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Abstract We present a comprehensive framework for the
study of flavored dark matter models, combining relic den-
sity calculations with direct and indirect detection limits, col-
lider constraints, and a global analysis of flavor observables
based on SMEFT matching and renormalization-group evo-
lution. The framework applies to scalar or fermionic dark
matter, including both self-conjugate and non-self-conjugate
cases. As a proof of principle, we analyze two scenarios
with Majorana dark matter coupling to right-handed charged
leptons and to right-handed down-type quarks, assuming a
thermal freeze-out. In the leptophilic case, flavor-violating
decays such as © — ey dominate the constraints, while LHC
searches still leave sizable parameter space. For quark cou-
plings, direct detection bounds and meson mixing severely
restrict the allowed couplings, favoring hierarchical flavor
structures. The toolchain presented in this paper is publicly
available on GitHub €).
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1 Introduction

The Standard Model (SM) of particle physics has proven to be
extremely successful in describing laboratory-based experi-
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ments. However, it fails to address some fundamental theo-
retical questions like the origin of its gauge symmetry struc-
ture, the dynamics behind electroweak symmetry breaking
(EWSB), and the origin of flavor and its hierarchies. Notably,
the majority of free SM parameters appear in the latter sec-
tor, calling for an extended theory of flavor. Additionally,
and perhaps even more pressingly, the SM also falls short of
explaining several fundamental astrophysical and cosmolog-
ical observations such as the origin of the matter-antimatter
asymmetry and the existence of Dark Matter (DM) in our
Universe. It is hence expected that a more complete theory
addressing some or ideally all of these issues will ultimately
replace the SM.

A common approach toward achieving this goal is the
study of minimal renormalizable extensions of the SM — so-
called simplified models — that address one or more of the
aforementioned issues. Analyzing their phenomenology pro-
vides insight into the necessary ingredients of a more com-
plete theory.

A popular class of simplified models of DM introduces a
t-channel mediator that couples the DM particle to the SM
fermion sector. A recent review of this class of models can be
found in [1]. While the simplest #-channel models introduce
only a single DM and mediator field each, a non-trivial flavor
structure can also be present in the dark sector. For example,
in simplified models of the Minimal Supersymmetric Stan-
dard Model, the lightest neutralino — a Majorana fermion —
is the non-flavored DM candidate while the squarks or slep-
tons are flavored scalars that serve as the 7-channel mediators.
Models with multiple mediator flavors have also been con-
sidered in [2-4]. Flavored DM models, on the other hand,
introduce the DM candidate as the lightest state of a flavor
multiplet, while the mediator field remains a singlet under
the flavor group [5-7]. Lastly, in skew-flavored DM models
both mediator and DM are flavored [8].

Flavored DM, in particular, comes along with significant
phenomenological advantages. On the one hand, the ten-
sion between the observed relic abundance and the non-
observation of DM in direct detection experiments can be
relieved by weakening the coupling of the DM candidate
to the detector nuclei [7,9]. On the other hand, the mod-
els’ phenomenology becomes much richer, including signa-
tures of more complicated decay chains at the LHC, and
the effects of flavor-violating new interactions in both fla-
vor and collider physics experiments [9-11]. Additionally,
flavored DM offers exciting opportunities for nonstandard
freeze-out dynamics, such as conversion-driven freeze-out
[12,13], whose realization in this framework [14] opens up
further viable regions of parameter space and can simultane-
ously account for baryogenesis [15].

While a number of previous papers have analyzed the
phenomenology of flavored DM models — see Table 1 for
an overview — significant parts of the flavored DM model
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space remain completely untouched. To improve our under-
standing of flavored DM, in this paper we therefore provide
a toolchain that facilitates future phenomenological stud-
ies. The toolchain connects various publicly available tools
for constraining models of DM and other new physics (NP)
models, namely FEYNRULES [16], MICROMEGAS [17-20],
SMODELS [21-23], MATCHETE [24] and SMELLI [25] (based
upon FLAVIO [26] and WILSON [27]).

In Sect. 2, we begin with a classification of flavored DM
models. Section 3 describes the setup of our toolchain, dis-
cussing in turn the handling of constraints from the DM relic
abundance, direct and indirect detection, LHC and flavor
physics. Then in Sect. 4, we apply the toolchain to two differ-
ent flavored DM models that have not been studied in detail in
the literature before, namely flavored Majorana DM coupled
to either the right-handed charged leptons or to the right-
handed down-type quarks, and discuss the results. Appendix
A summarizes the naming conventions used in the model
files of the provided toolchain, while Appendix B provides
a detailed discussion of the flavor structure and flavor con-
straints for the down-type quark scenario.

2 Classification of flavored dark matter models

The flavored DM framework, broadly defined, comprises
models in which the DM field is introduced as part of a flavor
multiplet. In addition, itis commonly assumed that DM trans-
forms as a singlet under the SM gauge symmetry and couples
to the SM fermion sector via a f-channel mediator. In what
follows, we adopt these assumptions. We further restrict our
attention to simplified models in which only a single mediator
is introduced in addition to the DM flavor multiplet. Models
with multiple mediator flavors have been considered e. g. in
[2—4]. A scenario in which both DM and the mediator carry
flavor has been investigated in [8]. Finally, a model with two
mediators of different gauge representations coupling DM to
both left- and right-handed leptons has been considered in
[28].

Massive spin-1 fields in a simplified model introduce addi-
tional complications and should therefore be considered with
caution. In a possible UV completion such a spin-1 state
arises either as a massive vector after spontaneous symme-
try breaking of a bigger gauge group down to the SM gauge
group Gsm, Or as a composite vector resonance of a strongly
coupled sector. In both cases we generally expect further
states of similar mass present in the theory that can alter con-
clusions. Therefore, while phenomenologically viable mod-
els with new vector states can be constructed, we do not
include this case in our classification and restrict ourselves
to dark sectors with only new spin-0 and spin-1/2 fields, i.e.
scalars and fermions.

Under these assumptions, the field content of flavored DM
models generally contains the following particles:
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Fig. 1 Schematic visualization of the interaction of a DM field X with
a SM fermion f and a mediator field Y. Here i, j are (SM and dark)
flavor indices

e f =(f1. f2, f3)T: 3-generation SM fermion field
e X = (X1, X2,...X,)T: n generations of DM field
e Y: t-channel mediator field

where we adopt the notation of [1]. These states feature inter-
actions of the form

Line = —ij fi X;Y +hec., 2.1

schematically depicted in Fig. 1.

Since X is assumed to be a gauge singlet, the mediator Y
has to carry the same gauge quantum numbers as the fermion
f intheinteraction (2.1). This leads us to five different classes
of flavored DM models depending on the fermion f cou-
pled to the dark sector. In each case Y can be chosen to be
either a scalar or a fermion field,! which in turn fixes X to
be fermionic or scalar, respectively. Finally, X can be either
real or complex, resulting in four possible combinations for
each choice of SM fermion f. In total, this yields 20 distinct
scenarios involving a single flavored DM multiplet field and
a single mediator field, which we summarize in Table 1 along
with references to previous studies where applicable.

To ensure DM stability, we assume a Z, symmetry under
which both the mediator Y and the DM field X are charged.
The lightest flavor X is thus stable and serves as DM candi-
date as long as Mx, < My. Note that in some of the simpli-
fied models introduced below this Z, symmetry is accidental.
In order to ensure DM stability in UV-complete models of
flavored DM, flavor symmetries can be used to stabilize the
DM candidate [6,9,29].

The form of the Lagrangian depends on the choice of spin
representation for X and Y. Below we collect the four pos-
sible cases, in which we adopt the more common notation S
and S for real and complex scalar DM, x and x for Majo-
rana and Dirac DM, and i and ¢ for a fermionic and scalar
mediator, respectively. Furthermore, notice that in our nota-
tion, scalar mass parameters before EWSB are denoted by
lower-case letters (m), whereas physical scalar masses after
EWSB are labeled by capital letters (M). Fermion masses
do not receive corrections from EWSB in our setup, and

I Recall that we avoid the case of vector mediators for the reasons
mentioned above.

we label them by capital letters (M). Accordingly, for the
Dirac and Majorana DM case, fermion masses are denoted
by M, and M}, respectively, while for the mediator one has
my # M. For the real and complex scalar DM case, this dis-
tinction similarly leads tomgs # Mg and mg # Mg, whereas
the mediator mass is denoted by My, .

e Real scalar DM
In this case, we introduce a real scalar DM field X = S
which is flavored and a mediator ¥ = i which is a Dirac
fermion and carries the gauge quantum numbers of the
SM fermion f. The Lagrangian before EWSB describing
all possible NP interactions is given by

| R ~ 1 5 -

LD g(aMS)(a“S) — §m2§SS + YD — My)y
+ Mij fivSj +he) + )»gH,ij(giSj)(HTH)
+)‘§§,ijkl§i‘§j§k§l’ 2.2)

where m g is the flavored DM mass matrix before EWSB.

The complex matrix A;; describes the coupling of the

mediator to the SM fermions f; and the DM flavor mul-

tiplet. The hermitian coupling matrix Az, describes the
interactions of S with the Higgs doublet H, given by

H=(—iG", 1/v/2(+h+iG°)T after EWSB. This

Higgs portal interaction induces an additional contribu-

tion to the DM mass term after

Mg = mé — v gy (2.3)

where v = 246 GeV is the vacuum expectation value
of the Higgs. Finally, the coupling A3 ; ikl describes the
flavored DM self-interactions.
e Complex scalar DM
The Lagrangian for complex scalar flavored DM, S, is
very similar to the real DM case in Eq. (2.2). It reads

L2 0,8 0"S) —m2S'S +yip — My)y
+ (uij fivrSj +he) + asmij(S]S)(HTH) (2.4)
+ )\SS,ijkl(S;-Sj)(SZSI).

Again, the Higgs portal interaction induces a contribution
from EWSB to the DM mass matrix

2 2V

5 2.5)

e Majorana DM
We write the Majorana DM field X = x as a four-
component Majorana spinor x = (}r,io2x;)T where
XL is atwo-component Weyl spinor. The mediator Y = ¢
is a complex scalar field that carries the same gauge

@ Springer
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Table 1 Overview of all possible combination of DM candidates and
mediators that can couple to the various SM fermions. The second col-
umn shows the gauge quantum numbers of the mediator and its spin s,
the third column shows the nature of the DM fields, and the fourth and

fifth column list the literature where such a combination was consid-

ered within the context of Minimal Flavor Violation (MFV) or beyond,
respectively (if available). Note that in Refs. [5,31,32,41,43] consid-
ered flavored DM in the EFT limit without explicitly introducing the
t-channel mediator

f Y:Gsm X s X ~{,1) MFV Beyond MFV
q (3,2)16 x 0 Dirac fermion - [11,30]
Majorana fermion - -
(3,2)1/6 X % Complex scalar [31,32] -
Real scalar - -
u (3,1)2/3 x 0 Dirac fermion 17,29,33,34] [10,11,35]
Majorana fermion - [14,36]
(3, 1)2/3 % Complex scalar [31,32] -
Real scalar - -
d 3. D_13x0 Dirac fermion [7,37] [3,9,38]
Majorana fermion - -
B D_oi3xs Complex scalar [31,32] -
Real scalar - -
V4 1,2)-12x0 Dirac fermion [7] -
Majorana fermion - [39,40]
1,2)_12x 3 Complex scalar [41] [28]
Real scalar - -
e 1,1)_; x0 Dirac fermion [7,42,43] [44,45]
Majorana fermion - [15,46]
1,1)—; x % Complex scalar [41,43] [28,47,48]
Real scalar - -
quantum numbers as the SM fermion f. The general M2 =m? — U_2 MpH.1 - @7
Lagrangian before EWSB is given by ¢ 2 '

1= ~
LD SR = MR + (D) (D"9) = mie'e

+ (Aij fiXje +hc.)
+ Ao 19 ) HTH) + hym2(H 9) (0" H)

L Hiep)? +h Ao (@ 0)?
+§ (pH,3[( i€ (pj) +h.c.]+ (ptp((p ).

(2.6)

An SU(2)1-doublet mediator coupled to the left-handed
quark doublet additionally couples to the Higgs doublet
through the A, 5 2 (H T9)(¢" H) term. The components of
the mediator doublet ¢ = (¢,, ¢4)T thus receive different
contributions to their squared masses after EWSB, given
by

In contrast to the scalar DM models introduced above, the
Majorana fermion DM field does not couple to the Higgs
doublet at tree level. Instead, the A, coupling terms
couple the mediator ¢ to the SM Higgs field. Therefore,
the mass term mé receives a correction from EWSB. Note
that not all A,y terms in the Lagrangian are present in
all Majorana DM models. The charge of the mediator
therefore determines the correction to the mass term after
EWSB. For an SU(2) -singlet mediator only the term
rom.1 (¢ @)(H"H) is present, resulting in the physical
squared mass of the mediator after EWSB

@ Springer

2 )V
M(pu = m(p - ?)"(pH‘l’
2

v
M(/z?d mé_?()WPH,I + ApH,2)- (2.8)

Lastly, a doublet mediator coupled to the left-handed lep-
ton doublet can be parameterized as ¢ = (1/+/2(¢r +
ivr), )T, where we decomposed the neutral compo-
nent of the doublet into its real and imaginary parts ¢g
and ¢; as done in scotogenic models [39]. In this case
all A, terms are present, and the squared masses of the
physical neutral scalar bosons are given by
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2
M2 =m2 — L1 + A
or =My~ 5 (om oH3)
2

M2 = m2 =L Our 1 — hor 3) (2.9
o — My B ¢H,1 ¢H,3). .

The squared mass of the charged scalar boson is given
by

2

v
M) =m; — 5 o1+ ApH2) (2.10)
e Dirac DM
For Dirac DM the flavor triplet X = x is a Dirac fermion
while the scalar mediator ¥ = ¢ can be described

analogously to the Majorana fermion DM models. The
Lagrangian closely resembles the one of the Majorana
fermion DM models and is given by

LoxGd—My)x
+ (Due) ' (D*g) —mie o + (Mij fixjo +hc)
+ Ao (@ o) (HTH)

. . 1 ..
o2 (H @) (¢ H)+EA¢H,3[(Hie’f<pj>2+h.c.1

+ )Lwcp(ﬁﬂT(p)z
(2.11)

Since the coupling of the mediator to the Higgs dou-
blet is completely analogous to the Majorana fermion
DM models, the mediator masses are again given by
Egs. (2.7),(2.8),(2.9), and (2.10) depending on the gauge
quantum numbers of @.

