding annihilation cross section turns out to be
too small. Thus, the neutrino portal does not work for our purposes either.

2.3 Surpassing indirect detection constraints

DM annihilations into SM particles can potentially produce a significant flux of cosmic
rays, specially if they are produced in astrophysical systems where the DM concentration
is known to be very high (see e.g. ref. [35]). Likewise, such annihilations also lead to
distortions of the CMB spectrum [36-38] or to a departure from the predictions of standard
Big Bang Nucleosynthesis (BBN) [39, 40]. The non-observation of these phenomena leads
to stringent bounds on annihilations cross sections, specially for sub-GeV DM. In fact, one
finds that an annihilation cross section into SM particles around the thermal freeze-out

value is excluded for such masses, except in two cases:

o [f DM annihilates almost exclusively into neutrinos [41]. The neutrino portal would
have been interesting in this respect because it gives rise to such situation naturally.
Nonetheless, it does not work in the context of SIDM, as mentioned above.

o If DM annihilations are velocity-suppressed. In this case all fluxes are suppressed be-
cause in all the systems from which the bounds are derived, DM moves with very small
velocities compared to the freeze-out epoch [42-46]. More quantitatively, for velocity-
suppressed DM annihilations, the cross section can be expanded as oammiv = bv?,
where v is the relative DM velocity at a given epoch. The observed DM density Qh?
fixes the quantity b. Using the instantaneous freeze-out approximation as reported

in ref. [47], one gets the following relic abundance

9 ey—2
ot — (107X 10°Gev2Y 25)
3 gs(xy)!/% Mpr b 1

where xy ~ 20 is the usual inverse freeze-out temperature, n = 1 for self-conjugate
DM and n = 2 in the opposite case. Taking the relic density equal to Qh? =
0.1199 4 0.0027 [48], the previous procedure leads to values of b of about 1072° cm? /s
for sub-GeV DM. For such values, scenarios with velocity-suppressed DM annihila-
tions are not constrained by indirect searches. Both photo-dissociation of *He and
photon-decoupling processes happen when the DM particles are already highly non-
relativistic. Therefore, CMB and BBN bounds are irrelevant here and the most
stringent constraints can only come from DM indirect searches in dark halos at very
low redshifts. However, even there, current experiments give upper bounds on bv? of



around 10728-10727 cm3 /s [49] (with v < 1072 in dark halos, as given by cosmological
simulations), leaving velocity-suppressed annihilations cross sections unconstrained.

In practice, a velocity suppression in the annihilation process means that the s-wave
piece of the corresponding cross section is not allowed. For the portals which have been
found to be viable above, i.e. the vector and kinetic portals, this is only possible in specific
cases. To see that, suppose that DM annihilation takes place via the s-wave, i.e. with
orbital angular momentum L = 0. In order to exchange a Z’, we must have a state with
total angular momentum J = 1, or equivalently total spin S = 1. This is not possible for
scalar or Majorana DM since they both lead to S = 0; the state S = 1 is symmetric for a
pair of fermions in the L = 0 configuration and is thus banned for Majorana particles. As
a result, if we couple the Z’ boson to scalar or Majorana DM particle, we naturally obtain
velocity-suppressed annihilations and evade indirect detection bounds.

Note that both of these scenarios can hardly be probed by high-energy colliders. For
example, missing-energy searches at LHC are able to exclude thermal freeze-out mechanism
for mpm S O(10) GeV if my 2 50GeV [50]. But if the mediator is also light, thermal
freeze-out of DM only requires much weaker couplings with SM particles, which is well
beyond the reach of high-energy collider experiments. This has been shown in various
so-called simplified model studies (for a recent analysis, see [51]). In contrast, it is well
known that data-intensive experiments at relatively low energy, as well as other precision
measurements, may provide very strong bounds for Z’-portal models at the scale below
GeV [32]. This has been discussed in the previous literature [52, 53] and will be investigated
in the SIDM framework for both Majorana and scalar DM in the next section.

