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Apartado de Correos 22085, E-46071 València, Spain
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Dark matter and neutrinos provide the two most compelling pieces of evidence for new physics beyond
the Standard Model of particle physics, but they are often treated as two different sectors. The aim of this
paper is to determine whether there are viable particle physics frameworks in which dark matter can be
coupled to active neutrinos. We use a simplified model approach to determine all possible scenarios where
there is such a coupling and study their astrophysical and cosmological signatures. We find that dark
matter–neutrino interactions have an impact on structure formation and lead to indirect detection signatures
when the coupling between dark matter and neutrinos is sufficiently large. This can be used to exclude a
large fraction of the parameter space. In most cases, dark matter masses up to a few MeV and mediator
masses up to a few GeV are ruled out. The exclusion region can be further extended when dark matter is
coupled to a spin-1 mediator or when the dark matter particle and the mediator are degenerate in mass if the
mediator is a spin-0 or spin-1=2 particle.
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I. INTRODUCTION

Collisionless dark matter (DM) has been the main
paradigm for the last four decades. However, at the very
least, DM needs to have interactions to be produced in the
early Universe. Interactions with neutrinos are the most
intriguing of all because they involve particles which
provide the only evidence of new physics beyond the
Standard Model (SM) so far. It is therefore natural to ask
whether DM and neutrino properties are related and
whether these two species can interact directly.
Nonvanishing DM-neutrino (DM-ν) interactions have

several important cosmological and astrophysical conse-
quences. They can explain the observed DM relic density if
DM has been thermally produced and annihilations into
neutrinos are the dominant channel. They can also lead to
DM indirect detection signatures if DM annihilates or

decays into neutrinos in the galaxy [1–6] or via cosmic
neutrino signals [7–9]. They can further produce dips in
the diffuse supernova neutrino background [10] and lead
to possible anisotropies in the angular distribution of high-
energy neutrinos caused by their scattering off DM
particles [11] (see also Ref. [12] for the effects of a
DM-ν coupling in neutrino oscillations as the neutrinos
travel through an asymmetric DM halo). DM-ν inter-
actions can also erase primordial DM fluctuations and
eventually lead to a suppression of large-scale structures
(LSS) in the Universe [13] and of the number of satellites
in Milky Way–like galaxies [14–17], potentially solving
the “too-big-to-fail” problem of cold DM. This effect is
referred to as the collisional damping [18–20]. Finally,
DM-ν interactions can be at the origin of neutrino masses
in radiative models [21–25].
Here, we consider all possible dimension-4 direct inter-

actions between active neutrinos and DM. We do not
attempt to build a complete UV model but adopt instead a
phenomenological approach in which we consider the
cosmological and experimental consequences of such
interactions. It is not trivial to build a full theory, and
the latter will often involve a more extended sector than just
neutrinos and DM. A first difficulty arises from the fact that
left-handed neutrinos belong to SUð2Þ doublets. Therefore,
naively, one expects large charged lepton-DM couplings in
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the presence of interactions with neutrinos.1 To avoid this
issue, one could, however, invoke some mixing between
neutrinos and heavy neutral fermions so that DM-ν
interactions effectively arise only below the electroweak
symmetry breaking scale (see, e.g., Ref. [27]). Second, in
models which also aim to generate neutrino masses, the
introduction of a Dirac mass term can break the symmetry
needed to ensure DM stability, by mixing its neutral
fermions with neutrinos. Nevertheless, models in which
neutrino masses are generated radiatively can overcome
this issue by preserving a Z2 or larger symmetry [21].
In what follows, we restrict the extensions of the SM to

models with one additional DM particle and one mediator.
We adopt the same simplified approach as in Ref. [28],
where a generic light spin-1 gauge boson and/or a heavy
neutral (scalar or vector fermion) were proposed as medi-
ators of the DM interactions, but we extend it to account for
other mediators. We consider all possible cases involving
fermions and bosons, in an effort to get a systematic
assessment of the allowed parameter space. Given that
we focus uniquely on a DM-ν interaction term, we
disregard constraints from colliders or beam dump experi-
ments, since these bounds explicitly assume a coupling to
either charged leptons or quarks through mixing or through
additional interactions. We note that such constraints would
be relevant in an UV-complete model, though.
In Sec. II, we start by summarizing the constraints that

apply to scenarios with DM-ν interactions. There is a total
of 12 relevant scenarios, which are presented in Sec. III. In
Sec. IV, we determine the allowed parameter space for each
of these scenarios and conclude in Sec. V.

