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What flavor structure of t-channel thermal dark matter remains compatible with current flavor physics
and direct detection bounds? We broadly chart the space of hypotheses using the framework of flavor
symmetries and their breaking patterns. We then focus on scenarios in which the fermionic dark matter and
its scalar mediator are flavor singlets, falling into the class of rank-1 flavor violation. For two representative
benchmarks, quarkphilic (qL) and leptophilic (eR), we perform a comprehensive phenomenological
analysis, fitting the relic abundance and examining the interplay among flavor observables, direct detection,
and collider searches. Our results quantify the allowed deviations from flavor-symmetric limits and assess
the discovery prospects in future flavor and direct detection experiments.
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I. INTRODUCTION

The freeze-out mechanism remains one of the most
compelling paradigms explaining the observed abundance
of dark matter (DM) as a thermal relic [1–3]. Through its
interactions with the Standard Model (SM), DM is initially
in thermal equilibrium with the primordial plasma; as the
temperature falls below its mass, the equilibrium density
becomes exponentially suppressed, and annihilations can no
longer keep pace with the Hubble expansion, leading to
freeze-out. Remarkably, particles with masses around the
TeV scale and Oð1Þ couplings with the SM naturally
reproduce the observed DM relic density, a coincidence
often referred to as the weakly interacting massive particle
(WIMP) miracle. This observation hints at a deep con-
nection between cosmology and the energy frontier of
particle physics, possibly suggesting a common origin of
the electroweak scale and DM.
Despite decades of null results from direct and indirect

detection, as well as collider searches [4–6], these efforts
continue to motivate a thorough and systematic exploration
of the thermal dark matter parameter space, including well-
motivated departures from the minimal WIMP paradigm
[7,8]. Such simplified models extend the SM by at least a

dark matter candidate and a mediator. They can be broadly
classified into two categories [9]: t-channel models, featur-
ing renormalizable DM-mediator-SM interactions [10–18],
and s-channel models, in which the mediator couples
linearly to SM fields [19–26]. In this work, we consider
t-channel models, which are particularly interesting from a
flavor physics perspective.
Indeed, among complementary probes, thermal

DM scenarios are directly tested by flavor physics
[27–36]. TeV-scale new physics (NP) with Oð1Þ couplings
to SM particles must exhibit a highly nontrivial flavor
structure to evade stringent bounds from flavor-changing
neutral currents and CP-violating observables. This general
fact is commonly referred to as the new physics flavor
puzzle [37–41]. The same concerns, therefore, apply to DM
interactions with the SM, motivating the central question of
this work: what is the flavor structure of t-channel DM that
remains compatible with existing bounds?
Flavor symmetries and their breaking patterns provide a

robust framework for addressing this question in a struc-
tured and systematic manner. Building on recent applica-
tions of this approach to the SM effective field theory
(SMEFT) [42–46], we extend it to t-channel DM inter-
actions. In Sec. II, we chart the corresponding space of
hypotheses by classifying the fields and couplings, formally
treated as spurions, under a set of assumed flavor sym-
metries. Our work generalizes the well-known case of
minimal flavor violation (MFV) [47–51] and its variants
[52–55]. Guided by general lessons from the SMEFT, we
identify particularly well-motivated candidate scenarios for
dedicated studies. For the other class of simplified DM
models, namely s-channel scenarios, only the mediator
couples directly to the SM fields. As a result, the flavor
structure reduces to identifying the flavor representations
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of linear extensions of the SM [56] and their allowed
couplings [57,58], with the DM field itself playing no active
role in flavor observables.
In the central part of this work, we test the flavor

symmetry expectations on specific cases. For concreteness,
we focus on the simplest benchmark scenarios in which
both the DM particle and the mediator are flavor singlets. In
this setup, the DM-mediator-SM coupling is a priori an
arbitrary vector in the flavor space of the corresponding SM
fermion, giving rise to rank-1 flavor violation, for which
we adopt the general parametrization introduced in recent
B-physics studies [59,60]. We perform a thorough phenom-
enological study of a leptophilic benchmark in Sec. III and a
quarkphilic benchmark in Sec. IV. In each case, we compute
the complete set of relevant flavor observables and confront
them with the relic density requirement and complementary
constraints from collider searches and direct detection (DD).
This allows us to quantitatively assess whether, and to what
extent, viable scenarios must lie close to flavor-symmetric
limits, which is often assumed rather than tested in the
existing literature. We conclude in Sec. V with a discussion
of how these lessons generalize beyond the simplest
scenarios.

II. CHARTING DARK MATTER
WITH FLAVOR SYMMETRIES

The generic t-channel interaction between an SM
fermion fSM and the dark sector fields χ and Φ can be
written as

L ⊃ yf̄SM χΦþ H:c: ð1Þ

Here, we have suppressed flavor indices in both the fields
and the coupling y. The fields χ and Φ are assumed to be
odd under a stabilizing Z2 symmetry.1 For the purposes of
this section, it is not relevant whether the actual DM
particle is either χ or Φ, which we will collectively denote
by X ≡ ðχΦÞ. Our focus is instead on the following
question: what flavor structure of the coupling y allows
the dark sector to reproduce the observed DM relic
abundance, while remaining compatible with constraints
from flavor physics?
This question is particularly relevant for the t-channel

models considered here. These scenarios favor dark sector
masses in the range 0.1–10 TeV with Oð1Þ couplings to
achieve the observed relic abundance (see Ref. [10] for a
recent review). On the other hand, precision measurements
of flavor transitions among SM fermions are well known to
constrain generic NP with Oð1Þ flavor-violating couplings
up to scales of OðPeVÞ or higher [41]. Flavor-changing
neutral currents (FCNCs) are highly suppressed in the SM
due to the nongeneric structure of the Yukawa interactions,

which gives rise to approximate flavor symmetries. In the
quark sector, flavor violation is entirely controlled by the
Cabibbo–Kobayashi–Maskawa (CKM) matrix through
weak interactions, leading, for example, to strong suppres-
sions of FCNC via the Glashow–Iliopoulos–Maiani (GIM)
mechanism [62]. In the lepton sector, charged lepton flavor
violation (LFV) is suppressed by the smallness of neutrino
masses through an analogous mechanism. NP can violate
these approximate flavor symmetries and generate large
flavor-violating effects, making FCNCs exceptionally sen-
sitive probes of physics beyond the SM.
The challenge of accommodating TeV-scale NP while

satisfying flavor constraints is a general one. It is particu-
larly well known in the context of solutions to the SM
hierarchy problem, where new states near the TeV scale are
required to stabilize the Higgs mass, but would generically
introduce large sources of flavor violation; for a recent
example, see Ref. [63]. To address this tension, the
framework of flavor symmetries was introduced to organ-
ize NP couplings in a controlled manner, meaning that the
resulting flavor structure is stable under renormalization
group evolution and does not rely on fine-tuned cancella-
tions. This allows NP at much lower scales than in flavor-
anarchic scenarios. Our goal is to adapt these tools to the
present context and develop a systematic classification of
t-channel DM models that reconciles the relic abundance
requirement with stringent constraints from FCNC and CP
violation. The presentation is intentionally pedagogical to
remain accessible to readers not accustomed to the use of
flavor symmetries in beyond the SM model building.

A. Minimal flavor violation

When dealing with DM simplified models, the most
widely studied framework in this context is MFV
[47–50,64]. In MFV, the SM fields are assigned to the
fundamental representations of the approximate flavor
symmetry Uð3Þ5 respected by the gauge interactions,
fSM ∼ 3f. This symmetry is broken by the dimension-four
Yukawa interactions, leaving only the subgroup Uð1ÞB ×
Uð1Þe × Uð1Þμ × Uð1Þτ unbroken. Importantly, this break-
ing pattern leads to the special suppression properties of
flavor violation discussed above. New interactions such as
the one in Eq. (1) would generically spoil this structure and
thus lead to very strong flavor constraints.
The impact of NP on flavor can be elegantly understood

by treating the couplings that break Uð3Þ5, namely the SM
Yukawas and the new coupling y, as spurions. These are
nondynamical fields that transform under Uð3Þ5 in such a
way that the full flavor symmetry is formally restored, and
are then assigned fixed background values. In this language,
NP couplings can avoid inducing large flavor violation in
two ways. They may transform as flavor singlets, in which
case they introduce no new sources of flavor breaking
and can naturally be of order 1. Alternatively, they may be

1DM stability can be a consequence of unbroken discrete
subgroups of flavor symmetries; see, e.g., Refs. [48,61].
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constructed as product expansions in terms of the SM
spurions, which in MFV are the Yukawa matrices them-
selves. In this case, flavor violation induced by NP is
aligned with that of the SM and appears only as a small
correction, allowing TeV-scale NP to remain compatible
with current data.
Such an expansion is not always possible. The repre-

sentation of the spurion y under Uð3Þ5 is fixed by the
representations of fSM and the dark sector operator X, since
the product of all three must contain a singlet in order for
the Lagrangian to be flavor invariant. An expansion of y in
terms of the SM spurions,

Yu ∼ ð3q; 3̄uÞ; Yd ∼ ð3q; 3̄dÞ; Ye ∼ ð3l; 3̄eÞ; ð2Þ

is possible only if the representation of y appears in the
decomposition of products of these spurions. When this
condition is not satisfied, the breaking of Uð3Þ5 induced by
y is not necessarily aligned with the SM one, and large new
sources of flavor violation may be expected.
To make this discussion concrete, we present in Table I

several examples of the representation of y under Uð3Þ3, the
flavor group of the quark sector, as fixed by the interaction
in Eq. (1) once the representations of fSM and X are
specified. In the table, entries surrounded by a solid box
correspond to representations that are either singlets under
Uð3Þ5 or can be expanded purely in terms of Yu. In these
cases, the coupling y can naturally be of order 1, supported

by the large top Yukawa coupling, and TeV-scale dark
sector masses can reproduce the observed relic abundance.
Entries surrounded by a dashed box correspond to repre-
sentations that can be expanded in terms of SM Yukawas
but require at least one insertion of Yd or Ye. This implies
an additional suppression by at least one power of
yb;τ ∼ 10−2, which is too small to account for the relic
abundance in most of the parameter space. Finally, entries
with no box correspond to representations that cannot be
constructed from SM spurions.

B. Uð2Þ5 flavor symmetry

By enforcing flavor universality, the MFV expansion is
often too restrictive, excluding phenomenologically viable
and theoretically motivated possibilities. This is particu-
larly evident in flavor-conserving processes involving light
quarks, where bounds on NP are far stronger than in the
heavy-flavor sector. Relevant to our study, DD bounds are
highly stringent for DM couplings to first-generation
quarks [3].2 On the other hand, constraints involving
purely third-generation particles are significantly weaker.
This motivates taking a smaller flavor symmetry group as
the starting point, which, unlike MFV, permits departures
from flavor universality and independent third-generation
couplings.
A popular and well-motivated choice is a Uð2Þ5 flavor

symmetry, which distinguishes third-generation SM fer-
mions from the first two generations [42,43,68–70]. This
can be viewed as a subgroup of the full MFV symmetry,
under which the SM fermions decompose as

3f → 2f ⊕ 1: ð3Þ

This structure is justified by the fact that the third-
generation Yukawa couplings are much larger than those
of the first two generations, which can be neglected at
leading order. In this limit, the full set of SM Yukawas
respects an approximate Uð2Þ5 symmetry.
Following the same principles as in MFV, the breaking of

Uð2Þ5 induced by the light-quark masses and by CKM
mixings can be parametrized in terms of a set of four
spurions [43,71], as follows:

Vq∼2q; Δu∼ ð2q; 2̄uÞ; Δd∼ ð2q; 2̄dÞ; Δe∼ ð2l; 2̄eÞ:
ð4Þ

The decompositions of MFV spurions from Eq. (2) read

TABLE I. Example flavor representations of the coupling y in
Eq. (1) under Uð3Þ5 (MFV). Unboxed entries denote representa-
tions incompatible with an MFVexpansion; entries enclosed by a
dashed black box are MFV compatible but correspond to
couplings likely too small to reproduce the observed DM relic
abundance except in specific corners of parameter space; entries
enclosed by a solid black box are MFV-compatible and phe-
nomenologically viable.