In conclusion, the previous natural list of constraints and criteria point towards a
unique scenario with two variants: Majorana or scalar DM annihilating into light SM
leptons or quarks through a heavier spin-1 particle exchange.

3 Scenarios with a Z’ boson

As said above, a Z’ can be exchanged between the DM particle and the SM sector from the
vector portal, the kinetic mixing portal, or both. In either case, we assume the Z’ to be
associated to a U(1)p gauge interaction with a mass originating from the Brout-Englert-
Higgs or the Stueckelberg mechanisms.

If some of the light SM particles are charged under the U(1)p group and if in addition
there is no kinetic mixing, DM communicates with the SM sector only through the vector
portal. Provided the U(1)p gauge coupling and the corresponding charges are of order
one (as it is the case for the known gauge groups), this possibility is highly constrained by
collider experiments. In particular, the bound myz > 2.1 TeV holds if the Z’ sizably couples
to SM leptons [54]. For a leptophobic Z’, the bound is weaker, but in general still requires
my heavier than few hundred GeVs, depending on its exact couplings to quarks [55-57].
Such heavy Z’ can not induce DM annihilations with perturbative couplings, thus we will
not consider this portal any further (although it could certainly work in special cases where
the relevant gauge couplings have sufficiently small values).



In the following, we will consider the opposite option, where all SM particles have
no U(1)p charges, but where there is a non-zero kinetic mixing interaction, as given in
eq. (2.2), so that the communication of both sectors solely occurs through this portal.

This leads to a highly predictive and minimal scenario, in which all Z’ couplings to SM
particles are known up to the overall multiplicative kinetic mixing parameter. Concretely,
after electroweak symmetry breaking, eq. (2.2) gives rise to the following Z’ interactions

LD gpIfZ, + eeJiZ, + €925 Z,, (3.1)

where JE,, JE; and J are the dark, the QED and the weak neutral currents. The exact
expression of J&,, depends on the dark matter spin, and will be given separately for each
case below. Also, the vector boson couplings to the SM currents are given, to leading order
in the kinetic mixing parameter, by [58]

€ ~ cos by K, € ~ sin Owk , (3.2)
where Oy is the Weinberg angle. It follows that € > ¢ for myz > my. We can thus
safely neglect the interaction term involving J. This in turn means that annihilations
into neutrinos are negligible and only final states including light charged leptons or quarks

can be responsible for the DM freeze-out. Furthermore, this implies that the DM particle
must be heavier than the electron.

3.1 Majorana dark matter

If DM is made of a Majorana fermion y, their current coupling it to the Z’ is given
by JEy = ¥7*v°x. For the DM mass range of interest, the annihilation channels are
xx — Z™ — ff, with f an electron, a muon, an up quark or a down quark (i.e. pions for
the last two cases). For a given fermion of electric charge ¢y and color Ny, the annihilations
cross section is given by

16meaap >p Ny qJ% (1—rp)Y2(2+7rp) 02
3m2 ((rz — 42 +r3,0%,/m3,)

(Canniv) = (3.3)
with 7, = m?2 /mi Summing over all kinematically allowed channel, the relic density is
given by eq. (2.5). We work under the approximation that, for m, > m, terms in eq. (3.3)
associated to the up and down quarks give the inclusive cross section into pions.

As for the self-interaction hypothesis, we have

os1/my =~ 512 Tahm, /my =~ 1cm?/g, (3.4)

where the low velocity limit has been taken. Note that the non-observation of an offset
between the mass distribution of DM and galaxies in the Bullet Cluster has been claimed
to constrain the self-interacting cross section, osi/mpym < 1.25cm?/g at 68% CL [59-61].
However, recent simulations suggest that stronger self-interactions are still allowed [13, 62].
In the following, we will always take 1 cm? /g as a benchmark value for og1/mpy. Modifying
it by a factor of a few would only affect our conclusions mildly.
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Figure 1. Z' portal for Majorana DM. As a function of the DM mass m,, and dark coupling ap,
the solid contour lines show the values of Z’ mass (left) and kinetic mixing parameter e (right)
satisfying the relic density and the self-interaction constraints, as given in eqgs. (2.5) and (3.4). All
shaded regions are experimentally excluded in various ways (see text for details). In the shaded
region at the right-bottom corner, the dark annihilation xyxy — Z’Z’ is too fast to account for the
DM abundance. Non-solid (colored) lines show the expected sensitivities of future experiments.