II. COSMOLOGICAL AND OBSERVATIONAL
SIGNATURES

DM-ν interactions induce a variety of signatures. In this
work, we mostly focus on the collisional damping effect
and on indirect detection signatures stemming from DM
annihilations into neutrinos in the Milky Way halo. For
reference, we also mention the constraints obtained in
the case of thermal DM, if one assumes the same
DM-ν interaction to be responsible for the observed DM
abundance.

A. Relic density

Assuming equal number densities for DM particles
and antiparticles, the typical value for the thermal average
of the annihilation cross section (times the relative
velocity) that is needed to explain the observed abundance
is about hσvri ≃ 3 × 10−26 cm3=s for a constant cross
section.2 For the current analysis, we assume the DM

particle and the mediator to be the only beyond the SM
particles, but in a complete model, other DM annihilation
channels or DM production mechanisms may be at work.
As a result, the DM annihilation cross section into
neutrinos may not contribute significantly to the relic
density calculations. On the other hand, for the regions of
the parameter space where a large annihilation cross
section would yield underabundant DM (i.e., below the
thermal relic line in the figures below), a regeneration
mechanism [30] would have to be invoked so that the
observed DM abundance can be assumed when calculat-
ing indirect detection limits.
A more careful approach would require solving the

Boltzmann equation. However, this would need to be done
on a case-by-case basis, since DM-ν interactions could
change the value of the cosmological parameters and, in
particular, ΩDMh2 [31,32]. Such a detailed analysis is
beyond the scope of this paper, but we have checked that,
for representative mass benchmark points, we could explain
ΩDMh2 ¼ 0.11 with an accuracy of a few percent.

B. CMB and structure formation

DM-ν interactions can leave a visible imprint in
the matter and light distribution across the sky. Even
though they are expected to happen in the early
Universe, such interactions can alter the physics of
the cosmic microwave background (CMB) and structure
formation [18,20,33].
There are two main effects. First, DM is no longer

collisionless; as the DM particles scatter off neutrinos, they
diffuse out and wash out the smallest primordial fluctua-
tions. This collisional damping effect translates into a
suppressed (oscillating) matter power spectrum, which
can mimic a warm DM spectrum [19]. Second, neutrinos
stay collisional for much longer than in the standard case.
This reduces their free-streaming length and increases their
ability to cluster and form large-scale structures.
By confronting the CMB and LSS predictions to

observations, one can get an upper bound on the strength
of DM-ν interactions. Using Planck’s angular matter power
spectra, one obtains that the DM-ν elastic scattering cross
section cannot exceed σel < 6 × 10−34ðmDM

MeVÞ cm2 [32,34].
This limit is based on physical processes that took place in
the linear regime and is therefore fairly robust.
Nevertheless, it would be a bit stronger with extremely
precise polarized data. An alternative is to require the
matter distribution in the early Universe to be compatible
with Lyman-α observations. This means that the damping
can only happen at small scales, which translates into a
constraint on the elastic scattering cross section of [31]

1We refer to Ref. [26] for a systematic study of the gauge
invariant combinations that lead to sizable DM annihilation into
neutrinos, while considering experimental constraints for the DM
coupling to charged leptons.

2If the cross section is v2 or v4 dependent, a value of hσvri ≃
6 × 10−26 cm3=s or hσvri ≃ 9 × 10−26 cm3=s is then required at
freeze-out, respectively [29].
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σel < 10−36
�
mDM

MeV

�
cm2; ð1Þ

for a constant elastic cross section, and

σel < 10−48
�
mDM

MeV

��
Tν

T0

�
2

cm2; ð2Þ

for a temperature-dependent cross section, where T0 ¼
2.35 × 10−4 eV is the photon temperature today. While
there are uncertainties regarding the use of Lyman-α
emitters to constrain the matter power spectrum, similar
limits have been derived using the number of satellite
companions of the Milky Way [14–16,35]. Such limits are
conservative and could become much stronger with a better
understanding of the role of baryons in galaxy formation,
since astrophysical feedback processes may also reduce the
number of satellites (see, e.g., Ref. [36]).