Beyond the classification in Table 1, flavored DM mod-
els are distinguished by the dark sector’s flavor structure.
While a priori any number n > 1 of generations is possible,
the most common assumption in the literature is n = 3 in
analogy to the SM flavor structure. Furthermore, different
possible scenarios for flavor symmetries in the dark sector
have been discussed. The most common choices are mini-
mal flavor violation (MFV) or dark minimal flavor violation
(DMFV).

MFV [49-52] is based on the assumption that the approx-
imate flavor symmetry

GMrv = UB)g x UB)y x UB)g x UB)¢ x U(3)e
(2.12)

is broken only by the SM Yukawa couplings Y, Y4, Y. even
in the presence of new particles and interactions. The DM
flavor multiplet X then has to transform under a non-trivial
representation of one of the U (3) factors in Gvry . Therefore,
only certain values for the number n of dark generations
are possible in MFV. The structure of the coupling matrix A

between the dark sector and the SM sector is also restricted
by MFV and can be determined using the usual MFV spurion
expansion. In the same way, also the DM mass matrix and the
Higgs-portal coupling matrix for scalar DM are determined
by the MFV expansion.

The DMFV hypothesis [9] extends the MFV framework in
aminimal way. The flavor symmetry group Gvry is extended
by a factor G x under which the DM field X transforms non-
trivially,

Gpmrv = Gmrv X Gy. (2.13)

In analogy to MFV, in DMFV models the only sources of fla-
vor breaking are the new flavor-violating coupling matrix A
and the SM Yukawa couplings Y,, Y4, Y.. The DM mass
matrix and Higgs-portal interactions can therefore be written
in terms of a DMFV spurion expansion in A (and in principle
Y., Y4, Y., butthose enter only at higher order). In this way,
the DMFV assumption reduces the number of new parame-
ters in the model while still allowing for the phenomenolog-
ical implications of a new source of flavor violation.

3 Numerical toolchain

For our phenomenological study, we built a numerical
toolchain, illustrated in Fig. 2 and described in this section.
For all models summarized in Table 1, we derived the Feyn-
man rules and generated CALCHEP [53] and UFO [54] model
files using the MATHEMATICA-based package FEYNRULES
[16]. The toolchain as well as all model files are publicly
available on GitHub €),2 where the naming conventions used
in the model files are described in Appendix A.

3.1 Dark matter observables

For the automated computation of the DM relic density as
well as the direct and indirect detection cross sections, we
use MICROMEGAS [17-19], based on our CALCHEP model
implementation. Further details are provided in the following
subsections.

3.1.1 Relic abundance

We use MICROMEGAS to numerically solve the Boltzmann
equation to compute the DM relic density, taking into account
coannihilation effects between all relevant particles. While
the tool can also accommodate non-standard production
mechanisms, such as freeze-in or conversion-driven freeze-
out, we focus on the standard scenario of canonical thermal
freeze-out in this work.

2 https://github.com/lena-ra/Flavored-Dark-Matter.
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Table2 Overview of indirect detection constraints used in this analysis,
grouped by cosmic messenger and SM final state. References indicate
the sources from which the limits were taken. “-~ indicates that no con-
straint is included for that channel. All bounds assume a Navarro-Frenk-
White halo profile, except for [72,74], which use an Einasto profile

FeynRules Matchete Final state Gamma rays Antiprotons Positrons Neutrinos
CalcHEP file Wilson ete” [63,64] [65] [66] -
coefficients Lo
¥y SLHA A 4 [y [67] [65] [66] [67]
fil _
micrOMEGASs “»| SModels smelli I (68,69] [65] (66] -
qq (light) - [65,70] - -
Qh? (ov)p cc [63] [65] - -
\ 4 \ 4 _
Compare . - bb (711 65.70] - -
D G DD limit LHC limit ¢ (63,72] [65] B _
Cosmo | 1D fimit wWtw-— [67,73] [65,70] - -
v limit {' v v zZZ [63,74] [65] - -
Allowed parameter space ) hh - [65,70] - -
v (any flavor) - [65] - [75,76]

Fig. 2 Tllustration of the numerical toolchain used in our analysis of
flavored DM models. The gray rounded rectangles show the inputs to
the toolchain (i.e. the Lagrangian of the DM model and the values for
all parameters) and light purple boxes show the tools used

In this context, we assume that the DM particle is a ther-
mal relic, and that its present-day abundance is set by the
freeze-out mechanism and a standard cosmological history.
We consider both the case of the computed relic density being
consistent with the value measured by the PLANCK satellite,
Qh% = 0.120 & 0.001 [55], within an assumed theoretical
uncertainty of 10%, as well as the case of underabundant DM.
In the latter case the observed relic abundance is assumed to
be accounted for by additional DM components. Parameter
points that predict overabundant DM are considered experi-
mentally excluded.

3.1.2 Direct detection

Direct detection of DM particles involves observing their rare
scattering off a nucleus in a low-background environment.
Constraints on the DM scattering cross section have been pro-
vided in terms of spin-independent (SI) and spin-dependent
(SD) cross sections. Models where DM interacts with quarks
are subject to stronger constraints compared to those coupling
to leptons. The former give rise to tree-level interactions as
well as loop-induced Higgs and gluon interactions relevant
in parts of the parameter space. These loop-induced inter-
actions, however, are suppressed for fermionic flavored DM
due to the chiral coupling structure, so that one-loop photon
and Z-boson penguin and box diagrams become competitive
[7,9,10,34]. Leptophilic DM interacts via electroweak loop-
diagrams only — typically via photon or Z-boson exchange —
which are highly suppressed, in particular, for self-conjugate
DM, see e.g. [56].

@ Springer

We calculate both the SI and SD DM-nucleon scattering
cross sections using MICROMEGAS.?> We exclude parame-
ter points that are ruled out at 90% confidence level by the
current direct detection experiments that are implemented in
MICROMEGAS. This means that for the SI cross sections,
we consider constraints from CRESST-III [57], LZ [58],
XENONIT [59,60], and DarkSide-50 [61]. For SD cross
sections, we include limits from PICO-60 [62].

3.1.3 Indirect detection

Indirect detection experiments constrain the velocity aver-
aged DM annihilation cross section (o v) into SM final states
by measuring the flux of cosmic messengers such as gamma
rays, cosmic-ray antiprotons and positrons, and neutrinos. In
our analysis, we use published constraints on annihilation
into SM particle-antiparticle pairs derived from experimen-
tal data. These results are typically obtained either by the
experimental collaborations themselves or by independent
phenomenological studies based on publicly available data.

An overview of the indirect detection bounds included in
our framework is provided in Table 2, grouped by cosmic
messenger and SM final state.

We use MICROMEGAS to compute the total annihilation
cross section (o v) and the branching fractions into different
primary final states, BRpim. To apply experimental limits,
we compute the partial cross section for each final state as

(0V)prim = BRprim X (ov), (3.1

3 The current version of MICROMEGAS does not include DM-nucleon
scattering via photon or Z-boson penguin or box diagrams potentially
relevant for the leptophilic models. Note that the photon exchange gives
rise to operators beyond contact interactions.
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and compare it to the corresponding upper limits. Parameter
points that yield a cross section above the bound for at least
one channel are excluded.

There are two situations in which final states beyond the
standard channels listed in Table 2 become relevant. In these
cases, we apply approximate mappings that allow us to use
the available experimental limits in a controlled way. First,
in our models, the DM particle couples to SM flavor triplets,
and annihilation through #- or u-channel mediator exchange
can result in mixed final states with different SM flavors.
Since these mixed channels are not considered in the avail-
able constraints, we approximate the cross section limit by
using the average from the two corresponding single-flavor
pair-annihilation channels:

1

(ov)ap = §(<O'U>AA + (ov)BB) .

This is equivalent to the prescription used in MICROMEGAS
and can be applied if the DM mass satisfies My >
max(Ma, Mp). In reality, mixed final states can occur if
2Myx > M4 + M, but such configurations are not included
in this analysis. Simulating both the single-flavor and mixed-
flavor annihilation processes with MADDM [77,78], we have
verified that the spectrum from the averaged single-flavor
channels approximates the mixed-flavor spectrum with suf-
ficient accuracy to justify this approach. (For neutrino final
states, we neglect flavor-specific effects and sum over all neu-
trino flavors, consistent with the assumptions in the experi-
mental bounds.)

Secondly, radiative three-body final states can become rel-
evant. If the two-body final state annihilation is p-wave sup-
pressed, as is the case in the scenarios considered in Sect. 4,
it is inefficient in the present Universe and the processes
XX — yff and, for quark-philic models, XX — gqg
can provide an important additional contribution, as they lift
the p-wave suppression [79,80]. The process XX — yf f is
automatically computed by MICROMEGAS. For quark final
states, we additionally include XX — ggqg using

(3.2)

0xx—qge _ CF s

OXX—>qqy Qg Oom G-
where Cr = 4/3, O, = 2/3 for up-type quarks and
Q4 = —1/3for down-type quarks. Since experimental limits
are generally not provided for these three-body final states,
we incorporate them by summing the corresponding two- and
three-body cross sections and applying the available bound
for the associated two-body channel, following Ref. [47].
This amounts to assuming that the continuum part of the
spectra from f fy and ¢gg is approximated sufficiently well
by the corresponding f f and ¢g channels for the purpose
of applying the published limits. This is also consistent with
the analysis underlying Ref. [81], which indicates that radia-
tive three-body spectra in related #-channel mediator models

can be approximated reasonably well by standard two-body
templates. Possible sharp spectral features from the radiated
photon in f fy are not included in this treatment and are
beyond the scope of the present analysis.

3.2 Collider constraints

Collider searches for new physics can constrain regions of the
parameter space where DM and/or its mediator are produced
at the LHC. We use the MICROMEGAS interface [20] to
SMODELS v3 [21-23] to evaluate these constraints. SMOD-
ELS decomposes the full model into simplified model topolo-
gies, which are then tested against an extensive database of
ATLAS and CMS results. The tool returns r-values, defined
as the ratio of the predicted signal cross section to the experi-
mental upper limit, and parameter points with » > 1 are con-
sidered excluded. For searches that provide additional sta-
tistical information beyond observed limits, SMODELS can
also compute an approximate likelihood for a given param-
eter point. However, to avoid potential biases from incon-
sistent likelihood availability across searches, we base our
constraints solely on the r-value.

Constraints are typically strongest when the mediator car-
ries QCD charge, as this enhances the production cross sec-
tion. We also use the SMODELS functionality to identify miss-
ing topologies, which are categorized as displaced, prompt,
or outside the experimental results grid. This helps reveal
gaps in the current experimental coverage that are particu-
larly relevant for the scenario under study.

3.3 Flavor physics

3.3.1 Effective field theory framework for dark matter
models

Constraints from flavor observables are best explored by
mapping the DM models onto their corresponding effective
field theory (EFT) description.* To this end, we have imple-
mented the different DM models, with their Lagrangians
given in Sect. 2, in the MATCHETE package [24], which per-
forms the complete one-loop matching’ of the DM theories
onto the Standard Model Effective Field Theory (SMEFT)
[84] in the Warsaw basis [85], for reviews see [86—88].
Subsequently, we use the Renormalization Group (RG)
equations of the SMEFT [89-91] to evolve the SMEFT Wil-
son coefficients from the high scale, where the NP param-

4 A similar approach was also followed in [4] to analyze a r-channel
DM model with a flavored mediator. However, in [4] only LEP data
was considered in the EFT analysis to constrain the model, whereas
our focus here is on flavor observables, while LEP data can be trivially
included in our setup.

3 See [82,83] for other one-loop matching tools with a similar scope.
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eters are defined, down to the electroweak scale. In a next
step, the SMEFT is matched onto the Low Energy Effective
Theory (LEFT) [92,93] and subsequently the coefficients of
the LEFT are further run down to the energies of the flavor
observables using the LEFT RG equations [94]. The RG evo-
lution and SMEFT-LEFT matching is performed with the
help of the WILSON package [27] (see also [95]), and the
flavor observables are computed using FLAVIO [26].

The validity of the EFT description depends, of course,
on the masses considered for the DM flavor multiplet (X)
and the mediator (Y). The EFT constitutes a power series
in Egbs / MI%IP, where Eqpg is the typical energy scale of the
observables considered and Myp is the mass scale of the NP
states (My and My). For flavor observables, we typically
have Eqps < 5 GeV. Therefore, we expect the EFT to provide
an accurate description even for DM masses in the range
of a few times 10 GeV.° Notice, that such low masses are
also strongly constrained by collider searches, for which we
do not employ an EFT approximation. Thus, first applying
the LHC limits before determining the flavor constraints can
improve the validity of the EFT description. When also Higgs
observables or electroweak precision data are included, Eqps
is at the electroweak scale and the EFT cannot be expected
to yield reliable results for such low DM masses. Thus, these
constraints should be applied only for DM masses above
a few times 100 GeV, as done, e.g., in [4]. Ultimately, the
mass scale up to which the EFT is deemed reliable must be
decided individually for each analysis performed with the
setup described here. Therefore, this choice is left to the user
of the toolchain we provide.

3.3.2 Flavor likelihood

To construct a global flavor likelihood to obtain constraints
on the DM models from all relevant flavor observables, we
employ a variety of publicly available codes, partially men-
tioned before already. At the core of the flavor toolchain is the
SMELLI package’ [25], which allows one to compute a global
likelihood in the SMEFT parameter space, including not only
flavor observables, but also Higgs and electroweak precision
measurements. Depending on the concrete scenario one is
investigating, it can be convenient to only consider certain
subsets of these measurements in the analysis. A complete

6 For DM masses below the weak scale (Mnp < v), the SMEFT expan-
sion in v?/ MI%IP suffers an apparent breakdown. However, since we sub-
sequently match onto the LEFT and evolve to energies at or below the
B-meson scale, the SMEFT expansion is always supplemented by the
LEFT expansion in Egbs / v2. Hence, in combination, we find that the
relevant observables have an expansion in (Egbs/vz) X (vz/MI%IP) =
Egbs / MI%P such that neglected higher-order SMEFT operators are still
sufficiently suppressed as long as Eqps << Mnp, which validates our

SMEFT expansion a posteriori.