The relic density and self-interactions constraints just mentioned fix myz and € as
functions of DM mass m, and dark fine structure constant ap. Figure 1 shows the values
we obtain by following this procedure.

As said above, to prevent a fast DMDM — Z’Z’ annihilation leading to a too sup-
pressed relic density, one assumes myz =2 mpy. More exactly, this requirement rather
leads to my 2 1.6mpy after taking into account eq. (3.4). All values not satisfying this
requirement are shaded in grey in figure 1. For a precise value of mz /mpy around 1.6,
the annihilation rate is Boltzmann suppressed (o< e~2"2'/T) just enough to lead to the
observed relic density. In this case, both self-interactions and annihilations constraints are
accounted for by the hidden sector interaction and the condition on the connector € is
that it has to be small enough to play only a subleading role in the annihilation process.
This way of accounting for both constraints in the hidden sector by means of a threshold
effect [47] has been proposed in ref. [63] and is operative here. For smaller (larger) values
of mz /mpym, the DMDM — Z'Z’ annihilation rate is very quickly far too fast (slow) to
account for the relic density. In the later case, myz /mpy = 1.6, the connector interaction
can nevertheless account for it. This is the scenario we consider, which leads to a whole
allowed region in figure 1.

Not surprisingly, figure 1 reflects the disparity of both cross sections. On the one hand,
the self-interaction constraint requires a cross section, eq. (3.4), which is not suppressed in
any way, i.e. a relatively large value of arp and a relatively light mediator, mz < O(1) GeV.
On the other hand, for sub-GeV DM the relic density constraint, eq. (3.3), requires a



suppression of the annihilation cross section. This can only arise from a suppressed portal,
i.e. mixing parameter €. This way of decoupling both cross sections is an easy way to
account for the big difference between them: the annihilation rate is naturally suppressed
with respect to the self-interactions because the portal, which enters only in the annihilation
cross section, is very small. Note that, as figure 1 shows, for mz ~ 2m, the annihilation
cross section displays a resonance, requiring even smaller values of e.

There is a long list of constraints applying to this scenario. The most relevant ones
are shown on figure 1. These are:

e Invisible decay of Z’ in low energy experiments. Due to the large value of ap
and small value of €, when myz 2 2m, (above the blue lines in figure 1), the Z’ decays
invisibly with a branching ratio close to one. Hence, at colliders, the Z’ cannot be
seen directly and the best way to detect it is from the observation of initial state radi-
ation and missing energy. Note that the cross section for such a signal depends only
on myz and on the size of the couplings between the Z’ and the SM particles in the
initial state, i.e. on the size of the ¢ parameter. The BaBar collaboration -searching
for the decay of T(3S) to mono-photon and invisible particles- has constrained the
coupling between Z’ and SM particles for myz < 7.2GeV [64, 65]. This constraint
is shown as a shaded region in figure 1. In addition, the Belle II experiment, which
should start taking data after 2018 [66], has the potential to improve the constraint
on € by about one order of magnitude. In figure 1, the dot-dashed line in the left-top
corner shows the corresponding projected sensitivity, adapted from the mono-photon
search done in ref. [65].

Likewise, by studying the process e Z — e ZZ’, the fixed-target experiment
NA64 at CERN SPS will be able to probe dark photon decays into invisible parti-
cles [67]. The corresponding projected sensitivity (associated to 10! incident elec-
trons) is shown in figure 1.