C. Neutrino reheating bounds

DM annihilations into neutrinos after the neutrino
decoupling from electrons, i.e., at T ≲ Tdec ∼ 2.3 MeV
[37], can reheat the neutrino sector and lead to visible
signatures. The subsequent change in the neutrino
energy density is equivalent to increasing the number of
relativistic degrees of freedom, Neff , in the early Universe,
according to

ρν ≡ ργ

�
1þ 7

8

�
Tν

Tγ

�
4=3

Neff

�
; ð3Þ

where ργ is the energy density of photons. However, Neff

cannot be arbitrarily large as this would impact the
formation of light elements at the time of big bang
nucleosynthesis (BBN) [38–43] and the CMB angular
power spectrum at decoupling [44–54]. This condition
eventually rules out DM candidates much lighter than a few
MeVs [52,55].
The derivation of the precise value of the DM mass

bound assumes DM was in thermal equilibrium with
neutrinos. Nevertheless, even in the case of nonthermal
DM, a limit on Neff could be set, if DM annihilates (or
decays) into neutrinos after BBN and before decoupling.

D. Signatures in neutrino detectors

DM annihilations in high density regions like the
Milky Way may lead to a detectable monochromatic flux
of neutrinos (and antineutrinos) in neutrino detectors [2,56].
This occurs because each neutrino produced from DM
annihilations in the Milky Way has an energy equal to the
DMmass. Assuming for simplicity that DM annihilates into
the three neutrino flavors with the same probability (hence,
the factor of 3 in the following equation), the differential

neutrino and antineutrino flux per flavor produced (and at
Earth3) by DM annihilations in the Milky Way halo is given
by [2]

dϕ
dEν

¼ hσvri
2

J avg
R0ρ

2
0

m2
DM

1

3
δðEν −mDMÞ

≡ Γðhσvri; mDMÞδðEν −mDMÞ; ð4Þ

where R0 ¼ 8.5 kpc is the Sun’s distance to the Galactic
center and ρ0 ¼ 0.3 GeV=cm3 is the DM density at that
position. The factor of 2 accounts for the situation where the
DM particles are their own antiparticles and must therefore
be omitted in scenarios where this is not the case. In this
expression, J avg is the integral of the square of the DM
density in the halo along the line of sight averaged over the
Milky Way halo and can be evaluated as [1]

J avg ¼
1

2R0ρ
2
0

Z
1

−1

Z
lmax

0

ρ2ðrÞdldðcosψÞ: ð5Þ

In the above equation, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
0 − 2lR0 cosψ þ l2

p
where ψ

is the angle between the Galactic center and the line of sight,
and lmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
halo − sinψ2R2

0

p
is the upper limit of integra-

tion which depends on the radius of the halo Rhalo. This
quantity can be estimated numerically using different DM
halo profiles. It is equal toJ avg ¼ 3 andJ avg ¼ 8, assuming
the Navarro-Frenk-White and Moore profiles, respectively
[57–59]. In what follows, we use an intermediate value of
J avg ¼ 5 (see Ref. [1]).
Here, we improve and update the analysis performed4 in

Refs. [2,3]. In these references, it was found that neutrino
experiments with a low-energy threshold such as Super-
Kamiokande (SK) can be used to place limits on DM-ν
interactions for DM candidates with masses in the MeV
range. In what follows, we combine SK data from the
diffuse supernova neutrino searches, using the energy
resolutions, threshold, and efficiencies from SK-I, -II,
and -III phases [60–63]. Given that the maximum observed
positron energy is 88 MeV, we simulate the expected
neutrino signal from DM annihilations and the relevant
backgrounds for neutrino energies between 10 and
130 MeV, for each phase. We include both the interactions
of antineutrinos with free protons (inverse beta decay) and
the interactions of neutrinos and antineutrinos with bound

3Note that, because of the very long propagation distances,
Δm2L=E ≫ 1, an incoherent mixture of mass eigenstates arrives
at Earth. This implies that, whatever the flavor fractions at the
source are, the νe fraction at the detector would be within
½4=7; 5=2�=3, and our results apply to all cases within a factor
of 2 or so.