7 For the present analyses we use v2.4.2 of the SMELLI code.
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list of all available observables can be found in Appendix D of
[25]. The SMELLI code is based on the FLAVIO software [26]
to compute flavor observables and on the WILSON package
[27] to perform the RG evolution in the SMEFT and LEFT,
and the matching between the two EFTs.

The input to SMELLI is provided in terms of WCx £ files [96]
containing the numerical values of all SMEFT Wilson coef-
ficients, corresponding to a specific point in the NP param-
eter space, at the high UV scale. This input scale is set to
1 TeV for the analyses presented in this article, but can be
modified in the toolchain as desired. These WCx £ files are
generated through a new interface to the MATCHETE package
[24], which was developed specifically for this project, but
can also be used for any other NP theory. This interface will
be included and documented in the MATCHETE code from
v0.4.2 onward. For a given point in NP parameter space, the
interface numerically evaluates the one-loop matching con-
ditions determined by MATCHETE, thus obtaining a list of
numerical values for all Warsaw basis Wilson coefficients.
The results are subsequently written into WCx £ files (one file
per parameter point), which is then used as input to SMELLI
to compute the global likelihood for the specified point. The
details of the parameter scan are, of course, specific to the
scenario that is being investigated. Therefore, generating the
NP parameter points used as input by the interface is left
external to the toolchain.

Detailed instructions and examples on how to use the
MATCHETE-WCx £ interface® for the DM models considered
here, and for how to subsequently analyze these files with
SMELLI, are provided on GitHub €).?

For every parameter point, SMELLI computes and returns
the global log-likelihood ratio, which is defined as

AL =log (%) ,
SM

where Ly is the likelihood of the SM and Lnp is the like-
lihood of the NP model at the specified parameter point. For
the analysis presented in this article, we reject all points with
AL < =2, thatis, the parameter points that fit the data worse
than the SM with a pull of approximately 2 o with respect
to the SM fit. The threshold for rejecting or accepting points
based on the value of the log-likelihood ratio can be eas-
ily modified if required. While additional information on all
computed observables is available through SMELLI in prin-
ciple, our toolchain also provides a summary of the most
relevant observables for every analysis.

(3.4)

8 This interface is also documented in detail within the MATCHETE
package.
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3.3.3 Flavor observables

The SMELLI package allows to include a wide range of
observables, which are implemented in FLAVIO, in the
global likelihood analysis. The different types of available
measurements include quark flavor observables, anomalous
magnetic moments of leptons, neutrino trident production,
charged- and neutral-current lepton-flavor-universality tests,
and lepton-flavor-violation (LFV) tests, but also electroweak
precision observables (EWPO) and Higgs decays. A list of
all available observables can be found in Appendix D of [25]
with an up-to-date version on GitHub €).°

Which of the observables are the most relevant depends
heavily not only on the model considered but also on the
specifics of the parameter scan. For example, if the DM cou-
ples only to the quark fields (g, u, d) the strongest constraints
on the parameter space are presumably derived from meson-
anti-meson mixing observables (D°- D® mixing in the up sec-
toror BY -BY and K9-KY in the down sector, cf. Sect. 4.3),
at least when the parameter scan allows sufficiently large
contributions to these AF = 2 processes. For leptophilic
scenarios, on the other hand, the most stringently constrained
charged-lepton flavor-violating observables such as u — ey
or u — eee are likely to provide the strongest limits on the
parameter space, if the scan allows for LFV, cf. Sec. 4.2. If
this is not the case, EWPO can potentially give the leading
constraints on the models (see, e.g., [4]).

Ultimately, the relevant observables have to be determined
model-by-model and scan-by-scan. Notice that once this is
done, it can be useful to restrict SMELLI to compute only the
relevant parts of the likelihood, in order to improve perfor-
mance.

4 Applications and results: majorana dark matter

In this section, we apply our toolchain to two models of Majo-
rana flavored DM which have not yet been studied in the lit-
erature. In Sect. 4.2 we examine the coupling to right-handed
charged leptons,'? and in Sect. 4.3 we consider the case of
a coupling to the right-handed down-type quarks. In both
cases, we assume DMFV, i.e., we assume A to be the only
new source of flavor and CP violation. First, we describe the
parametrization framework of A in Sect. 4.1.

9 https://github.com/smelli/smelli/tree/master/smelli/data/yaml.

10 While Majorana flavored DM coupled to right-handed charged lep-
tons has been considered before, the analysis of [46] was restricted to
the coupling to only a single SM generation, and [15] dealt exclusively
with the possibility of obtaining conversion-driven leptogenesis.

4.1 General parameterization of the coupling matrix and
masses

In this study, we make use of the parameterization frame-
work for the matrix A introduced in [36], which we sum-
marize here for completeness. All expressions relevant for
our analysis are presented below, and the reader is referred
to [36] for additional context and discussion. Note that this
parameterization can be used in all DMFV models with real
DM. A useful parameterization for complex DM in DMFV
has been derived in [9]. It can be obtained from the one for
real DM by removing the orthogonal matrix O and the diag-
onal matrix d which become unphysical in the complex DM
case.

The coupling matrix A is expressed in terms of two diago-
nal matrices D and d, an orthogonal matrix O, and a unitary
matrix U, respecting the flavor symmetry group O (3):
A = U diag(Dy, D2, D3) O diag(d, da, d3) . “4.1
The unitary matrix U is constructed as a product of three
unitary rotations:

U=Ux3U;sUp
1 0 0 c(f3 0 sf3e_i513
=[0 o S 0 1 0
_ <O id3 0 _ <O id13 0
0 —s55e e s{z€ 0 3
0 6 ,—id12
glz's S1269 20
—spe o, 0, 4.2)
0 0 1
where cig. = cos(6;;) and s?j = sin(¢;;). Similarly, the

orthogonal matrix O is defined as

100 C% 05?3

0=030;30n=|0c s || 0 10

[ ¢ ¢
0 =553 ¢33 —s13 0 cp3
¢ ¢
€y S 0
—si”z c‘{’z ol 4.3)
0 01

with cf} = cos(¢;;) and s;ﬁ. = sin(¢;;). The diagonal unitary
matrix d is given by
d = diag(e'”", 72, e'73) . (4.4)

In total, the coupling matrix X is characterized by the follow-
ing 15 parameters:

023, 013, 012, $23, P13, P12, 623, 613, 612, V1, V2,

v3, D1, D3, D3. 4.5)
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The DM mass matrix is parameterized in terms of A via
the DMFV spurion expansion:

M; = M, [11 n g(ﬂ,\ FATAY) + (9(/\4)] . (4.6)
To diagonalize M 7> we apply the Autonne-Takagi factoriza-
tion, yielding an orthogonal matrix W such that

My =WTMZW, 4.7
with 1\;1)%) = diag(My,, M3,, My,) ordered such that Mz, <
M3, < My,. The coupling matrix is accordingly rotated to
the mass eigenbasis via A = AWT. Note that for vanishing
phases y; (d = 1) the orthogonal transformation O simply
amounts to a dark flavor symmetry transformation and is
hence redundant such that W = O; see Appendix B.1 for
further details on the dark flavor basis transformation.

Unlike previous analyses of Majorana flavored DM with
DMFYV in [14,36], we allow for interactions of the mediator
with the Higgs doublet, which modify the mediator’s physi-
cal mass after EWSB. The nature of this correction depends
on the mediator’s gauge quantum numbers as discussed in
Sect. 2.

4.2 Coupling to right-handed charged leptons
4.2.1 Scan setup

We consider a Majorana fermion DM flavor-triplet field and
scalar mediator coupling to right-handed charged leptons. We
perform a random scan of the model parameters as presented
in Table 3 where the prior indicates whether the parameters
are sampled linearly (lin) or logarithmically (log) in their
scan range.!! To suppress LFV decays like © — ey, the
mixing angles 61> and ¢, are scanned logarithmically over
[107%, 102]. Because the mass matrix depends on the sign of
n, which can be negative, we discard parameter points where
the lightest mass eigenstate has a negative mass, guaranteeing
M X1 > 0.

4.2.2 Constraints and results

We generate approximately 350,000 points and sequentially
apply constraints from relic density, direct and indirect detec-
tion, collider searches (via MICROMEGAS and SMODELS),
and flavor observables (MATCHETE, SMELLI). The results are
presented in Figs. 3, 4 and 5. Points surviving all constraints
are shown with lime green circles in Fig. 4. The top left
panel displays allowed values in the (M, , M) plane, with

T We note that to cover the full physical parameter space, one of the
angles ¢;; should cover both positive and negative values between 0
and £ /4. We have checked that restricting our scans to include only
positive values does not impact our results.
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Table 3 Ranges and priors for the parameters for the scan with cou-
plings to right-handed leptons. The priors indicate whether the scan
range is sampled linearly (lin) or logarithmically (log). The upper part
of the table shows the parameters needed for the couplings and the lower
part shows the mass parameters

Parameter Range Prior
D; [0, 2] lin
012 [1076,1072] log
013 [1074, /4] log
63 [10~4, /4] log
12 [1076,1072] log
13 [10~%, /4] log
é23 (1074, 7 /4] log
dij [0, 27) lin
Vi [0, 27) lin
Mo 1 [—1, —0.001] U[0.001, 1] log
n [—1, —0.001] U[0.001, 1] log
Mj [GeV] [100, 1500] lin
M, [GeV] [M3,, M3 +2000] lin

the gray dashed line denoting the minimal mediator mass.
The top right panel shows the allowed mass-splitting param-
eter n versus My, . The bottom panels present viable cou-
plings in terms of the absolute value of the sum over all DM
states of A lliiji on the left and Xtiiji on the right for a given
M,,. Points excluded by specific constraints are shown with
square-shaped markers in blue (collider) and orange (flavor).

Relic density constraints: In Fig. 3 we show the
calculated relic density in two different projections of the
parameter space, as described in the figure caption. Parame-
ter points that predict overabundant DM have been discarded
and are not shown. We observe that the minimum allowed
value of the coupling strength 1/Dl2 + D% + D% increases
with increasing mediator mass M, and that larger couplings
tend to favor underabundant DM. Furthermore, the calculated
relic abundance depends on the mass splitting between DM
and mediator, M,/ M3, — 1. For sizable coupling strengths,

D} + D3 + D3 = 2, the mass splitting required to repro-
duce the observed relic density increases.

In the following, unless stated otherwise, we focus on the
case in which the model reproduces the full observed DM
abundance. We return to the case of underabundant DM at
the end of this subsection. Requiring the model to reproduce
the observed relic density poses a fairly restrictive constraint
in our parameter space scan. We find that approximately 97%
of the scanned points fail to yield the measured DM abun-
dance within the assigned theoretical uncertainty. Given the
large fraction of excluded points, we only show those that
satisfy this constraint in Fig. 4. The dominant contribution to
the relic abundance stems from coannihilations between the
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Fig. 3 Calculated relic abundance shown in color as indicated by the color scale. The left plot shows the parameter space in the ,/ D12 + D% + D%—

M,, plane, while the right plot shows the plane of ,/ Df + D% + D% and My /M3, — 1

different y; states into leptons, mediated by 7- and u-channel
exchange of the scalar mediator. For small couplings, how-
ever, the main process for DM depletion is mediator pair
annihilation into photons as the DM particles and the medi-
ator are still in thermal equilibrium because they are almost
mass degenerate.

A key feature of the viable points is a lower bound on
the DM mass Mj, for a given mediator mass. This behav-
ior arises from the scaling of the annihilation cross section,
which roughly grows as M)g(l / M;f in the limit of sizable mass
splittings and fixed couplings. Since the mediator mass M,, is
bounded from below, this scaling implies that for sufficiently
small My, , the annihilation cross section becomes too small
to yield the correct relic abundance, even when the coupling
matrix elements D; saturate their maximal values. This effect
is reflected in the absence of points in the lower right area in
the upper left panel of Fig. 4.12

We also observe a dependence of the allowed points on
the mass splitting parameter 7. Large positive values of  are
allowed across the entire mass range of My, , whereas large
negative values are only compatible with small DM masses.
This is because in our scan we choose the upper value for
M3 to be 1500 GeV meaning that for n < 0 the individual
values for the masses My, will be smaller than 1500 GeV.
For My, to be close to 1500GeV if the absolute value for
n < 0 is large, very small couplings are needed to have
very small mass splittings. In this case, the relic abundance
becomes too large so that these points are excluded. Note
that the region with My, < 100GeV is only populated for

12 Note that the unpopulated region extends beyond the region that is
not covered by our parameter scan.

negative 7 since Mz > 100 GeV. Note also that the absence of
points in the lower-left corner in the upper left panel of Fig. 4
at M, < 200GeV (and relatively small mass splittings) is
due to the relic abundance being too low in this region, as
efficient coannihilation with the mediator over-depletes the
DM density even for small DM couplings; this region could,
however, become viable in the regime of conversion-driven
freeze-out for very small couplings < 1076.13

Collider constraints: We now turn to constraints from
LHC searches, evaluated using SMODELS. These searches
exclude only 0.3% of the parameter points that have the cor-
rect relic abundance, all confined to the low-mass region with
M3z, < 200GeV and M, < 500GeV (see upper left panel
of Fig. 4), while the bulk of the parameter space remains
unconstrained. This result is similar to the findings of Ref.
[47,48], where complex scalar DM coupling to right-handed
leptons was studied.

As seen in the upper right panel of Fig. 4, points with neg-
ative 1 and small M, are most affected.'* For negative 1,
X1 has the largest coupling, leading to dominant mediator
decays into x| and leptons, resulting in two-lepton plus miss-
ing energy signatures well covered by SMODELS. For posi-
tive 17, by contrast, the mediator decays dominantly into heav-
ier x; states, which subsequently undergo cascade decays
producing multi-lepton final states not covered by current
searches implemented in SMODELS. As a result, the param-
eter space with negative 1 is more effectively constrained,

13 See Refs. [15,46] for a respective analysis in the case of two DM
flavors.

14 Note that our scan setup does not cover the mass range M <
100 GeV for positive 7.
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Fig. 4 Constraints on the parameter space for the Majorana DM model
coupling to right-handed leptons. Points shown by orange square mark-
ers are excluded by flavor observables while still passing the LHC and
relic abundance constraints. Blue square markers fulfill only the relic
abundance constraints but are excluded by constraints from the LHC.
The remaining points that pass all constraints are shown with green

although dedicated multilepton searches could significantly
enhance sensitivity.