Interestingly, events associated to the invisible decay of a Z’ boson may be
recorded in neutrino experiments as well. Concretely, if mz < m,+, depending on
its couplings to SM fermions, the Z’ boson might be produced in pion decays and
quickly disintegrate into invisible particles, i.e. DM in our scenario. In turn, the DM
particles might collide against the electron target, leading to detectable scattering
events, similar to the ones induced by neutrinos. Thus, the observed number of such
events can be used to constrain our scenario if the Z’ is lighter than the pion(s).
Using this, the LSND data provides the strongest constraint for very light dark mat-
ter [68]. This is shown by the shaded region labeled as “LSND” in figure 1. Moreover,
using the same search strategy, the SHiP experiment will improve this constraint as
shown in figure 1. The projected sensitivity in the plot corresponds to a yield of 10
electron-scattering events [69].

Also, it has been pointed out that the experiment E137 performed at SLAC
three decades ago provides similar constraints on dark photons [70]. In most of the
parameter region of our interest, they are less stringent than those of LSND and are
thus not shown in our figure.
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e Precision test bounds. When my 2 2m,, this scenario is also constrained by
missing Fr searches at higher energy accelerators, such as LEP and LHC. The current
bound is € < 0.23 for my below few GeV [65]. As Z’' mixes with the SM Z boson, Z-
pole precision measurements also constrain the mixing parameter, giving € < 0.3 [71].
Moreover, anomalous magnetic moment measurements of the electron and the muon,
as well as neutron-nucleus scattering measurements [72], also lead to upper bounds
on €. Nevertheless, all these precision bounds are looser than other constraints and
we do not show them on figure 1.

e Visible decay of Z’. For the case mz < 2m,, (below the blue lines in figure 1), the
Z' boson decays into pairs of SM fermions. This possibility is extensively considered
in experiments looking for dark photons. For instance, searching for the process
70 — ~Z' followed by Z' — eTe™, the NA48/2 collaboration has excluded e > 8x10~7
at 90% CL when the Z’ boson is lighter than the neutral pion [73, 74]. We refer to
ref. [32] for a recent review on this constraint and others from beam-dump/collider
experiments. This leads to the exclusion of the shaded region labeled as “Z’ — e~ e™”
in figure 1. One can see that there still exists a large unconstrained region between
0(107%) < e £ O(1072) for DM masses of few tens of MeVs. Independently of self-
interaction constraints, this feature is also shown in figure 6 of the review [32].

Figure 1 also shows the sensitivities expected to be reached in the future by
various experiments: from the proposed Heavy Photon Search (HPS) [75], looking
for leptonic decays of a dark Z’ boson, and from the dark photon search at the run
3 of LHCDb using charm meson decays [76]. Clearly, these experiments offer real
prospects to probe our scenario.

e Cosmological bounds. As DM annihilation is velocity suppressed, it does not
directly change BBN predictions or the CMB spectrum, as explained above. It can
nevertheless have an indirect effect from the fact that -after neutrino decoupling at
about 1.5 MeV [77]- late annihilations of DM into electron-positron pairs, may reheat
the thermal bath of photons with respect to the cosmic neutrino bath. This leads to
a relatively colder neutrino sector at the recombination time. Taking N¥%; 2 2.9 from
Planck, we obtain that m, 2 7MeV, as shown by the left shaded region “Planck”
in figure 1 [78]. Note that assuming an earlier neutrino decoupling would lead to
a stronger bound. Proposed CMB precision experiments, referred to as “CMB-54”,
intend to reduce the uncertainty on N to 0.01 [79, 80]. This would lead to a stronger
lower bound on m, of about 12 MeV.

Note that observations of supernova explosions only constrain small values of
¢ that are irrelevant here. In fact, kinetic mixing values larger than O(107°) are
enough to avoid that most of Z’ and DM particles escape the supernova core. Thus,
the predictions of our scenario regarding supernovae are indistinguishable from those
of the SM [81].

e Direct searches. The scattering of Majorana DM particles off nucleons is velocity-
suppressed if such process is induced by the exchange of a Z’ boson coupled to a
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vector current of SM fermions. That is the case of the present scenario because, as
said above, for myz < mg, the neutral current J g is approximately decoupled from
the portal interactions. Thus, this scenario can be hardly constrained by current
direct detection experiments.

e Indirect searches. As discussed at length previously, the p-wave annihilation chan-
nels responsible for the relic density are suppressed by at least two powers of the
DM velocity. Moreover, other processes such as virtual internal bremsstrahlung or
one-loop annihilations into photons are suppressed by the mass of the charged medi-
ators that could induce them. One might think that for m, > m,/2, the processes
xx — v are relevant. However, they do not arise in the s-wave configuration as
they require angular momentum J = 1. Consequently, as already anticipated in
section 2, this scenario can not be probed by indirect searches of DM.

