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Abstract

We study a simplified Dark Matter model in the Dark Minimal Flavour Vio-
lation framework. Our model complements the Standard Model with a flavoured
Dark Matter Majorana triplet and a coloured scalar mediator that share a Yukawa
coupling with the right-handed up-type quarks with the coupling matrix A\. We ex-
tend previous work on this topic by exploring a large range of cosmologically viable
parameter space, including the coannihilation region and, in particular, the region
of conversion-driven freeze-out, while considering constraints from D° — D° mix-
ing as well as constraints from direct and indirect Dark Matter searches. We find
various realisations of conversion-driven freeze-out within the model, that open up
allowed windows of parameter space towards small mass splittings and very weak
Dark Matter couplings. Finally, we probe the model by reinterpreting current LHC
searches for missing energy and long-lived particles. We point out gaps in the cov-
erage of current constraints as well as new opportunities to search for the model at
the LHC, in particular, the charge asymmetry in single-top production associated
with jets and missing energy.
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1 Introduction

As of today, one of the strongest indications for the presence of New Physics (NP) beyond the
Standard Model (SM) is the evidence for the existence of Dark Matter (DM) in our Universe.
While the DM mass scale is a priori a free parameter, a popular assumption for its particle
nature is the so-called WIMP — a weakly interacting massive particle with a mass around the
electroweak scale. Indeed, this option is well-motivated both theoretically and phenomeno-
logically. On the one hand, the presence of new weakly coupled particles around the TeV
scale is typically required in NP models addressing the hierarchy problem, providing the ex-
citing opportunity to link the issue of naturalness to the DM puzzle. On the other hand, the
WIMP paradigm predicts the DM relic abundance in the right ballpark for weakly coupled DM
candidates in this mass range. Furthermore, WIMP DM can be tested both by current DM
direct detection experiments and by particle physics experiments at the Large Hadron Collider
(LHC). Indeed, a variety of such DM searches have been performed over the past years, but
so far failed to provide any direct evidence for DM. These null results, in turn, place stringent
limits on the parameter space of DM and put simple WIMP models under severe pressure.
An appealing solution to this tension is provided by the introduction of a non-trivial flavour
structure into the dark sector. Flavoured DM (FDM) models assume the presence of three



matter generations in the dark sector together with their flavour-violating coupling to the SM
matter [1-8]. While early FDM models have been restricted to the Minimal Flavour Violation
hypothesis [9-12], over the past decade a series of studies of FDM models beyond Minimal
Flavour Violation have been carried out in both the quark [13-17] and lepton [18-22] sectors.
A convenient choice is the assumption of Dark Minimal Flavour Violation (DMFV) [13] which
allows for a single new source of flavour violation beyond the SM Yukawa couplings. While
capturing the phenomenological effects of new flavour-violating interactions, DMFV keeps the
number of new parameters manageable.

Previous studies of DMFV models have provided a broad picture of their phenomenology.
Relevant constraints arise from the observed relic abundance in the Universe, flavour-violating
observables, DM searches in direct and indirect detection experiments and at the LHC. In
terms of the LHC discovery prospects, quark-flavoured DM models are much more promising
than their lepton-flavoured counterparts due to the QCD charge of the mediating particles
implying sizeable production cross-sections. In addition to the flavour-conserving di-quark and
missing transverse energy (Fr) final states that are constrained by standard LHC searches for
supersymmetric squarks, the flavour structure of the dark sector also induces flavour-violating
final states. The latter are most easily accessible in models that couple the dark sector to the
up-type quarks of the SM, since top quarks are experimentally distinct from light quark jets.
The resulting single-top final states have been shown to significantly extend the reach of LHC
searches [23].

Apart from the type of SM fermions to which the dark sector couples, FDM models are
also characterised by the particle nature of the DM flavour multiplet and the mediator par-
ticle. While in most previous analyses, these have been assumed to be Dirac fermions and a
scalar boson, respectively, in Ref. [17] the case of Majorana DM coupling to right-handed up-
type quarks via a scalar mediator has been investigated. The phenomenological implications
can be directly compared with those of the analogous model with Dirac DM [14], exhibiting
crucial differences in all aspects of the model’s phenomenology. On the one hand, mediator
pair-production at the LHC receives a significant enhancement by Majorana-specific same-sign
t-channel contributions. The latter also gives rise to Majorana-specific signatures which we
explore further in Sec. 5. On the other hand, signals in direct and indirect detection exper-
iments get suppressed in the Majorana case. At the same time, the flavour phenomenology
gets altered due to additional contributions to the constraining neutral meson mixing process,
thus opening up parameter space for new phenomena in rare and CP-violating processes. Last
but not least, also the DM freeze-out is qualitatively affected by the Majorana nature of DM,
leading to a p-wave suppression of DM annihilation into light final states. In the present paper,
we revisit the Majorana FDM model of Ref. [17] and explore in greater depth several aspects
of its phenomenology.

Previous analyses of FDM models have typically focused on two limiting benchmark cases
for the DM freeze-out in the early universe, assuming either a significant mass splitting in the
dark sector, such that only the lightest, stable flavour contributes to the thermal annihilation
cross section (“single flavour freeze-out”), or a negligible mass splitting between the dark
flavours, such that they all yield a relevant contribution (“quasi-degenerate freeze-out”). In
the present work, we instead consider the generic case. On the one hand, we systematically
study the effect of intermediate mass splitting between the various NP states, which leads
to sizeable coannihilation effects in the process of DM freeze-out. On the other hand, we
explore a wide range of couplings between the NP particles that go beyond the validity of
the assumptions commonly made within the WIMP paradigm. In particular, we examine a



variety of realisations of conversion-driven freeze-out [24,25] within the model. In this freeze-
out scenario, the coupling of the DM state can be orders of magnitude weaker than that of a
WIMP, consistent of course with the null-results in canonical WIMP searches. At the same
time, the heavier states of the DM multiplet and/or the scalar mediator can drive efficient
annihilation in the early Universe due to sizeable couplings to the SM. This opens up several
interesting variations of the model that lead to cosmologically viable freeze-out scenarios that
have not yet been explored.

The computation of the relic density is more involved than in the case of a WIMP. The
chemical equilibrium between the NP particles cannot be assumed in conversion-driven freeze-
out, since the chemical decoupling of DM is initiated by semi-efficient conversion processes
between DM and the heavier NP states. In fact, the chemical decoupling within the NP sector
generally interferes with the decoupling of the NP sector from the SM bath [24]. Hence, to
compute the relic density, a coupled set of (four) Boltzmann equations has to be solved.

The remainder of this paper is structured as follows. In Sec. 2, we introduce the model under
consideration. In Sec. 3, we detail the DM relic density computation and discuss possible freeze-
out scenarios. In Sec. 4, we perform several phenomenological scans in the identified scenarios.
Finally, collider signatures and constraints are studied in Sec. 5 before concluding in Sec. 6.
Appendix A provides analytical expressions for the annihilation and conversion rates used in
the relic density computation while in App. B we show exemplary solutions of the Boltzmann
equations for the evolution of the particle abundances.

2 Particle physics model

The simplified Majorana FDM model that we consider in the present analysis was originally
introduced in Ref. [17]. DM is represented by a Majorana fermion y which is singlet under the
SM gauge group but transforms as a flavour triplet under a new approximate global flavour
symmetry O(3),, in the dark sector. Its coupling to the right-handed up-type quarks of the SM
is mediated by a scalar field ¢ which carries the same gauge quantum numbers as the up-type
quarks, i.e. ¢ ~ (3,1,2/3). To ensure DM stability, the new fields are further charged under
a discrete Zo symmetry. The Lagrangian is given by

1, _ _ _
L = Lsu+ 3 (zx@x — Mxxx) — (MNijurix;j¢ +h.c.)
2
+(Dud) (D0) = mEolo + Ao oHH + Ags (610) (2.1)
where Y is a four-component Majorana spinor. The model is assumed to obey the Dark Minimal

Flavour Violation (DMFV) hypothesis, which requires the flavour-violating coupling matrix A
to be the only new source violating the flavour symmetry of the model

gﬁavour = U(3)Q X U(s)u X U(B)d X 0(3)X (22)
The DM mass matrix M, can thus be written as
M, = m, [11 +nRe(ATA) + OO (2.3)

in terms of the DMFV spurion expansion.
The flavour-violating coupling matrix A is a generic complex 3 x 3 matrix. However, the



flavour symmetry O(3), renders three of its parameters unphysical, which can hence be re-
moved by appropriate field redefinitions. The remaining 15 physical parameters of

A=UDOd (2.4)
are then

e three mixing angles 0;; and three complex CP phases d;; of the unitary matrix U,

e three real non-negative coupling parameters D;, ¢ = 1,2,3 which form the diagonal
matrix D,

e three mixing angles ¢;; of the orthogonal matrix O, and
e three complex phases 7; of the diagonal matrix d.