2Another typical motivation for Uð2Þ5 over MFV is Drell-Yan
production at the LHC, which constrains semileptonic four-
fermion interactions with first-generation couplings up to effec-
tive scales of Oð10Þ TeV [65–67].
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Yu ¼
�Δu Vq

0 yt

�
; Yd ¼

�Δd Vq

0 yb

�
;

Ye ¼
�Δe 0

0 yτ

�
: ð5Þ

The spurions absent from the decomposition, 2l, 2u, 2d,
and 2e, are phenomenologically constrained to be small.
The representation of the coupling y is then fixed by the

Uð2Þ5 transformation properties of fSM and the dark sector
field X, and can be expanded in terms of the spurions in
Eq. (4). We present several examples in Table II, using the
same pattern coding as in the MFV table.3

A crucial observation is that the representation of y under
MFV in Table I can be decomposed under Uð2Þ5 in
complete analogy with Eqs. (3) and (5). Since
Uð2Þ5 ⊂ Uð3Þ5, this implies that some representations that
are not compatible with MFV may nevertheless admit a
consistent Uð2Þ5 expansion. As a result, such models can
become phenomenologically viable.
As an illustrative example, consider the case X ∼ 1 with

y ∼ 3q, which we will study in detail in Sec. IV, and which
induces an interaction of the form yiq̄iX with i ¼ 1, 2, 3.
Under Uð2Þ5, this decomposes as y ∼ 3q → 2q ⊕ 1. The 2q
representation can be constructed from the spurions in
Eq. (4), thereby inducing flavor violation, albeit with
sufficient suppression. The Oð1Þ coupling associated with
the singlet component involves third-generation fermions
and can reproduce the observed relic abundance. Under
MFV, no expansion of y in terms of the spurions in Eq. (2)
was instead possible, naïvely ruling out this scenario.
This example also highlights an important point con-

cerning the consistency of the spurion expansion and the
necessity of including next-to-leading-order terms. If the
gauge representation of X allows couplings to SM fields
transforming in different representations of Uð2Þ5, all such
couplings must be included, with their sizes fixed by the
appropriate powers of the SM spurions when applicable. In
the example above, keeping only the coupling to q3 with
y3 ∼ 1 ∼Oð1Þ would be inconsistent. After electroweak
symmetry breaking, the rotation to the mass basis induces
small couplings to q1;2 proportional to CKM matrix
elements. At the same order in the Uð2Þ5 expansion, this
effect is consistently captured by including couplings of the
form ðy1q̄1 þ y2q̄2ÞX, with ðy1; y2Þ ∼ 2q ∼ Vq.

C. Minimal flavor protection

One may wonder whether a flavor group even smaller
than Uð2Þ5, yet still providing sufficient protection against
dangerous flavor violation, can be constructed. The answer

is affirmative and goes under the name of minimal flavor
protection (MFP), in which the smallest viable flavor
symmetry has been identified as [44]

SUð2Þq × Uð1Þxi : ð6Þ

In this framework, only the first two generations of the left-
handed quarks q ¼ ðq1; q2ÞT transform as a doublet of
SUð2Þq, while all remaining SM fermions are singlets and
carry charges under the additional Abelian symmetry Uð1Þxi.
As shown in Ref. [44], SUð2Þq cannot be further reduced,

since the large CKM 1-2 mixing induces irreducible flavor
violation that unavoidably overshoots either K–K̄ or D–D̄
mixing bounds, a fact confirmed in our quarkphilic bench-
mark in Sec. IV. In addition, a single nonuniversal flavor
group Uð1Þxi suffices to control the other sectors. It can be
identified with a linear combination of the remaining Cartan
generators of Uð3Þ5, i.e., Uð1Þxi ⊂ Uð1Þ14.4
Therefore, under the MFP subgroup, the Uð3Þ5 SM

fermion representations decompose as

3xq → 2xq ⊕ 1xq3 ;

3xf → 1xf1 ⊕ 1xf2 ⊕ 1xf3 ; ð7Þ

TABLE II. Example flavor representations of the coupling y in
Eq. (1) under Uð2Þ5. Subscripts refer to representation under the
non-Abelian part of Uð2Þ5. The decomposition of the associated
MFV representation of f̄SM and X under Uð2Þ5 is also included to
highlight the difference in the spurion counting. Boxes are as in
Table I: U(2)-compatible but likely too small for the relic
abundance (dashed boxes), U(2)-compatible and viable (solid
boxes). Leptons are omitted to avoid clutter, but their inclusion is
straightforward.

3While the tensor representations shown technically corre-
spond to the non-Abelian part of the flavor group, the invariance
under the U(1) factors is also implicitly assumed [43].

4At the Lie-algebra level, uð3Þf ¼ suð3Þf ⊕ uð1Þf . The
Cartan subalgebra is three dimensional and may be chosen as
fT3; T8; Xfg, where T3 and T8 are the diagonal generators of
suð3Þf and Xf ∝ 1 generates uð1Þf .
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where f ¼ u; d;l; e, while the first line is for q. The
corresponding U(1) charges are reported as subscripts. The
spurions required to reproduce the observed SM masses
and mixings consist of three SUð2Þq doublets and a singlet:

V ∼ 2xV ; W ∼ 2xW ; U ∼ 2xU ; z ∼ 1xz : ð8Þ

The SM charges xfi and xq3 are expressed in terms of
spurion charges (see Table I of Ref. [44]) such that Eq. (5)
admits the following leading-order form:

Δu ∼
�
Vz2 W

�
; Δd ∼

�
Vz2 Ṽz�

�
;

Δe ∼
� z3 0

0 z2

�
; VðdÞ

q ∼ Uz�; yb; yτ ∼ z; ð9Þ

correctly reproducing the observed SM flavor hierarchies
for all spurions ofOð0.01Þ. In addition, the spurion charges
can be chosen such that the interaction and mass bases are
sufficiently aligned, and that direct spurion insertions yield
adequate suppression of SMEFT operators. This was
explicitly demonstrated in Ref. [44] for the benchmark
charge assignment fxV; xW; xU; xzg ¼ f1;−2;−3; 7g. In
general, structural requirements imposed by phenomeno-
logical constraints lead to relations among the flavor
charges that must always be satisfied. For instance, the
charges of q3 and u3 must coincide in order to reproduce
the large top Yukawa coupling.
As in MFV and Uð2Þ5, the MFP symmetry-spurion

framework allows one to systematically construct the

allowed flavor structures of the coupling y. In Table III,
we present several representative examples of the repre-
sentation of y with the usual pattern coding. These
illustrate that when the flavor symmetry is further reduced
from Uð3Þ5 and Uð2Þ5 down to the MFP framework, new
scenarios with sufficient suppression of flavor viola-
tion arise.
A final, important point is that for appropriate charge

assignments of the leptons under Uð1Þxi, the MFP frame-
work accidentally respects a larger symmetry in the SM
charged lepton Yukawa, namely

Uð1Þe × Uð1Þμ × Uð1Þτ; ð10Þ

up to a very good approximation. By choosing the charge
of X in the t-channel interaction in Eq. (1) such that its
coupling to a specific lepton flavor is allowed without
spurion insertions [and therefore of Oð1Þ], couplings to the
other lepton flavors necessarily require insertions of the
spurions in Eq. (8). As a result, these couplings are small,
strongly suppressing charged-lepton flavor violation,
which would otherwise impose severe constraints.
In the presence of multiple t-channel interactions,

L ⊃ ykf̄SMXk, a flavor-protected scenario compatible with
DM relic abundance, barring fine-tuned cancellations,
requires each coupling yk to transform as a flavor singlet,
yk ∼ 10, for all k. As an illustrative example, consider a
triplet of leptophilic DM χk where k ¼ 1, 2, 3 and
interaction

L ⊃ yikēiχkϕ: ð11Þ

In the formulation of dark MFV [52], yik is a new spurion of
Uð3Þe × Uð3Þχ . Our goal here is to identify the flavor-safe
texture of this spurion. Starting from MFV in Table I, and
identifying Uð3Þχ ¼ Uð3Þe, the flavor-singlet coupling
yik ¼ yδik implies universal interactions governed by a
single parameter.5 Moving to Uð2Þ5, the DM triplet would
decompose into a τ-philic singlet and eμ-philic doublet.
Two possibilities with Oð1Þ couplings arise: a universal
coupling in the 1–2 sector with a distinct coupling to the
third family, or three independent τ-philic couplings. Other
possibilities also exist in which at least one coupling is
Oð1Þ, while the others are spurion suppressed. In such
cases, the χk components with suppressed couplings must
be heavier and decay into the component with the Oð1Þ
coupling. Importantly, these decay channels respect the
spurion expansion according to the representations of χk,
consistent with the suppression of flavor violation. This is
not restrictive, as even very small couplings suffice to ensure

TABLE III. Example flavor representations of the coupling y in
Eq. (1) under MFP. The subscripts denote the Uð1Þxi charges,
while the number in bold identifies the SUð2Þq representation.
The decomposition of the associated MFV representation of f̄SM
and X under MFP is also included to highlight the difference in
the spurion counting. Boxes are as in Table I: MFP-compatible
but likely too small for the relic abundance (dashed boxes), MFP-
compatible and viable (solid boxes). Leptons are omitted to avoid
clutter, but their inclusion is straightforward. The table can be
straightforwardly extended to other cases.

5Identifying Uð3Þχ ¼ Uð3Þl realizes yik ¼ ðY†
eÞik, which is

flavor-protected but in generic parameter space leads to DM
overabundance due to small yτ.
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that heavier states decay into the lightest DM state within
phenomenologically acceptable timescales.
Finally, within MFP, the DM triplet decomposes into

three singlets, each of which may carry one of the xei
quantum numbers. This results in ten distinct flavor-
protected scenarios with Oð1Þ couplings, allowing all χk

components to contribute sizably to coannihilations. Again,
there are several other viable scenarios in which at least one
coupling is Oð1Þ, while the others are controlled by
spurions.
In summary, lowering the assumed flavor symmetry

from MFV to Uð2Þ5, and further to the MFP framework,
enlarges the space of flavor-protected scenarios for the
coupling in Eq. (1). MFVenforces flavor universality up to
Yukawa breaking, Uð2Þ5 allows controlled departures
associated with the third generation, and MFP admits a
broader class of nonuniversal structures, all while main-
taining controlled suppression of flavor violation through
symmetry and spurion power counting. The resulting
hierarchy of symmetries, MFP ⊂ Uð2Þ5 ⊂ MFV, corre-
sponds to an inverted hierarchy in the size of the allowed
parameter space, as illustrated schematically in Fig. 1.
In what follows, we concentrate on two minimal bench-

mark configurations discussed in Secs. III and IV, which
already exhibit rich and distinctive phenomenology and
illustrate the general applicability of the framework devel-
oped above. The primary goal is to test these expectations
for viable flavor structures in the simplest scenarios,
leaving a systematic investigation for future studies.

III. LEPTOPHILIC DARK MATTER

In this section, we focus on a concrete leptophilic
scenario in which DM is a complete singlet fermion χ
(Dirac or Majorana) and the mediator is a single scalar field
Φ carrying the same SM quantum numbers as eR. The
portal interaction is given by

L ⊃ −yiēR;iχΦþ H:c: ð12Þ

The three components of the coupling vector y ∼ 3e of
Uð3Þe break the exact SM lepton flavor symmetry Uð1Þe ×
Uð1Þμ × Uð1Þτ and Uð1ÞχþΦ down to a single generalized
lepton number Uð1ÞL. These global rotations can be used to
remove any complex phase in the vector, implying CP
invariance. Hence, we parametrize the components of y as
coordinates on a sphere of radius y≡ kyk, similarly to
Refs. [59,60]. This parametrization requires two angles,
whose orientation is, in principle, arbitrary. A convenient
choice is to use the polar angle θτ to quantify the alignment
toward a τ-only coupling and the azimuthal angle ϕeμ to
describe the orientation within the ðeμÞ plane, as follow:

y ¼ yðsin θτ cosϕeμ; sin θτ sinϕeμ; cos θτÞ: ð13Þ

This choice is motivated by the fact that bounds involving τs
are generally weaker than those involving electrons or
muons, as will be shown later, and with this parametrization,
the degree of τ alignment becomes immediately apparent.
However, this choice is by no means unique. The other two
permutations are explored in Appendix B, where we also
quantify the degree of μ- and e-alignment, respectively. The
geometry of the parameter space is that of an octant of a
sphere, S2=ðZ2Þ3, reflecting that the phases in y are
unphysical; for this reason, we can restrict θτ ∈ ½0; π=2�
and ϕeμ ∈ ½0; π=2�.6 It is illustrated in Fig. 2. Along the
“meridian” ϕeμ ¼ 0, the coupling to muons vanishes,
corresponding to a Uð1Þμ-symmetric limit, while ϕeμ ¼
π=2 gives no coupling to electrons, i.e., a Uð1Þe-symmetric
limit. The “parallel” at θτ ¼ π=2 defines the Uð1Þτ-sym-
metric case. Finally, points naïvely realizing a Uð1Þ2 limit
(such as θτ ¼ 0 ↔ Uð1Þe × Uð1Þμ) automatically imply

FIG. 1. Schematic illustration of the space of flavor-protected t-
channel DM scenarios in different flavor symmetry frameworks.

FIG. 2. Visual representation of the parametrization on the
octant of the sphere in terms of the polar angle θτ and azimuthal
angle ϕeμ, and corresponding symmetric limits.

6This implies that bounds on θτ;ϕeμ are symmetric in shifts of
π and with respect to reflections along integer multiples of π=2.
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full Uð1Þ3 conservation due to the overall Uð1ÞL preserved
by the interaction in Eq. (12), as already discussed in Sec. II.
This reflects the trivial fact that coupling to a single flavor
does not induce any flavor-violating transition.
The various flavor symmetry scenarios introduced in

Sec. II can be smoothly explored using this parametriza-
tion. Within MFV, the vector y ∼ 3e does not admit an
expansion in terms of SM spurions (see the first row of
Table I). Hence, there is no flavor-symmetric parametriza-
tion. Within Uð2Þ5, the vector y can be decomposed as
y ∼ 2e ⊕ 1. The singlet component, parametrizing the
coupling to τ, can consistently be of Oð1Þ. At the same
time, in the minimal-breaking scenario, there is no spurion
associated with the 2e representation. This structure realizes
the Uð1Þ3 limit, represented by the upper corner of Fig. 2.
Finally, within MFP one may couple at Oð1Þ to any

single flavor (electron, muon, or τ) at the time, thereby
realizing all three corners of Fig. 2. Couplings to the other
flavors, corresponding to departures from a given corner,
must then be constructed using the spurions in Eq. (8). With
the general charge parametrization introduced in Ref. [44],
the remaining components of the vector yi are expected to
be suppressed by at least two powers of the spurions. For
instance, if one chooses to couple to τ with Oð1Þ coupling,
the parametrization in Eq. (13) leads to the expectation
θτ ≲ 10−4. Our results show that, if this is the only TeV-
scale new-physics sector, the charge assignment of
Ref. [44] may be relaxed, allowing larger θτ.