The dominant LHC signal arises from Drell-Yan pro-
duction of mediator pairs decaying to leptons and missing
energy. Although Majorana DM allows for same-sign dilep-
tons, these are suppressed by initial-state statistics [97], and
dedicated searches are lacking. Mixed-flavor channels are
also possible [47] but to our knowledge are not covered by
experimental searches and are not included in SMODELS.

@ Springer

circles. The upper left panel shows the parameter space in the M -M,,
plane, with the gray dashed line indicating M3, = M. The upper right
panel displays the mass splitting parameter 1 versus My, . The lower

panels show the sum over all DM states of x i ):ji on the left and A, iiji
on the right versus M,

These channels are also the most frequently identified prompt
missing topologies by SMODELS, suggesting that these merit
further experimental attention.

The most stringent constraint comes from a CMS search
for two same-flavor, opposite-sign light leptons plus miss-
ing energy (£ 1) [98], which excludes points with large ¥1-1
couplings. Other searches [99, 100] are less sensitive, exclud-
ing only one point with large xj-e couplings. Searches for
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7T + E7 exclude no points, explaining why large x1-t cou-
plings remain allowed.

Finally, as the model couples to right-handed leptons,
lepton colliders like LEP can constrain it via eTe™ —
Xi X jv resulting in mono-photon + £ 7 signatures. While not
included in SMODELS, we expect LEP to set a lower bound
of about 100 GeV on the mediator mass [101], which we find
to be respected by all points satisfying the relic abundance
constraint in our scan.

Direct detection constraints: In lepton-flavored DM
models, tree-level interactions with nuclei are absent, mak-
ing direct detection constraints significantly weaker than in
scenarios with quark couplings. The only possible contribu-
tions arise from scattering off electrons or from loop-induced
couplings to nuclei. The latter proceeds dominantly through
photon exchange via the anapole operator. However, follow-
ing the findings of Ref. [56], we do not expect the current
experimental data to impose constraints on the parameter
space. !’

Indirect detection constraints: Indirect detection
experiments impose only weak constraints on our model,
with no points satisfying the relic abundance requirement
being excluded in our scan. In the leptophilic scenario, the
leading two-body annihilation channel ¥ 3, — £7€~ is p-
wave suppressed and hence inefficient in the present Uni-
verse. We therefore include the radiative three-body process
X1X1 — yL€tT€~ according to the prescription described in
Sec. 3.1.3. Even with this contribution included, no parame-
ter point in our scan is excluded by indirect detection.

Flavor constraints: We finally apply flavor constraints
to the points that remain after imposing relic density and
collider bounds. These observables exclude an additional
~ 25% of the parameter space, as shown in orange in Fig. 4.
The most stringent bound arises from the LFV decay u — ey
[103], with u — eee [103] providing a complementary con-
straint. While the latter can occur via internal photon con-
version in ;. — ey, its dominant contribution stems from
Z-penguin and in particular box diagrams involving ¢ and
Xi. This observable has not been included in previous analy-
ses of Dirac [44] or scalar [47] lepton-flavored DM.

As expected, LFV constraints are stronger at low media-
tor and DM masses, where loop contributions are less sup-
pressed. This is illustrated in Fig. 5, where we show, in each
bin of the My, -M, plane, the largest value of the coupling
combination entering u — e flavor transitions found among
the flavor-allowed points in our scan. This provides a scan-
based estimate of the maximally allowed coupling strength
as a function of the DM and mediator masses. Moreover,
the upper right panel of Fig. 4 seems to show a bias toward
excluding points with small absolute values of 7, though this

15" An interpretation of XENON1T, SuperCDMS and CRESST-III data
in terms of the anapole moment can be found in [102].
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Fig. 5 Largest (absolute) value of the sum over all DM states of X i XZL.
found among the flavor-allowed points in each bin of the M, -M,, plane.
This provides a scan-based estimate of the maximally allowed coupling
strength in different mass regions. Empty bins are left blank, while bins
containing fewer than ten points are shown in gray.

is a scan artifact due to the logarithmic prior and linear plot-
ting scale. The exclusion fraction is in fact independent of
the value of 7.

Flavor bounds primarily constrain the structure of the cou-
pling matrix A, which controls the size of LFV effects. Large
couplings to both the electron and muon are strongly dis-
favored, as shown in the lower left panel of Fig. 4, while
scenarios with hierarchical couplings — where only one of
the first two rows of A dominates — can remain viable. The
constraint on the relevant coupling parameters weakens with
increasing mediator mass as the latter suppresses LFV ampli-
tudes. Constraints from v LFV decays [103,104] are gener-
ally weaker, as seen in the lower right panel of Fig. 4, and
only become relevant for small values of M. Even in that
case larger Aci values remain allowed unless accompanied
by a sizable coupling to e or .

Underabundant dark matter: In order to assess the
impact of the relic density constraint on our results, we
also compared the case of our model reproducing the mea-
sured abundance with the cases of only 10% or 1% of the
observed DM density stemming from our model. As before,
we assumed a 10% theoretical uncertainty in the relic den-
sity computation. Compared to about 3% of the generated
points reproducing the full relic density, in the two under-
abundant scenarios only 0.4% and 0.03% of points, respec-
tively, pass the corresponding relic density constraint, lead-
ing to significantly less statistics for further analysis. At the
same time, the preference of underabundant DM for larger
coupling strengths tends to enhance the impact of collider
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Fig. 6 Feynman diagrams contributing to meson-anti-meson mixing in quarkphilic Majorana DM models. While the diagram on the left-hand side
is present also in Dirac models, the diagram on the right-hand side only contributes in the Majorana scenario

and flavor constraints, while direct and indirect detection still
exclude no parameter points.

4.3 Coupling to right-handed down-type quarks

As a second example, we investigated again a Majorana-
fermion DM field but coupling to right-handed down-type
quarks, which has also not been discussed in the literature so
far. Because the flavor constraints, particularly meson-anti-
meson mixing limits, are even stronger in this case than for
the leptophilic model, we perform dedicated scans guided by
the insights from Appendix B to efficiently probe the phe-
nomenologically viable regions of parameter space. In the
following, we first motivate our scan setup and assumptions,
before discussing the results of our analysis.

4.3.1 Scan setups

In order to have a sufficient number of parameter points that
meet the strong constraints deriving from A F' = 2 processes,
we have to design an efficient parameter scan setup with care.
Since we are dealing with Majorana fermions, the common
box diagram shown on the left-hand side of Fig. 6, which con-
tributes to meson-anti-meson mixing, is supplemented by the
crossed box diagram shown on the right-hand side of Fig. 6
[36]. The former diagram is proportional to A pi):;k,-i » jifj,
whereas the latter scales like Xii i;‘jz. This indicates that
large contributions to AF = 2 processes can be present for
Majorana models, even if all off-diagonal entries of A van-
ish. Already the presence of two non-negligible entries of A
suffices for a parameter point to be in tension with meson-
mixing data.

In practice, this means that we want a strong hierarchy
between the eigenvalues of the coupling matrix A in order
to sufficiently suppress these flavor-changing processes. We
implemented this hierarchy in two different ways that we
dub general hierarchical and bottom-philic scenarios. In the
following, we compare both the setups and their results. We
start by describing the details of the two scan setups and qual-
itatively motivating them. A more detailed and quantitative
argument for the exact structure of these scans is provided in
Appendix B.
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General hierarchical scenario: In order to efficiently
scan the parameters D1, D>, and D3, which determine the
magnitude of the eigenvalues of the coupling matrix A [cf.
Eq. (4.1)], we sample the values such that their product lies
within a specified range while allowing for hierarchical struc-
tures among them. Specifically, we sample:

e atotal scale dyy = D1D2D3 € [(107%)3, 23] logarith-
mically, which sets the overall coupling strength of the
DM multiplet to the SM, allowing efficient exploration
of very small as well as large values;

e two independent ratios r12 = D1/Djy and rp3 = Dy /D3
logarithmically in the range [5 x 1075, 2 x 10*], which
ensures that most parameter points obey a hierarchy
among the eigenvalues of A as discussed before.

The individual parameters are obtained as

5 173
D = <dmul > V23) ,
173
3
D2 = <dmul _) s
r2
1/3
dmul

D3 = 3 )
r2ry

(4.8)

and we retain only those points for which all D; lie within the
range [10™*, 2]. The upper bound of that range ensures that
the UV couplings remain perturbative, whereas the lower
bound is chosen conservatively to guarantee that all dark-
sector states remain in thermal equilibrium with each other
during freeze-out, consistent with the assumptions underly-
ing the standard MICROMEGAS routines used in the scan.
The remaining model parameters are scanned according to
the ranges and priors listed in Table 4. Note that the mixing
angles 6 and ¢ are scanned with logarithmic priors, ensuring
efficient coverage of small angles.'¢

16 The structure of the general hierarchical scan is closely related to
the first scenario discussed in Appendices B.2 and B.3, where small
mixing angles 6;;, ¢;; are assumed (i.e. suppressed off-diagonal entries
in 1). However, for sizable couplings (as required by the relic-density
constraint in the bulk of parameter space) small angles alone are not
always sufficient to satisfy the bounds from neutral-meson mixing — in
particular when M, ~ M3, where the box diagram on the right side
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Table 4 Ranges and priors for the parameters in the general hierar-
chical scan scenario with couplings to right-handed down-type quarks.
The priors indicate whether the scan range is sampled linearly (lin) or
logarithmically (log). The upper part of the table shows the parameters
needed for the couplings and the lower part shows the mass parameters

Parameter Range Prior

D; [1074, 2] Description in text
0; [10~*, /4] log

#ij [10~4, /4] log

(Sl‘j [0,2m) lin

Vi [0, 27) lin

AoH,1 [—1,—0.001] U [0.001, 1] log

n [—1,—-0.01]U[0.01, 1] log

Mj; [GeV] [100, 1500] lin

M, [GeV] (M3, Mg, + 1600] lin

This procedure allows for a wide variety of hierarchies
among the D;, including cases where one parameter is sig-
nificantly larger than the others, while keeping the geometric
mean fixed within a physically relevant range. In addition,
we require either‘/Dl2 + D% + D% >0.60rMy/Mz —1 <
0.1, as indicated by the dashed lines in the lower left panel of
Fig. 7. This condition excludes regions that we found to over-
shoot the observed relic abundance. Specifically, it ensures
that either the overall coupling strength of the DM multiplet
to the SM is large enough for efficient X; x; annihilation,
or that the mass splitting between the DM state x| and the
mediator ¢ is small enough for efficient coannihilation via
the sizable QCD interactions of the mediator. The resulting
set of accepted points constitutes our set of generated points.

Bottom-philic scenario:

In addition to the rather general scan setup discussed
above, covering a wide range of possible hierarchies, it is
instructive to consider a more targeted scan focusing on
regions that largely evade the bounds from flavor-changing
observables.

One such scenario follows a flavor hierarchy, with the DM
flavor multiplet coupling dominantly to the bottom quark.
This scenario can be interpreted as a toy model representing
the large class of NP theories with a dominant coupling to
the third generation of SM fermions. A bottom-philic cou-
pling structure can be achieved by assuming the hierarchy
D3 > D> > D; among the eigenvalues of the coupling
matrix A. In addition, we have to require 6;; < 1, i.e., small
misalignment between the quark mass basis and the basis

Footnote 16 continued

of Fig. 6 is relevant. In this regime, an additional hierarchy among the
diagonal entries of X is needed, as shown, for instance, in Eq. (B.60)
(cf. also the first line in Eq. (B.53), where € corresponds to the size of
the small mixing angles 6;;).

Table 5 Scan ranges and priors for all parameters in the bottom-philic
scenario with a DM flavor multiplet coupled dominantly to the third
generation

Parameter Range Prior
D3 [10-1,2] lin
€ [1073,0.5] log
D> [0.3,1.3] x € D3 lin
D [0.3,1.3] x € Dy lin
012 [0.3,1.3] x € lin
623 [0.3,1.3] x € lin
613 [0.3, 1.3] x €2 lin
Pij [0, /4] lin
5,‘] [0, 27) lin
Vi [0, 27) lin
ApH, 1 [—1, —=0.001] U [0.001, 1] log
n [—1,-0.01]U[0.01, 1] log
Mj; [GeV] [100, 1500] lin
M, [GeV] (M3, Mz, + 1600] lin

where A is diagonal, to ensure the dominant third-generation
coupling. In contrast, no special alignment between this
matrix and the DM flavor multiplet is required and we typ-
ically have ¢;; = O(1). Following from Eq. (4.1), we find
the texture for the coupling matrix

2.2 .2

€2 e’ e
A~le e e}, 4.9
1 11

where € < 1 and every entry is, of course, multiplied by an
order one number.!”

This texture can be implemented in a scan in the follow-
ing way: We start by sampling the largest eigenvalue of A
linearly in D3 € [10~', 2]. This choice selects couplings in
the ballpark required to obtain the observed relic abundance,
thereby improving the efficiency of the scan. Next, we intro-
duce the hierarchy parameter € that we sample logarithmi-
cally in [1073, 0.5]. Larger values would yield too large con-
tributions to meson-mixing observables through the box dia-
grams of Fig. 6, whereas lower values might lead to too small
coupling for some of the dark flavors, making the underlying
assumption of thermal equilibrium in the dark sector ques-
tionable.'® The other eigenvalues can then be computed using

17 This scenario is described in Appendix B.2 and B.3 as Scenario
I11. Following this scenario, it could also be interesting to consider
setups where the dark sector is dominantly coupled to the first or second
generation, i.e., interchanging the rows of Eq. (4.9). We leave these
studies for future work.

18 T our scan, however, we checked that each dark-sector state under-
goes at least one efficient inelastic scattering process to maintain chem-
ical equilibrium within the dark sector during freeze-out. For a given
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Dy = O(1) x eD3 and D1 = O(1) x € D,. As already men-
tioned, to maintain that the flavor multiplet is predominantly
coupled to the bottom quark, we have to additionally ensure
small rotation angles (6;; < 1). This is achieved requiring
B12 = O(1) x €, 63 = O(1) x €, and O3 = O(1) x €.

The remaining scan parameters are left unchanged with
respect to the general hierarchical scan scenario, except for
the angles ¢;;, for which the scan range remains the same
but they are scanned linearly in the bottom-philic scenario,
since we aim at sampling ¢;; = (O(1) mixing angles. The
complete list of all scan ranges and priors used in this scenario
is summarized in Table 5. More details on the specific values
chosen in the scan and a more thorough motivation for this
specific setup are provided in Appendix B.