4Note that the limit is slightly worse than the analysis in
Ref. [2]. Moreover, recently, Ref. [6] performed a similar analysis
and obtained bounds an order of magnitude better than the ones
presented in this paper.
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nucleons, as was done in Refs. [2,3]. At these energies, the
two main sources of background5 are the atmospheric νe
(and ν̄e) flux and the Michel positrons (and electrons) from
the decays at rest of invisible muons (i.e., muons below
detection threshold produced by atmospheric neutrinos),
which we compute as in Refs. [2,3], with the updated
energy resolutions and efficiencies.
We define one χ2i for each SK phase, as defined in

Refs. [2,3], which depends on the rate of DM events (α) and
the rate of events for each of the two sources of background
we consider. We then combine these χ2i into a single
quantity, χ2 ¼ χ2I þ χ2II þ χ2III, as was done in Ref. [64].
The total χ2 is minimized with respect to the rate of events
of the two background components, resulting in a function
of the event rate from DM annihilations, i.e., χ2ðαÞ. The
90% C.L. limit on the DM event rate, α90, is obtained fromR α90

0 χ2ðαÞdαR∞
0 χ2ðαÞdα ¼ 0.9: ð6Þ

We show in Fig. 1 the 90% C.L. limit on the annihilation
cross section, which is obtained by solving [64]

Γðhσvri; mDMÞAtot ¼ α90; Atot ≡
P

iAitiP
iti

; ð7Þ

where Ai (i ¼ fI; II; IIIg) is the number of events for a
monochromatic neutrino flux, δðEν −mDMÞ, for each SK

phase at the detector, and ti are the corresponding data-
taking times.
We further constrain the parameter space by super-

imposing the results from the analysis carried out by the
SK Collaboration for GeV neutrinos produced at the
Galactic center [56]. This allows us to derive bounds on
the DM annihilation cross section for DM masses between
1 and 950 GeV. The DMmass range between 130 MeVand
1 GeV is constrained using the upper bound, which was
derived in Ref. [7] by comparing the diffuse neutrino flux
from all halos in the Universe with the atmospheric
neutrinos measured at neutrino detectors such as SK,
Fréjus, and Amanda. Finally, for the low DM mass region
between 2 and 17 MeV, we use the measured antineutrino
flux at Borexino [65] and convert this into a conservative
upper bound on the annihilation cross section. The last two
bounds could be improved by 1 or 2 orders ofmagnitudewith
a more detailed analysis. Nevertheless, as we will see, these
constraints allowus to exclude regions of theparameter space
where collisional damping could be relevant.
Note that all these constraints are derived for a constant

annihilation cross section. Limits on velocity-dependent
cross sections would require considering the velocity
distribution of the DM particles within the halo, e.g., in
a similar way as was done in Ref. [66]. However, we have
checked that one could derive reasonably accurate limits in
the velocity-dependent case by simply rescaling the con-
stant cross section limits by the appropriate power of the
DM velocity in the halo (vhalo ¼ 10−3 c).
It is important to also notice that these constraints

assume a sizable annihilation rate in the Milky Way halo
and, therefore, no asymmetry in the DM and anti DM

FIG. 1. Limits at the 90% C.L. on the DM annihilation cross section as a function of the DM mass. We have considered annihilations
in the Milky Way, with R0 ¼ 8.5 kpc and ρ0 ¼ 0.3 GeV cm−3. The solid line represents the combined analysis with data from the three
different SK phases. The thick red line corresponds to the value that is needed to explain the observed abundance in thermal DM
scenarios, i.e., hσvri ¼ 3 × 10−26 cm3=s.

5We are not including the other two subleading sources of
background, such as neutral current elastic events and low-energy
muons or pions misidentified as electrons/positrons. Our results
are not significantly affected by this.
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number densities (should the DM and its antiparticle be
different) [67–69].