A. Relic abundance

For Yukawa couplings yi of order unity, DM candidates
in t-channel models can be regarded as WIMP-like par-
ticles. As such, they are expected to be in thermal
equilibrium in the early Universe for T ≫ Mχ. Their relic
abundance is therefore determined by the thermal freeze-
out mechanism [1,2], where the key quantity is the
thermally averaged annihilation cross section of DM pairs
into lighter SM states.
Despite its apparent simplicity, thermal freeze-out

receives an important modification in t-channel models
due to the presence of the mediator Φ, which effectively
belongs to the dark sector. When the mediator mass is
sufficiently close to the DMmass, more precisely, when the
relative mass splitting δDM ≡ ðMΦ −MχÞ=Mχ becomes
δDM ≲ 0.3 [2,72], the mediator remains abundant in the
thermal bath during DM freeze-out.7 Since the mediator
ultimately decays into DM and chemical equilibrium is
maintained within the dark sector, coannihilation processes
involving fermion-scalar initial states, as well as scalar pair
annihilations, must be included to obtain an accurate
prediction of the relic abundance.

Coannihilations play an important role in t-channel
models [10,11,73–78], as well as in generic next-to-minimal
WIMP scenarios [2,79–82]. Complementary bounds from
DD and collider searches constrain the χχ → SMSM
annihilation rate via crossing symmetry, which may imply
that this process is insufficient to deplete the primordial
abundance, leading to DM overproduction. Entering the
coannihilation regime introduces additional efficient chan-
nels for depleting the dark sector population, thereby
opening cosmologically viable regions of parameter space.
The effects of the coannihilating particle can still be

captured by a single Boltzmann equation [2,79],

ṅ ¼ −hσeffvreliðn2 − n2eqÞ; ð14Þ
where n stands for the total number density of the dark
sector and ṅ is the covariant time derivative in an expanding
background. The effective cross section is a combination of
the various annihilation processes that involve the dark
sector states, namely

σeffvrel ¼
1

ðPkn
eq
k Þ2

X
i;j

neqi n
eq
j σijvrel; ð15Þ

where i, j run over the particles χ and Φ and their complex
conjugates. The behavior of the effective cross section in
Eq. (15), and its dependence on the coannihilation chan-
nels, can be summarized qualitatively as follows [11] (see
Refs. [18,72] for a more detailed expression):

σeffvrel ∼ σχχvrel þ σχΦvrelRþ σΦΦvrelR2; ð16Þ
where R ¼ neqΦ =n

eq
χ ∝ e−ðMΦ−MχÞ=T is a Boltzmann suppres-

sion factor for the processes involving the coannihilating
particle Φ, penalizing larger mass splittings.
The cross sections up to order Oðv2relÞ in the

nonrelativistic regime relevant for freeze-out have been
obtained earlier in the literature; see, e.g., Refs. [11,17,83].
Here, we briefly summarize the behavior of the dark
fermion pair annihilation cross sections σχχvrel and
σχχ̄vrel for the Majorana and Dirac cases, respectively,
which are controlled by the Yukawa coupling. We drop the
subscript indicating right-handed chirality of the leptons
when writing the relevant processes to avoid clutter. More
specifically, the process χχ → eē receives a helicity sup-
pressed s-wave contribution for Majorana DM, so the
velocity-suppressed p-wave can in fact dominate at freeze-
out.8 This is indeed the case for the leptophilic model,

7The relative mass splitting needed to significantly affect the
DM relic density depends nontrivially on the interplay between
the Yukawa coupling yi and SM gauge couplings.

8We have checked that for right-handed leptons, radiative
processes with a photon or a Z boson in the final state,
χχ → eēγðZÞ, which lift the helicity suppression, remain largely
subdominant compared to the Oðv2relÞ term of the 2 → 2 cross
section at freeze-out. We have instead included the corresponding
radiative process for the quarkphilic scenario, which accounts for
corrections of order 10%. Cross sections are taken from
Refs. [11,84].

CHARTING THE FLAVOR STRUCTURE OF DARK MATTER PHYS. REV. D 113, 095021 (2026)

095021-7



where the ratio ðmτ=MχÞ2 ≃ 2 × 10−3 is largest for the
smallest DM mass considered in this work (Mχ ¼
45 GeV), and is quite smaller than hv2reli ≃ 4 × 10−2 at
the freeze-out. In contrast, the Dirac case features an s-
wave contribution to σχχ̄vrel that is not helicity suppressed.
Therefore, the coannihilation effects are generally more
relevant for the Majorana option.
The flavor structure of the Yukawa interaction implies

that nine annihilation processes must be considered,
namely χχ → eiēj with i; j ¼ e, μ, τ, and the individual
cross sections depend on the mixing angles θτ and ϕeμ.
However, upon neglecting the lepton masses, which is well
justified in the phenomenologically relevant regime
mτ=Mχ ≪ 1, the total annihilation rate becomes flavor
independent. Indeed, after summing over all final states,P

i;j σvrelðχχ → eiējÞ, the result no longer depends on the
flavor mixing angles. We have checked this for all
processes involving the Yukawa interaction, namely also
for χΦ → γei, χΦ → Zei, ΦΦ† → eiēj, and ΦΦ → eiej.
The same applies for the Dirac DM option.
Thermal freeze-out involves nonrelativistic particle anni-

hilations. When the annihilating states interact through
gauge bosons or scalars, mediating long-range forces,
Sommerfeld enhancement [85–87] and bound-state effects
[88–90] can significantly modify the annihilation cross
sections and affect the relic density prediction. In our work,
we include Sommerfeld factors and bound state effects for
mediator pair annihilations, namely ΦΦ† → SMSM0. For

Majorana DM, the processΦΦ → ee and its conjugate also
contribute, which depends solely on the Yukawa coupling.
The Sommerfeld factors enhance or suppress the perturba-
tive cross section depending on whether the potential is
attractive (for ΦΦ†) or repulsive (for ΦΦ and Φ†Φ†). The
formation of bound states and their decays provides an
additional channel for depleting the heavy scalars. Our
treatment of near-threshold effects follows the implemen-
tations described in Refs. [78,83,90], consistently account-
ing for the electroweak crossover that sets the temperature-
dependent masses of the electroweak gauge bosons [83,91].
Since the scalar mediator couples to the SM photon and Z
boson with a typical strength αew ∼ 10−2, the resulting
Sommerfeld and bound-state corrections remain modest,
typically at most Oð10%Þ level in the relic density
prediction. These effects become more pronounced in
the quarkphilic scenario, as discussed in Sec. IV.
It is worth mentioning that we have neglected couplings

of the scalar mediator with the Higgs boson in our analysis,
focusing instead on the Yukawa interaction in Eq. (1). In
general, including such couplings could affect the relic
density through additional annihilation channels of the
mediator, as well as direct detection and collider searches
when the scalar couplings are of order unity (see, e.g.,
Refs. [18,73,76,92,93]), and could also impact the nature of
the electroweak phase transition [83,94].
In our analysis, we compute the DM relic density and

restrict the parameter space to reproduce the observed
value, ΩDMh2 ¼ 0.1200� 0.0012 [95]. The resulting

FIG. 3. Leptophilic DM. 90% C.L. bounds on the mediator massMΦ from lepton flavor-violating decays, with the dependence on the
couplings yi factored out. On the left-hand side of the plot are the three-body decays, and on the right are the radiative decays. The
different shades of the color correspond to different values of δDM ¼ ðMΦ −MχÞ=Mχ , while dashed (solid) lines denote future
projections for δDM ¼ 0.05 (δDM ≫ 1). The Dirac and Majorana cases are shown separately on the left. Note that δDM ≫ 1 corresponds
to the limit Mχ=MΦ ≪ 1 while keeping MΦ fixed.
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parameter space defines targets for the complementary
experimental searches discussed below.

B. Direct (and indirect) detection

Bounds from DD of DM scattering on nuclei arise in the
leptophilic context only at the one-loop level. They are
directly linked to the requirement that χ constitutes the DM
of the Universe, and therefore they technically apply only
along the relic density contours and for a fixed direction of
the coupling vector y. In t-channel models, the contribution
to spin-independent and spin-dependent scattering origi-
nates from loop-induced penguin diagrams involving the
Higgs boson, the Z, or a photon [96–98]. The dominant one
comes from photon penguins, giving rise to the magnetic
dipole, charge radius, and anapole operators. At the same
time, those involving the Higgs or Z are suppressed by the
small lepton masses [17,96,99]. Consequently, the resulting
bounds from the magnetic dipole moment, which dominate
for larger masses, depend primarily on the overall magni-
tude y ¼ kyk and are nearly independent of the angular
parameters.
The Majorana case is special because many of these

diagrams sum up to zero as a consequence of the absence of
a DM vector current. In this situation, one must rely solely
on the anapole moment, which leads to weaker, lepton
flavor-dependent bounds [11,17,99–101]. Technically, this
conclusion is specific to the case of a single DM particle. If
multiple flavors of χ were present, the corresponding vector
currents would no longer vanish identically, thereby
allowing, in principle, contributions from the other oper-
ators. However, for this to occur, the mass splitting between
the DM flavors must be smaller than the kinetic energy of
nonrelativistic DM while still producing a detectable
nuclear recoil. This requirement renders the region of
parameter space in which this possibility applies somewhat
fine-tuned [102].
Concretely, to derive the experimental limits, we employ

the expressions for the differential nucleus cross section
given in Refs. [17,99], and follow the procedure outlined in
Appendix D of Ref. [97] due to the nontrivial dependence
on the recoil energy of the various contributions. We use the
latest results from the LUX-ZEPLIN (LZ) experiment [103]
at 90% C.L., and the projections for DARWIN from
Ref. [104]. The DD constraints are evaluated along relic
density contours by fixing the Yukawa coupling as
y ¼ yðMχ ; δDMÞ, ensuring self-consistent bounds. The
resulting limits are shown in the left panels of Figs. 4
and 5 for the Majorana and Dirac cases, respectively, and
will be discussed in Sec. III E.
Indirect detection probes DM through present day

annihilations in astrophysical environments, most notably
via γ-ray observations of dwarf spheroidal galaxies,
searches for monochromatic γ-ray lines from the
Galactic Center, and measurements of the antiproton flux
[11,17,105,106]. As reviewed in Refs. [10,11] and

confirmed by recent analyses of t-channel models
[93,107], current indirect detection limits are generally
weak and do not compete with present or projected DD
sensitivities for this class of scenarios.
In leptophilic models, the phenomenology depends

strongly on the nature of the DM. For Dirac DM,
annihilation into lepton pairs proceeds through an unsup-
pressed s-wave and indirect searches constrain masses
below Oð100Þ GeV [108], well below the DD reach
discussed in Sec. III E. For Majorana DM, instead, the
s-wave is helicity suppressed by ðme=MχÞ2 and the p-wave
by v2rel with vrel ≈ 10−3, leading to highly suppressed
annihilation rates today [17,109]. Radiative annihilation
χχ → eēγ and loop-induced χχ → γγ lift this suppression
and are constrained by γ-line searches from Fermi-LATand
HESS [108,110–112]. Using the cross sections from
Refs. [11,12], we find no constraints from sharp spectral
features in the parameter space consistent with the observed
relic abundance.

C. Collider searches

The mediatorΦ carries the same quantum numbers as an
Minimal Supersymmetric Standard Model (MSSM) right-
handed slepton [113]. Therefore, direct searches for super-
symmetric sleptons at LEP and the LHC can be directly
applied to this scenario [114–120].9 These searches are
largely independent of the Dirac or Majorana nature of DM.
At both colliders, sleptons are predominantly pair-produced
through electroweak Drell-Yan processes. Most searches
target the decay of a slepton into a charged lepton and a
neutralino, corresponding precisely to our process
Φ → liχ. These results can thus be straightforwardly
reinterpreted, as they depend only mildly on the size of
the Yukawa coupling provided that their decay is prompt.
Such searches are particularly effective when the mass
splitting betweenΦ and χ is large (tens of GeV) but quickly
lose sensitivity in the compressed regime, where the decay
products become too soft to be reconstructed efficiently. In
that region, the most robust limit arises from measurements
of the Z-boson width, which impose mΦ > mZ=2. It is
plausible that recasting searches designed for compressed
chargino-neutralino systems, e.g., Ref. [121], could extend
the coverage of this region in the sleptonlike case, but a
dedicated study is beyond the scope of this work.
LEP bounds require some additional care due to the tree-

level coupling of Φ to electrons. In this case, Φ can also be
produced via t-channel exchange in eþe− collisions, which
can dominate over the electroweak production if the
Yukawa coupling y exceeds the gauge coupling of Φ.
Because of the different chiral structures involved, a
complete cancellation between the s- and t-channel dia-
grams cannot occur, so the limits derived here considering

9For a comprehensive review of t-channel DM searches at the
LHC, we refer the reader to Ref. [10].
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only the s-channel can somehow be regarded as
conservative.
Finally, the radiative return process eþe− → χχγ, medi-

ated by t-channel Φ exchange, could also provide addi-
tional constraints. These bounds depend strongly on the
magnitude of the Yukawa coupling y. Adapting the results
of Ref. [17] to our setup, we verified that when evaluated
along the relic-density contours ðy ¼ yðMχ ; δDMÞÞ such
measurements do not impose any new constraints in the
parameter space of the model. Hence, we do not include
them in the plots presented in Sec. III E.