4.3.2 Constraints and results

We generate 250,000 points in both scans and apply the relic
density, direct and indirect detection, collider, and flavor con-
straints discussed in the following. The results for both scans
are presented in Figs. 7, 8, 9 and 10, where the general hier-
archical scenario is shown on the left and the bottom-philic
scenario on the right. The color coding for the constraints
is the same as for the leptophilic case, with the addition of
direct-detection constraints shown in red.

Relic density constraints: The parametric depen-
dence of the calculated relic density is displayed in Fig. 7,
where, as in the leptophilic model, we discarded parameter
points predicting overabundant DM. We observe a qualita-
tively similar picture, with larger coupling strengths as well
as smaller masses and mass splittings implying a smaller
theoretical value for the relic abundance. However, due to
the increased importance of mediator (co)annihilation effects
sensitive to the strong coupling constant, the quantitative pic-
ture changes.

In the following, unless stated otherwise, we focus on the
case in which the model reproduces the full observed DM
abundance, and we return to the case of underabundant DM
at the end of this subsection. Requiring the model to account
for the full relic density remains the most stringent selection
criterion in the down-type quark scenario, excluding about
99% of the generated points within our assumed 10% the-
oretical uncertainty.!® Only the surviving points are shown
in the plots. The interplay between coupling strength and

masses in Fig. 7, where ,/ D% + D% + D% Serves as a proxy

Footnote 18 continued

state X, it typically requires one coupling ):,»j
detailed discussion. In fact, we specifically observe )N\s jo> 1073 for all
cosmologically viable parameter points in the scan.

> 107°; see [12] for a

~

19 Note that the nearly identical number of points rejected by the relic
density in the two scenarios — occurring despite the different scan setups
described in Sect. 4.3.1 — is largely coincidental.

@ Springer

for the overall interaction strength of the DM multiplet with
the SM, and M, /M3, — 1 quantifies the relative mass split-
ting that controls the relevance of mediator coannihilations.

Small couplings ‘/Df + D% + D% < 1 can provide the cor-

rect relic abundance for mediator masses M, < 1.5 TeV, as
indicated by the upper panels of the figure. The lower panels
show that for large splittings, M,/Mjz, —1 2 0.1, achieving
the observed relic abundance requires sizable couplings of
order unity, while for smaller splittings efficient coannihila-
tion with the mediator allows for smaller coupling strengths.

The region with very small values of D% + D% + D?z, cor-
responds to regimes where mediator pair annihilations dom-
inate the depletion of the dark sector while DM is kept in
chemical equilibrium with the mediator by efficient conver-
sion processes. This region is only populated to a noticeable
extent in the general hierarchical scan, owing to the logarith-
mic prior on the product of the D;, whereas in the bottom-
philic scan the linear prior on D3 > 0.1 prevents access to
very small effective couplings.

Similar to the leptophilic case (see Sect. 4.2), the region
of large mass splittings (M, — Mj,) corresponds to sup-
pressed annihilation cross sections, causing the relic den-
sity to exceed the observed value and, hence, leaving a non-
accessible region in the lower-right corner of the upper panels
of Fig. 8.20

The allowed parameter space further shows a preference
for negative values of the mass-splitting parameter 7, see
lower panels of Fig. 8. Positive 1 implies that the lightest
DM state couples weakest to the SM, such that obtaining
the correct relic density would rely on coannihilation among
different x; flavors. Because these processes are suppressed
in the hierarchical flavor structure, viable points predomi-
nantly feature negative 7, where the lightest state couples
most strongly and can efficiently annihilate without rely-
ing on coannihilations. Coannihilation with the mediator ¢
may still occur for small mass splittings but remains some-
what disfavored by the linear mass priors used in our scans.
Despite structural differences, both scan setups yield very
similar viable regions under the relic-density constraint, as
the freeze-out dynamics depends mainly on the total cou-
pling strength and masses rather than on the detailed flavor
pattern. This is expected since in the bulk of the parameter
space the typical freeze-out temperature exceeds the bottom-
quark mass, so all quark flavors the dark sector couples to
behave effectively alike.

Collider constraints: We now turn to collider con-
straints from LHC searches, evaluated using SMODELS, with
excluded points shown in blue in all figures. In the case of

20 We have checked in an exploratory scan allowing for larger M,
values that our choice for the mass range of M,, does not cut into the
accessible region.
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Fig. 7 Calculated relic density in the / D]2 + D% + D% - M, plane
(upper panels) and in the ,/Df + D% + D% - (My/M3, — 1) plane

(lower panels) for the Majorana DM model coupling to right-handed
down-type quarks. The left panel shows the results for the general hier-

the model coupling to down-type quarks, these constraints
are significantly more restrictive, excluding 30.1% of the
parameter points that satisfy the relic abundance require-
ment in the general hierarchical scan and 23.9% in the
bottom-philic scenario. The exclusion reaches up to masses
of Mgz ~ 1100GeV (600GeV) and M, =~ 1900GeV
(1100GeV) in the most extreme case for the general hier-
archical (bottom-philic) scenario. The dominant LHC signal
originates from pair production of the scalar mediators, both
through QCD interactions and via t-channel exchange of y;,
followed by their decay into a DM particle and a down-type

VD?+ D3+ D3

archical scenario and the right panel shows the ones for the bottom-
philic scenario. The dashed gray lines in the left panel depict the
region excluded in the general hierarchical scan by requiring either

VD?+ D3+ D} >0.60r My/My, —1<0.1

quark. The latter production channel is particularly relevant
for large Ay4; couplings as it is enhanced by the down-quark
content of the proton.”! In the general hierarchical scenario
all generations of down-type quarks are possible in the final
state, depending on the specific hierarchy of a given parame-
ter point. On the contrary, the bottom-philic scenario is dom-
inated by the b-quark final state, which explains the lower
energy reach of the collider limits in this case.

2l For a sizable Majorana mass M 7 the same-sign process dd — ¢¢
becomes dominant in this case [14,36].
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Fig. 8 Comparison of the constraints in the general hierarchical scenario (left) and the bottom-philic scenario (right). The upper panels show the
M3,-M,, plane and the lower panels show the n-M, plane. The color-code is the same as in Fig. 4 with the addition of direct detection constraints

in red

In the general hierarchical scenario, the most constraining
searches are ATLAS-SUSY-2018-22 [105] searching only
for a di-jet signature plus missing transverse energy (Er)
and CMS-SUS-19-006 [106], CMS-SUS-16-033 [107], and
CMS-SUS-16-036 [108] that also target bottom-quark final
states and, to a lesser extent, charm-quark final states.??

22 Note that SMODELS also determines that the ¢ + K7 topology
becomes relevant for this model due to a peculiarity of the respective
CMS searches [108,109]. These do not employ a dedicated charm tag-
ger, but exploit the ~ 10% misidentification rate of charm quarks in
the b-jet tagger, which allows one to gain sensitivity on the ¢¢ + Er

@ Springer

Other searches have a weaker impact on the parameter space,
excluding comparatively few points in our scan [109-118].

Footnote 22 continued

channel. This also means that the signal region of ¢¢ + E7 is actually
identical to the signal region of bb 4+ Er for this search. Moreover,
the CMS analyses investigate stop () production with the subsequent
decay channelsf — bx* ori — c¢°, where T is a chargino and 3° a
neutralino, i.e., the DM candidate. Only the latter can lead to the topolo-
gies relevant for the DM models we consider here, since the chargino
decay would lead to further charged particles in the final state. Thus,
the ¢¢ 4+ K topology still corresponds physically to a bb + E7 final
state.
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Fig. 9 Comparison of the constraints in the general hierarchical scenario (left) and the bottom-philic scenario (right). The upper panels show the
|Ap11-IAa1| plane and the lower panels show the My-|A41| plane. The color coding for the different constraints is the same as in Fig. 8

These searches exclude mostly large couplings of x; to either
of the quark generations, as can be seen in the upper left
panel of Fig. 9. In the lower left panel, we also see that
the strongest collider constraints apply to parameter points
with large first-generation quark couplings leading to high-
energetic di-jet + Er signals.

For the bottom-philic scenario, the most relevant searches
are CMS-SUS-19-006 [106] and CMS-SUS-16-036 [108],
which target the bb + E7 channel and exclude the largest
number of parameter points. Other searches, such as [107,
109-112,119], exclude only a comparatively small subset of
points (where they provide the strongest constraint). The top-

right panel of Fig. 9 shows that mainly parameter points with
large couplings to b quarks are excluded, as expected. From
the lower-right panel, we see that there is no dependence of
the collider limits on the first generation coupling.

As in the leptophilic case, the points with negative values
of the mass splitting parameter 1 and small My, are the most
affected. This is because for negative n, x; has the largest cou-
pling, leading to dominant mediator decays directly into x
and quarks. For light (third-generation) quarks, this results
in high-efficiency di-jet (bb) plus missing transverse energy
signatures that are well covered by the relevant LHC analy-
ses. For positive 7, the mediator decays predominantly into
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Fig. 10 Comparison of the constraints in the general hierarchical
scenario (left) and the bottom-philic scenario (right). Shown are
~/ Dmin/ Dmax Drznax (left) and eD_% (right) versus the mediator mass
M, The two former quantities are related to each other; see the main

heavier x; states, which undergo cascade decays producing
multi-jet final states which are less constraining. The stronger
constraints for negative 7 can also be observed in the bottom
panels of Fig. 8.

The missing topologies identified by SMODELS in both
scenarios correspond primarily to final states containing a
single b quark or a b quark accompanied by a light-flavor jet.
These signatures are not currently covered by the database,
leaving open the possibility that dedicated searches for such
final states could further extend the reach of collider con-
straints in this model.

Direct detection constraints: In the case of down-
type quark couplings, direct detection constraints become
substantially more restrictive than in the leptophilic case,
because the DM particle couples directly to quarks, giving
rise to tree-level SD scattering as well as to a DM-gluon
interaction x x GV G, at one-loop level [120,121]. The lat-
ter constitutes the leading contribution to SI scattering for
the considered case of Majorana DM and is implemented
in MICROMEGAS, where it is matched onto the gluon con-
tent of the nucleon via the trace anomaly in the standard way
[122]. For points yielding the measured relic abundance, cur-
rent direct detection searches exclude 32.5% in the general
hierarchical scan and around 5% in the bottom-philic case
(excluded points shown in red). In the general hierarchical
scenario, the majority of excluded points are ruled out by SD
scattering limits from the LZ experiment [58]. These points
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Bottom-philic scenario
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text for details. The color coding for the different constraints is the same
as in Fig. 8. Note that, to achieve a common y-axis range, the left panel
is truncated at the lower end

feature sizable couplings to first-generation quarks, which
are the most relevant for tree-level SD scattering due to the
significant up- and down-quark content of the nucleons. A
much smaller fraction of points is ruled out by loop-induced
SI scattering constrained by LZ and XENONIT [59]. This
explains the stronger bounds in the general hierarchical scan
compared to the bottom-philic case, where the coupling to
the down quark is generally suppressed (cf. left and right
panels of Fig. 9), so that direct detection is dominated by the
loop-induced SI contribution.

In the upper row of Fig. 8, it can be seen that the sensitivity
of these searches extends up to the upper edge of the scanned
DM mass range, with the constraints being stronger when
the mediator mass is close to the DM mass, since in the zero-
momentum limit relevant for direct detection the scattering
amplitude is suppressed by the mediator mass.

Indirect detection constraints: In our analysis, the
constraints from indirect detection experiments do not
impose any relevant limits on the model, with no parame-
ter points satisfying the relic abundance requirement being
excluded in our scan. In the quark-philic scenario, the lead-
ing tree-level annihilation process xix1 — ¢g is p-wave
suppressed and therefore inefficient in the present Universe,
which limits the sensitivity of current indirect searches. As in
the leptophilic case (see Sect. 4.2), the relevant present-day
contribution then comes from the radiative three-body pro-
cesses X1X1 — vqq and x1xX1 — gqq, which are included
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following the prescription described in Sect. 3.1.3. Even with
these contributions included, however, no parameter point in
our scan is excluded by indirect detection.

Flavor constraints: Finally, we apply the flavor con-
straints to the remaining points that pass the relic-density,
direct-detection, and collider bounds, with excluded points
shown in orange. In the down-type quark coupling sce-
nario considered, these observables are particularly powerful,
excluding an additional 85.6% of the surviving parameter
points in the general hierarchical scenario. In the bottom-
philic scenario, the constraints are, by construction, less
restrictive, with only 35.7% of the remaining parameter
points being excluded. This leaves us with 165 allowed points
in the general hierarchical and 973 points in the bottom-philic
scenario.

The most stringent bound in both scenarios arises from the
C P-violating parameter ex [123] in K°-K° mixing, where
the NP contribution originates from the standard and crossed
box diagrams involving the scalar mediator and the y; states,
shownin Fig. 6. Further relevant observables are Sy g [124],
AM, [125], Sy¢ [124], AM, [125], and €' /ek [103]. Here,
AM; and AM; denote the mass differences in the B; and
By systems, while Sy k, and Sy quantify C P-violation in
the interference of BS-B;) mixing with b — ccq decays
(g = d, s). The fractions of points that have passed all other
constraints but show a pull above 20 relative to the SM in
these observables are listed in Table 6. They reveal that the
general hierarchical scenario is far more restricted by flavor
physics. The largest difference between the two scan setups
appears, as expected, in €g, but the other observables also
have a significantly reduced impact in the bottom-philic scan.
This behavior is reflected in Figs. 8, 9 and 10. It is also visible
from the top panels in Fig. 8 that the flavor constraints can
probe high scales and are relevant over the entire energy range
covered by our scan.

As shown in Fig. 9, these constraints exclude almost all
points with a DM coupling to down quarks, A4, larger
than 0.1, while large couplings to b quarks are less severely
constrained. The resulting bounds strongly shape the allowed
flavor structure of the coupling matrix, favoring hierarchical
patterns that avoid simultaneously enhancing multiple flavor-
changing amplitudes, as mentioned above. For better perfor-
mance, this hierarchy is incorporated directly in our two scan
setups for the values of Dj 3, as described in Sect. 4.3.1.