The details of the parametrisation can be found in Ref. [17]. Note that the matrices O and d
are present only in the Majorana case, due to the smaller flavour symmetry compared to the
Dirac case studied in Ref. [14].

For the same reason, in the Majorana case the DM mass matrix (2.3) is not diagonal per se,
i.e. it has to be diagonalised through an Autonne-Takagi factorisation [26,27], M, = WTMXD W,
where MP = diag(my,,my,, my,) with my, > my, > m,, and W is an orthogonal matrix.
Thus the third dark generation is the lightest state and forms the DM of the Universe. This
procedure transforms the coupling of the DM triplet x to the up-type quarks up into

A= wT. (2.5)

The quartic couplings Afry and Agp in the extended scalar sector are not relevant for the
remainder of our analysis and we set them to zero in what follows.

3 Dark matter relic density

In this section we discuss the computation of the DM relic density, extending the standard
thermal WIMP scenario by coannihilation and conversion effects present in our model. We
then introduce various scenarios capturing the different possible freeze-out dynamics.

3.1 Boltzmann equations

To compute the relic density of DM, we solve the Boltzmann equations for number densities
n; of species ¢ in the early Universe. Since the model contains four mass eigenstates in the NP
sector, x1,2,3 and ¢, this is generally a set of four coupled differential equations. Considering
the comoving number density Y = n/s (where s is the entropy density) and using z = m,, /T



to parameterise its evolution in time, the Boltzmann equations read:
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The first line of the right-hand side of each equation describes the annihilation processes, where
(0v)ij—k denotes the thermally averaged cross section times Mgller velocity for the process
ij — kl (see App. A). The following lines describe conversion processes via scattering with
rates I';j k1 = (00)ij—ki njq and via decay, where l:i_,{k} =Ly K1 (mi/T)/ Ka(m;/T) is the
thermally averaged decay rate of the species i decaying into particles {k}. Here K, is the
modified Bessel function of the second type of order n. The equilibrium number density of
species ¢ is given by

S Tm?g; m;
yea — M 2Mibi g <J) 3.3
¢ s on2s A\T )’ (3.3)

where g; are its internal degrees of freedom. In Egs. (3.1) and (3.2), Yy is the sum of the
abundances of the mediator and its antiparticle and (o) 44— g9, is @ shorthand notation for
the sum (00) ypt 99 T (V) st gt + (V) gp—qqr Where for each process we have summed over
the final state quark flavours. Analytical expressions for the cross sections and decay rates
involved are given in App. A.

Assuming that the particles of the NP sector, y;, ¢, are in chemical equilibrium with each
other,

Yy _ Yy _ Yo

Vel T v Ty
we can apply the well-known coannihilation approximation, which reduces the above set of
equations to a single Boltzmann equation for the sum Y = " Y,, + Y4. The corresponding
collision operator then contains an effective annihilation cross section only [28].

This approach is viable if the conversion rates involved are large compared to the Hubble
expansion rate, ['cony > H, throughout the freeze-out process. However, since we are interested
in exploring the general case including the regime of conversion-driven freeze-out, we explicitly
consider the coupled system Egs. (3.1) and (3.2). Nevertheless, whenever justified, to improve
numerical stability, we reduce this system to a suitable subset of equations by considering
the sum over a subset of states among which we can assume chemical equilibrium due to
highly efficient conversions. In this case, the Boltzmann equations for this subsector contain
an effective annihilation cross section and an effective conversion rate for each NP state that
does not belong to this subsector. A similar approach was considered in Ref. [29].

(3.4)



3.2 Freeze-out scenarios

The rich structure of the considered model allows for a variety of cosmologically viable scenar-
ios, i.e. scenarios that explain the measured relic density, Qpyh? = 0.12 [30]. In this subsection
we present a qualitative discussion of the different possibilities.

Canonical freeze-out. For sizeable couplings of all y;, the DM relic density is generated via
canonical freeze-out. For small mass splittings between DM and (one or some of) x1, x2, @,
coannihilation effects can be significant. In particular, these effects allow one to consider smaller
DM couplings while still ensuring sufficient dilution of DM, provided that the annihilation
cross section of the coannihilator(s) involved is sufficiently large. We refer to this case as the
canonical freeze-out scenario. This scenario is divided into further sub-scenarios in section 4.2.

Conversion-driven freeze-out. The DM coupling can be so small that its contribution to the
DM dilution is completely negligible compared to the pair annihilation of the coannihilators. In
this case, the annihilation cross section of the coannihilators dominates the total dilution of the
NP particles, and the relic density appears to become independent of the coupling of the DM
state. However, the latter is only true as long as conversions between DM and coannihilators
are sufficiently efficient to maintain chemical equilibrium in the NP sector. For very weak
DM couplings, the conversion rates become inefficient and initiate DM freeze out. Within this
conversion-driven freeze-out [24] scenario, a dependence of the relic on the DM coupling is
reintroduced.

In general, both the heavier states y; or ¢ can act as coannihilators. In the case of the
former, the realisation of a conversion-driven freeze-out requires a certain hierarchy in the
Yukawa couplings of x;. While the coupling of a coannihilating state x; needs to be large,
that of DM — which governs the conversion rates — needs to be very weak, typically of the
order of 107 [24] (or somewhat larger if DM couples predominantly to the top quark [31]).
Interestingly, the pattern of mass splitting within the DM multiplet is related to the coupling
matrix in the considered model, see Eq. (2.3). Furthermore, due to the helicity suppressed
X; pair-annihilation process, its cross section is significantly larger for a coannihilator y; that
couples predominantly to the top. Note that in general more than one y; state can be very
weakly coupled. Therefore a variety of phenomenologically different realisations occur.

In the following, we introduce a naming scheme in which we specify the (dominant) coanni-
hilator as well as the number of very weakly coupled states and their flavour structure. Cxny
denotes a scenario with a coannihilator X (either a heavy y state or ¢) and n very weakly
coupled states x; with dominant coupling to the quark flavour f. In Tab. 3.1 we illustrate
the naming scheme by listing the different scenarios. Note that the list is not exhaustive, but
includes all the limiting cases discussed here.

4 Phenomenological scans

4.1 General scan setup

In this section, we perform a global analysis in which we determine the valid parameter space of
our model using constraints from flavour observables, direct and indirect detection, and the relic
density. Current constraints from collider searches and future prospects are discussed in Sec. 5.



Table 3.1: Naming scheme of scenarios within the conversion-driven freeze-out regime con-
sidered in this paper. The upper part of the table collects scenarios where the
freeze-out is driven by x;—x; conversions, while the lower part shows scenarios
where the freeze-out is driven by x;—¢ conversions. Note that the ‘<’ symbol used
in the mass hierarchy display is intended to indicate sufficient splitting to sup-
press a significant contribution from coannihilation effects. For the three scenarios
marked with an asterisk, we present a detailed analysis.

name mass hierarchy very weakly coupled dominant DM coupling

* Cxlu Myy < My < My X3 5\~u3
Cxlt  myy <y, < myg X3 A3
Cy2u My, <My KMy X2, X3 Au3

x Cgly My <mg < My, X3 5\~u3
Coly  myy <mg < My, X3 f‘t3

* Cy2y Myps < Mg K My, X2, X3 Au3

With respect to the relic density calculation, we distinguish between a canonical WIMP freeze-
out and a conversion-driven freeze-out scenario, described in Sec. 4.2 and Sec. 4.3, respectively.
In both scenarios, we require the predicted relic density to match the experimentally measured
value, Qh% = 0.1204:0.001 [32], within an assumed theoretical uncertainty of 10%. Our analysis
of the constraints from the flavour and (in)direct detection experiments can be summarised as
follows:

Flavour constraints The flavour structure of the coupling matrix \is subject to strong con-
straints from flavour observables. Since in our model DM is coupled to up-type quarks, the
relevant process in this case consists of DYDY mixing with AC = 2. Most importantly, the
Majorana nature of DM gives rise to an additional contribution to this process, where in con-
trast to the usual box diagram the fermion lines of the dark particles in the loop are crossed
leading to a relative sign between both contributions [17]. Thus, this additional contribution
can lead to destructive interference, opening up important parameter space. However, this
feature comes at the cost of tighter constraints outside the interference region: the crossed
fermion line diagram is proportional to the diagonal elements of ), and thus it constrains the
couplings D1 and Ds even in the flavour-conserving case with 60;; = ¢;; = 0. We refer the
reader to Ref. [17] for more details. To constrain the D meson system we use the numerical
values given in Refs. [33-37].