D. Flavor observables

Lepton-flavor-violating processes provide powerful null
tests of the SM. Any observed signal would constitute
unambiguous evidence for NP, while negative searches
translate into stringent constraints on new mass scales or
interactions. Among the many possible probes [122–125],
the most constraining are μ → eγ, μ → e conversion in
nuclei, and μ → 3e decays. These observables dominate
current limits in the charged-lepton sector and are primary
targets of upcoming experiments, notably MEG II [126],

Mu2e [127], COMET [128], and Mu3e [129]. τ decays are
currently less constraining for comparable couplings but
probe complementary regions of parameter space and are
expected to improve with ongoing and future experiments,
such as Belle II [130], STCF [131], and FCC-ee [132]. In
the t-channel DM scenario considered here, all these
processes arise only at the loop level and are further
suppressed by a numerically small loop function; explicit
expressions are collected in Appendixes A 1 and A 2.
Despite these suppression factors, LFVobservables provide
stringent constraints on the parameter space of interest. In
Fig. 3, we present the resulting bounds on the mediator
mass from μ → e conversion, three-body decays, and
radiative transitions, factoring out the dependence on the
flavor structure.
The different shades denote bounds corresponding to

two choices of the mass splitting between the DM particle
and the mediator, shown separately for the Dirac (green)
and Majorana (orange) scenarios. Dashed lines indicate
future projections. Near-mass degeneracy leads to a pro-
nounced suppression in the Majorana case, while the effect
is considerably milder for Dirac DM. This behavior
originates from cancellations among box diagrams in the

FIG. 4. Leptophilic Majorana DM. Left: constraints in the ðMχ ; δDMÞ plane, with δDM ≡MΦ=Mχ − 1. Shown are 90% C.L. bounds
from collider searches (green, purple, and blue, corresponding to couplings to first-, second-, and third-generation leptons, respectively),
DD (pink, with darker shades indicating couplings to heavier lepton generations; only first- and second-generation bounds are visible),
and relic abundance considerations; representative contours for y ¼ 1 and y ¼ 2.2 are shown. The DD limits are evaluated along relic-
density contours with varying couplings. Gray regions indicate parameter space where the coupling required to reproduce the observed
relic abundance is nonperturbative, or where the correct abundance cannot be achieved via thermal freeze-out due to overdepletion.
Dashed lines denote projected sensitivities from DARWIN. Right: constraints from flavor physics and DD in the ðϕeμ; θτÞ plane,
evaluated at the benchmark point indicated by the black star in the left panel (Mχ ≃ 170 GeV; δDM ≃ 0.14; y ≃ 0.98). Dashed lines
denote future projected sensitivities (see Sec. III D). The boxes in the upper-left and upper-right corners show enlarged views of the
parameter space, illustrating that flavor constraints become ineffective in these regions and that, at the benchmark point, DD excludes the
Uð1Þμ limit but not the Uð1Þe limit. This region of parameter space is best visualized in Fig. 11. See Sec. III E for details.
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Majorana scenario, whose loop function vanishes in the
exact degeneracy limit (see Appendix A 1 and Fig. 10). In
contrast, radiative decays and μ → e conversion are gov-
erned by the same loop function in both Dirac and
Majorana cases and exhibit only a mild suppression as
the mass splitting decreases.
Radiative decays μ → eγ, τ → eγ, and τ → μγ, with

current limits set by MEG II [133], BABAR [134], and
Belle [135], provide the most stringent constraints for
couplings y ∼Oð1Þ, despite the chirality suppression
inherent to these processes. Together with μ → e conver-
sion in nuclei, these observables probe the same parametric
combination of couplings ∼yiy�j=M2

Φ. Future sensitivities
for μ → eγ and μ → 3e are taken from the MEG II and
Mu3e projections discussed above, while the expected
reach of COMET II [136] and Mu2e [137] will signifi-
cantly improve the sensitivity to μ → e conversion.
Notably, the latter could surpass the constraints from
radiative muon decays in the future.
Three-body decays receive contributions from two dis-

tinct parametric structures. In addition to the same
∼yiy�j=M2

Φ combination arising from dipole and penguin
insertions, they also receive box diagram contributions
scaling as ∼yiy�jyky�l =M2

Φ (see Appendix A 2). For

y≲ gSM, the ∼y2=M2
Φ contribution dominates the three-

body amplitude, but it is always more strongly constrained
by μ → e conversion and radiative decays than by the three-
body channels themselves, both for current bounds and for
future projections. As a consequence, three-body decays
become phenomenologically relevant only once the box
contribution dominates, i.e., when y≳ gSM, for which they
effectively probe the quartic coupling structure.
Accordingly, in Fig. 3, we show three-body constraints
exclusively on the ∼y4=M2

Φ combination, using future
sensitivities for τ channels from Ref. [41], which include
projections from Belle II [130], STCF [131], and FCC-
ee [132].
We also comment on bounds from flavor-conserving

dipole moments, the most prominent observable in this
context being the muon anomalous magnetic moment. Its
expression in terms of the SMEFT Wilson coefficients
listed in Appendix A 1 can be found, e.g., in Ref. [138].
Employing the latest value of Δaμ from the Muon g − 2

Theory Initiative [139], now consistent with the lattice
evaluation, yields the constraint MΦ=jy2j≳ 65ð91Þ GeV
for δDM ¼ 0.05ð≫ 1Þ at 90% C.L. As one can see from
Figs. 4 and 5, this bound is subleading for both Dirac and
Majorana DM, being superseded by direct detection,
collider searches, or the requirement of consistency with
thermal production. Electric dipole moments are induced
only at very high loop orders in this scenario, since no
physical CP-violating phase is present in the NP couplings
of Eq. (12). However, we stress that this conclusion does
not generically hold in the presence of multiple flavors of

dark sector fields, where new physical phases arise and an
electron Electric Dipole Moment (EDM) is generated at
one-loop, with parametric scaling de=e ∼ ðme=384π2M̄2

ΦÞ
Im½y1αγy�1βδFαβγδðMΦ=M̄Φ;Mχ=M̄ΦÞ� (with M̄Φ being a
common mediator mass scale). For Oð1Þ couplings and
phases, the latest experimental results [140] impose the
severe constraint M̄Φ ≳ 25 TeV, which exceeds all other
bounds. In this case, a protection mechanism is required.
Dark MFV, for instance, introduces no CP violation in the
lepton sector and thus makes this contribution vanish
identically.

E. Interplay and summary

In this section, we combine the aspects discussed
separately in the previous sections, addressing the
Majorana and Dirac cases separately due to their distinct
features. The main results are presented in Figs. 4 and 5 for
the Majorana and Dirac scenarios, respectively.
The left panels of these figures show constraints from

collider searches and DD experiments, together with the
parameter space compatible with the observed DM relic
abundance. In particular, the gray shaded regions indicate
portions of parameter space where reproducing the
observed relic abundance requires nonperturbative cou-
plings (y >

ffiffiffiffiffiffi
4π

p
) [141], or where the DM relic density falls

below the observed value, corresponding to thermal under-
production starting around y≲ gSM (more specifically the
hypercharge coupling of the SM). This is due to gauge-
driven coannihilations processes ΦΦ† → SMSM0, which
do not depend on y, and that efficiently deplete the DM
whenever the dark fermion and mediator are in chemical
equilibrium. In this situation, the correct relic abundance
can be obtained only along the line in the ðmχ ; δDMÞ plane
denoting the boundary of the underproduction region.10

Interestingly, near this boundary, the relic abundance
becomes essentially independent of the couplings yi, which
can be small. In this regime, complementary constraints
from flavor and DD require no particular symmetry align-
ment and allow for an anarchic flavor structure, unlike
when y≳ gSM.
The right panels of Figs. 4 and 5 show the exploration of

the various flavor directions using the basis defined in
Eq. (13) in the ðϕeμ; θτÞ plane for a benchmark point. Using
the same color coding as a reference, the corresponding
flavor-symmetric trajectories and points on the sphere
shown in Fig. 2 are also represented. In the plots, a specific
benchmark point in ðMχ ; δDM; yÞ is chosen along the relic
abundance contours and highlighted in the left panels by a

10There exists a lower limit below which thermal contact
between the mediator and DM is no longer maintained, y ≈ 10−7.
In this regime, coannihilations may still occur without chemical
equilibrium between the dark sector states [142,143], a possibility
we do not consider in this work.
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black star. This benchmark is motivated by its location at
the edge of the excluded region and by the nontrivial
interplay among the various experimental probes, which we
now discuss in detail.

1. Majorana dark matter

In the Majorana case, bounds from DD are very weak, as
they arise exclusively from the anapole contribution.
Consequently, most of the parameter space evades current
direct-detection bounds. However, future DARWIN sensi-
tivity is expected to cut deeply into it, as shown in the left
panel of Fig. 4. The model is therefore currently mainly
probed by collider searches, which set a lower bound on the
DM mass of Oð100Þ GeV, depending on the splitting, and
by flavor constraints. The latter are exhibited in the right
panel of Fig. 4 for a benchmark point in parameter space
where the DM abundance matches the observed value for
y ≃ 0.98, with Mχ ≃ 170 GeV and δDM ≃ 0.14.11

We observe in the right panel that bounds from flavor
transitions vanish as one approaches the flavor-symmetric
limits (see Fig. 2) that forbid the corresponding flavor-
violating decay. For instance, μ → eγ vanishes at
ϕeμ ¼ 0; π=2, where Uð1Þμ and Uð1Þe are respectively
restored, and analogous behavior is found for the other
transitions. Note that this particular choice of angles selects
τ flavor over μ and e, as the point at the north pole of the
sphere in Fig. 2 is special: for θτ ¼ 0, one gets τ alignment
independently of ϕeμ ∈ ½0; 2πÞ. However, this asymmetry is
merely an artefact of the chosen parametrization; the other
two bases are plotted in Appendix B, zooming on the other
two corners of Fig. 2. In most of the parameter space, the
dominant constraint arises from μ → eγ, shown in purple.
As a result, for a generic azimuthal angle, Fig. 4 shows that
τ alignment must be satisfied at the 10−2 level. In contrast,
Fig. 11 implies significantly stronger bounds for μ- or e-
alignment, at the level of 10−4 for the benchmark point
considered. As a reminder, the maximal misalignment
naturally expected in MFP is Oð10−4Þ, as discussed at
the beginning of Sec. III, indicating that current and near-
future experiments are beginning to probe the motivated
region of parameter space.
We again remark that as the dark sector spectrum

becomes increasingly degenerate, the three-body decays
are suppressed, as shown in Fig. 10. This suppression
weakens the corresponding bounds, making the radiative
decays the only relevant constraints (see Fig. 3). Since
radiative decays, both in the Dirac and Majorana DM cases,
are only mildly suppressed, and leptonic t-channel DM
requires relatively low masses, the process μ → eγ always
needs some degree of flavor protection. If the model is

aligned in either the μ- or e-flavor direction, θτ may still
remain relatively unconstrained, at least in the more
degenerate regimes. This region could be probed by future
Belle II searches for τ → lγ decays [41,130,144], which
are expected to explore the parameter space with θτ ∼Oð1Þ
for both scenarios. Conversely, the model may be aligned in
the θτ → 0 limit, where the full SM lepton flavor symmetry
is restored. In this limit, future experimental sensitivities are
expected to improve by roughly an order of magnitude in
the branching ratio, translating to a marginally stronger
bound of θτ=π ≲ 10−2 for future MEG II projections [145].
Finally, this benchmark highlights the complementarity

between flavor physics probes and DD. In particular, DD
constrains flavor nonuniversal but flavor conserving direc-
tions compatible with Uð1Þe × Uð1Þμ × Uð1Þτ symmetric
case. The universality is broken by lepton masses as
explained in Sec. III B. In contrast, flavor observables
are sensitive to the Uð1Þ3-breaking effects. To show this, in
Fig. 4, we have enlarged the two respective Uð1Þ3 sym-
metric points corresponding to coupling to the first or
second family only. In this case, DD can completely
exclude the e-specific scenario while imposing no con-
straint on the μ-specific case; see also Fig. 11.

2. Dirac dark matter

The most recent experimental DD limits basically
exclude the case of Dirac DM, as shown in the left panel
of Fig. 5. The bounds here are stronger because the DM
vector current no longer vanishes, leading to the presence of
magnetic dipole and charge-radius operators as discussed in
Sec. III B. These generate significant spin-independent
contributions to DM-nucleus scattering, ruling out the entire
parameter space except for a small region around the
benchmark point at the edge of perturbativity. This con-
clusion is flavor independent. For the benchmark point, DD
is shown in gray in the right panel of Fig. 5. Notably, flavor
constraints continue to require a degree of alignment with
symmetry limits to avoid the μ → eγ constraint.

