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1. Introduction

As of today, the most conventional paradigm for dark matter (DM) has been the so-called
Weakly Interacting Massive Particle (WIMP). In the WIMP scenario, the DM is produced in the
early Universe through the freeze-out mechanism, leading typically to the correct DM relic abun-
dance for electroweak size couplings and masses. This is however not the only possibility to obtain
the right DM abundance. By varying the DM mass, its coupling strength to the Standard Model
(SM) and/or within the dark sector, one can generate DM through different mechanisms during the
cosmological evolution of the Universe, see e.g. [1, 2, 3]. In some parts of this parameter space,
the DM happens to be very feebly coupled to the SM, i.e. with couplings much more suppressed
than for the WIMP case.

We will study in details the mechanism of dark matter production in the early universe, focus-
ing mainly on the cases when the interactions are feeble. In particular, we will highlight the main
features of an intermediate stage of DM coannihilation freeze-out happening out of chemical equi-
librium (CE) with the SM plasma, also called conversion driven freeze-out. Such a scenario has
already been pointed out in [3] and mainly studied for dark matter coupling to quarks [3, 4]. Here
instead we focus on the case of a leptophilic dark matter model. Conversion processes between the
mediator and the dark matter will play a central role in defining the evolution of the DM abundance
and they will have to be taken into account in the study of the DM/mediator Boltzmann equations.

The feeble coupling of the DM to the mediator that will be considered, allows for a macro-
scopic decay length of the mediator that can be observed at colliders through e.g. charged and/or
disappearing tracks. Recently, searches have been devoted to such long lived particle signatures
arising in DM models, that we will study here (see also [5] for more details). Notice that due to the
feeble coupling involved, direct and indirect detection dark matter searches are challenging. Un-
conventional signatures at the LHC can hence provide the main experimental probes for the class
of models studied here.

In Sec. 2, we will introduce a simplified leptophilic DM model serving as an illustrative case
to discuss the early Universe dark matter production in Sec. 3 and collider prospects in Sec. 4.
Finally, we will conclude in Sec. 5.

2. The Model

We work in a minimal extension of the Standard Model (SM) involving a Majorana fermion
x dark matter coupled to SM leptons through the exchange of charged scalar mediator ¢. The
Lagrangian encapsulating the BSM physics reads

1_ my _ _
LD Exy“%x—?xxx—i—(D“(l))T D"¢ —my|o|* — A 0%k — AyH'HO'9 + he.  (2.1)

where m, is the dark matter mass, my is the mediator mass, A, denotes the Yukawa coupling
between the dark matter, the right handed SM lepton I and the mediator and Ay denotes the
quartic coupling of the mediator to the SM Higgs, which we set to 0.1 as an illustrative case. We
have assumed that a Z, symmetry prevents the dark matter to decay directly to SM particles. Both
X and ¢ are odd under the Z, symmetry while the SM fields are even and we assume my > my.
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Here, we study DM coupling to leptons only, i.e. g = eg, Ur, Tr, and present all our results for the
Ir = Ug case. The case of a DM feebly coupled to quarks has been studied in a very similar model
in[3, 4, 6, 7].

Considering the minimal SM extension of Eq. (2.1), there are three free parameters in our
model, the dark matter mass m,, the mediator mass my and the Yukawa coupling A,. Here in
particular, we exchange the mediator mass for the mass splitting Am = my —m,, to obtain a minimal
set of free parameters of the model we will consider.

3. Dark Matter Abundance

In order to compute the number density evolution of a set of species in kinetic equilibrium,
one has to solve a coupled set of Boltzmann equations taking the form:

: YY, %Y YY, Y
H 7’:_2 . 7y _2 » P . 2 31
XS dx Yij—ki (YieqY;zq YkeqYleq> ‘ Yij—k (Yieqyjeq Ykeq (3.1

Jk Jk

where ¥; = n;/s is the comoving number density of the species i, s is the entropy density, the eq
superscript refers to equilibrium, x = m, /T with T the thermal bath temperature, and H = H (x) is
the Hubble rate at time x. Here we have considered contributions from 4 and 3 particle interactions
inducing the ¥;_,x and ¥;;_ reaction densities. There is a direct correspondence between these
reaction densities and the thermal averaged scattering cross sections/decay rates going as follows:

YVij—kl = //d¢id¢jfieqf;q//d¢kd¢l(27r)464(pi+pj_Pk_pl)‘///ij—>1d|2

= n;'n(Gijsmvij) (3.2)
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where K » denote the Bessel functions, |.# |? are the squared scattering amplitudes summed (not
averaged) over initial and final degrees of freedom and d¢; = d°p;/(2E;(27)*). We neglect quan-
tum statistical effects and we use the Maxwell Boltzmann equilibrium distributions f;. In the dark
matter model considered here, the charged mediator ¢ is always in CE with the SM thermal plasma
at early times because of gauge interactions. In contrast, in e.g. the context of conversion driven
freeze-out, suppressed DM-mediator conversion processes may prevent chemical equilibrium (CE)
between ) and ¢. Therefore, the following Boltzmann system has then to be solved (see e.g. [3]):
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Figure 1: Evolution of the DM (purple) and mediator (orange) yield Y as a function of the inverse temper-
ature x for my, = 150 GeV. The orange and purple dashed lines denote respectively the DM and mediator
equilibrium yield. LEFT: Am =4 GeV is chosen in a way that mediator driven freeze-out reproduces the cor-
rect relic abundance for A, = 1073, RIGHT: Am = 1 GeV such that conversion driven freeze-out reproduces
the correct relic abundance for 4, =8 x 1077,

where ¥ = ¥jqp, With @, some SM particles in equilibrium with the bath, ¥, includes
all conversion processes, i.e. both decays and scatterings ¥y .9 = (YXOHdJﬁ + }’xa_>¢), Yy is the
summed contribution of both the mediator and its antiparticle and we will use x = my /T.

In order to study the dependence of the DM relic abundance on the parameters of the model
under study, we will numerically solve eq. (3.4) and (3.5) and establish different possible produc-
tion mechanisms that could give rise to the correct relic density Q4% = 0.12 [8]. First, let us assume
that the Yukawa coupling constant A, is relatively large (A, > ¢/(107)). In this scenario, DM will
be produced through the well studied freeze-out mechanism where initially, the processes that keep
the DM in contact with the SM bath are efficient (i.e. ¥ > Hnj') such that the DM particle is in
equilibrium with the SM bath. We can subdivide the freeze-out regime into two scenarios. Firstly,
DM can be kept in equilibrium (until it undergoes freeze-out, which in this case we will refer to
as DM freeze-out) through its annihilation processes y xy — SM SM when A ~ ¢/(0.1 —1). These
values of the coupling are necessary since the cross section of the processes keeping DM directly
in equilibrium with the SM highly depends on the value of this constant (G, ~ l;g). Therefore,
for smaller values of A,, these annihilation processes are inefficient throughout the whole evolution
of the Universe. In this case, DM can be kept in equilibrium though its mediator ¢ via conversion
processes Y SM — @SM. These processes keep x in equilibrium with ¢, while ¢ itself is in equi-
librium with the SM bath through gauge interactions until it freezes out itself. This makes that
and ¢ will freeze-out at the same time, as can be seen in Fig. 1(a). We will dub this scenario as
mediator driven freeze-out regime.

Just as the DM annihilation processes depend on A,, so do also the conversion processes,
although less heavily (Gpny ~ l%). For Ay ~ 0 (1077 — 10*6), the conversion processes will be on
the edge of being efficient, i.e. ¥y .o ~ H n;q such that DM will not be produced through freeze-out
(including mediator driven freeze-out) but through a novel production mechanism called conversion
driven freeze-out. Here, ) will not be able to reach complete equilibrium with the mediator as can
be seen by studying the evolution of the DM yield Y (x) in Fig. 1(b). The DM abundance will
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Figure 2: Viable parameter space for DM abundance through DM freeze-out (above the green line), mediator
driven freeze-out (on the green line) and conversion driven freeze-out (below the green line). Contours
denoting Qh* = 0.12 obtain through conversion driven freeze-out for fixed value of the Yukawa coupling
A, /1077 are shown with blue lines.

initially rise after which, due to the fact that the conversion processes are just efficient enough, it
will start to convert back to the mediator however in a less efficient way as would happen during
mediator driven freeze-out causing the relic density to be larger. Therefore, if mediator driven
freeze-out cannot account for enough DM for a specific set of parameters, we can obtain the correct
relic abundance by lowering the value of the coupling constant A, and producing DM through
conversion driven freeze-out to obtain the observed amount of DM in our Universe today.