Direct detection constraints The absence of a signal in direct detection experiments con-
strains the parameter space of our model. For Majorana DM, the strongest constraints typi-
cally arise from spin-independent DM-nucleon scattering, since this process is coherently en-
hanced by DM scattering from all nucleons in the nucleus. In our model, however, the leading
dimension-six operators xxqq and (X7*x) (¢y.q) vanish due to the chiral coupling structure
and the DM being a Majorana fermion. A proper analysis of the direct detection constraints
therefore requires not only the consideration of spin-dependent DM-nucleon scattering, but also
the inclusion of loop-induced DM-gluon scattering contributions to the spin-independent scat-



tering cross section. A full description of how both the spin-dependent and spin-independent
scattering cross sections are calculated can be found in Ref. [17]. Here we use updated limits
obtained from Ref. [38].

Indirect detection constraints. In the DM mass range between 200 GeV and 1 TeV, cosmic-
ray antiprotons provide a particularly strong constraint on the annihilation cross section of
DM in our Galaxy. Note that the s-wave cross section of the processes x3x3 — ¢@ is helicity
suppressed. Accordingly, only annihilation in ¢ proceeds at a significant rate in our Galaxy,
since the p-wave contribution to ov is proportional to v? ~ 1076. Therefore, we compute the
cross section x3x3 — ¢t and confront it with the corresponding limits taken from Ref. [39].

In the global analysis we scan over all 18 free parameters of our model, i.e. the 15 parameters
contained in the coupling matrix A and described in Sec. 2, the parameter 7 from Eq. (2.3)
which governs the DM mass corrections, as well as the mass parameters m, and mg. The
scan ranges depend on the different freeze-out scenarios considered below, and are therefore
defined and motivated separately for each scenario. To determine the allowed parameter space
of our model, for each randomly generated point we first compute the DM mass matrix M,
via Eq. (2.3), diagonalise it and then determine the coupling matrix A as defined in Eq. (2.5).
Using A we then calculate all the relevant observables discussed above and compare them with
their experimental measurements or upper bounds to determine if the point is allowed or not.

4.2 Canonical freeze-out scenario

In this scenario, we consider large couplings and mixing angles of the y; states, which make the
conversion rates between all Zo-odd particles efficient, so that chemical equilibrium between
them is maintained during the freeze-out. Accordingly, the DM genesis proceeds via the
canonical WIMP freeze-out in the early Universe. Based on the mass hierarchy of Zs-odd
particles, this scenario can be further divided into sub-scenarios, as already done in Ref. [17].
There, only two discrete freeze-out scenarios were considered, which were defined as follows:

e The Quasi-Degenerate Freeze-Out (QDF) scenario, where the mass splittings

Amig = Xt ] (4.1)

Mxs
between the lightest and the heavier dark flavours i € {1,2} are assumed to be smaller
than 1%. For such small mass splittings, the decay of the heavy flavours into lighter states

is kinematically suppressed, such that all dark flavours are present at and contribute to
the thermal freeze-out of DM.

e The Single Flavour Freeze-Out (SFF) scenario, where the mass splittings Am,s are as-
sumed to be larger than 10%. In this case, flavour-changing scatterings of the form
Xiur — X;u; still maintain a relative equilibrium between all dark flavours, however
the number densities of the heavy states x1 and yo are severely Boltzmann suppressed.
Thus, to an excellent approximation, the freeze-out is driven only by annihilations of the
lightest state xs.

In Ref. [17], these definitions are further complemented by the global assumptions that the DM
mass corrections are negative, i.e. 7 < 0 and that the mediator ¢ is decoupled, i.e. Amg; =



mg/my, —1 > 10%. In our current analysis, however, we perform a more generic scan in
which we do not constrain the mass hierarchy of the dark sector in any way other than the
chosen parameter ranges, i.e. we do not constrain the sign of 1 to be negative, nor do we reject
points based on Am;z or Amg;. We call this case Canonical Freeze-Out. In order to allow a
direct comparison of our results with those of Ref. [17], we define a third sub-scenario called
the Generic Canonical Freeze-Out (GCF) scenario, in which we exclude from the canonical
freeze-out those parameter points that fall into the QDF and SFF scenarios. The canonical
freeze-out is thus split into three sub-scenarios: QDF, SFF and GCF, for which we present the
results separately.

Due to the efficient conversions, the Boltzmann equations (3.1) and (3.2) can be reduced to
a single one, allowing the use of standard tools to compute the DM relic density. In practice,
we use MICROMEGAS [40] for this calculation. Note that this is another difference from the
analysis performed in Ref. [17], where the partial wave expansion coefficients a and b of the
DM annihilation rate (ov) = a + b (v?) were calculated and compared with literature values.

In each scenario we randomly sample points according to the scan ranges and priors listed in
Tab. 4.1. We only keep points that satisfy all constraints, applying the relic density constraint
in the last step as it requires the most time consuming computation. We accumulate 10k points
per sub-scenario. The fraction of allowed points out of the total number of points sampled is
of the order of 1074,

Table 4.1: Scan ranges for the canonical freeze-out scenario. The first column displays the
parameter, the second column its scan range and the third the respective prior,
i.e. it indicates whether the scan range is sampled linearly (lin) or logarithmically
(log). The upper part of the table shows the parameters contained in the coupling
matrix )\, while the lower part shows the mass parameters.

parameter range prior
D; [0,2] lin
01']‘ [O, ™ / 4] lin
bij [0, 7/4] lin
i [0, 27) lin
Vi [0, 27) lin
n [-1,-0.01] U [0.01,1] log
my, [GeV] [100, 2000] lin
mg [GeV] [Mygy, My + 2000] lin

The results of our scan for the canonical freeze-out scenarios are shown in Fig. 4.1. In
yellow, green, and blue we display allowed points in the sub-scenarios SFF, QDF, and GCF,
respectively. As anticipated, the GCF opens up allowed parameter space beyond the one found
in Ref. [17], in particular, for intermediate mass splittings Amq3 (see upper left panel) and
towards small Amgs (see upper right panel). For these points, coannihilation effects with the
heavier y; and ¢, respectively, become significant. Note however the existence of a completely
unpopulated region for small Amgys extending up to DM masses of about one TeV (lower left
corner of the right panel). In this region, the effect of ¢ pair annihilation alone dilutes the DM
number density below the measured value for efficient conversions, providing a solution within
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Figure 4.1: Viable parameter space for the canonical freeze-out scenarios. The yellow and
green points correspond to the SFF and QDF scenarios respectively, while the
blue points show the GCF scenario (excluding points belonging to either of the

previous two).
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the conversion-driven freeze-out, see Sec. 4.3. Note that the unpopulated regions in the upper
right corners of the upper panels are simply a consequence of our chosen scan ranges.

The lower panels in Fig. 4.1 show the possible range of the DM mass splitting parameter 7.
While both QDF and SFF scenarios are by construction limited to n < 0, the GCF scenario
extends the allowed parameter space to arbitrary signs of 7, i.e. within GCF it is possible that
the lightest DM flavour x3 has the weakest coupling to the SM. We also observe different
allowed ranges for n in the QDF vs. SFF scenarios. In the QDF scenario, small values of n
are required to reproduce the quasi-degenerate DM spectrum, unless the DM coupling is very
small. In the SFF scenario, on the other hand, larger values of || and significant DM couplings
are required to produce a significant splitting between the three DM generations. The latter
is particularly true for the DM top coupling ||, i.e. we confirm the finding of Ref. [17] that
DM in the SFF scenario is predominantly top-flavoured.