The pattern of parameter points visible in the top right
panel of Fig. 9 can be interpreted by inspecting the matrix A in
the mass basis for the bottom-philic scenario. The couplings
to the first and second generation SM quarks are ):di = O(e?)
and ):s,- = O(e), respectively, as given in Eq. (4.9). For the
third family, two of the couplings are sizable, ):;,i = 0O(),
however, one turns out to be suppressed, ij = (’)(62).23

23 For details see the derivation of Eq. (B.35) in Appendix B.2.

This small coupling is associated with the first (lightest) DM
generation when n > 0, whereas for < 0 one finds A, =
O(1). As discussed above in connection with Fig. 8, only a
few points with n > O satisfy the relic density constraint.
Consequently, the region away from A,; = O(1) in the top-
right panel of Fig. 9 is only sparsely populated.

To better understand the constraints from neutral meson
mixing in the general hierarchical scenario, it is instructive
to compare our results to approximate bounds derived from
the leading box-diagram contributions (see the discussion on
Scenario I in Appendices B.2 and B.3 for details). For exam-
ple, considering small mixing angles and mass splittings,
Mjy; ~ My, the dominant terms that contribute to AF = 2
processes scale as DZZDJZ., with i, j depending on the meson
system. We obtain the approximate upper bounds

DDy < (02-4.4) x 1072 (;‘:—‘\”/)

M
DiD; <5 x 1072 (—“’) ,
TeV

M,
DryD3 < 0.2 (—) ,
TeV

(4.10)
from K, By, and B; mixing, respectively [cf. Egs. (B.55),
(B.58), and (B.59)].2* The two limits on Dj D correspond
to the C P-violating and C P-conserving constraints from
the neutral kaon system. The system associated with the
two largest D; is subject to the strongest constraint. We
can estimate the size of this contribution by considering the
combination /Dyin/Dmax X D2, Where Dyin and Dipax
denote the smallest and largest of the D;, respectively.> This
quantity can be strongly constrained particularly when the
kaon system receives the largest contribution, as emerges
from Eq. (4.10). The corresponding result for this quantity
from our parameter scan is shown in Fig. 10, where we see
in the left panel that flavor constraints can be satisfied for
Drin/Dimax % D2, < 107!, in accordance with the esti-
mates in Eq. (4.10). The exact bound on /Dinin/Dimax X D2,
depends on which meson system is affected by the largest
couplings. Note that the limits in Eq. (4.10) can also be ful-
filled for non-hierarchical couplings provided that their over-
all scale is suppressed, D1, D2, D3 < 1.

Similarly, we find that in the bottom-philic scenario, the
contribution to the dominant AF = 2 process is controlled
by € D%. From B mixing, we obtain the approximate con-

24 For M)Z( < M(/ZJ, the relevant contributions become proportional to
(sin 6;; | D% — Di2 )2 leading to the bounds in the first lines of Egs. (B.46),
(B.50), (B.51).

25 Note that we can identify Dpax ~ D3 and /Dmin/Dmax ~ €
when comparing to the bottom-philic scenario. Moreover, we can write

~/Drnin/ Dmax % Drznax = v/ DminDmax X Dmax, wWhere v/ Dmin Dmax is

the geometric mean of the second largest D;.
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Table 6 List of relevant flavor observables and their impact on our
scan. The first row lists all flavor observables for which at least one
parameter point in our scan has a pull above 2 o with respect to the SM
expectation. The second and third rows show the percentage of points in

the general hierarchical and bottom-philic scenarios, respectively, that
satisfy all other (non-flavor) constraints but have a pull above 2 o with
respect to the SM for the corresponding flavor observable

Observable ex [123] Syks [124] AMy [125] Sy [124] AM, [125] ;7( [103]
General hier. 76% 47% 46% 39% 37% 1%
Bottom-phil. 28% 19% 18% 26% 24% <1%
straint general hierarchical and bottom-philic scenarios, the fraction

ebggo.l(ﬂ), @.11)

TeV
[cf. the third lines of Eqgs. (B.52) and (B.59) with Ao &~ D3]
which can also be observed in the right panel of Fig. 10. This
highlights, again, the clearer distinction between viable and
forbidden parameter space in the bottom-philic scenario.

Before concluding, we discuss two possible issues of our
flavor analysis: the validity of the underlying EFT approach;
and the assumptions about the CKM parameters. Since the
experimental energy scale of all these observables is around
the b-quark mass mj;, ~ 4 GeV or below, we expect the EFT
to provide a good approximation for the entire range of the
DM and mediator masses listed in Table 4, cf. the discussion
in Sect. 3.3.1. In addition, all parameter points with very
low DM masses, where the EFT description is potentially
questionable, are already excluded by collider constraints,
as can be seen in the top panels of Fig. 8. Notice that the
physical DM mass M, can also reach below the lower bound
of M > 100 GeV for the Lagrangian mass parameter M in
our scan. This is due to the physical mass matrix in Eq. (4.6)
receiving (possibly negative) corrections from the coupling
matrix under the DMFV assumption.

Notice that for this analysis, we chose to fix the CKM
elements to their SM values in SMELLI. Determining CKM
elements from data in the presence of NP [126] can be prob-
lematic due to the potentially too large effects of NP in the
observables used to extract the CKM elements, leading to the
program crashing. Since CKM elements are extracted from
B decays, this problem is particularly severe for NP models
coupled to the down-type quarks. However, we have checked
that the points that crash during the CKM extraction are also
rejected in our analysis by other observables when fixing the
CKM elements to their SM values. Furthermore, we have
also verified that for the parameter points that are not prob-
lematic, the results with a CKM matrix extracted under the
assumption of the SM or NP are in good agreement.

Underabundant dark matter: To assess the impact of
the relic density constraint on our results, we also considered
the cases in which the model accounts for only 10% or 1%
of the observed DM density, again assuming a 10% theoret-
ical uncertainty in the relic density computation. In both the
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of generated points passing the corresponding relic density
constraint is significantly smaller than in the 100%-DM sce-
nario. In the general hierarchical case, this fraction decreases
from 0.8% in the 100%-DM scenario to 0.08% and 0.003%
in the 10%-DM and 1%-DM scenarios, corresponding to 200
and 7 viable points, respectively. In the bottom-philic case,
it decreases from 0.8% to 0.07% and 0.004%, corresponding
to 183 and 10 viable points. At the same time, the preference
of underabundant DM for larger coupling strengths enhances
the impact of collider and flavor constraints. Most notably,
direct detection becomes significantly more restrictive: in the
general hierarchical scenario, the fraction of points excluded
by direct detection increases from 31.7% in the 100%-DM
scenario to 78.5% in the 10%-DM scenario and 100% in the
1%-DM scenario, while in the bottom-philic scenario it rises
from 5.0% to 71.0% and 100%, respectively. This behavior
can be understood from the fact that the relic density is often
controlled by coannihilation with the mediator, whereas the
direct-detection cross section scales more strongly with the
DM coupling. As a result, the rescaling of the local DM
density in the underabundant scenarios does not compensate
the enhancement of the direct-detection rate from the larger
couplings. By contrast, indirect detection still excludes no
parameter points in either scenario.

5 Conclusions

In this work, we have developed and applied a comprehen-
sive toolchain for the study of flavored DM models, combin-
ing relic density computations, direct and indirect detection
bounds, collider constraints, and a global likelihood analy-
sis of flavor observables based on one-loop matching to the
SMEFT and RG evolution to the low-energy scale.

As a proof of principle, we investigated two benchmark
scenarios with a Majorana DM flavor triplet coupling either
to right-handed charged leptons or to right-handed down-
type quarks. In both cases, we performed extensive param-
eter scans, taking into account the relevant theoretical and
experimental constraints.

For the leptophilic scenario, we find that the relic den-
sity requirement is the most restrictive constraint, excluding
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roughly 97% of the parameter space points before apply-
ing other bounds. The surviving points are further shaped
by strong limits from charged-lepton flavor-violating decays
such as u© — ey, which remove large regions of parameter
space with sizable off-diagonal couplings. Collider searches
for missing energy signatures still allow for a substantial
viable region, as current limits only exclude a subset of points
with M3 < 200GeV and M, < 500GeV, while higher
masses remain unconstrained by the LHC.

In the quark-coupling scenario, the combination of relic
density, direct detection, and flavor constraints leaves only a
small fraction of viable points. As flavor data places strin-
gent limits on the parameter space, we study two particular
coupling structures - a general hierarchical scenario and a
bottom-philic scenario. While both scenarios behave sim-
ilarly concerning the relic density constraint, limits from
direct detection, collider and flavor observables differ sig-
nificantly. Direct detection limits from LZ and XENONIT
exclude about one third of the points in the general hierarchi-
cal scenario — predominantly points with sizable couplings to
first-generation quarks, for which tree-level SD scattering is
most relevant — while in the bottom-philic scenario those lim-
its rule out only 5% of the cosmologically allowed parame-
ter points, with the loop-induced SI contribution dominating.
Collider searches using jets + £ and b-tagged final states
potentially reaching mediator masses up to roughly 1.9 TeV
and DM masses up to about 1.1 TeV exclude a subset of points
in this region. Due to the suppressed bottom content of col-
liding protons, in the bottom-philic case, mediator-pair pro-
duction is dominated by its strong interactions and therefore
the maximal LHC reach is reduced in this case, constraining
points with mediator masses up to around 1.1 TeV only. In
addition, we find that higher multiplicity final states, obtained
when the mediator decays to a heavier dark flavor leading to
cascade decays, are suppressed. For underabundant DM, we
find qualitatively similar behavior, with collider and flavor
constraints becoming stronger and direct detection gaining
additional relevance in the quark-coupling scenario.

The most stringent flavor constraint in both scenarios
arises from ¢ g, followed by AM,  and the C P asymmetries
Sy ks and Sy¢. In the general hierarchical scenario, together
these remove close to 86% of the remaining points, while
in the bottom-philic scenario roughly 36% of the remaining
points do not pass the flavor constraints. A general feature of
both scenarios is a preference for hierarchical flavor struc-
tures in the coupling matrix A, which allow the models to
evade simultaneous enhancement of several AF = 2 pro-
cesses. We have designed the general hierarchical scenario to
probe a wide range of different hierarchies, while the bottom-
philic scenario singles out the case where the dark sector is
dominantly coupled to the bottom quark. As we have shown,
the latter case leaves significantly more room for NP, due
to the specific choices implemented directly into the scan

setup. This finding quantitatively confirms the expectation
that flavored DM models are strongly constrained by the fla-
vor sector and motivates future model-building efforts toward
naturally hierarchical couplings.

The framework we have presented is generic and flexible:
UFO models for all 20 combinations of DM and mediator fla-
vor representations are provided together with the full analy-
sis toolchain on GitHub €, enabling straightforward exten-
sion of our results to other scenarios. Many of the combina-
tions listed in the summary Table 1 remain unexplored. In par-
ticular, scenarios with left-handed mediators and with scalar
DM offer a wide range of phenomenological implications
— including richer decay topologies, enhanced electroweak
production mechanisms, and potential links to Higgs-sector
phenomenology — which we leave for future work.
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Appendix A: Naming conventions

In this appendix, we describe the naming conventions that
we use for the parameters in the model files for the different
flavored DM models which are published on GitHub €. The
models are listed in the different columns and specified by the
DM particle type (real or complex scalar, Dirac, or Majorana
fermion) and the SM fermion to which the particles couple
[i.e. right-handed up-type quarks (u), right-handed down-
type quarks (d), left-handed quark doublet (q), right-handed
leptons (e), and left-handed lepton doublet (1)]. The rows list

@ Springer


https://github.com/lena-ra/Flavored-Dark-Matter
https://github.com/lena-ra/Flavored-Dark-Matter
https://github.com/lena-ra/Flavored-Dark-Matter
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://github.com/lena-ra/Flavored-Dark-Matter

802 Page 24 of 37 Eur. Phys. J. C (2026) 86:802

Table 7 Parameters in real scalar DM models

Real_q Real_u Real_d Real_1 Real_e

S XS1, XS2, XS3

MS MXS1, MXS2, MXS3

v YFqg YFu YFd YF1 YFe

M‘/f MYFqu MYFu MYFd MYFle MYFe
MYFqgd MYF1lv

f QL uR dR LL 1R

Aij lamSgRe, lamSuRe, lamSdRe, lamS1Re, lamSeRe,
lamSgIm lamSuIm lamSdIm lamS1TIm lamSeIm

)‘SH lamSHRe, lamSHIm

Ags lam2S

Table 8 Parameters in complex scalar DM models

Complex_q Complex_u Complex_d Complex_l Complex_e

S XC1, XC2,XC3

Mg MXC1, MXC2, MXC3

v YFqg YFu YFd YF1 YFe

M‘/f MYFqu MYFu MYFd MYFle MYFe
MYFqd MYF1lv

f QoL uR dr LL 1R

A,-,- lamCqRe, lamCuRe, lamCdRe, lamClRe, lamCeRe,
lamCgIm lamCuIm lamCdIm lamClIm lamCeIm

ASH lamCHRe, lamCHIm

Ass lam2C

Table 9 Parameters in Majorana DM models

Majorana_q Majorana_u Majorana_d Majorana_l Majorana_e
% XM1, XM2, XM3
Mjy MXM1, MXM2, MXM3
@ YSg YSu Ysd Ysl YSe
M(/; MYSqu MYSu MYSsd MYSle MYSe
MYSqd MYS1vVR
MYS1vI
f oL uR dr LL 1R
Aij lamMgRe, lamMuRe, lamMdRe, lamM1Re, lamMeRe,
lamMgIm lamMuIm lamMdIm lamM1Im lamMeIm
ApH,1 lamYHgl lamYHu lamYHd lamYH11 lamYHe
ApH 2 lamYHQ2 — — lamYH12 —
ApH3 - — — lamYH13 —
Apg lam2Yqg lam2Yu lam2Yd lam2Y1 lam2Ye
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Table 10 Parameters in Dirac DM models

Dirac_q Dirac_u Dirac_d Dirac_1 Dirac_e
X XD1, XD2, XD3
MX MXD1, MXD2, MXD3
7 YSq YSu Ysd YS1 YSe
Mq, MYSqu MYSu MYSsd MYSle MYSe
MYSad MYS1vR
MYS1vI
f QL uR dR LL 1R
)»,'j lamDgRe, lamDuRe, lamDdRe, lamD1Re, lamDeRe,
lamDgIm lamDuIm lamDdIm lamD1Im lamDeIm
ApH, 1 lamYHgl lamYHu lamYHd lamYH11 lamYHe
ApH2 lamYHg?2 — — lamYH12 -
ApH,3 - - - lamYH13 -
Aoy lam2Yqg lam2Yu lam2Yd lam2Y1l lam2Ye
the parameters of the different models as introduced in Sect.  transformation

2 (Tables 7, 8, 9, 10).