IV. QUARKPHILIC DARK MATTER

As a next example, we study a minimal quarkphilic
scenario with flavor-singlet χ and Φ coupled to the left-
handed quark doublets, as follows:

L ⊃ −yiq̄L;iχΦþ H:c: ð17Þ

Since y ∼ 3q of Uð3Þq, as before, there is no MFV
expansion associated with this coupling (see Table I),
which a priori hints at Oð1Þ flavor violation. However,
it can be decomposed as 3 ¼ 2 ⊕ 1 under SUð2Þq, in the
Uð2Þ5 or MFP framework. Specifically, we can express the
expansion according to Table II in terms of the minimal
Uð2Þq ⊂ Uð2Þ5-breaking spurions as

11Although in this benchmark, Mχ;Φ are at the Electroweak
(EW) scale, the SMEFT calculations presented in the
Appendix A 2 are still valid, as discussed there.
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y ∼ ðaVq; bÞ; ð18Þ

with kVqk ¼ OðVcbÞ defined in Eq. (4), and a, b are
Oð1Þ couplings. After the diagonalization of the SM quark
mass matrices, this generically results in the structure
y ∼ ðλ3c; λ2c; 1Þ with λc the Cabibbo angle (see also
Refs. [59,60]). The same or more suppressed structure
could also be realized in the MFP case, depending on the
specific Uð1Þxi charge assignments.
To test these flavor symmetry hypotheses, we adopt an

agnostic angular parametrization, analogous to that intro-
duced in the leptophilic case, as follows:

y ¼ yðsin θ cosϕeiα1 ; sin θ sinϕeiα2 ; cos θÞ: ð19Þ

This time, we employ the full angular range on the
sphere, with θ∈ ½0; πÞ and ϕ∈ ½0; 2πÞ. The parameters
α1;2 ∈ ½−π=2; π=2� represent two irreducible physical
CP-violating phases, providing the first qualitative differ-
ence with respect to the leptophilic model. Fixing y ¼ kyk,
the expansion Eq. (18) implies, generically, that cosϕ ∼ λc
and sin θ ∼ λ2c, which showcases the typical pattern asso-
ciated to the U(2) limit.
We choose to define the angular parametrization in

Eq. (19) in the down-aligned mass basis, namely in the
basis in which the down-quark Yukawa matrix is diagonal,

which can always be achieved [43]. In this basis, the vector
y in Eq. (19) should be identified with the coupling to down
quarks. The corresponding couplings to up quarks are then
fixed by the CKM matrix. Explicitly, after diagonalization
of the SM Yukawas, one finds

ydown ¼ y;

yup ¼ VCKM y: ð20Þ

As a consequence, the interactions with up and down
quarks are generically misaligned. This misalignment has
important phenomenological implications, as we will see
later. It also reflects the fact that, once again, only an
SUð2Þq symmetry on the first two generations provides a
meaningful organizing principle for left-handed quark
couplings. Indeed, alignment along any of the light gen-
erations, corresponding to a U(1) symmetry associated with
light left-handed quark flavor numbers, is not well moti-
vated: already in the SM, such symmetries are significantly
broken by the Cabibbo angle, see Eq. (20). In contrast, in
the leptophilic scenario of Sec. III, assigning individual
lepton flavor numbers is consistent, since treating neutrinos
as effectively massless is a good approximation in experi-
ments probing charged-lepton flavor violation.

FIG. 5. Leptophilic Dirac DM. Left: constraints in the ðMχ ; δDMÞ plane, with δDM ≡MΦ=Mχ − 1. Shown are 90% C.L. bounds from
collider searches (green, purple, and blue, corresponding to couplings to first-, second-, and third-generation leptons, respectively), DD
(pink, with darker shades indicating couplings to heavier lepton generations; here the bound is essentially the same for all generations),
and relic abundance considerations; representative contours for y ¼ 1 and y ¼ 2.2 are shown. The DD limits are evaluated along relic-
density contours with varying couplings. Gray regions indicate parameter space where the coupling required to reproduce the observed
relic abundance is nonperturbative, or where the correct abundance cannot be achieved via thermal freeze-out due to overdepletion.
Right: constraints from flavor physics and DD in the ðϕeμ; θτÞ plane, evaluated at the benchmark point indicated by the black star in the
left panel (Mχ ≃ 3.5 TeV; δDM ≃ 1; y ≃ 3.35). Dashed lines denote future projected sensitivities discussed in Sec. III D. See Sec. III E for
details.
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A. Relic abundance

The discussion of thermal freeze-out for DM interacting
with quarks shares many similarities with the leptophilic
scenario. As in that case, one must track the abundances of
both the DM and the mediator. The main difference is that
the scalar Φ now carries full SM gauge charges, introduc-
ing several additional annihilation channels for the dark
sector states.
A first qualitative difference is that quarks in the final

state of the annihilation processes cannot generally be
treated as massless. This is particularly relevant for the top
quark, whose mass is non-negligible when the DM and
mediator masses are of orderOð1Þ TeV. We anticipate that,
for typical DM masses compatible with the observed relic
density and still allowed by DD, collider searches, and
flavor observables, the ratio mt=Mχ is in practice relatively
small. Nevertheless, it is instructive to highlight that in the
quarkphilic case, the DM relic abundance becomes flavor
dependent, and in particular depends nontrivially on the
mixing angle θ.
For illustration, we focus on the Majorana DM pair

annihilation process χχ → qiq̄j, with i, j ¼ 1, 2, 3 (we
again drop the subscript indicating chirality of quarks to
avoid clutter.). The corresponding cross sections can be
organized into a symmetric 3 × 3 matrix with six indepen-
dent entries. Considering only the massive top quark, the
2 × 2 block associated with the first and second generations
can be computed in the massless limit, where the leading
nonvanishing contribution arises from the p-wave at order
v2rel. In contrast, when a third-generation quark, namely its
up-type component, enters the final state, the cross section
acquires a nonvanishing s-wave contribution. Summing
over quark generations yields the following result:

X3
i;j¼1

σvrelðχχ → qiq̄jÞ

¼ 2sin4θσ
mq¼0
χχ vrel

þ 2cos2θ sin2θðσmq¼0
χχ vrel þ σ

mq
χχ vrelÞ

þ cos4θðσmq¼0
χχ vrel þ σ

2mq
χχ vrelÞ: ð21Þ

The first line of Eq. (21) corresponds to the first two
generations, and the overall factor of 2 accounts for the
SUð2ÞL multiplicity. The second line refers to the non-
diagonal entries involving quarks of the first, second, and
third generations; here, the overall factor of 2 counts the
two possible quark pairs in the final state, qiq̄3 and q3q̄i.
Finally, the third line accounts for the third generation,
where one quark is treated as massless (the bottom quark)
and the other as massive (the top quark). Accordingly,

σ
mq¼0
χχ vrel, σ

mq
χχ vrel, and σ

2mq
χχ vrel denote the cross sections

with zero, one, or two massive quarks in the final state,
respectively. Their explicit expressions are given in

Appendix C. In the massless limit, the sum of the cross
sections in (21) reduces to the flavor-blind result found in
the leptophilic scenario up to a color factor [see Eqs. (C1)
and (C2) for explicit expressions]. Accounting for the
flavor dependence of the cross sections leads to a modest
but noticeable effect on the relic density contours, as
illustrated for the Majorana DM scenario in the left panel
of Fig. 7 for θ ¼ 0 and θ ¼ π=2. A dependence on the
quark mass is also induced in the processΦΦ → qiqj in the
Majorana dark matter scenario, whose expression is given
in Appendix C. For the remaining cross sections, results are
available in earlier studies [11,72,76,146].
The second aspect that requires particular care in

the quarkphilic scenario is the treatment of near-threshold
effects. Due to the interaction of the mediator with
QCD gluons, Sommerfeld and bound-state effects are
more pronounced than in the leptophilic scenario.
Coannihilations of colored particles have been extensively
studied in the literature [80,146–148], and more recently
t-channel models have been employed as a test bed to
scrutinize bound-state effects and their impact on the
relic density of the accompanying DM particle
[73–76,149,150]. The Sommerfeld factors are largely
dominated by QCD-induced interactions, with electroweak
contributions typically providing only a subleading cor-
rection in the parameter space relevant to the models
considered here.12

Scalar pair annihilations can occur in a color singlet,
color octet, or color sextet configuration (the latter being
relevant only for the Majorana DM option), with an
attractive potential in the singlet case and repulsive poten-
tials in the other two cases. The Sommerfeld factors
multiply the corresponding color-decomposed annihilation
channels; e.g., see Refs. [73,107]. Bound state formation
can occur via two main processes, namely radiative emis-
sion of a gluon [153–155] and scattering with light plasma
constituents [73,156,157]. Despite exhibiting a larger rate
[73,156], the latter has been found to give a quite small
correction to the DM energy density [157].
To go beyond the minimal inclusion of bound-state

effects, namely considering only the ground state, we also
include excited states. Their impact can be sizeable
[149,150,155,158], particularly depending on the number
of excited states included. In this work, we consider four
additional states: the 2S state and the 2Pm states with
m ¼ −1, 0, 1. While further improvements are possible by
including more excited states, this quickly becomes

12In general, whenever the mediator interacts with QCD
gluons, the numerical importance of QCD-assisted coannihila-
tions over the corresponding electroweak contributions can be
appreciated by inspecting the mediator-mediator annihilation
cross sections, which scale as g4SM [151,152]. Moreover, Som-
merfeld enhancements and bound-state effects become increas-
ingly important for larger values of the coupling constants that
induce the long-range interactions [85,89,90].
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numerically demanding and lies beyond the scope of the
present study.13 For the quarkphilic case with Majorana
DM, neglecting Sommerfeld and bound-state effects leads
to order-1 differences in the relic density prediction. For
instance, for y ¼ 1.0 and δDM ¼ 0.2ð0.05Þ, one finds
corrections of about 50% (up to a factor of ∼2.5) in the
DM mass range relevant for this work.

B. Collider searches

Similarly to the leptophilic case, collider searches for
squarks decaying into SM quarks and neutralinos can be
directly applied here. We therefore employ the results from
LEP and, most importantly, from the LHC for searches of
light-flavor squarks, sbottoms, and stops [117,161–170].
The light-flavor squarks searches employ untagged jets, so
these searches are eventually only sensitive to the angle θ.
Since the dominant production mechanism is QCD Drell-
Yan pair production, we rescale the experimental limits for
several squark flavors to the number of flavors relevant for
our setup by adjusting the production cross section, using
the cross sections in Ref. [171]. As in the leptophilic case,
there also exists a t-channel diagram for production through
couplings to first generation quarks; however, this contri-
bution is subleading for y≲ gs, and a complete cancellation
with the s-channel process is anyway not possible, so we
neglect it. This renders our bounds somewhat conservative.

C. Direct (and indirect) detection

DD constraints depend on the structure of the coupling
vector y. Couplings to first-generation quarks (u, d) allow
for tree-level scattering off nuclei, leading to very strong
constraints. For couplings to third-quark generation, the
leading one-loop contributions arise from photon, Z, and
Higgs penguin diagrams, as in the leptophilic case, together
with new box diagrams that generate effective couplings to
gluons [96]. Since the Z penguin contributions to DM-
nucleus scattering scale as ðmq=MχÞ2, these effects become
particularly relevant for couplings to the top quark.
Regarding the second quark generation, an often over-

looked feature in literature is the misalignment implied
by Eq. (20). This offset has important consequences for
DD, as one cannot realize a pure single-generation align-
ment. In particular, choosing second family alignment,
ðϕ; θÞ ¼ ðπ=2; π=2Þ, leads to up-quark couplings of the
form

yup ∼ ðλc; 1; λ2cÞ; ð22Þ

which contains a sizeable first-generation component. This
induces a tree-level contribution to DD, leading to very

strong constraints on second-family alignment. An analo-
gous discussion, with the roles of up and down quarks
interchanged, would apply if one instead chose a basis in
which the up-quark Yukawa matrix is diagonal.
In the Majorana case, several of the diagrams cancel due

to the vanishing DM vector-current χ̄γμχ ¼ 0 and magnetic
dipole χ̄σμνχ ¼ 0, resulting in weaker bounds than in the
Dirac scenario. In this case, the leading constraints are due
to the effective DM-gluon couplings, except for couplings
to first-generation quarks, where the spin-dependent cross
section sets strong bounds [98]. With third-family coupling,
the Higgs exchange is enhanced due to the large top mass;
see, for instance, Ref. [76].
To obtain the limits, we take the results of Refs. [96,172]

for the analytical expressions of the various contributions,
and once again follow the procedure of Ref. [97], using the
most recent results from LZ [103] and the DARWIN
projections [104]. In the Majorana case, the vanishing of
vector currents simplifies the procedure, as the dependence
on the recoil energy essentially reduces to that employed by
the experimental collaborations. As a result, we can directly
use the bounds on the spin-independent and spin-dependent
nuclear cross sections.
Finally, indirect detection probes DM through present-

day annihilations, notably via γ-ray observations of dwarf
spheroidal galaxies and the Galactic Center, as well as
measurements of the antiproton flux [11,17,105,106]. For
t-channel scenarios, current indirect detection bounds are
generally weak and remain subdominant to present and
projected DD sensitivities [10,11,93,107].