4.3 Conversion-driven freeze-out scenario

To generate points in the conversion-driven freeze-out scenario, we proceed in a way similar
to the canonical freeze-out considered in Sec. 4.2. For the sub-scenarios listed in Tab. 3.1, we
perform scans by randomly sampling the parameter space according to the scan ranges and
priors listed in Tab. 4.2. However, since we use our own code to solve the coupled system
of Boltzmann equations (3.1) and (3.2), the computation of the relic density is considerably
more time-consuming than in the canonical scenario. At the same time, there is a complex
interplay of input parameters that makes it non-trivial to satisfy the relic density constraint.
As a result, in the case of the conversion-driven freeze-out scenario, rejecting all points that do
not satisfy this condition appears to be very costly. Therefore, after obtaining a set of points
that satisfy the flavour and (in)direct detection constraints, we proceed as follows.

As a first step, we compute the relic density using MICROMEG As, (falsely) assuming chemi-
cal equilibrium among all Zs-odd particles. Since inefficient conversion rates will only increase
the DM density in the targeted region of parameter space, we select all points that appear
under-abundant in the above approximation, as these points provide potential solutions via
conversion-driven freeze-out. Specifically, we require that the computed QA2 is at least 30%
below the measured value. In a second step, for each of the selected points, we vary the respec-
tive very weak coupling(s) (D; in the scenarios C,1, and Cy4l,, and Dy, D in the scenario
Cg2,) until the relic density is matched. To do this, we use a minimisation algorithm. In this
procedure, all other parameters of a given point are left untouched. Furthermore, in the case
of Cy2,, the ratio D1 /D5 obtained in the initial sampling is maintained so that both couplings
are rescaled by the same factor. Note that the scan ranges defined in Tab. 4.2 do not apply
during this rescaling.

Figure 4.2 illustrates the procedure using the C,1, scenario as an example. In the left
panel we show the relic density as a function of the physical coupling |5\u3| for an exemplary
point selected in our sampling within the scenario. The blue line shows the value obtained
by assuming chemical equilibrium, which is independent of the coupling in the range shown.
According to our selection criterion, it is below the measured value indicated by the cyan
dashed line. The red curve shows the full solution, which rises steeply towards lower coupling
due to lower conversion rates. Our minimisation algorithm finds the coupling that gives a value
of Qh? within the cyan shaded band, i.e. within the assumed theoretical uncertainty around
the measured value. In the case shown, it finds |/~\u3| ~ 4 x 107°. The right panel shows the
full set of points in the C, 1, scenario in the chemical equilibrium approximation (blue points)
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Table 4.2: Scan ranges for the conversion driven freeze-out scenarios. The first column dis-
plays the parameter, the middle columns its scan range in the different scenarios
and the right columns the respective prior. The upper part of the table shows the
parameters contained in the coupling matrix ), while the lower part shows the
mass parameters.!

range prior
parameter
Cy 1y Cyly Coly Cylu Cply Cyly

Dy [1077,1079) [1077,1079)] [1077,1075]  log log log
Dy [0.1,2] [0.2,2] [1077,1077] lin lin log
Ds [0.1,2] [0.2,2] [0.2,2] lin lin log

012 [1078,1079] [1079,1077] [0, /4] log log lin
013 [1078,1079) [1079,1077]  [10719,1078]  log log log
023 [0, 7 /4] [0, /4] [10719,107%]  lin lin log

bij 0 0 0 —~ - —~

i [0, 27) [0, 27) [0, 27) lin lin lin

Vi [0, 27) [0, 27) [0, 27) lin lin lin

n [0.005,0.1] [0.5,1] [0.5,1] lin lin lin

my [GeV] [100, 2000] [100, 2000] [100, 2000] lin lin lin
mg [GeV]  [1.2my,,3my, | [my,, 1.1my,]  [my,,1.1m,,] lin lin lin

and after the rescaling algorithm using the solution of the coupled set of Boltzmann equations
(red points). The couplings found are in a relatively wide range, between 10~ and several
times 10~%, in this scenario. For the scenarios Cyly and Cy2, the very weak couplings are
typically around a few times 10~7. Solutions of the Boltzmann equations as a function of
are shown in App. B for two exemplary points.

In Fig. 4.3, we present the results for the conversion-driven freeze-out scenarios. In yellow,
blue and green we denote the parameter points in the sub-scenarios C,1,, Cgl, and Cg2,,
respectively, which are allowed by all constraints considered so far, i.e. flavour, (in)direct
detection and relic density constraints. For comparison, the allowed parameter points of the
canonical freeze-out scenario (including the sub-scenarios SFF and QDF) are shown in grey.
The left and right panels of Fig. 4.3 show the DM mass versus the relative mass splittings
Amyz = (my, — My,)/My, and Amgg = (Mg — My, ) /My, respectively. In the right panel,
the sub-scenarios Cgl, and Cy2, populate the lower left region, where there are no points in
the canonical scenario, because DM is underabundant for efficient conversions due to the large
QCD contribution to the ¢ pair annihilation cross section (which depends only on mg). In
this respect, our model shares the same phenomenology as the simplified model considered in
Ref. [24] with only one Majorana fermion x (analogous results have also been obtained for other
spin assignments with minimal particle content [41]). However, unlike the minimal model of
Ref. [24], which has a sharp boundary separating the canonical and conversion-driven freeze-out
regions, we observe an overlap of these regions, especially towards large m,, and intermediate
mass splittings. This is due to contributions to ¢-pair annihilation from ¢-channel diagrams

'Note that we set the mixing angles ¢;; of the orthogonal matrix O to zero for simplicity. Non-zero values
would only dilute the splitting between different couplings and thus not induce any qualitatively new effect.
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Figure 4.3: Same as Fig. 4.1 but for the conversion-driven freeze-out scenarios. Specifically,

the yellow, green and blue points correspond to the allowed points in the C,1,,
Cy2, and Cgyl, scenarios, respectively. For comparison, the light grey points
show the full set of allowed points in the canonical scenario shown in Fig. 4.1.
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involving y; and/or x2, which can significantly increase the cross section if the respective
couplings are large. A larger ¢-pair annihilation cross section pushes the conversion-driven
freeze-out region towards larger masses (and larger mass splittings). Comparing Cyl, and
Cy2y, we find that the former scenario allows for somewhat larger mass splittings. This can
be explained as follows. In Cyg2,,, the number of degrees of freedom lighter than ¢ is doubled.
These states can only deplete through conversion processes into ¢. At the same time, the total
rate of dark sector depletion is limited to that of ¢-pair annihilation. Hence, for a parameter
point in Cy2,,, the resulting number density in the very weakly interacting sector is larger than
for a similar point but with xo considerably heavier than ¢ (which would belong to Cgl,).
Therefore, for a given DM mass, the largest mass splittings that still provide viable solutions
in C41, would overshoot the relic density (even for efficient conversions) in Cy2,, requiring a
smaller mass splitting effectively enhancing the dilution rate in the dark sector.

In the sub-scenario Cy1,, we require my to be at least 20% larger than m,, such that
X1, X2 provide the dominant contribution to the overall annihilation rate (given their sizeable
couplings). Hence, the sampled points of the C, 1, scenario populate the upper region of the
right panel of Fig. 4.3, while being characterised by small mass splittings among the x2, see
left panel. Note that the region of small Am;3 is not forbidden in the canonical freeze-out
scenario (unlike the region of small Amgs), since the y; pair annihilation cross section can
be arbitrarily small for arbitrarily small couplings. For this reason, the canonical freeze-out
scenario and C, 1, overlap in a large part of the parameter space. Note that solutions in the
Cy 1, sub-scenario favour relatively small (positive) values of 7 for the following reason. First,
the mass splitting dm13 must be small to maximise coannihilation effects. At the same time,
the annihilation channel of the heavier states x; must be large, requiring large couplings of x1
and/or y2. According to Eq. (2.3), these two requirements can only be fulfilled for small 7.