Appendix B: Coupling matrix and flavor constraints

In this section we analyze the constraints and relations
between the parameters of the matrix A. We start by summa-
rizing the dark flavor transformations in Appendix B.1. In
Appendix B.2 we describe the relations between the param-
eters in different bases for various coupling scenarios. In
Appendix B.3 we analyze the relevant experimental con-
straints on A from flavor changing phenomena.

B.1 Dark flavor basis transformations

The dark-flavor-breaking terms of the Lagrangian are

1— - —_ .
— =x1.C MXXLT —dri X x¢ + h.c.

5 (B.1)

In the model presented in this work, the field x transforms
as a triplet under a global O(3) symmetry. Under a flavor
transformation we have

X— X =Rsx,

My — My =Ry Mz R}, &— 2 =1rRj

T. (B.2)

where R 7 is an orthogonal matrix. Under the DMFV assump-
tion the mass matrix emerges as

~ U
M = M; [11 + 2052+ AT2N + 0(,\4)] (B.3)

working to leading order in the spurion (A) expansion. Since
M3 is real we can go to the mass basis using an orthogonal

R A=W R My — MP=W Mz WT & — i=AWT,
(B.4)

where the orthogonal matrix W diagonalizes the symmetric
mass matrix My, and M )? is the diagonal matrix.

The A matrix can be diagonalized by a biunitary transfor-
mation:
U'nv =D, (B.5)
where D is diagonal. We can choose to absorb three phases
of U into V. Following [36], V can be written in terms of

two orthogonal matrices (O, R) and one diagonal matrix of
phases (d) [127]

A=UDV'=UDOdR. (B.6)
A basis with minimal number of parameters can be obtained
by applying the transformation (B.2) in order to absorb the
rotation R. In particular, by rotating the x species with RT
one has in the new basis x’:

M =ART=UDOd, M%:RM)?RT, (B.7)

The transformation which brings us to the mass basis from
the minimal parameterization reads

X‘/_))%:W/;(/
o/ D __ By T l 7. pT T
M; — M? =W M;W'T=W RMz RTW'T,
AN — =AW T=UDOdW'T (B.8)
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with
W'T=RWT. (B.9)

In particular, in a scenario where the mass matrix emerges as
Eq. (B.3) we have

w (A"‘x n ATA*) WT = diagonal,

W RT (d*OTDZOd + dOTDZOd*) RWT = diagonal
(B.10)

or, in the basis of minimal parameterization x’

W (d*OTDZOd + dOTDZOd*) W'T = diagonal .
(B.11)

1 —[Wla

IAs1 4%, | cOS(851—852) A1 35| cOS(841—8a2) .

= = 1
= [As212=2a1|?

7517551 cOS(81 —8p3)+|Aa1 A1 | cO8(841 —843) c |hs2h%5 | c08(852 —853) +1Ap2 g | cOS(8p2—8p3) .

Scenario |

For instance, we can assume that the diagonal elements are
larger than the off-diagonal ones, i.e. the coupling matrix in
an initial flavor basis can be written as

Adl  €Ag2 €Ag3
A=Ay | €rs1 As2 €Xg3 |,
€Apl €Ap2 A3

(B.12)

where X is a real parameter of the order of the largest cou-
pling, € is a small real parameter, while Aqi are parameters
which can be of order O(1). In this scenario we can compute
the rotation matrices and the respective eigenvalues in terms
of the Lagrangian parameters as an expansion in the small
parameter €. Assuming that the masses of the x species are
given by Eq. (B.3), the orthogonal matrix W [see Eq. (B.4)]
at first order in € is given by

—[Wl3
—[Wls2
1

+ O3 (B.13)

1263 2=t 2

126312 =1As2?

Notice that W’ here corresponds to W in Eq. (4.7).26
B.2 Indicative scenarios

The parameters contained in the coupling matrix A determine
the relic density as well as the contribution of the new fields
to physical processes, such as flavor changing phenomena,
which provide potentially stringent constraints. Therefore,
it is essential to analyze how large the couplings can be. In
particular, it is important to understand the role of the differ-
ent parameters and the respective experimental limits in any
useful flavor basis. Hence, it is useful to clarify the relations
between the parameters in different bases. In this section, we
analyze these relations (and in B.3 the corresponding con-
straints) starting from some illustrative scenarios character-
ized by specific textures of the A matrix.

26 In a scenario with d o« 1, we would have that VT = Og, A =
U DdOpg, with O an orthogonal transformation. This implies that Afa
is symmetric and real and diagonalized by an orthogonal matrix. Then,
the mass matrix is diagonalized by the orthogonal matrix W = Og,
with eigenvalues given by D. The minimal parameterization is obtained
by the transformation R = Og = W: A’ = A0} = UD, M)’? =

OrM; OF = MS™, W' =1.
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The coupling matrix A can be written in terms of U, V and
D in Eq. (B.5) with the unitary matrices given by

):’;1 Aai -‘ri;‘zidz 5”21 Al +5»Z35Ld3

o lA X 22— [Rq1 2 Ao32—1Aa1 2
U=| —Slattetn _hsabgy by
PsP=lar2 522 =1Ap31?
_ M,Alkjl-l—)i[,ﬁ\% )‘stz)‘h2+)‘;f3)‘b3 1
|Ap312—IAq11? [As2[>—|Ap3|?

+ 0@ (B.14)
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and, with arg(Aq;) = 8ai

exhibit large rotations, while small phases would appear in
the diagonal phase matrix

o—ida1 )»f)?»xz-kkz‘“kdze_iaﬂ K;*;lkb3+)»§lkd3 i8¢
o A2 —12q11? [Ap3)2=1Aa1?
V= —hiathaky —isy et R s ity ¢ | 4 O(e?) (B.15)
IsgP=12a1)? %522 =1Ap3 12
_ bkl —isyy o Rsthithediy —isy o—i0b3
126312 =|0a1|? As22—1Rp3 12

where we also transferred three of the phases in U into V.
Notice that these expressions are only valid in the small
angles approximation, that is, the denominators cannot be
small, implying for the diagonal couplings that |hii2 —
|)A» jj 12| > €. As for the eigenvalues D, at first order they are
given by the diagonal elements of the matrix A in Eq. (B.12):

The texture (B.12) can be in conflict with experimental
limits, since the magnitude of the diagonal couplings can be
in general subject to constraints from flavor changing phe-
nomena (see 1). A viable texture would then contain some
hierarchy between the eigenvalues, as

D=y - diag (|11 +OE) . Lo +O@) . s +O@)) . D ~ ding (11 . b2 hs) (B.19)
(B.16)
together with small mixing angles.
In order to obtain a minimal parameterization, the unitary
matrix V canbe written as in Eq. (B.6) VT = OFR, where O
is the orthogonal matrix diagonalizing the symmetric unitary
matrix VTV*. At first order in € we have
1 —[012 —[0131
_ iAol sin(81—8)+lAg1 haal sin(8a1 — LE _ 2
0= — (FaP =l sin(a—da1) ! 1Ok [ +0e?). (B.17)
_ DAl sin(8p1 —8p3) +HAg1 Agal sin(By1 =843) . __ |hsohsal sin(Sso—853)+|Apohpal sin(Spo— 83) ¢ 1

(hp312=12q11?) sin(853—541)

(Ihs22=1Ap3]2) sin(852—8p3)

As regards the matrix of phases d, we have

ed1 (140 60,1[5gi1€?) 0 0
d= 0 052 (1 4 i 63[0.411€%) 0 .

0 0 €63 (14 i p3[Agi1€2)

(B.18)

Let us remark that the expression (B.17) is only valid
for small angles. This means that not only the moduli of
the diagonal couplings should differ between each other
| |):l-i |>— |5\.jj 12| > e, butalso the differences between respec-
tive phases should be sufficiently large | sin(8;; — 8;;)| > €.
In fact, small angles in V do not imply small angles for the
orthogonal matrices O and R, which instead can contain large
rotations, depending on the values of the phases contained in
the matrix A. Namely, in a situation with small angles in V
and large angles in O, also R, and thus W'T = R WT, would

Scenario 11

Let us assume a different kind of scenario, in which one
species of x is more strongly coupled than the others, for
instance with couplings of the type:

A1 €2 ha2€ ha3
)\5162 As2€ Ag3
Ap1€2 Ap2€ Ap3

A= o (B.20)

In this scenario the mixing angles from the left are generically
large while the mixing angles from the right can be small:

e~ 11 O(e) O(e?)
O(e) e 2 O(e)
O(e?) O(e) e

Uyi 2 O(1), V= (B.21)
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The orthogonal matrix W also shows small mixing angles of
order € and €2:
1+0(2) — L1 As2] cos (851 =8s2)+1Ap1 Apa| cos(8p1 —8p2)+IAg1 Aaa] cos(8a1 =842) ¢ O(e?)

[p2 2 HAs2 2+ A a2 2

W] _ 2 _ Vhsohsa] cos(80—853)+1Ana Ana| cOS(8m2 —8p3) +1Adr Aa3l cO8(8an—843)
[Wlia 1+0( IAp32+IAs3 2+ 134312 ¢
O(e?) —[Wla3 1+0(e?)
(B.22)
As for the eigenvalues we have
o0 0 0 SM family. Namely, the DM species can be more strongly
N coupled to one SM family than the others, for example, with
D=x| 0 0O 0

0 0 Il + sl + el + 0
(B.23)

Let us note that in a model with the mass matrix given by
Eq. (B.3) (dark minimal flavor violation) the choice of the
third species as the more coupled is only for illustration, in
fact any column of the A matrix could be the largest since
the order of the eigenvalues can be reshuffled and large left
rotations are equivalent to a renaming of the DM fields.

Neutral mesons systems can impose stringent constraints
on the magnitude of the products of the strongest couplings
(e.g2. Ag3As3, Aa3Ap3, As3rp3 in the example, respectively
from neutral kaons and B mesons). Then a more realistic
texture for the couplings would show additional hierarchy
between the three larger couplings.

Scenario 111

We can envisage a scenario where the DM couplings to
the SM fermions manifest some hierarchy depending on the

ijlidl +5»Si25»d2+5:;(35»d3
[As1 |2+‘)\s2 ‘2“"')‘.?3 |2
1

1

o 3‘-.? 1 3\21 +)Ahx25\j;2 +5Lx35LZ3

U =

)\s33\;‘;3 +2525L;:2+3\s 1 le

the third family:

)»dléz )»dzez kd362
As1€ A€ Ag3€

A A A

Abl Ab2  Ap3

A= Ao (B.24)

This corresponds to the bottom-philic scenario considered
in Sec. 4.3. In this case, since the matrix A"\ contains ele-
ments of the same order of magnitude, the mixing angles
from the right are generically large [as well as the angles of
the orthogonal matrix which diagonalizes the ¥ mass matrix
(B.3)]
Vii=O1), W; =001 (B.25)
while the mixing angles from the left show hierarchy. Specif-
ically, we can find the mixing from the left by diagonalizing
the matrix A1 ':

O(e?)

+ 0. (B.26)

st 12+ As2 2+ A3 |2
O(e?)

_ N3+ A S A A Ap)
[Ap1 2+ Ap212+Ap3 2

bt 2+ Ap2 12+ A3 2

1
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For the eigenvalues we get

O(e*) 0 0
Ay A PPN PP 2
D2 — )\2 ) ) o2 |)‘f1)‘h1+)‘fz)‘h2+)‘f3)‘h3| 2 4 B.27
0 0 (Ral+ kol +1kal - BT Rl ) @ 4 0 ) o (B.27)
0 Rp1? + hpal + [As3]* + O(€?)
Let us notice that one element of the matrix A can always
be made zero by an orthogonal rotation of the yx fields. In
particular, in the limit € — 0, the matrix A has the form
WRe(AA) WT = Re[ W Wy (x72) Wi W[]
0 0 0 O(€2) O(e?) O(e?)
le=o=1 0 0 0 = Wi | O 003 O?) | W] . (B.33)
Abt Ap2 Ap3 O(e?) O(e?) O(A)
00 O
e = ke:OWOT —lo o o ’ (B.28) Hence, the transformation leading to the mass basis is
0 2opn2 Aob3

i.e.,. we can perform an orthogonal rotation A — AWT to
sete.g. [A\WT];; = 0, which implies the conditions:

beiwm,- =0. (B.29)
i

This has to be the same transformation which diagonalizes
AT and its real part (ATA + ATA*)/2. In fact, in the limit
€ — 0 the matrix ATA has two zero eigenvalues, while its
real part has one zero eigenvalue, e.g., the first one. Namely,
the diagonalization of (ATA 4+ ATA*)/2 gives

[W Re()ﬁk) WT]ln = Re(ZA?W[iAjan) =0, ({#n
ij

(B.30)

and for the eigenvalues we have

2 2 2 )

‘ZMWOM =0, ‘ZkiWoy ~ ‘Z)‘iWOZi ~O0Mp)-

(B.31)
For € # 0, we have
[W]i,- = A} hp + O (B.32)

The trace and the determinant of (A\TA + ATA*) are respec-
tively of order )% and ezkg, with e.g. the first eigenvalue
which is zero in the limit € — 0. Then, the diagonalization

of the mass matrix reads

WT =wiwl~w/]
1 O(?) O(?)
O@Ed) 1 0E?
O O 1

(B.34)

Thus, using (B.29) and (B.34), in the mass basis we have

= AWT
O(€?) O(€?) O(e?)
=1 O O O
O M w3

(B.35)

B.3 Neutral mesons

In the SM, the short-distance contribution to the transi-
tion K%(ds) < KO(ds) arises from weak box diagrams.
The weak short-distance contribution to the mass splitting
Amg = mg, — mgg and the CP-violating effects are
described by the off-diagonal term M, of the mass matrix
of neutral kaons M» = —(K%|Las—2|K®)/(2mg), which
in the SM is

1272
x (Ajz S(re) + A2 S(x) + 20508 S(xe, x,)) :

SM _
Mp" = —

(B.36)

where Ay, = V) \Vyq, x4 = mg/m%v, [k 1is the kaon decay
constant, which can be determined in lattice QCD to be
fx = 155.7(0.7) MeV [128], mg = 497.611 +0.013 MeV
is the neutral kaon mass, the factor Bk is the correction to the
vacuum insertion approximation which is calculated in lattice
QCD, Bg = 0.7533(91) [129], and S(x;) are the Inami—Lim
functions [130] (corrected by short-distance QCD effects
[131]).
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The modulus and the imaginary part of the mixing mass
M ]K2 describe short-distance contributions in the mass split-
ting and C P-violation in K° <> KO transitions [131]

Amg ~2\ME|+ Amg 1p,
x| ~ |ImM |
€K s
\/_AmK

(in the standard parameterization of Vcgwm, i.e. A, real).
Amg 1p represents the long-distance contributions which
are difficult to evaluate [132,133]. However the short dis-
tance contribution gives the dominant contribution to the
experimental determination Amg exp = (3.484 = 0.006) x
1015 GeV [134]. From experimental data one also obtains
ek lexp = (2.228 £0.011) x 1073 [134].