III. SCENARIOS

With these constraints in mind, we can perform a
systematic study of the viability of DM-ν interactions.
Assuming that DM only interacts with left-handed
active neutrinos, we can establish the list of all possible
dimension-4 scenarios (i.e., the combination of DM and
mediator particles) consistent with Lorentz invariance.6 We
note that the scenarios involving a vector DM candidate or
a vector mediator would require an UV completion, but
here we only consider the interaction terms that are relevant
at low energies.
In what follows, we refer to the DM candidate as χ. The

mediator is referred to as Z0 if it is a spin-1 particle, ϕ if it is
a spin-0 particle, and N if it is a spin-1=2 particle. The
expressions for the effective Lagrangian and for the
approximate elastic scattering and annihilation cross sec-
tions are summarized in Table I. When the DM candidate is
a spin-1 particle, we consider a real vector candidate, since
the only difference with the case of complex vector DM

coupled to a Dirac (Majorana) mediator is a factor of 1
4
( 5
12
)

in the annihilation cross section.7 To perform our calcu-
lations, we have assumed that:

(i) There are only left-handed neutrinos in the final and/
or initial state(s). For simplicity, we do not differ-
entiate between neutrino species.

(ii) Neutrino masses can be neglected. Nevertheless, the
neutrino mass generation mechanism and the par-
ticular nature (Dirac vs Majorana) of neutrinos
would impose further constraints on the param-
eter space.

(iii) The elastic scattering cross section could be safely
averaged over the range cos θ ∈ ½−0.95; 0.95�, to
avoid the collinear divergence (Ref. [70], Chap. 20.3).

(iv) The DM-ν coupling is equal to 1 (g ¼ 1). This
means that we are probing the regime where DM is
strongly coupled to neutrinos. Limits can be rescaled
accordingly when g ≪ 1 and will be discussed in
the text.

(v) For the calculations of the elastic scattering, we have
assumed that neutrinos follow a Fermi-Dirac dis-
tribution with temperature Tν and, consequently,
hE2

νi ≃ 12.9T2
ν and hE4

νi ≃ 396T4
ν.

TABLE I. This table presents the relevant terms in the Lagrangian, the approximate expressions for the annihilation cross section, and
the low-energy limit of the elastic scattering for all possible scenarios that involve DM-ν interactions (12 in total). Only the leading terms
in vc.m. and y ¼ ðs −m2

DMÞ=m2
DM ≃ 2Eν=mDM (with s the usual Mandelstam variable) are presented for the thermally averaged

annihilation cross section and the elastic scattering cross section, respectively. We refer the reader to Appendix B for the full expressions
of the elastic scattering cross sections.

Scenario Lagrangian ðLintÞ σvr σel

Complex DM, Dirac mediator −gχN̄RνL þ h:c: g4

12π
m2

DM
ðm2

DMþm2
NÞ2

v2c.m.
g4

32π
m2

DMy
2

ðm2
N−m

2
DMÞ2

Real DM, Dirac mediator 4g4

15π
m6

DM
ðm2

DMþm2
NÞ4

v4c.m.
g4

8π
m6

DMy4

ðm2
N−m

2
DMÞ4

Complex DM, Majorana mediator g4

16π
m2

N

ðm2
DMþm2

NÞ2
g4

32π
m2

DMy
2

ðm2
N−m

2
DMÞ2

Real DM, Majorana mediator g4

4π
m2

N

ðm2
DMþm2

NÞ2
g4

8π
m6

DMy4

ðm2
N−m

2
DMÞ4

Dirac DM, Scalar mediator −gχ̄RνLϕþ h:c: g4

32π
m2

DM
ðm2

DMþm2
ϕÞ2

g4

32π
m2

DMy
2

ðm2
DM−m

2
ϕÞ2

Majorana DM, Scalar mediator g4

12π
m2

DM
ðm2

DMþm2
ϕÞ2

v2c.m.
g4

16π
m2

DMy
2

ðm2
DM−m

2
ϕÞ2

Vector DM, Dirac mediator −gN̄Lγ
μχμνL þ h:c: 2g4

9π
m2

DM
ðm2

DMþm2
NÞ2 g4

4π
m2

DMy2

ðm2
DM−m2

NÞ2Vector DM, Majorana mediator g4

6π
m2

N

ðm2
DMþm2

NÞ2
Complex DM, Vector mediator −gχZ0μðð∂μχÞχ† − ð∂μχÞ†χÞ − gνν̄LγμZ0

μνL g2χg2ν
3π

m2
DM

ð4m2
DM−m2

Z0 Þ
2 v2c.m.

g2χg2ν
8π

m2
DMy

2

m4

Z0

Dirac DM, Vector mediator −gχL χ̄Lγ
μZ0

μχL − gχR χ̄Rγ
μZ0

μχR − gνν̄LγμZ0
μνL g2χg2ν

2π
m2

DM
ð4m2

DM−m
2

Z0 Þ
2

g2χg2ν
8π

m2
DMy

2

m4

Z0

Majorana DM, Vector mediator − gχ
2
χ̄γμZ0

μγ
5χ − gνν̄LγμZ0

μνL g2χg2ν
12π

m2
DM

ð4m2
DM−m2

Z0 Þ
2 v2c.m.