Let us briefly comment on our decision to consider scenarios with a dominant DM coupling
to the u quark by briefly discussing the case of a dominant coupling to the top quark listed
in Tab. 3.1. It is well known that x;x; annihilation into a fermion pair is helicity suppressed.
Accordingly, annihilation into top pairs provides by far the largest cross section. Therefore, in
order to achieve a sufficiently large annihilation cross section of the heavier states x1 and/or xo
needed for a successful conversion-driven freeze-out in the mass range of interest, these states
must couple dominantly to the top. By definition, this is not the case in C,1;. Therefore, its
cosmologically allowed parameter space is greatly reduced. This is also true for Cy1;, but for
different reasons. According to Eq. (2.3), the sub-scenario C41; requires large couplings for x1
and Y2 to achieve a large mass splitting between these states and y3. However, large couplings
are disfavoured by flavour constraints if y; and y2 couple only to light quarks, leading to very
few allowed points in the parameter space. Note that in both scenarios, C,1; and Cyls, the
appearance of the massive top in the conversion processes leads to a further suppression of the
respective rates, allowing slightly larger DM couplings, see e.g. Ref. [31]. Finally, in analogy to
the case of Cy2,, in the case of C, 2, the allowed conversion-driven freeze-out region is reduced,
reaching down to smaller values of m,, compared to C,1, and is therefore not presented in
detail here.

Finally, we comment on the effect of two simplifications made in our calculation of the relic
density. First, the coupled set of Boltzmann equations, (3.1) and (3.2), implicitly assume
the maintenance of kinetic equilibrium throughout the freeze-out process. In the preferred
coupling range of conversion-driven freeze-out, this assumption cannot usually be justified by
efficient elastic scattering of DM with the thermal bath. However, it has been shown that
due to the small relative mass splitting, DM inherits a (nearly) thermal distribution of the
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annihilating particle, justifying the use of the integrated Boltzmann equation with a correction
of the order of < 10% [24]. Another relevant correction comes from non-relativistic effects of
the coloured mediator ¢, in particular Sommerfeld enhancement and bound state formation
effects. As shown in Ref. [42], the latter in particular can be large and significantly increase
the viable parameter space within the conversion-driven freeze-out (see also Ref. [43] for a
refined description of excited bound states, which are important in this scenario). However,
the inclusion of these effects in our model is beyond the scope of this work and is left for
future investigation. It is expected to extend the conversion-driven freeze-out region in the sub-
scenarios Cy1, and Cy2, towards larger masses, while leaving the qualitative results unchanged.

5 LHC signatures

Our model of flavoured Majorana DM, like all models with coloured ¢-channel mediators [44],
is severely constrained by LHC searches, in particular by the production and decay of the
mediator ¢. Therefore, in Ref. [17] a simple recast of the most constraining LHC search for
supersymmetric squarks [45] was performed. It was found that the t-channel exchange of the
Majorana DM provides a significant contribution to the production of mediator pairs, which
is strongly enhanced by the up-quark parton distribution function for the uu — ¢¢ process.
It was pointed out that the same-sign process pp — tt + Fp is predicted at significant rates, a
signature for which no dedicated searches exist.

In this section we revisit the LHC signatures and the resulting available constraints on the
parameter space of our model. First, we check the compatibility of the viable parameter points
found in the previous section with current LHC data by comparing them with the exclusion
limits from a large number of searches using the SMODELS [46,47] reinterpretation tool. This
exercise also allows us to identify promising future directions for discovering the new particles
predicted by our model at the LHC. We then turn our attention to the model-specific signatures
of flavoured Majorana DM implied by the aforementioned Majorana-specific t-channel same-
sign contribution.

5.1 LHC simplified model constraints

As a first check on the compatibility of the viable parameter points with current LHC data, we
consider exclusion limits from a large number of searches using the SMODELS package [46,47].
This reinterpretation tool contains a large number of LHC results interpreted for simplified
models of NP. We run SMODELS using the corresponding interface of MICROMEGAS [48] to
calculate the LHC production cross sections and decay tables. With this tool chain we derive
the constraints from LHC searches on our model within the different scenarios considered in
Sec. 4. A global overview of all relevant searches excluding points from any of these scenarios
is given in Tab. 5.1.

The results of this analysis are shown in Fig. 5.1. In the upper left panel we show the effect of
the LHC constraints in the mg—m,, plane for the canonical freeze-out scenario. Note that here
we do not distinguish between the QDF, SFF and GCF scenarios defined in Sec. 4.2, considering
the union of the three sets of points (passing all non-LHC constraints). The points excluded
by LHC searches at 95% CL are shown in light shading, while the allowed points are shown in
saturated colour (here dark blue). For a large fraction of the points, the exclusion contour is
very similar to that obtained for the simplified models used in the original interpretation of the
Fp searches by the LHC collaborations, see references in Tab. 5.1. This exclusion extends to

16



Table 5.1: Relevant LHC searches for each scenario identified in our SMODELS [46,47] analy-
sis. The first column contains the scenario, the second the search report number,
the third the center-of-mass energy of the LHC run the respective data set is based
on, and the fourth column contains the relevant signature.

scenario search \/s signatures

ATLAS-SUSY-2013-02 [49] 8 TeV jets+Er
ATLAS-SUSY-2016-07 [50] 13 TeV jets+Er
ATLAS-SUSY-2016-15 [51] 13 TeV tops+Er
ATLAS-SUSY-2018-12 [52]  13TeV tops+Er
ATLAS-SUSY-2018-22 [53] 13 TeV jets+Er
canonic CMS-SUS-16-033 [54] 13 TeV jets+Er
CMS-SUS-16-036 [55] 13 TeV jets+Er
CMS-SUS-19-006 [45] 13 TeV jets+Fr
CMS-SUS-19-009 [56] 13 TeV tops+Er
CMS-SUS-20-002 [57] 13 TeV tops+Fr
ATLAS-SUSY-2013-02 [49] 8 TeV jets+Er
ATLAS-SUSY-2013-21 [58]  8TeV cc+ Br
ATLAS-SUSY-2014-03 [59] 8 TeV cc+ Ep
ATLAS-SUSY-2016-07 [50] 13 TeV jets+Er
ATLAS-SUSY-2016-15 [51] 13 TeV tops+Fr
Cyly ATLAS-SUSY-2016-26 [60] 13 TeV cc+ Br
CMS-SUS-16-033 [54] 13 TeV jets+Fr
CMS-SUS-16-036 [55] 13 TeV jets+Er
CMS-SUS-16-049 [61] 13 TeV tops+Er
CMS-SUS-19-006 [45] 13 TeV jets+FEr
CMS-SUS-20-002 [57] 13 TeV tops+Er

C1 ATLAS-8USY-2016-32 [62] 13TeV  stable R-hadron

¢ CMS-PAS-EX0-16-036 [63] 13TeV  stable R-hadron
ATLAS-SUSY-2013-02 [49] 8 TeV jets+Er

ATLAS-SUSY-2016-32 [62] 13TeV  stable R-hadron

€9 CMS-PAS-EX0-16-036 [63] 13TeV  stable R-hadron
¢cu CMS-SUS-16-032 [64] 13 TeV cc+ Bp
CMS-SUS-16-036 [55] 13 TeV jets+Er
CMS-SUS-16-049 [61] 13 TeV tops+Fr
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mediator and DM masses of mg ~ 1200 GeV and m,, ~ 600 GeV respectively. Similar results
have been found for this model in [17]. However, in our scan there are several allowed points
inside the exclusion contour described above, as well as a number of excluded points outside
the exclusion contour.

The allowed points with small DM and mediator masses inside the usual exclusion contour
are characterised by very small mass splittings within the DM multiplet, x;, such that (at
least) one of the heavier states becomes metastable. Since the corresponding lifetime falls
between the prompt and detector stable regime, it is a prior: not clear whether the respective
Fp searches apply here, and thus SMODELS conservatively discards the signature. However, if
the acceptance for non-prompt decays is known, a dedicated reinterpretation of the considered
P searches may exclude (some of) these points.

On the other hand, the excluded points at large masses, which lie outside the usual exclusion
contour, all show an enhanced production cross section of ¢ pairs of the same sign via y; in
the ¢ channel. This process is enhanced by the large couplings of the y; involved as well as
by the large up-quark parton densities in the relevant momentum range, see e.g. [65]. Here, ¢
subsequently decays into a pair of top quarks or jets. In both cases the total production cross
section is strongly enhanced, as already found in Ref. [17]. Since the same-sign pair-production
of ¢ is proportional to the Majorana mass m,,, it becomes increasingly relevant for large DM
masses, in contrast to the production of opposite-sign final states.