The dominant short-distance contribution to the Bg—ég
mixing in the SM is given by

(B.37)

AMp, sm = 2IMP) g\l
GLm?,
= ms, [, B8~ |V Vi)’ 1S(x) . (B38)

where M{¥ g\ = —(BY|La,=2IBJ)/(2m o) and Bp, is
the correction factor to the vacuum-insertion approxima-
tion. In neutral B-mesons system long distance contribu-
tions are estimated to be small. The analogous expression can
be obtained for BY-B? system by substituting d — s. Lat-
tice QCD calculations yield de\/Bng = 210.6(5.5) MeV
and fp,/Bp, = 256.1(5.7) MeV [128]. The experimen-
tal results are AMp, exp = (3.334 £ 0.013) x 10713 GeV,
AMp, exp = (1.1693 £ 0.0004) x 10~ GeV [134].

In the illustrated model with Majorana DM species and
the extra scalar field coupled to the SM down quarks, new
contributions to neutral meson mixing are generated through
box diagrams (see Fig. 6). For instance, the additional con-
tribution to the neutral kaon system reads (see Ref. [36]):

L2
Lo,z 1
37 KK 12822 M2

X (25‘215"?15‘2]5‘5] F(xi, Xj) — Z(XQ):EJ)Z ZG()CI‘, x]~)
ij ij

K ~
M5 np ¥

(B.39)

where x; = M)%_/MZ,

A=A WT=AWT=UDOdW'T (B.40)
and F(x;,x;) and G(x;, x;) are functions with values 1 >
F(xi,xj) = 0and 0 < 2G(x;,x;) < 3. For x;; < 1,
F(x;, x) is a decreasing function of x;, x; assuming values
between 1 and 1/3 while 2 G(x;, x;) is anincreasing function

@ Springer

of x;, x; assuming values between 0 and 1/3. In particular,
forx; ; — 0, F(x;, x;) —» land G(x;, xj) — 0,forx; — 0
andx; — 1, F(x;,x;) — 1/2and G(x;, x;) — 0, while for
Xj, Xi —> 1, F(x,-,xj), 2G(X,’,Xj) — 1/3 Forx,-(j) — 00,
F(xi,x;) - 0and G(x;, x;) — 0.

Approximate bounds on the new physics contribution can
be estimated by comparison with the SM contribution, as
|M12 nel < |M12 sml Ak |ImM12 vel < |ImM12 sml Degs
e.g. by setting Ax = 1 and, approximately using the results
in Ref. [135] at 95% CL, A, = 0.3. By comparing the
effective Lagrangians we obtain

D Rhihsingihsi FGinxj) = 3 Gusidi)* 2 G xi, x))
ij ij
M, \2
0.6 x 1072 ¢
DR (1020ev)
Im | Y38 R F i xj) = 3 Grsih 0> 2 G xi, x))
ij ij
M, \2
-8 4
<14x10 ) B.41
(102Ge\/ ( )

Analogous expressions can be written for the new contri-
butions to neutral B-mesons systems:
B 1 1

1
M3 Np & dede 1287202

x (Zigiibiigjihj F(xj,xj) —2 Z(X,,iij;jﬂ G(x;, x,))
ij L
(B.42)

and similarly for By with the substitution d — s. The
results obtained in Ref. [135] at 95% CL approximately give
a constraint AMp™¥ < AMS 0 ABay With Ap, = 0.3,
Ap, =0.2. Then the combmatlon of couplings and Inami—
L1m functions in the different scenarios are limited respec-
tively as

S Rihwidny FGi,xp) =2 Gik)? G x))
ij ij
M, )2

<08x107° (—
102 GeV

(B.43)

Zij,';\bixjjibj F(xi,xj)—2 E (Apiri)* G (xi, x))

i ij
M, )2

102 GeV

<12x 10—4( (B.44)

In the following, we study these constraints in different
scenarios. Namely, we analyze the constraints in different
regimes of mass differences M, Z_M % , considering the sce-
narios generated by the three textures in Egs. (B.12), (B.20),
and (B.24).
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1. For instance, with x; — 0 for all species we would
have the extra contribution to kaon mixing

1 s

}L)LT)sd]z

1
K ~ 2
My ne > 3mk S g
@

1 1 N
= gmkfﬁm[(m )sal
3

1 1

_ 2
=3 fk 12872 M2

(Y uuptup)’.  (B4S)
1

The relevance of the bounds (B.41) also depend on the texture

of the coupling matrix. For instance, for the three textures

L, IL, I in Egs. (B.12), (B.20), and (B.24) we would have

respectively

|027),4| = [wDPh), | ~
Loe|ifha +Aha|ad ~ Ist,| D3 — DY

My

I [hyje3)hy )| & U USID3 <25x 1073 (szcv)

HL "D | 3, 050522 & Isly58, 013792 D2 150, (1012 D3|

(B.46)

[where 5?2 = sin(6;;) as defined in (4.2)]. The index
j indicates the x species with larger couplings [j = 3
in Eq. (B.20)] and n depends on which SM species is mostly
coupled to DM [n = 3 in Eq. (B.20)]. Note that sfz ~ € in
the first case, |U} ;3ULs3| ~ 1 generically in the second case,
while for the third A texture we have sfz , s§3 ~ €, sf3 ~ €2
with Dy ~ € Ag. From the bound on C P-violation the respec-
tive imaginary parts should be < 2 x 107 me/ 10> GeV, e.g.
for the first scenario

12
[ (32920 ~ Ist, (D - D3)|

. 1/2 _ M

|sin(2812)] <1.2x104<ﬁ). (B.47)

We can infer a limit on € from the first and third scenario,
which taking into account the C P-violating effect (assuming
generic phases) reads

M
L ex2<(0.12-25 10—3(—"’),
€ry < ( ) x 102 GeV
2/3 i My N3
I 223 < (05-1.4) x 10 (—) . (BA48
€dg ) x 102 GeV (B.48)

where A is of the order of the largest coupling. In the second
scenario instead the contribution is unsuppressed and we get
a limit on the coupling

M, )1/2

M o< (1.1-5 10—2(—
0% ( ) x 102 GeV

(B.49)

Analogously from B and Bg-mesons systems we get

| > kiian| = | Do DU | ~
i i
L€ |45 An + 435k |43 ~ Isi3| | D3 - D

<28x 1073 Mo

1I: |)L[,j(=3>)»:;j(:3)| 102 GeV
UL "D | 08 i |33 ~ 15051 D3
(B.50)
and
| kihn| = | Zuwtus|~
i i
L e|A5Am + 450323 ~ Ish] | D} — D}
_ M,
I j=nhl )| < L1x 1072 e
L €03 05 A [35 ~ s3] DY
(B.51)

providing respectively the approximate bounds in the three
scenarios

M
I (B) ex3<3x1073(—2—),
(B) €453 x (102GeV>
M, )
102GeV/’
M, \1/2
I (B) k0§5.3x10_2(m) :
M, )1/2
102 GeV ’
L (B) 6A0§5.3x10_2(

(By) €23 <1072 (

(By) 20501 (

M, )1/2
102 GeV ’
M(p )

—_— B.52
102 GeV ( )

(B)) €22 <1072 (

Let us notice that from Eqs. (B.47) and (B.49) we have
that for Ag ~ D3 < 0.01 the hierarchy becomes irrelevant
in suppressing the flavor constraints. We can also obtain a
combined estimate from the three systems considering the

limits together

/6 el/? 20

L. €!'/2(|D3 - D}||D3 — D?||D? — D3)
II. D3~ Ay

III: e D3~ el

M, >1/2

< (0.04-0.07) (m

(B.53)

In this setting with x; — 0, the second scenario with one
dark species mainly coupled to standard particles would con-
tribute without suppression to the neutral mesons mixing.
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Some larger coupling can be allowed in presence of addi- L DiD}
tional hierarchy between the three largest couplings.?’ Sl e A R \20a4 s/ M, \2
2. In the limit in which x; — 1 for all species, (M(% — L €[ (Aparly — Avahjs) [hg < 2:4x 10 (102 GeV)
M;)/M% <« 1, (and the mass difference between the x I €44
species can be neglected) we have the extra contribution to (B.58)
neutral kaon mixing
ME o~ 2 — L L([GR) P - @) e
12,NP ™~ §””Kfl<m 3 [( )sd] - ( )ss( )dd
¢
1 5 1 1 N 2 wyt
= ngfK 1287T2M£ g ([()\)”')sd] - ()L)‘T)ss ()‘ A )dd)
Lo 11 251 tv*puT) (U*DVTVDU'
- ngmeg((UD uh)z, ~ (UpVivepul) (UDVTVDUY),,)
1 2 1 1 2771\2 20T 7T * 2 AT 7t
= 376 R g 3 (D), - (UpOd*0TDUT), (U*DOA?OTDUY),,) . (B.54)
The combinations of couplings which are relevant depend ;4
on the texture of the A matrix. For example, for the three tex-
tures in Egs. (B.12), (B.20), and (B.24) we have respectively ‘[(MT)M]Z — (MT)bb ()ﬁ)ﬁ)m ~
ho ot L. D3D3
[047) 0] = 04T), 027) 4 ~ y
AaL N2 II: €2 }(ibzi* —5\1,3)1* )2|}\4 <37x107* (7¢)
L |(Anhk,)"[2d ~ D3 D? s3 7 *65%s2) 170 102 GeV
M 2 L €224
C 220003 5 2% \20,4 =5 id 0
I e?|(hs3hjy — Asahyy) [ag <2 x 10 (102Gev> (B.59)

e ~e%ad - . .
0 From these limits we can extract estimates on the hierarchy

parameter € when A9 ~ O(1). For Ag < 0.02 the hierarchy
becomes unnecessary.

In this setting with M2 ~ M(%, the first scenario, which
is the one with larger diagonal couplings, gives an unsup-
pressed contribution to the neutral mesons mixing. Assem-
M, >2 bling together the constraints from the three neutral mesons

(B.55)

The limit from the C P-violating parameter €x which apply
to the imaginary part of the contributions reads

in[[67) 1 = 07), (7)1 ] < 4 x 1075

102GeV/ ' systems one obtains
(B.56)
D1D>D 04-2) x 102 (Mo )2 B.60
e.g., in the first case we get D1D2Ds| < (0.4-2) x (ﬁ) (B.60)
which for values of D; of the same order would imply
[is2har P48 sin 2 (852 = 8a1)]| = DI D3 [ sin[2 (v2 = )] Mo
g My N2 D123 < (0.16-0.3 <—‘”) . (B.61)
<078 (e, ®.57) D2z s ) Ty

In order to achieve a coupling of order O(1), the A matrix
should exhibit some hierarchy between the diagonal cou-
plings.

3. We can envisage scenarios in which the mass split-
ting between DM particles is not negligible. In these sce-
narios some suppression in the flavor changing phenomena
27 Note that in the first scenario in case of hierarchical values for the can emerge also in situations in which the DM interacts with
D; we would have the approximate bound €¥/2 D, D} < (0.2 - 0.9) x similar couplings to all SM families. For instance, we can

1072 (M, /1 Tev) 2. consider one species with mass similar to the mediator mass

As regards the B-mesons systems we have in the three sce-
narios

[T = (27),, (2727) 1
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and two lighter species for which x — 0. We can take for
example x3 — 1 and x;» — 0:

K ~ 1 2 1
Mixe ~ 3mk fk g
4

[[6a), 3 Giske) = S a) (),

e !
= 3" K g2

[0, 3oz
_% ()W- Wi, W3,-) (Aﬂ)sd] .

Here the two contributions 2G(x3 = 1) and
F(x3 = 1, x3 = 1) cancel each other. Notice that in these
types of scenarios the mass basis rotations (and the mixing
from the right) appear. In this situation there is a suppres-
sion also for the first two scenarios (I and II) with textures
in Eqgs. (B.12), (B.20), with M1 np o ezkg for all the three
neutral mesons systems (while the third scenario show a sup-
pression similar to the other mass ranges).

We could also have considered one lighter species, e.g.
x1 — 0, and two species for which xp 3 — 1. In this case
the scenario I would give an unsuppressed contribution only
in one of the three systems (By).

The new effects are reduced also in scenarios with DM
species heavier than the scalar field. For instance in a scenario
with two heavy species, e.g. x2 3 — oo and one light species
x1 — 0 the new contribution would read

(B.62)

Lx3 =

1 1 .~
K 2 2
M5 np & §meK 12872 M2 (Mg As1)
@
_ L
= -mg fg Bk

3 Wiihsj Wij)* .

1 *
12872 M2 (ai
(B.63)

(In a scenario with two heavy species, e.g., x2.3 — o0 and
one lighter species x; — 1, the contribution from the two
box diagrams would even cancel each other.) Similarly, in
scenarios with one heavier DM particle some contributions
can be reduced depending on the couplings and masses of
the lighter species. For instance, taking x3 — oo only the
couplings Aq41 2, )~»s12 are involved and some € suppression
emerge unless x1 2 — 1 for which the first scenario does not

show suppression.

Summarizing, the flavor constraints are more safely
avoided when the DM species couple more strongly to one
generation of the standard fermions (as one would expect).
While the power of the suppression in the different processes
depends on which generation is the most strongly coupled,
the hierarchy of the couplings always leads to a suppression
which is independent of the mass splittings in this kind of

scenario. In cases where the DM fields couple with all the
SM families there can be some unsuppressed contributions
in flavor changing processes. Some different attenuation of
these effects in the various scenarios can be gained depend-
ing on the mass splittings between the DM particles and the
scalar field and among the DM particles themselves.
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