3g2χg2ν
32π

m2
DMy2

m4

Z0

Vector DM, Vector mediator −gχ 1
2
χμ∂μχ

νZ0
ν þ h:c: − gνν̄LγμZ0

μνL g2χg2ν
π

m2
DM

ð4m2
DM−m2

Z0 Þ
2 v2c.m.

g2χg2ν
8π

m2
DMy

2

m4

Z0

6Scenarios with DM candidates of any spin interacting with a
triplet scalar mediator have a phenomenology very similar to
those cases with a spin-1 mediator. Thus, we disregard them for
simplicity.

7This is due to the fact that a real vector DM with a fermion
mediator annihilates via a t- and a u- channel, while a complex
vector DM proceeds via a t-channel only.
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(vi) Indirect detection bounds are computed considering
the observed DM relic abundance, and a regener-
ation mechanism is assumed for the regions of the
parameter space where the DM would be under-
abundant otherwise.

We have checked that all the scenarios considered in this
paper predict a late kinetic decoupling (in agreement with
the way the collisional damping bound was derived) and
that the elastic cross section calculations are valid at low
energies (see Appendix B for the full expressions and their
approximations at low and high energies). The elastic
scattering cross section depends on the neutrino temper-
ature Tν. The latter differs from the photon temperature
after the standard neutrino decoupling; however, the differ-
ence can be neglected. Moreover, we note that DM-ν
interactions may modify the neutrino temperature by
reheating the neutrino sector due to DM annihilations, as
discussed in Sec. II C. However, the difference between the
neutrino and photon temperatures is bound to be small,
owing to the Neff constraint. Hence, we have approximated
the neutrino temperature to Tν ¼ Tγ throughout this work.

IV. RESULTS

We now discuss the main features of the scenarios
tabulated in Table I and the constraints associated with
them. We will discuss the scenarios with spin-1 mediators
separately from the scenarios with spin-0 and spin-1=2
mediators as they lead to different phenomenology.

A. Scenarios with scalar or fermion mediators

1. General considerations

Eight out of the 12 scenarios tabulated in Table I involve
spin-0 and spin-1=2 mediators. Many share common
properties, so we will articulate the discussion accordingly.
In all of these eight scenarios, a left-handed neutrino
couples directly to the DM candidate, and the mediator
must be heavier than the DM candidate to prevent DM from
decaying. This stability condition excludes half the param-
eter space of the (mDM, mmediator) plane, as shown in Fig. 2.
In all eight of these configurations, the DM annihilation

cross section never involves an s-channel and is therefore
never resonantly enhanced.8 Furthermore, in most cases,
we observe that the annihilation cross section is dominated
by a velocity-independent term, except for complex scalar
or Majorana DM, for which it is v2 suppressed, and for real
DM candidates, as it is v4 suppressed. As expected, a
velocity-suppressed cross section weakens the indirect
detection constraint (since vr ∼ 10−3 c in the halo), which
in turn opens up the parameter space, as shown explicitly in
Fig. 2 (right) (see Sec. II D for details).
The elastic scattering cross section associated with these

scenarios depends on the square of the neutrino energy

FIG. 2. Elastic scattering of Dirac DM (left) and Majorana DM (right) coupled to a scalar mediator in the mϕ −mDM plane for g ¼ 1.
Different regions are constrained by the collisional damping limit (dashed region and black line along the diagonal up to the orange dot),
a conservative bound from the antineutrino flux at Borexino [65] (in yellow), our analysis at SuperKamiokande (SK) described in
Sec. II D (in red), the analysis done in Ref. [1] using results from SK, Fréjus and Amanda (in green), and the analysis done by the SK
Collaboration for GeV neutrinos produced at the Galactic center [56] (in purple). The parameters that give rise to the right relic
abundance (brown line) are shown as a reference. The dashed line refers to the DMmass upper bound derived from Neff in Refs. [52,55]
as discussed in Sec. II C.