D. Flavor observables

Quark flavor-changing neutral currents are sensitive
probes of NP. Unlike lepton flavor violation, they are
suppressed but nonvanishing in the SM, reflecting the
approximate nature of quark flavor symmetries. Neutral
meson mixings, in particular, are measured with extraordi-
nary precision, making them among the most sensitive tests
of NP. Their interpretation, therefore, relies on accurate SM
predictions, which are often limited by hadronic uncertain-
ties. In B-meson systems, these arise mainly from lattice
determinations of hadronic matrix elements, while in kaon
observables such as ϵK , additional uncertainties from CKM
parameters are relevant.
In our t-channel DM scenario, meson mixing is generated

at one loop via box diagrams. Figure 6 shows the resulting
bounds on the mediator mass MΦ, with the dependence on
the couplings yi factored out, as derived from various flavor
observables; details of the extraction are provided in
appendix A 2. Different observables probe different com-
ponents of the flavor coefficients: ϵK and xIm;D

12 constrain the
imaginary parts of the y vector, ΔmK;D are sensitive to the
real parts, while ΔmBq

and ϕq depend on both through
interference effects. Since the bound from the latter observ-
ables are numerically similar, we report in Fig. 6 only the

13Very recent works have proposed a numerical tools and
public codes for incorporating bound-state effects [159,160],
including the possibility of accounting for excited states.
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one fromΔmBq
. In contrast to the LFV case shown in Fig. 3,

bounds from flavor-violating dipole transitions such as
b → sγ are significantly weaker than those induced by
four-quark operators. The dependence on the mass splitting
is shown for two benchmark scenarios. In the Majorana
case, constraints from neutral mesonmixing becomeweaker
in the small mass-splitting limit, as implied by the behavior
of the loop functions shown in Fig. 10. For future
projections, we use Fig. 5.15 of Ref. [41] to estimate the
improvement factor on the effective scale shown in Fig. 6
for the observables considered, based on the anticipated full
datasets in flavor physics, including FCC-ee measurements
in the b- and τ-sectors. We add a note of caution that
progress in lattice calculations, which is difficult to antici-
pate, may significantly alter these projections.
Other ΔF ¼ 1 observables beyond dipole transitions are

not relevant for our analysis. The reason is that the
contributions to the Wilson coefficient C10 cancel once
all diagrams are consistently included as a consequence of
gauge invariance, see Eq. (5.17) of Ref. [173]. As a result,
potentially stringent probes such as Bs → μþμ− do not
receive a sizeable contribution. Other flavor observables
yield only subleading constraints compared to those
already imposed by b → sγ, and are therefore not reported.
Note that in our framework, we cannot fit P0

5 because of
constraints due to other observables; see Appendix A 2 for
more details.

Finally, we comment on bounds from EDMs. These are
also sourced from the (chromo-)dipole operators. The
rotation to the mass basis induces an electric dipole of
up, down, and strange quarks of order dq=e ∼
mqλC Im½y1y�2�=16π2M2

Φ and similarly for the chromoelec-
tric dipole, see Appendix A 2. With our specific down-
aligned choice Eq. (20), only du is induced, and leads to the
weak constraintMΦ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffij Im y1y�2j
p ≳ 200 GeV at best. Even

for Oð1Þ CP-violating phases, the current bound is weaker
compared to all the other ones we discussed. However,
future projections on EDMs, in particular of the proton, are
expected to improve the bound on the overall scale by
almost 2 orders of magnitude [41,174–176]. Such an
improvement could bring the resulting constraint close to
that from other flavor observables, as shown in Fig. 6.

E. Interplay and summary

Our main results are presented in Figs. 7 and 8 for
Majorana and Dirac DM, respectively. The plots follow the
same conventions as in the leptophilic case: the left panels
show constraints from relic abundance, DD, and collider
searches in the ðMχ ; δDMÞ plane. The gray regions in the left
panels corresponding to thermal underproduction are more
extended in this case, since in the coannihilation regime,
the strong interactions of the mediator dilute the DM
abundance very efficiently. Bounds from collider searches
are also stronger than in the leptophilic case, excluding

FIG. 6. Quarkphilic DM. 90% C.L. bounds on the mediator massMΦ from quark-flavor-violating processes, with the dependence on
the couplings yi factored out. On the left-hand side of the plot, we report meson-mixing observables, where the bounds refer to the real
part of the flavor coefficients for ΔmK;D, to the absolute value for ΔmBd;Bs

and the imaginary for ϵK and xIm;D
12 . Different shades of the

colors correspond to different values of δDM ≡MΦ=Mχ − 1. Note that δDM ≫ 1 corresponds to the limit Mχ=MΦ ≪ 1 while keeping
MΦ fixed. Shown on the right are the constraints from b → sγ and dN . Dashed (solid) lines correspond to future projections for
δDM ¼ 0.05 (δDM ≫ 1) following Ref. [41].
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colored mediator masses mΦ ≲ 600 GeV. The right panels
show flavor bounds in the ðϕ; θÞ plane for the specific
benchmark point marked by a star in the left panels, that we
discuss in detail in the following.

1. Majorana dark matter

DD and flavor observables provide complementary but
mutually reinforcing constraints. As shown in the left panel
of Fig. 7, DD efficiently excludes large regions of param-
eter space associated with first- and, to a lesser extent,
second-generation couplings, while remaining largely
insensitive to a dominantly third-generation alignment.
The right panel demonstrates that flavor observables
independently point to the same conclusion: generic viable
scenarios are driven towards a predominantly third-family
structure, allowing only small misalignments. Future
improvements in DD sensitivity will play an important
role; see DARWIN projections in the left panel.
The right panel of Fig. 7 focuses on a benchmark point

Mχ ¼ 1.1 TeV; δDM ¼ 0.1; y ¼ 1.4 indicated by a star in
the left panel, for which DD already requires a degree of
third-family alignment. Flavor observables confirm the
need for a coupling structure aligned predominantly with
third-generation quarks, with different transitions probing
complementary regions of parameter space. Kaon and

D-meson mixing constrain angles around ϕ ≃ π=4, where
first- and second-generation transitions are maximized,
while transitions involving the third generation are most
strongly constrained near θ ≃ π=4. The strongest limits
from Bd mixing arise close to ϕ ¼ 0, whereas Bs mixing
peaks around ϕ ¼ π=2.
A crucial point is that the K- and D-meson constraints

are not aligned. This follows from the CKM rotation
between the up- and down-quark sectors, Eq. (20). As a
consequence, the U(1) limits corresponding to exact align-
ment with the first or second generation are not viable in the
quark sector, since the inevitable rotations proportional to
the Cabibbo angle induce excessively large contributions to
kaon and D-meson mixing. This resembles what happened
also for DD in Sec. IV C.14

In the right panel of Fig. 7, we also highlight theUð2Þq ⊂
Uð2Þ5 region compatible with the SM spurion expansion
Eq. (18), allowing for Oð1Þ variations, as defined in
Ref. [60]. Most of this region remains allowed, demon-
strating that a Uð2Þ5 flavor symmetry is compatible with the

FIG. 7. Quarkphilic Majorana DM. Left: constraints in the ðMχ ; δDMÞ plane, with δDM ≡MΦ=Mχ − 1. Shown are 90% C.L. bounds
from collider searches (green and blue, corresponding to couplings to light and third-generation quarks, respectively), DD (pink, with
darker shades indicating couplings to heavier quark generations), and relic abundance considerations; representative contours for y ¼ 1
and y ¼ 2.2 are shown. The DD limits are evaluated along relic-density contours with varying couplings. Gray regions indicate
parameter space where the coupling required to reproduce the observed relic abundance is nonperturbative, or where the correct
abundance cannot be achieved via thermal freeze-out due to overdepletion. Dashed lines denote projected sensitivities from DARWIN.
Right: constraints from flavor physics and DD in the ðϕ; θÞ plane, corresponding to the benchmark point indicated by a black star in the
left panel (Mχ ≃ 1.1 TeV; δDM ≃ 0.1; y ≃ 1.38). The dotted-black contours encompass regions compatible with a Uð2Þq spurion
expansion, using a; b∈ ½λc; 5� in Eq. (18), as in Ref. [59]. See Sec. IV E 1 for details.

14Instead, for DM coupled to right-handed uR or dR, the MFP
framework of Sec. II C suggests that the corresponding U(1)
limits could be viable, similarly to the leptophilic case, since it
would correspond to removing either up- or down-type of meson-
mixing observables in Figs. 7, 8.
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t-channel DM framework. The same conclusion holds in
the MFP framework, with third-family misalignment being
equally or more suppressed, depending on the Uð1Þxi
charge assignment. This behavior is generic across the
parameter space, except in the degenerate limit δDM ≪ 1,
where loop-function suppressions of the relevant SMEFT
coefficients permit larger Uð2Þq breaking from the minimal
spurion scenario. This contrasts with leptophilic t-channel
models, where dipole-induced decays dominate and remain
unsuppressed in the degenerate limit.
Finally, we assess the impact of CP-violating phases.

Choosing α2 − α1 ¼ π=4, which maximizes contribu-
tions to light-meson observables through ImðM12Þ ∝
sin½2ðα2 − α1Þ�, leads to a substantial strengthening of the
bounds. This is consistent with Fig. 6, where CP-violating
constraints are roughly an order of magnitude stronger than
CP-conserving ones. Nevertheless, the plot demonstrates
that the Uð2Þq flavor-spurion structure is sufficient, without
the need to impose an additional CP symmetry.
Overall, the case of Majorana DM with a left-handed

quarkphilic mediator represents an interesting scenario,
exhibiting a nontrivial interplay between DD and flavor
bounds. Our results confirm the expectation that a certain
degree of alignment with the third generation is required in
most of the parameter space, which can be naturally
embedded in a Uð2Þ5 or MFP flavor framework.

2. Dirac dark matter

The quarkphilic Dirac case is significantly more con-
strained. As shown in Fig. 8, DD bounds are extremely
strong in this scenario, to the extent that models with
couplings to first-generation quarks are essentially
excluded. Alignment towards the heavier generations is
also strongly constrained, due to the enhanced Z-penguin
and dipole contributions to DM-nucleus scattering in the
Dirac case. As a result, only a small region of parameter
space remains viable, corresponding to large couplings
close to the perturbativity bound (y≳ 2). Such large
couplings are prone to the development of Landau poles
at relatively low scales [93], suggesting the need for a low-
scale completion of the model.
The flavor bounds are shown in the right panel of Fig. 8

for a benchmark point Mχ ¼ 6 TeV, δDM ¼ 0.5, and
y ¼ 2.26. The considerations are similar to those in the
Majorana case: flavor observables require a degree of
alignment towards the third generation, as naturally real-
ized in Uð2Þ5 or MFP frameworks. A difference at small
mass splittings, originating from the fact that for Dirac DM
the loop functions entering meson mixing remain non-
vanishing even in the degenerate limit, is phenomenologi-
cally irrelevant here, since this region of parameter space is
already excluded by DD constraints.

FIG. 8. Quarkphilic Dirac DM. Left: constraints in the ðMχ ; δDMÞ plane, with δDM ≡MΦ=Mχ − 1. Shown are 90% C.L. bounds from
collider searches (green and blue, corresponding to couplings to light and third-generation quarks, respectively), DD (pink, with darker
shades indicating couplings to heavier quark generations), and relic abundance considerations; representative contours for y ¼ 1 and
y ¼ 2.2 are shown. The DD limits are evaluated along relic-density contours with varying couplings. Gray regions indicate parameter
space where the coupling required to reproduce the observed relic abundance is nonperturbative, or where the correct abundance cannot
be achieved via thermal freeze-out due to overdepletion. Right: constraints from flavor physics and DD in the ðθ;ϕÞ plane,
corresponding to the benchmark point indicated by a black star in the left panel (Mχ ≃ 6 TeV; δDM ≃ 0.5; y ≃ 2.26). The dotted-black
contours encompass regions compatible with a Uð2Þq spurion expansion. See Sec. IV E 2 for details.
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In summary, the case of Dirac DM with a left-handed
quarkphilic mediator is almost excluded by DD, except for
scenarios with couplings close to the nonperturbative
regime.