From this list of constraints, we conclude that Majorana DM coupled to a slightly
heavier Z’ boson provides a viable model of self-interacting DM, that is still allowed within
a relatively large region of the parameter space. As shown in figure 1, the preferred DM
masses lie around a few tens of MeV. While the HPS experiment and LHCb will probe a
large fraction of the parameter space where the Z’ boson decays visibly, Belle-II and the
SHiP experiment at the CERN SPS will probe part of the region 2m, < myz/, where it
decays invisibly.

Before closing this section, we would like to comment on simple UV completions of this
scenario. Since Majorana fermions can not carry any charge, their Z’ axial current can only
arise from the spontaneous symmetry breaking of the U(1)p symmetry. For instance, the
vev of a single scalar S with twice the U(1)p charge of the chiral DM fermion can induce
both the Majorana mass of this fermion and the mass of the Z’. Also, anomaly cancellation
requires extra fermions charged under U(1) p, introduced either in a chiral way (with several
extra Weyl fermions [83]) or in a vector-like way (assuming a chiral partner for the DM
field, at the price of allowing a new mass scale). The DM can be lighter than all other
hidden sector particles if its Yukawa coupling to S is relatively small with respect to the
couplings determining the masses of S, Z’ and the extra fermions. This is always possible
in the parameter space of our interest, as shown in figure 1. In this case, these additional
particles do not change the phenomenology of interest in this work. The extra fermions
decay into DM particles and their participation in the freeze-out is suppressed. Similarly,
the scalar does not affect the freeze-out, and its contribution to DM self-interactions is
suppressed by powers of the Yukawa coupling. Finally, the scalar S must not strongly mix
with the SM Higgs boson to satisfy bounds from the Higgs invisible decay and other DM
searches.

3.2 Scalar dark matter

If DM is made of a scalar S annihilating into SM particles via a s-channel exchange of Z’
bosons, one obtains a scenario similar to the Majorana case, except for three important

- 12 —



differences: DM is not its own antiparticle,® there is an extra source of self-interaction for
the DM and the direct detection rate is not anymore velocity suppressed.

First of all, let us look at the annihilation process, which is induced by the current
JEy = 1(5*0,8 — 59,5*). In the non-relativistic limit, the corresponding cross section is
given by
Arelaap Zf Ny qJ% (1-— Tf)1/2(2 +1f) v?

3m% ((rz — 4)2 4+ r%, 1'%, /m%,) ’
Summing over all kinematically allowed channels in the same way as for the Majorana case
above, eq. (2.5) fixes the DM relic density.

As for the DM self-interactions, they are induced by the exchange of the Z’ boson,

(3.5)

<Uanniv ~

and possibly by an additional Ls D —\g(S*S)? quartic coupling contribution. Due to the
fact that DM is not is own antiparticle, there are several self-interaction channels, namely,
SS < 8§, §5* +» S§* and §*S* + S*S*. The corresponding averaged cross section in
the non-relativistic limit is

os1 3)\% 61 aQDmS

_ . 3.6
mgs 167rm3§+ m‘é, (3.6)

For the case where one assumes a negligible value of the quartic coupling, the left panel of
figure 2 shows, as a function of mg and ap, the values of m s that one needs in order to
fulfill both the relic density constraint and the benchmark og;/mpy = 1 cm? /g. Likewise,
the right panel of figure 2 shows the corresponding situation when we switch on the scalar
coupling, taking A\g = 0.1 as a sample value.