8In the case of a triplet scalar mediator, the annihilation cross
section proceeds via an s-channel, but we have not considered it
in the eight scenarios above.
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(E2
ν). The only exception occurs for real DM candidates in

which case the elastic scattering cross section varies as E4
ν

(see Table I). We note also that, for a very strong mass
degeneracy (mmediator −mDM ≪ Eν), the denominator of
the propagator depends solely on the transferred momen-
tum, which is similar to the neutrino energy. Consequently,
the elastic cross section no longer depends on the neutrino
energy [28] and can be considerably enhanced. This is
shown as the region along the diagonal in Fig. 2.
All (elastic scattering and annihilation) cross sections

depend on both the DM and mediator masses, as well as the
coupling g. One can therefore constrain both the DM and
mediator masses using the collisional damping and indirect
detection constraints for a fixed value of the coupling g,
which we take to be unity in the figures for definiteness.

2. Fermion DM and scalar mediator

Most of the scenarios listed in this section predict a
similar phenomenology. For illustration purposes, we shall
focus on fermion DM particles coupled to a scalar mediator.
However, the discussion below can be easily extended to
other scenarios.
The corresponding Lagrangian is given by

Lint ⊃ −gϕχ̄RνL þ h:c:; ð8Þ

where χ is the DM and can be either a Dirac or Majorana
particle. Since the neutrino is a member of an SUð2Þ
doublet, one can consider two minimal extensions of the
SM which include such a coupling. First, χR can be
promoted to a SUð2Þ doublet like in supersymmetric
models [71] or supersymmetry-inspired models [28].
This would constrain the DM mass to be heavier than
few GeVs or even few TeVs in the presence of

coannihilations [72,73]. Second, we can assume χR to be
a singlet and the scalar ϕ a SUð2Þ doublet like in inert
doublet models [74]. This would also imply that the DM
necessarily interacts with charged leptons, a scenario which
is strongly constrained by cosmological observations,
astrophysics, and particle physics experiments [75].
Therefore, such interactions would need to be suppressed,
for instance by a very heavy charged mediator [28,76].
In order to consider masses below the 100 GeV scale for

the DM and the mediator, both fields need to be singlets.
The required coupling in Eq. (8) can then be generated via
mixing with extra scalar or fermion doublets. If the mixing
occurs via an extra fermion doublet R, the strongest
constraints arise from lepton flavor violating processes at
one loop and from measurements of the anomalous
magnetic moments of the electron and the muon
[26,28,77]. On the other hand, if one introduces another
scalar doublet, η, that mixes with the scalar DM singlet, ϕ,
there are tight, though model dependent, constraints in the
effective DM-ν coupling from the requirement that 2 → 2
scalar processes must be unitary [78].

Annihilation cross section.—Dirac particles annihilate via a
constant cross section, while the cross section is v2

dependent for Majorana particles. Nevertheless, both mod-
els can explain the observed DM abundance if the value of
their annihilation cross section is of the order of hσvri ≃
3 × 10−26 cm3=s and hσvri ≃ 6 × 10−26 cm3=s, respec-
tively, represented by the brown lines in Fig. 2. For the
parameters below that line, the annihilation cross section is
larger than the thermal value. Hence, χ’s cannot constitute
all the DM unless one invokes a different production
mechanism, such as the decay of an unstable heavy particle
(see Ref. [79] for a recent review of nonthermal DM

FIG. 3. Same as Fig. 2 but for g ¼ 10−2 (left) and for g ¼ 10−1 (right).
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production mechanisms) or a regeneration mechanism. In
contrast, configurations above the brown line overpredict
the DM abundance and require, e.g., additional annihilation
channels to explain the observed abundance.
We note that, in these fermionDM scenarios, the mediator

needs to be light if the DM is weakly coupled to neutrinos,
i.e., g ≪ 1. Furthermore, the DM cannot be too heavy.
Indeed, the stability condition, mDM < mϕ, leads to an
upper limit on the DM mass of mDM < 104ð100Þ MeV for
g ¼ 10−1ð10−2Þ (see Fig. 3). Ifwe further impose the limit on
Neff and require thermal DM, then any coupling smaller than
g ≪ 10−2 is ruled out.
As expected from the velocity dependence of the cross