V. CONCLUSION

In this work, we have examined thermal DM in t-channel
models through the lens of flavor physics. These scenarios
constitute a well-motivated and minimal extension of the
WIMP paradigm, featuring renormalizable interactions
between DM, a mediator, and SM fermions. Reproducing
the observed relic abundance naturally points to TeV-scale
masses and Oð1Þ couplings. As a result, such models
generically induce flavor- and CP-violating effects, bring-
ing them under the stringent scrutiny of precision flavor
observables. Ensuring consistency with existing flavor
bounds, therefore, emerges as a central consistency require-
ment for t-channel DM.
We addressed this question systematically by adopting

the framework of flavor symmetries and spurion expan-
sions presented in Sec. II. By classifying the DM and
mediator fields and their couplings under different flavor
symmetry hypotheses, we provided a structured map of
viable flavor scenarios for t-channel models. This general-
izes the logic of MFV, provides a clear dictionary for
identifying which flavor structures can realistically be
consistent with existing bounds, and establishes a basis
for future comprehensive studies of flavor in dark sectors.
In practice, the flavor-singlet entries in Tables I–III serve as
bottom-up simplified-model benchmarks for further inves-
tigation. As summarized in Fig. 1, progressively reducing
the flavor symmetry,

MFV → Uð2Þ5 → MFP; ð23Þ

opens up a substantially broader class of viable t-channel
DM scenarios.
To quantitatively test these symmetry expectations, we

focused on simple yet representative benchmark scenarios
in which both the DM particle and the mediator are flavor
singlets. This choice leads to rank-1 flavor violation in the
couplings, parametrized by angular variables in Eqs. (13)
and (19), and admitting a convenient geometric represen-
tation on the sphere shown in Fig. 2. Symmetry limits then
correspond to specific points or trajectories on this sphere.
Rather than imposing these limits a priori, we performed
an agnostic phenomenological analysis, using the full set of
available experimental constraints to determine how closely
viable models must align with flavor symmetry directions.
We studied two concrete realizations: interactions with
right-handed charged leptons in Sec. III and with left-
handed quarks in Sec. IV, considering both Dirac and
Majorana DM.
In the leptophilic scenario, Majorana DM remains

largely viable and mostly unexplored, as illustrated by

the left panel of Fig. 4, where sizable regions of parameter
space survive all current constraints. As anticipated, the
allowed flavor directions are organized by approximate
lepton flavor number symmetries: viable scenarios require
alignment with a single lepton flavor, with couplings to the
third generation being somewhat less constrained, as shown
in the right panel of Fig. 4. By contrast, the Dirac
leptophilic case, summarized in Fig. 5, is essentially
excluded by DD for all flavor directions. This conclusion
relies critically on the latest results from LUX-
ZEPLIN [103].
In the quarkphilic scenario, we observe a rich interplay

between flavor observables and DD. For Majorana DM,
summarized in Fig. 7, a sizeable region of parameter space
remains viable. As anticipated, flavor constraints demand
alignment with the third quark generation, pointing to an
underlying SUð2Þq flavor symmetry. Frameworks such as

Uð2Þ5 or MFP naturally realize this alignment, efficiently
suppressing flavor violation through small spurions while
still reproducing the observed relic abundance, as illus-
trated in the right panel of Fig. 7. By contrast, the Dirac
quarkphilic scenario is far more constrained, as shown in
Fig. 8: DD limits are particularly stringent and require both
a highly restrictive flavor structure, again well captured by
an SUð2Þq symmetry, and a large third-generation coupling
close to the perturbativity limit.
For both scenarios considered, and in particular for the

quarkphilic case, the inclusion of Sommerfeld enhance-
ments and bound-state effects is essential to obtain an
accurate determination of the relic density when the mass
splitting between the DM and the mediator is moderate
or small.
Overall, our results highlight a clear picture: t-channel

DM models generically require a nontrivial flavor structure
to evade flavor bounds, and flavor symmetries presented in
Sec. II provide a well-motivated guiding principle to
identify viable scenarios. At the same time, DD experi-
ments play a crucial complementary role by probing the
flavor-conserving components of the same couplings. In
this sense, flavor physics points to the allowed directions in
flavor space, while DD constrains their overall size.
With the progress in DD experiments, the landscape of t-

channel fermionic DM models is coming into sharper
focus: Dirac DM has already been excluded or pushed
to the brink of viability, thereby shifting attention to
Majorana DM in the next generation of experiments.
Precision flavor measurements at present and future col-
liders [41] will continue to probe ever smaller departures
from flavor symmetry limits. At the same time, collider
searches at the High-Luminosity LHC and electroweak
precision measurements at FCC-ee [93] will provide
complementary probes. Together, this multifront experi-
mental program will test the viability of thermal DM at the
TeV scale.
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APPENDIX A: SMEFT MATCHING AND
FLAVOR OBSERVABLES

In this appendix, we report the relevant one-loop
matching expressions of the benchmark models to the
effective operators inducing quark and lepton flavor
observables, as well as the formulas of the observables
considered in this analysis.

1. Matching to the SMEFT

After integrating out at one-loop the heavy mediator and
DM candidate, we end with the following relevant subset of
SMEFT operators for the leptophilic scenario:

Le
EFT ¼ CeBOeB þ CHeOHe þ CeeOee þ CleOle þ CqeOqe þ CeuOeu þ CedOed

¼ ½CeB�ijliHσμνejBμν þ ½CHe�ijēiγμejðH†iD
↔

μHÞ þ ½Cee�ijklēiγμejēkγμel þ ½Cle�ijklliγ
μljēkγμel

þ ½Cqe�ijklq̄iγμqjēkγμel þ ½Ceu�ijklēiγμejūkγμul þ ½Ced�ijklēiγμejd̄kγμdl; ðA1Þ

while for the quarkphilic scenario, we obtain

Lq
EFT ¼ CdðuÞBOdðuÞB þ CdðuÞWOdðuÞW þ CdðuÞGOdðuÞG þ CqqO

ð1Þ
qq

¼ ½CdðuÞB�ijq̄iHσμνdjBμν þ ½CdðuÞW �ijq̄iHσμντ
adjWaμν þ ½CdðuÞG�ijq̄iHσμνTAdjGAμν þ ½Cqq�ijklq̄iγμqjq̄kγμql: ðA2Þ

Note that we do not include any ΔF ¼ 1 operators beside dipoles; see the end of Appendix A 2 for the explanation. In
Fig. 9, we show the corresponding diagrams that generate the four-fermion, penguin, and dipole operators. Starting from
Eqs. (12) and (17), we perform the matching onto the corresponding Wilson coefficients using Matchete [177]. For the
leptophilic scenario, the result can be written as

½CeB�ij ¼
g0

384π2M2
Φ
yiy�kYkjGðxΦÞ; ½CHe�ij ¼ −

g02

576π2M2
Φ
yiy�jHðxΦÞ; ðA3Þ

½Cee�ijkl ¼
1

64π2M2
Φ

�
−
1

2
yiy�jyky

�
l FðxΦÞ þ

g02

9
ðδijyky�l þ δily�jykÞHðxΦÞ

�
; ðA4Þ

FIG. 9. Representative Feynman diagrams generating the four-fermion andOHe operators (box and penguins, left and bottom) and the
dipole operators (right) for quarks and leptons. Diagrams were drawn using FeynCraft [178].
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½Cle�ijkl ¼
g02

576π2M2
Φ
δijyky�l HðxΦÞ; ½Cqe�ijkl ¼ −

g02

1728π2M2
Φ
δijyky�l HðxΦÞ; ðA5Þ

½Ceu�ijkl ¼ −
g02

432π2M2
Φ
δklyiy�jHðxΦÞ; ½Ced�ijkl ¼

g02

864π2M2
Φ
δklyiy�jHðxΦÞ; ðA6Þ

while for the quarkphilic scenario, we obtain

½Cð1Þ
qq �ijkl ¼ −

1

128π2M2
Φ
yiy�jyky

�
l FðxΦÞ; ½CuðdÞB�ij ¼ −

g0

2304π2M2
Φ
yiy�kYuðdÞ;kjGðxΦÞ; ðA7Þ

½CuðdÞW �ij ¼ −
g

768π2M2
Φ
yiy�kYuðdÞ;kjGðxΦÞ; ½CuðdÞG�ij ¼ −

gs
384π2M2

Φ
yiy�kYuðdÞ;kjGðxΦÞ; ðA8Þ

with xΦ ¼ M2
χ=m2

Φ, and the loop functions given by

GðxΦÞ ¼
1

ð1 − xΦÞ4
½ð1 − xΦÞð1 − xΦð5þ 2xΦÞÞ − 6x2Φ log xΦ� ðfor dipolesÞ; ðA9Þ

HðxΦÞ ¼
1

2ð1 − xΦÞ4
½ð1 − xΦÞð2 − xΦð7 − 11xΦÞÞ þ 6x3Φ log xΦ� ðfor penguinÞ; ðA10Þ

FDðxΦÞ ¼
1

ð1 − xΦÞ3
½1 − x2Φ þ 2xΦ log xΦ� ðfor box; χ DiracÞ; ðA11Þ

FMðxΦÞ ¼
1

ð1 − xΦÞ3
½1þ 4xΦ − 5x2Φ þ 2xΦð2þ xΦÞ log xΦ� ðfor box; χMajoranaÞ: ðA12Þ

The loop functions satisfy

fGðxΦÞ; HðxΦÞ; FDðxΦÞ; FMðxΦÞg ⟶
xΦ→0

1; ðA13Þ

fGðxΦÞ; HðxΦÞ; FDðxΦÞ; FMðxΦÞg ⟶
xΦ→1

	
1

2
;
3

4
;
1

3
; 0



:

ðA14Þ

The behavior of the loop functions can also be seen in
Fig. 10, which shows that the Majorana loop function FM
vanishes in the degenerate limit.

2. Flavor observables

a. Leptons

The class of observables considered in Sec. III includes
flavor-violating three-body lepton decays, μ → e conver-
sion in nuclei, and dipole transitions li → ljγ. The
expressions for these observables in terms of the Wilson
coefficients listed in Appendix A 1 are well known in the
literature and will not be reported here; see, e.g.,
Refs. [124,179]. We limit ourselves to a few remarks:

(i) in the spin-independent contribution to μ → e con-
version, the dipole, four-fermion, and CHe operators

induce an effective vector coupling only to protons.
This follows from the fact that these contributions
are dominated by photon exchange or by scalar
operators matched onto the electromagnetic current,
which does not couple coherently to neutrons. This
observable constrains the combination ∼y2=M2

Φ;
(ii) dipole transitions li → ljγ are likewise sensitive to

the same parametric combination ∼y2=M2
Φ; and

(iii) three-body decays receive contributions scaling both
as ∼y4=M2

Φ, from four-lepton box diagrams, and as
∼y2=M2

Φ, from dipole and penguin ones. Given the
current experimental bounds from μ → e conversion
and dipole transitions, the bound from three-body
decay constraints on the latter combination is sub-
leading. The same also holds when comparing future
projections.

Note that we compute the observables by matching the
SMEFT onto the low-energy EFT (LEFT), integrating out
the heavy Z, W, and Higgs bosons, and expressing the
observables in terms of the resulting LEFT Wilson coef-
ficients. We stress that, in the scenario considered here, this
procedure remains valid even when MΦ;χ are around or
below the electroweak scale. In fact, one could equivalently
match directly onto the LEFT and obtain the same result.
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This follows from two observations. First, the relevant
momentum transfer in the processes of interest is
q2 ≲m2

τ ≪ m2
Z. Second, ignoring the quartic coupling with

the Higgs in the scalar potential, the dark sector does not
couple directly to the Higgs, so no corrections to Eq. (A1)
featuring powers of jHj2n are present, which after electro-
weak symmetry breaking could invalidate the EFT
expansion.
An alternative way to see this is to note that the operators

in Eq. (A1) proportional to g02y2 are actually obtained from
operators such as ðēγμeÞ∂νBμν after applying the equation
of motion ∂νBμν ¼ JμY , reducing them to Higgs-fermion
current and four-fermion interactions. The same operators
with a photon or Z fields could be matched directly after
electroweak symmetry breaking, and would not get cor-
rected by powers of m2

Z=m
2
Φ;χ .

b. Quarks

Unlike in the LFV case, where the SM prediction for
flavor violation is effectively zero, in the quark sector, the
SM uncertainties must be determined precisely. However,
in most cases, the SM predictions are dominated by
hadronic and CKM-related uncertainties, which propagate
into the observables and typically exceed the experimental
errors. In the remainder of this section, we summarize the
inputs used to compute both the SM and NP contributions
to the various flavor observables.
Firstly, since our NP contributions enter through meson

mixing, these processes cannot be used to determine the
CKM matrix. Instead, we adopt the PDG [180] determi-
nation of the CKM elements obtained exclusively from
tree-level observables, which our model does not modify.
This tree-level determination comes with larger uncertain-
ties, as B-meson mixing is otherwise very precisely
measured. We have assessed the impact of using different

CKM inputs, particularly the dependence on the Vcb
determination from inclusive versus exclusive decays.
We find that adopting the inclusive value leads to better
agreement with the SM predictions, especially for ϵK,
consistent with Ref. [181], and fully compatible with the
use of the tree-level CKM. In our analysis, we have also
investigated the effect of performing a simultaneous fit of
the CKM parameters, including both meson mixing observ-
ables and potential NP contributions. This approach yields
results similar to those obtained using the tree-level CKM,
and we therefore employ meson mixing primarily to extract
bounds on NP. Consequently, we find that using the PDG
tree-level CKM determination provides a straightforward
and robust implementation, consistent within the corre-
sponding confidence intervals.
For meson mixing, we use the recent kaon bag parameter

from Ref. [182], and for the B-mesons, we adopt the bag
parameters and decay constants from Ref. [183]. The
detailed procedure and explicit expressions for the QCD
running and the computation of the hadronic matrix
elements can be found in Appendix C of Ref. [184], which
follows the analyses of the UTfit Collaboration [185–187].
In our numerical evaluation, we make use of the Wilson-
coefficient bag parameters from Refs. [183,188,189].
Finally, to compute the relevant observables, we adopt

the following approximations: for K-meson mixing, the
contribution to the mass splitting is given by the real part of
the amplitude,

ΔmK ≃ 2ReðMSM
12 þMNP

12 Þ; ðA15Þ

where M12 denotes the (short-distance) dispersive part of
the mixing Hamiltonian. Currently, no reliable estimate of
the long-distance effects is available. Therefore, we simply
require the NP contribution not to exceed the SM short-
distance contribution [190], ensuring compatibility with