In the latter case, as shown in the right panel of figure 2, the self-interaction hypothesis
precludes too light dark matter candidates independently of the value of ap, because the
scalar coupling contribution to the self-interaction cross section scales as 1/ m% Also, note
that having a large value of Ag at such a low scale may give rise to a Landau pole below
the electroweak scale (unless there are extra low energy degrees of freedom in the hidden
sector contributing negatively to the B function of this coupling?). For example in a pure
AgS% theory, a value Ag = 0.1 at mg ~ 10 — 100 MeV scale leads to a Landau pole around
the electroweak scale.

As mentioned at the beginning of this section, unlike for Majorana particles, the scalar
case does not lead to velocity-suppressed direct detection cross sections. Although cur-
rently sub-GeV DM is almost unconstrained by direct detection experiments, such an
unsuppressed rate may lead to potential tests in the future. Experiments searching for
nuclear recoil are not so promising in this regard. For example, the most optimistic case
for our purpose is the future SNOLAB experiment which will be able to probe DM particles
with masses down to 0.5 GeV. However, a signal could be seen in experiments searching
for DM-electron collision. For scalar DM communicating with the SM via a Z’-portal,

3For the sake of simplicity, we assume DM to be symmetric, i.e. the abundance of S and S* are taken
equal.

“Notice that a Landau pole can also develop for the scalar S introduced in the UV completion of the
Majorana scenario above. Nevertheless, such Landau pole can be easily avoided because there the heavier
fermions introduced for anomaly cancellation provide such negative contribution.
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Figure 2. 7’ portal for scalar DM. As a function of the DM mass mg and dark coupling ap,
the solid lines show the Z’ mass satisfying the relic density and the self-interaction constraints,
as given in egs. (2.5) and (3.4), for two choices of the scalar self-coupling Ag. Results are similar
to the Majorana case above, specially for Ag ~ 0. In the shaded region at right-bottom corner,
the dark freeze-out from SS — Z'Z’ is too fast to account for the DM abundance. In the right
panel, a lower bound mg 2 5.4MeV holds due to the non-zero quartic coupling contribution to

~

the self-interactions. Note that future direct detection experiments with semiconductor targets are

expected to probe all the allowed region [82].

this has been studied in for XENON10 [84, 85] . Here, the collision cross section is given
by e ~ 16me2apam?/m?,. Lastly, future experiments with semiconductor targets are
expected to be able to probe the whole parameter region allowed today [82].

4 Conclusions

In this work, we have shown that it is possible for a self-scattering DM particle (with a
strength capable of addressing the small scale structure problems of the CDM paradigm)
to freeze out dominantly from annihilations into SM particles.

We have argued that this is only possible if the DM mass lies below the GeV scale.
Barring large fine-tuning, this immediately implies that DM must be a singlet of the SM
gauge group. The same remark applies for any particle mediating the annihilation process,
because otherwise such mediator would need to be around the electroweak scale or above,
and the corresponding annihilation rates would be suppressed. These facts together imply
that the DM and the SM sectors must be connected through one or several of the four SM
singlet portal interactions, associated to a scalar boson, a right-handed neutrino and a Z’
massive gauge boson.

We have shown that only the option of a Z’ boson coupled to Majorana or scalar DM
passes all the experimental constraints. From its simplicity and the fact that it does not
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require any special tuning, this scenario constitutes an attractive way to accommodate
both DM large self-interactions and the relic density constraint. Here, the huge difference
between the self-interaction and annihilation cross sections is not due to any special mech-
anism taking place; it is simply due to the fact that the portal interaction, which enters in
the annihilation but not in the self-interaction, is suppressed. Furthermore, this scenario
offers possibilities of particle physics tests.

Quantitatively, figure 1 (for the Majorana case) and figure 2 (for the scalar case)
summarize the various constraints and future possibilities of testing it or ruling it out. For
the scalar case, in addition to the constraints shown in figure 2, semiconductor target direct
detection experiments have the potential to probe all the parameter space allowed today.
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