In summary, our analysis reveals a large number of model points between the electroweak
and the TeV scale that are still allowed despite the large number of LHC searches. At the same
time, the large associated production cross sections should provide an opportunity to probe
these models with upcoming LHC searches.

We now discuss the LHC constraints for the conversion-driven freeze-out scenario. In the
sub-scenarios Cyl, and Cy2,, ¢ can only decay via the very weak interaction(s) and is there-
fore rendered metastable, making the search for long-lived particles relevant. Therefore, in the
upper right panel of Fig. 5.1 we show our results in the plane spanned by the mediator mass
and its decay length. The sub-scenarios Cy1, and Cy2, are marked in blue and green, respec-
tively. Similar to what was found for the minimal model considered in Ref. [24], the typical
decay lengths are in the range of millimetres to several metres, while scattered points with
significantly larger decay lengths exist as well. These are characterized by an extremely small
mass splitting between DM and ¢. In our scan, the minimal decay length in Cy1, is somewhat
larger than in Cy2,. The light shading denotes the 95% CL exclusion limit from the cur-
rent long-lived particle searches at the LHC using SMODELS. For Cyl,, the exclusion comes
entirely from searches for detector-stable R-hadrons, which yield highly ionised tracks and
anomalous time-of-flight. These searches exclude masses up to about 1.3 TeV for the largest
lifetimes, but become less sensitive to small decay lengths due to the suppressed number of
mediators traversing the necessary parts of the detector. Finally, below about one metre, their
constraining power is gone. Note that the searches for displaced jets and disappearing tracks
make use of the decay within the detector and gain sensitivity for decay lengths (well) below
a metre. However, their applicability to the model under consideration is questionable (see
discussions in Ref. [66] on this topic) and therefore not considered by SMODELS. In addition
to R-hadron searches, Cy2, is constrained by searches for P, see Tab. 5.1.

Finally, in the lower panel of Fig. 5.1 we show the results for the sub-scenario C, 1, in the
plane spanned by m,, and the decay length of x; (blue) and x2 (green). The x2 state is
always long-lived with decay lengths that typically exceed the length scales of the detector
considerably, while y; can be either (semi-)prompt or long-lived. However, as the x; are

18



LHC exclusions canonic scenario . . .
C ¢ ¢ LHC exclusions for C, scenarios

2000

1500

[GeV]

= 1000

My

500

106¢
104_
E 102
o
Q
10()
10-2F °
500 1000 1500 2000 100 200 500 1000 2000
mg [GeV] me [GeV]
decay lengths for Cxl,,
1024
10%
1016 '

L A A A A A A A A

100 200 500 1000
my, [GeV]

Figure 5.1: Upper left panel: LHC constraints from J; searches within the canonical freeze-

out scenario (left) and the conversion-driven freeze-out scenario C, 1, in the mgy-
my, mass plane. The dark blue (light shaded) points are allowed (excluded at
95% CL). Upper right panel: LHC constraints from long-lived particle searches
in the conversion-driven freeze-out scenarios Cy1,, (blue) and Cy2,, (green) in the
plane spanned by the mass and decay length of ¢. The light shaded areas are
excluded at 95% CL. Lower panel: Decay lengths of x; (blue) and y2 (green)
versus m,, in the C, 1, scenario.
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neutral, unlike in the case of a long-lived ¢, the existence of a charged track cannot be exploited.
At the same time, due to the small mass splitting among the y, the jets resulting from their
decay tend to be very soft, rendering current displaced jet searches insensitive. However, the
scenario can be constrained by [, searches, see Tab. 5.1, mostly due to ¢-pair production and
their subsequent prompt decay into x2 and/or xj. We also note that the large lifetime of the
neutral x; decaying into a quark pair makes it an interesting scenario for dedicated long-lived
particle detectors outside the caverns of the main LHC experiments, such as MATHUSLA [67].

5.2 Model-specific signatures

As discussed in Sec. 5.1 and already found in Ref. [17], same-sign uu — ¢¢ production signifi-
cantly enhances the cross-section for mediator pair production in our model. This process leads
to much stronger exclusion limits on Majorana DM in final states where the mediator charge
is not identified. In principle, these enhanced cross-sections could be used to distinguish our
Majorana flavoured DM model [17] from the corresponding flavoured DM model with Dirac
DM, studied in Refs. [14,23]. In practice, however, a distinction based solely on cross-sections
is challenging. On the one hand, precise measurements of absolute cross-sections are a difficult
task at hadron colliders. On the other hand, the production of coloured particles at the LHC is
typically subject to large higher-order QCD corrections which have not been calculated in our
model. In what follows we hence investigate alternative options to discriminate between Dirac
and Majorana flavoured DM, by making use of signatures that rely on both the same-sign
uu — ¢¢ production channel as well as the non-trivial flavour structure of our model.

5.2.1 Same-sign di-top + F

As pointed out in Ref. [17] the process uu — ¢¢ with subsequent mediator decay to top and
DM leads to the same-sign signature tt + F; with two positively charged top quarks, with
cross-sections in the fb regime. Experimentally, the distinction from the more common tt + Fr-
signature, prominent in supersymmetric models, is possible by requiring two positively charged
leptons from semileptonic top decays. Such an analysis has for instance been performed in the
CMS search for same-sign top signatures of Ref. [68].

There, a supersymmetric model is considered in which a pair of gluinos is produced, both
of which decay into a top or antitop associated with a stop. The stop is then assumed to
decay into a light quark and a neutralino, giving rise to the same-sign signatures ttjj + Frp
and ttjj + Fp. However, since this search assumes a small mass splitting of roughly 20 GeV
between the stop and the neutralino, the jets in the final state are very soft. Therefore, in order
to obtain a leading-order estimate of the constraints imposed by this search on our model, we
calculate the production rates of the two same-sign final states ttjj + Er as well as t£jj + FErp
and compare them with the upper limits provided in Ref. [68]. We also ignore the kinematic
differences that arise from distinct spin-statistics, as ¢ is a scalar whereas gluinos are fermions.
Given that we do not expect the efficiencies of the analysis to be strongly kinematic-dependent,
we assume this to only cause a negligible difference in the upper limits from Ref. [68].

For the calculation of the leading-order production cross section of the two same-sign final
states we use a FEYNRULES [69] implementation of our model, generate a UFQ file, and employ
MADGRAPH5_AMCQ@NLO [70] to generate events. We here consider the flavour- and CP-
conserving case with 0;; = ¢;; = d;; = 7; = 0, since we are interested in the strongest possible
constraints this search places on the NP masses mg and m,,. Allowing for non-vanishing
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Figure 5.2: Constraints on the same-sign final states tt + Fp and tt + o obtained from
Ref. [68]. The area under the curve is excluded.

mixing angles would only reduce the branching ratio of a given flavour-conserving final state
and thus reduce its signal cross section. For similar reasons we here also assume a degenerate
mass spectrum m,, = m,. In total we thus vary the three coupling parameters D; 2 3 and the
masses mg and m, independently.

The results of this recasting procedure are summarised in Fig. 5.2. In the left panel we
show the resulting constraints in the mg—m, plane for D; = D3 = 2.0 and different values of
D5. Since a proton contains two valence up-quarks, aside from the enhancement from parton
distribution functions, large DM—up couplings D also enhance the production of a same-sign
pair ¢¢. On the other hand, large DM—top couplings Ds are required in order to guarantee
a sizeable branching ratio of the mediator into the relevant final states. The case considered
in this panel hence yields the largest possible constraints, which for vanishing DM-—charm
couplings D become maximal and reach up to mg ~ 1100 GeV.

With respect to the DM mass m, we find that, in contrast to searches in opposite-sign final
states, the largest exclusion is not obtained for vanishing masses m, ~ 0 but rather tends to
grow with m,. This is due to the fact that the ¢-channel exchange of two same-sign initial
state quarks is governed by the Majorana mass term, which mixes the fields x and x¢. So we
see here that, depending on the mediator mass mg, this search can exclude DM masses up to
m, < 750 GeV. For increasing values of the DM-charm coupling Do, we further find that the
excluded range shrinks, as this at the same time reduces the branching ratio of the mediator
into top-flavoured final states. For maximal couplings to all three generations, i.e. D; = 2.0,
we find that the exclusions reach up to mg < 850 GeV and m, < 550 GeV.