FIG. 10. Loop functions for the four-fermion operators and dipoles, in terms of the mass ratio xΦ ≡M2
χ=M2

Φ ¼ ð1þ δDMÞ−2.
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experimental values. In the case of D-mesons, long-
distance effects are expected to dominate; thus, our
conservative approach is to demand that the NP contribu-
tion does not overshoot the experimental measure-
ments [180].
However, for CP-violating observables such as ϵK and

xIm;D
12 , the SM predictions are better understood. In par-
ticular, there exists a precise SM prediction for ϵK [191],
and it is well established—both theoretically and exper-
imentally—that CP violation in D-meson mixing is
extremely small. Consequently, any sizable CP-violating
NP contribution could easily exceed the SM expectation.
Finally, for Bq-meson mixing, we can make use of SM

predictions and compute both SM and NP contributions to
meson mixing, using the approximation

ΔmBq
≃ 2

���MSM;q
12 þMNP;q

12

���; ðA16Þ

ϕq ¼ arg ðMSM;q
12 þMNP;q

12 Þ: ðA17Þ

The phases can be extracted from time-dependent asym-
metries in B-meson decays, such as Bs → J=ψϕ and
B → J=ψKS, yielding ϕs and ϕd, respectively. Other decay
modes can also be used to determine these phases; in our
analysis, we adopt the averages provided by HFLAV [192].
We note that possible penguin pollution effects are
neglected in this work.
For b → sγ, we used Flavio [193] to extract the bounds on

the Wilson coefficient. However, as we can see in Fig. 6,
these bounds do not provide a competitive probe for the
masses considered in the relic density computation.
Other significant ΔF ¼ 1 operators include the semi-

leptonic operators, such asOqe andO
ð1;3Þ
ql , which contribute

to well-measured meson decays such as Bs → μμ and
K → μμ. However, to evaluate the contributions from these
operators, one must work within the LEFT by integrating
out the electroweak degrees of freedom. In this basis, the
operators relevant to these processes are identified as O9

and O10, corresponding to the following vector and axial-
vector operators:

O9 ¼
4GFffiffiffi

2
p e2

ð4πÞ2 VtqV�
tq0 ½q̄0γμPLq�½lγμl�;

O10 ¼
4GFffiffiffi

2
p e2

ð4πÞ2 VtqV�
tq0 ½q̄0γμPLq�½lγμγ5l�: ðA18Þ

The matching from the SMEFT to these operators can be
obtained using [194]

C9 ¼
4π2

e2VtqV�
tq0

v2

Λ2

h
Cqe þ Cð1Þ

lq þ Cð3Þ
lq

− ð1 − 4s2WÞ
�
Cð1Þ
Hq þ Cð3Þ

Hq

�i

¼ 4π2

VtqV�
tq0

v2

M2
Φ

y�qyq0
432π2

HðxΦÞ; ðA19Þ

C10¼
4π2

e2VtqV�
tq0

v2

Λ2

h
Cqe−Cð1Þ

lq −Cð3Þ
lq þ

�
Cð1Þ
HqþCð3Þ

Hq

�i
¼0;

ðA20Þ

and upon substituting the expressions for our model, we
find that C10 vanishes exactly. Furthermore, this cancella-
tion occurs within independent sets of operators: the singlet

combination Cqe − Cð1Þ
lq þ Cð1Þ

Hq ¼ 0 and the triplet combi-

nation Cð3Þ
Hq − Cð3Þ

lq cancel independently. A similar effect
was noted in Ref. [173], where the different contributions to
C10 were found to be proportional to the hypercharge, i.e.,
C10 ∼ ðYe − Yl − YHÞ ¼ 0, vanishing due to the conser-
vation of hypercharge in the Yukawa interactions leH. We
observe the same phenomenon here; similarly to the
leptophilic case, after integrating out the new heavy degrees
of freedom, we obtain the redundant operator
q̄0γμðτiÞq∂νBμνðDνWi;μνÞ, where τi are the generators of
SUð2ÞL. When applying the equations of motion, the
derivative acting on the field strength tensor is replaced
by the conserved currents, e.g., ∂νBμν ¼ JμY . Consequently,
all leptons couple proportionally to the hypercharge,
explaining the cancellation in C10, and analogously for
the SUð2ÞL contribution.
The phenomenological consequence of this cancellation

is that purely leptonic decays such as Bs; KL → μμ are
insensitive to this type of NP. Therefore, we must rely on
constraints from the C9 operator, where ΔF ¼ 1 processes
such as B → K�μμ provide the leading constraint. These
observables currently exhibit experimental anomalies.
Using Ref. [195], for b → s transitions we obtain

MΦffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijy�2y3jHðxΦÞ
p ¼ 126� 12 GeV: ðA21Þ

Such a low scale is already ruled out by other observables
(see Sec. IV); hence, we do not consider this type of
operator in our final analysis.

APPENDIX B: FLAVOR REPARAMETRIZATION

As shown in Figs. 4 and 5, the Uð1Þ3 limit is preserved
by flavor observables. This is not the case in the quark
sector, where analogous regions are ruled out by the
misaligned flavor contributions to D − D̄ or K-K̄ mixing;
see, for instance, Figs. 7 and 8 near ϕ ∼ 0;�π=2;�π.
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For the leptophilic case, it is therefore interesting to
quantify how closely one must align to each of these points
in order to satisfy the bounds. For this comparison, it is
useful to note that the sphere in Fig. 2 can be parametrized
with any of the three lepton flavors aligned at the north
pole. This allows a visual comparison of the three different
Uð1Þ3 points, since the north pole of the sphere plays a
special role in this parametrization.
In Fig. 11, we show the results for the reparametrization

for the Majorana case corresponding to the top-right plot of
Fig. 4. We see that the bounds in terms of the angles θμ;e,
which represent the angular deviation from the north pole,
can be directly compared to θτ. This not only confirms that
alignment to any of the three Uð1Þ3 directions is consistent
with LFV observables, but also allows us to quantify the
degree of alignment required. In fact, alignment to the third
family is less constrained than alignment to the lighter
families by approximately 2 orders of magnitude. This can
be understood from the parametric suppression of lower-
family observables such as μ → eγ, which scales as sin4 θτ
in the τ-basis, while in the electron and muon bases it
behaves as sin2 θμ;e cos2 θμ;e. This shows that aligning to
the τ direction leads to a faster decoupling of these
observables than aligning to the other families.

APPENDIX C: CROSS SECTIONS FOR DARK
MATTER FREEZE-OUT

Many of the cross sections employed in our analysis are
taken from earlier studies, as detailed in the main text. In
this appendix, we collect only the cross sections that we
have computed, including finite fermion mass effects for

processes involving the Yukawa interaction. For complete-
ness, we also present the corresponding expressions in the
massless fermion limit. Throughout this section, we denote
the SM fermion mass by m and expand the cross sections
up to order v2rel. Since the only relevant fermion mass is that
of the top quark, the cross sections are computed either with
a single massive fermion or with two massive fermions of
equal mass in the final state. We do not provide expressions
for the most general case of different fermion masses in the
final state in order to avoid unnecessarily lengthy formulas.
For the lepton case, one may simply put Nc ¼ 1 in all
expressions below.
The Majorana and Dirac DM pair annihilation into a

massless fermion-antifermion pair reads, respectively,

σm¼0
χχ vrel ¼

y4Nc

48π

M2
χðM4

χ þM4
ΦÞ

ðM2
χ þM2

ΦÞ4
v2rel; ðC1Þ

σm¼0
χχ̄ vrel ¼

y4Nc

32π

M2
χ

ðM2
χ þM2

ΦÞ2

×

�
1þ ðM4

Φ − 3M2
ΦM

2
χ −M4

ΦÞ
3ðM2

χ þM2
ΦÞ2

v2rel

�
: ðC2Þ

The corresponding cross sections for one massive quark in
the final state read

FIG. 11. Same bounds as in Fig. 4, but redefining the definition of the angles. In particular, the angle redefinition corresponds to
aligning the μ- (e-)specific flavor to the north pole of the sphere for the left (right) plot. In this case, we only consider the Majorana case
with δDM ¼ 0.14 and Mχ ¼ 170 GeV.
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σmχχvrel ¼
y4Nc

256π

ð4M2
χ −m2Þ

M4
χð2ðM2

χ þM2
ΦÞ −m2Þ2

	
m2ð4M2

χ −m2Þ þ v2rel
3ð2ðM2

χ þM2
ΦÞ −m2Þ2 ½m

8 − 7m6ðM2
Φ þM2

χÞ

þm4ð7M4
Φ þ 38M2

ΦM
2
χ þ 27M4

χÞ − 4m2M2
χð5M4

Φ þ 22M2
ΦM

2
χ þ 13M4

χÞ þ 64M4
χðM4

Φ þM4
χÞ�



; ðC3Þ

for Majorana DM, whereas for Dirac DM, one finds

σmχχ̄vrel ¼
y4Nc

512π

ð4M2
χ −m2Þ

M4
χð2ðM2

χ þM2
ΦÞ −m2Þ2

	
16M4

χ −m4 þ v2rel
3ð2ðM2

χ þM2
ΦÞ −m2Þ2 ½m

8 −m6ð7M2
Φ þ 2M2

χÞ

þm4ð7M4
Φ þ 14M2

ΦM
2
χ − 9M4

χÞ þ 4m2M2
χðM4

Φ þ 2M2
ΦM

2
χ þ 17M4

χÞ þ 64M4
χðM4

Φ − 3M2
χM2

Φ þM4
χÞ�



: ðC4Þ

The cross sections for two massive quarks in the final state read, for Majorana and Dirac DM respectively, as follows:

σ2mχχ vrel ¼
y4Nc

32π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2=M2

χ

q
ðM2

Φ þM2
Φ −m2Þ2

	
m2 þ v2rel

24ðM2
Φ þM2

Φ −m2Þ2ðM2
χ −m2Þ ½13m

8 − 2m6ð13M2
Φ þ 18M2

χÞ

þm4ð13M4
Φ þ 70M2

ΦM
2
χ þ 49M4

χÞ − 2m2M2
χð13M4

Φ þ 22M2
ΦM

2
χ þ 21M4

χÞ þ 16M4
χðM4

Φ þM4
χÞ�



; ðC5Þ

σ2mχχ̄ vrel ¼
y4Nc

32π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2=M2

χ

q
ðM2

Φ þM2
Φ −m2Þ2

	
M2

χ þ
v2rel

24ðM2
Φ þM2

Φ −m2Þ2ðM2
χ −m2Þ ½2m

8 −m6ð4M2
Φ − 5M2

χÞ

þ 2m4ðM4
Φ þM2

ΦM
2
χ − 12M4

χÞ −m2M2
χð7M4

Φ − 26M2
ΦM

2
χ − 25M4

χÞ þ 8M4
χðM4

Φ − 3M2
ΦM

2
χ −M4

χÞ�


: ðC6Þ

The cross sections with a finite fermion mass in Eqs. (C3)–(C6) reproduce the ones given in Eqs. (C1) and (C2) for m → 0.
Only in the case of Majorana dark matter does a Yukawa-driven annihilation channel for the mediator into two fermions

exist, namely ΦΦ → eiej and ΦΦ → qiqj, together with their complex-conjugate processes, for the leptophilic and
quarkphilic scenarios, respectively. As in the case of dark matter annihilations, only interactions involving quarks induce a
flavor dependence in the total cross section. In the following, we therefore list the relevant cross sections with one massive
quark and with two massive quarks in the final state, and provide the massless limit as a reference. The expressions read as
follows:

σm¼0
ΦΦ vrel ¼

y4M2
χ

6πðM2
χ þM2

ΦÞ2
�
1 −

M2
Φð6M2

χ þM2
ΦÞ

6ðM2
χ þM2

ΦÞ2
v2rel

�
; ðC7Þ

σmΦΦvrel ¼
y4M2

χð4M2
Φ −m2Þ

768πM4
ΦðM2

χ þM2
ϕÞ2ðM2

Φ þM2
χ −m2Þ2

	
½8ðM2

Φ þM2
χÞ2 − 8m2ðM2

χ þM2
ΦÞ þ 3m4�ð4M2

Φ −m2Þ

−
v2rel

48ðM2
Φ þM2

Φ −m2Þ2ðM2
χ þM2

ΦÞ2
½9m14 − 2m12ð19M2

χ þ 73M2
ΦÞ þ 2m10ð142M2

χM2
Φ þ 365M4

Φ − 7M4
χÞ

− 8m8ð200M6
Φ þ 63M4

ΦM
2
χ − 102M2

ΦM
4
χ − 37M6

χÞ
þ 4m6ð379M8

Φ − 308M6
ΦM

2
χ − 1302M4

ΦM
4
χ − 772M2

ΦM
6
χ − 157M8

χÞ
− 16m4ðM2

Φ þM2
χÞ2ð7M6

Φ − 342M2
χM4

Φ − 153M4
χM2

Φ − 36M6
χÞ

− 64m2ðM2
χ þM2

ΦÞ3ð3M6
χ þ 14M6

Φ þ 66M2
χM4

Φ þ 15M4
χM2

ΦÞ þ 256M4
ΦðM2

χ þM2
ΦÞ4ð6M2

χ þM2
ΦÞ�



; ðC8Þ
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