Fig. 2 denotes in which region of parameter space the three previously discussed DM pro-
duction mechanisms can reproduce the correct relic abundance. The green line denotes for which
values of m, and Am, mediator driven freeze-out can account for all dark matter. This can be done
for many different values of A, ranging from about 107° to approximately 10~2. For values of my
and Am above the green line, DM freeze-out will reproduce the correct relic abundance, while for
all values below the line, conversion driven freeze-out will do this. In the latter case, the value of
Ay has to be of the order of 1077 — 107° as denoted by the blue contours. This will give interesting
signatures at collider experiments, as will be discussed in the following section.

4. Distinct Signatures at the LHC

The small Yukawa couplings necessary to reproduce the correct DM relic abundance through
conversion driven freeze-out implies a small decay width of the charged mediator through the
process ¢ — xl. For Am < my, the decay rate for ¢ — x/ reduces at first orders in Am to:

oo At T 2am) 1 (A NP Am ) (100 GeV @1
* anm, my | 25em \ 1076/ \1GeV my ‘

when neglecting the lepton mass (m; < m,,my). The testable signatures at colliders for this class

of model is hence the pair production of charged mediators through gauge interaction and possibly
their subsequent macroscopic decay into DM plus leptons. Depending on the lifetime of the medi-
ator, three different signatures can be observed at colliders. Firstly, the lifetime of the mediator can
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Figure 3: Proper life time of the mediator as a function of the dark matter mass. The blue contours reproduce
the correct relic abundance in the (my,cTy) plane for different values of the mass-splitting Am. The gray
dotted line separates the conversion driven (top) from the mediator driven (bottom) freeze-out regime. The
excluded regions resulting from heavy stable particle searches (HSCP, red region, solid (dotted) line denotes
constraints from 13 (8) TeV searches) and disappearing tracks searches (DT, green (ATLAS) and pink (CMS)
region) are also shown.

be long enough in order to escape the detector completely, leaving a charged track in the tracker.
When the decay happens inside the detector, the track will stop and is referred to as a disappearing
track. Finally, if the decay products of the mediator (apart from the DM) can be reconstructed, a
pair of displaced leptons can be observed.

CMS [9, 10, 11, 12, 13] and ATLAS[14] have put constraints on long lived particle signatures.
Their projection in the my-c7 plane in our model is shown in Fig. 3, together with contours where
the correct relic DM abundance is reproduced by mediator or conversion driven freeze-out for fixed
values of the mass splitting Am. While we see that searches for charged and disappearing tracks put
bounds on our model, the displaced lepton searches do not. This is due to the small mass splitting
that is required to reproduce the correct relic DM density making the leptons originating from the
decay of the mediator very soft and hard to reconstruct.

5. Conclusion

We have described the effect of varying the parameters of a simplified leptophilic DM model
on the way of producing dark matter. In particular, we discussed in detail the differences between
DM freeze-out, mediator driven freeze-out and conversion driven freeze-out by taking into account
explicitly the mediator abundance. The latter production mechanism has only been pointed out
recently and can reproduce the correct relic abundance for small values of the Yukawa coupling
and a compressed mass spectrum. We have also pinpointed the viable parameter space in order to
account for all the DM in the three different production regimes.

Finally we have addressed the collider constraints on the model under study. Interestingly
the feeble coupling involved gives rise to a long lived mediator that can a priori be tested through
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existing searches for heavy stable charged particles, disappearing charged tracks and, possibly,
displaced leptons. We have recasted existing searches and projected the results within our scenario
as shown in Fig. 3. As can be seen, only disappearing charged tracks and heavy stable charged
particle searches provide relevant constraints on the parameter space. Displaced leptons can not
help to further test our DM scenario due to the compressed mass spectrum. At this point, a large
part of the parameter space is left unconstrained.
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