For comparison, we also show the results for the same parameter choices but a smaller DM—up
coupling D; = 1 in the right panel of Fig. 5.2. While the results are qualitatively similar to the
previous case, the same-sign ¢-pair production cross section is reduced accordingly, resulting
in a much smaller exclusion region.
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Comparing these limits with those found in Ref. [17], we see that the exclusions obtained
from the standard supersymmetric squark searches for jets+ - and tops+F are significantly
stronger than those from the same-sign ttjj + Er search considered here. The origin of this
difference is twofold. On the one hand, the requirement of two extra jets, albeit soft, in the final
state reduces the total cross-section, as it corresponds to a higher-order QCD contribution. On
the other hand, the requirement of two semileptonic tops in the final state in order to allow for
charge identification further suppresses the number of events down to about 4% of the total
ttjj + Fp rate. While the former suppression could be avoided by performing a dedicated
search for tt + Jp without extra jets, the latter is intrinsic to the determination of the top
quark charge. In the next section we therefore explore how to test the Majorana nature of
flavoured DM by making use of the top quark charge in single-top events.

5.2.2 Single-top charge asymmetry

Mediator pair production with subsequent decays into j+ i and t+ o, respectively, induces
the flavour-violating final state tj + Fp. For the case of flavoured Dirac DM the prospects of
a dedicated search have been analysed in Ref. [23], with the result that the region of testable
parameter space can be significantly extended relative to only the flavour-conserving jj + Er
and tf + Fr. Noteworthy, the analysis strategy proposed in Ref. [23] involves a semileptonic
top quark in the final state, opening up the possibility to straightforwardly extend it with
charge identification.

In the case of Dirac DM only opposite-sign ¢f¢ pairs are produced, and therefore the cross-
section of final states with a top or anti-top are equal:

UDirac(tj + ET) = UDirac(Ej + ET) . (5'1)

For Majorana DM however, also ¢¢ and ¢f¢! pairs are produced, with the former being
substantially enhanced by the valence up-quark content of the proton. Hence we predict

O'Majorana(tj + ET) > O'Majorana(fj + ET) ) (52)

where the magnitude of the difference depends on the size of the Majorana DM mass as well
as its coupling strength to u quarks. As a quantitative measure of this effect, we introduce the
charge asymmetry

_o(tj+Er)—o(ti+ Er)

ap; = . - 5.3
U ot + Br)+ oliy + Fr) )
Following the arguments given above, we expect?
Dirac DM = a4 ~0, (5.4)
Majorana DM = a4 > 0. (5.5)

To estimate the feasibility of measuring a;; at future LHC runs, we determine the tj + Er
and #j + Fp cross-sections using MADGRAPH5_AMC@NLO [70], from which we calculate ay;.
We consider a center-of-mass energy of /s = 14 TeV. The result is shown in Fig. 5.3. In the

2In the Dirac case, processes with mediator single-production could give a non-zero contribution to atj,
however these effects are generally suppressed relative to the QCD-induced mediator pair-production and become
important only in the limit of large mediator masses.
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Figure 5.3: Left panel: Prediction of the charge asymmetry, a;, (colour code) at the 14 TeV
LHC in comparison with constraints from tops+£; (light grey) and jets+Fp
(darker grey) for Dy = 0, my = 1200 GeV and m, = 400GeV. Right panel:
Prediction of a;; based on the viable parameter space for the canonical freeze-out
scenario (green) and the C, 1, scenario (blue).

left panel we present the prediction for the charge asymmetry in the coupling plane (D1, D3)
for a benchmark scenario of mg = 1200 GeV, m,, = 400 GeV and Dy = 0. Parameter regions
excluded by jets+ £ and tops+ 1 according to the analysis in Ref. [17] are shaded in grey.
The asymmetry is found independent of the value of D3 but grows with increasing Di, as
expected from the underlying process of same-sign ¢ pair-production. Large values a;; ~ 1 can
be reached close to the excluded region, suggesting relevant LHC production cross-sections.

To better assess the possibility of measuring as; at the LHC, the right panel of Fig. 5.3 relates
the charge asymmetry to the total cross section oyt = o (tj+Ep)+o(tj+Er), displaying viable
points identified in our numerical scans. In the canonical freeze-out scenario (green points) we
find total cross sections up to oo =~ 100fb for O(1) values of a;j, indicating that the charge
asymmetry is indeed a promising observable to test the nature of DM. For the conversion-
driven freeze-out scenario C,1,, on the other hand, we find that the asymmetry is very small,
ag; < 10~2. This is because in this scenario the up-quark coupling D; is strongly suppressed
by construction, so that the same-sign ¢ pair-production process becomes irrelevant. In the
Cy freeze-out scenarios, final states with top quarks are kinematically forbidden.

6 Conclusions

In this paper, we study the phenomenology of a simplified Dark Matter (DM) model within
the Dark Minimal Flavour Violation (DMFV) framework, where the SM is supplemented by
a Majorana fermion flavour triplet, which provides a DM candidate, and a coloured scalar,
which acts as a t-channel mediator for DM interactions with the right-handed up-type quarks.

In the first part of our analysis, we explored the allowed parameter space of the model,
considering constraints from flavour, direct and indirect detection observables, and in particular
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the relic density measurement, by performing a comprehensive set of scans of the 18 model
parameters. We found realisations of a wide range of DM freeze-out scenarios that satisfy all
constraints.

First, coannihilation effects with both the heavier DM triplet states or the coloured scalar
mediator open up a cosmologically viable parameter space for mass splittings of < 10% that
has not been discussed in previous studies of the model. Second, and more importantly, we
found realisations of conversion-driven freeze-out in the model. This scenario is characterized
by a very weak DM coupling that renders conversion processes between DM and coannihilator
semi-efficient, which in turn initiates freeze-out. In order to support sufficient dilution of dark
sector particles before freeze-out, the annihilation cross section of the coannihilator must be
sufficiently large. This requirement is met for the case where the coloured mediator is the
dominant coannihilator (scenarios Cyl, and Cg42,). These scenarios populate the parameter
region for very small mass splittings between DM and ¢ of less than a few percent, which is
excluded for canonical freeze-out. We also found realisations where x; (the heaviest Majorana
triplet state) acts as the dominant coannihilator. This case (Cy1,) requires a significant cou-
pling of x; to the top quark, since the y; pair annihilation cross section is helicity suppressed,
and hence a large hierarchy within the coupling matrix.

Using the program package SMODELS, we have confronted the allowed parameter space with
a large number of results from new physics searches at the LHC. In the canonical scenario,
exclusions arise from searches for jets+Jp or tops+J,, which cover a large range in the con-
sidered masses of new particles. The model exhibits a much richer phenomenological structure
than a typical simplified model with a DM singlet state, as used in the interpretation of the
LHC results by the collaborations. In our model, on the one hand, same-sign mediator produc-
tion via the ¢-channel y; diagram can significantly enhance the cross section with respect to
gluon-initiated ¢ production, leading to the exclusion of large new-physics particle masses. On
the other hand, metastable intermediate y states arising from small mass splittings between
them can make the application of 1 searches questionable and call for closer investigation.

In the conversion-driven freeze-out scenarios, long-lived particle searches provide a poten-
tially sensitive probe of our model. However, current searches for displaced vertices target
hard displaced jets and thus lack sensitivity to these scenarios, which involve soft jets due to
small mass splittings. Accordingly, the charged track of R-hadrons formed by pair-produced
metastable mediator particles leads to the only signature well covered by current long-lived
particle searches, excluding DM masses up to about 1.3 TeV. On the other hand, parts of the
conversion-driven freeze-out region can be probed by conventional J; searches, in particular
in the Cy2, scenario.

Finally, we explored two model-specific signatures that could shed light on the Majorana
nature of the DM multiplet — a same-sign di-top+ £ signature and a single-top charge asym-
metry. To assess the discovery potential of the former, we performed a naive recast of an
existing CMS search [68] for t£jj + ' final states and found that the resulting limits were not
competitive with the standard jets+JF; and tops+E analyses, in part due to the requirement
that both tops decay semileptonically. We thus introduced the single-top charge asymmetry
a¢j, for which a non-zero value would again indicate the Majorana nature of DM. Numeri-
cally, we found parts of the parameter space where both the asymmetry and the underlying
single-top total cross section are large, encouraging further studies at the LHC.

24



Acknowledgements

We thank Margarete Miihlleitner for her collaboration in the early stages of this work. This re-
search was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foun-
dation) under grant 396021762 — TRR 257. J.H. acknowledges support by the Alexander von
Humboldt foundation via the Feodor Lynen Research Fellowship for Experienced Researchers
and the Feodor Lynen Return Fellowship.

A Cross sections and rates

In this appendix, we provide analytic expressions for the relevant annihilation and conversion
processes used in our analysis. The thermal average for the 2 — 2 cross sections is obtained
by [28]
9i9; T 2 Vs
(00)ijskl = eqeq/ds\/ngOM(S,mhmj) Tij—r(s) K1 < . (A1)
874 n; " T

where

pcOM(S, m, mj) _ \/S — (m, + m]‘;i}gs — (mz — mj)Q . (A_Q)

Note that in this appendix, s and ¢ denote the respective Mandelstam variables. The former
shall not to be confused with the entropy density denoted by s in the main text.

For all cross sections the lower and upper integration limits of the Mandelstam variable £,
tmin and tyax, respectively, are given by:

2 2
tmin (S, M1, M2, M3, my) =m7 +m3 — 2\/pCOM(5» my,ma)? + m%\/pCOM(Sa ms, ma)? + m3

— 2pcom(s, m1, m2) pcom(s, m3, mya) (A.3)

2 2
tmax (s, m1, M2, M3, M4) =My + M3 — 2\/p00M(s, mi,ms)?* + m%\/pCOM(s, ms,my)? +m3

+ 2pcom(s, m1, ma) pcom(s, ms, ma) (A.4)

A.1 Cross sections for annihilation processes

°pol — gg:

gl
pu— S
UWTHQQ(S) 54752 (4m§5 —3)

(62m§, +55) 1/s(s — 4mi)

s(s — 4m35) - s (4.5)

+ 8 (4mis + mé) log
s(s — 4m%¢) +s
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o ¢l — ¢ for up-type quarks:

(s) L /tmaX(S)dt 16s (mg + 2t t(s+1)) 9211
Oust o ~(8) = s (my m2 —mi — (s e
PO =4idi 144ms3(s — 4mi) tonin(s) ¢ - (t—m3)

— 167 (—m2(—2m3 + s+ 2t) + my — 2tm3 + my + t(s + t))
— 957 (=2mZm + my — 2tmg + my + (s + 1))
2
y (PP (t = m3, )t = m3,) + Mol (t = m ) (t = m3,) + [Nis|*(t = m3, ) (t = m3,)) )
6

(t— m2 Dt — m2 )t — mis)

where ZL/min/rnaux(s) = ZL/min/max(sa Mg, Mg, My, , mqi)~

o ¢ ¢' — ¢;G; for down-type quarks:

tmax(s) g4 [mg <2m§) — 85— 2t) + m;l - 2tmi + mé +t(s+ t)]
O pgt—gigi () = — / dt
tmin(s) 97rs3 (3 — 4mi)

) (A'7)

where tmin/max(s) = tmin/max(sv Mg, My Mg, , mqi)-

° 9" = q;gj, i #

tmax(s)
2 2 4 4
Oodt>aid (s) =— /t dt (—2m¢ (mi + t) +tmg, +mg, — tmgj +my +t(s + t))

min(s)
y X Aji(t —m2,)(t —m3,) + Xiahja(t — m2, ) (t —m2,) + Nishjs(t —m3 ) (t —m?2,)[?
16778(574m35)(t7m2 ) (tfm2 )2(t —m?2.)? ’

X1 X2 X3
(A.8)
where tmin/maX(S) = tmin/max(& Mg, M, My, , mqj),
O — qigj, L F
— )\Zi)\ijzkiAlij¢mxj (_mgk — mgl + 5) tmax(s) " 1
e Z ; (t—m3,)(t—mg))
Z’v.j 48'7TS (S - 4m¢) tmin(s) Xi Xj

mZ —mg +mi —2m3 +s+t)(-m2 —m2 +m2 —2m3 + s +1)

< 3(mg, +mg)? — (2mg, +2mg ) (2m3, +2m3, — 6m3 + 35 + 2t)
X
(=ma,
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A[ —m3 (2m3, +2m3, + 35+ 2t) +m, (2m +5) + sm3, + 3mg] + 3s> +4st+4t2
* (— mgk—m?—i—m2 —2m¢+s+t)( m2, —m2—i-m2 —2mj + s +1) ’
(A.9)
where tmin/max(s) = tmin/max(su Mg, Mg, Mg, mq]-)-
* Od— qigi: .
Tppsqiq; (8) = §U¢¢‘>Qi(1j(s)‘i=j (A.10)
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® dXi — q;g:
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(A.11)
where ZL/min/max(s) = tmin/max(sa M, Mg, Mg, 5 0)
® XiXj — qkqi:
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where tmin/max(s) = tmin/max(sa Moy My My s mql)-

A.2 Cross sections for conversion processes (scatterings)

For the conversion via scattering we take into account the leading diagrams in ag neglecting
sub-leading electroweak contributions.

® 0, q; — Xig:
2 )\ 12 tmax(s) 2m4, S — m2.
‘7¢qu><¢9(5) = 95 i 3 / de = ( Xl) 2
7278 poom (S, Mg, mq]‘) tmin(s) (t — mi) ( — mil — mi + s+ t)
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+

where tmin/max(s) = tmin/max(su Mgy Mgy Mex; 5 0)
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where tin /max(5) = tmin/max(8, Mg, 0, My, my; ). Note that we regularised the soft divergence
in the cross section for ¢ g — x;gq; by introducing a thermal mass for the gluon.

® Xiqk — X
B 1
N 1287TSPCOM(S7mXi7ka)2
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(A.15)
where tmin/max(s) = tmin/max(sv My s Mgy Mgy ij)'
A.3 Decay rates
® o — Xig;: ,
|Ajil
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B Evolution of freeze-out abundances

In this appendix, we show our solutions of the Boltzmann equations, (3.1) and (3.2), for the
particle abundances as a function of the temperature parameter x for two exemplary parameter
points. The left and right panels of Fig. B.1 each show a representative point within the
sub-scenarios Cy1, and Cgl,, respectively. The former point is characterized by the masses
my, = 285.3GeV, m,, = 279.8GeV, m,, = 2788 GeV, my ~ 570 GeV and a DM coupling
|Aus| = 4.1 x 107°. It corresponds to the one shown in the left panel of Fig. 4.2 after requiring
Qh? = 0.12. Annihilation is driven by x1 which has a sizeable coupling to the top, |5\t1| =0.8.
Around z ~ 100, x; starts to decay into y2 and xs3. Note that ys is rendered stable on the
displayed time-scales — due to the small mass splitting to x3, Amsz = 0.38 %, in conjunction
with the small DM coupling entering this decay rate — but eventually decays into DM.

The chosen point for Cy41, shown in the right panel of Fig. B.1 has a DM mass of m,, =
451.1 GeV and mediator mass of my = 462.0 GeV while the states x; and x2 are much heavier
than ¢. Due to the sizeable couplings of the latter, their inter-conversions are fully efficient
allowing us to consider the sum of their abundances in order to simplify the Boltzmann equa-
tions as mentioned in Sec. 3.1. The DM abundance starts to depart from its equilibrium value
already around x ~ 3 leading to a prolonged freeze-out process which is finally terminated by
the decays of the remaining mediator particles into DM at x 2 100. The freeze-out dynamics
are very similar to the one found in Ref. [24] considering a single fermionic state x.
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Figure B.1: Example of the evolution of the abundances of different particles in two scenarios.
Left panel: Abundances of x1, x2 and x3 in green, yellow and blue respectively
in the Cy1, scenario. The blue dashed line shows the equilibrium abundance
of x3. Right panel: Abundance of x3 in blue and the sum of the abundances
of x1, x2 and ¢ in green in the Cygl, scenario. The dashed lines represent the
equilibrium abundances.
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