section, indirect detection searches are much more sensitive
to Dirac DM candidates than Majorana DM particles (see
Fig. 2). Dirac DM candidates strongly coupled to neutrinos
(g ∼ 1 and hσvri > 10−26 cm3=s) are excluded by a combi-
nation of low-energy neutrino detectors (such as Borexino)
and high-energy experiments, including SK, even when
their mass is up to ∼100 GeV. As such, limits from future
neutrino detectors combined with those from CMB and
gamma-ray observations [66,80–115] could rule out the
entire thermal DM region below ∼100 GeV. Note that
the exclusion limit in our plot assumes that, somehow, the
candidate’s relic density matches the observed DM abun-
dance, despite the large annihilation cross section into
neutrinos, and thuswould require a regenerationmechanism.
The bounds derived above become significantly weaker

when the value of the coupling g becomes smaller (see
Fig. 3). In fact, there is no observable signal at SK (and at
future neutrino detectors) when g becomes smaller than
g ¼ 10−1 ð10−2Þ if the DMmass is a few GeV (MeV). Note
however, that, since the annihilation cross section controls
both the thermal relic density and the indirect detection
constraints, it is always possible to test thermal DM candi-
dates in future neutrino experiments as long as g ≥ 10−2.

Elastic scattering cross section.—The elastic scattering
cross section is similar for Majorana and Dirac DM. It reads

σel ≃ 1.1ð2.2Þ × 10−41g4
�
Tν

T0

�
2
�

mϕ

MeV

�
−4

×

�
1 −

�
mDM

mϕ

�
2
�

−2
cm2 ð9Þ

for Dirac (Majorana) DM candidates. The difference stems
from the additional s-channel diagram in the Majorana
case. When the DM and mediator masses are degenerated,
the elastic scattering cross section in the low-energy regime
becomes

σel ¼ 1ð2Þ× g4
1

32πm2
DM

≃ 4ð8Þ× 10−24g4
�
mDM

MeV

�
−2

cm2

ð10Þ

for Dirac (Majorana) DM candidates. Therefore, the
collisional damping constraint can only exclude masses
below ∼Oð10Þ GeV. In general, collisional damping
bounds require rather large values of the elastic scattering
cross section, i.e., light mediators, [mϕ ∈ ½Oð10Þ;
Oð103Þ� MeV], and light DM particles (with a mass in
the sub-10 MeV range), or degenerate values of the DM
and mediator masses between mDM ∼ ½10; 104� MeV (for
g ¼ 1), to enhance the elastic scattering cross section.
Given the Neff bound on the DM mass and the
Borexino constraints, the first possibility (light DM
and light mediators) is mostly excluded for any value
of the coupling. The second option (degenerate masses)
is ruled out by the other indirect detection searches for a
large coupling (g ¼ 1).
The exclusion region for fermion DM candidates

weakly coupled to neutrinos (i.e., g ≪ 1) is shown in
Fig. 3. As one can see, the regions excluded by indirect
detection searches and the collisional damping mecha-
nism become smaller. As a result, Dirac DM candidates
heavier than a few GeVs are now allowed.
One can obtain an expression for the elastic scattering

cross section that is independent of the coupling g by
combining the elastic scattering and annihilation cross
sections when mϕ ≫ mDM. The latter reads

σel ≃ 2.6ð19Þ × 10−54
�
Tν

T0

�
2
�
mDM

MeV

�
−2

×

� hσvri
3 × 10−26 cm3=s

�
cm2; ð11Þ

for Dirac (Majorana) DM, assuming vc.m. ≃ 1=3 at freeze-
out. This expression can be used to set a lower bound on the
DM mass using the collisional damping constraint in
Eq. (2) and requiring DM annihilations into neutrinos to
explain the observed DM abundance. As can be readily
seen from Eq. (11), thermal candidates must be heavier
than mDM > 14 keV (or mDM > 34 keV). These con-
straints are not as stringent as the limits from Neff described
in Sec. II C, which impose mDM > 10 MeV for Dirac DM
and mDM > 3.5 MeV for Majorana DM [52,55]. However,
unlike the Neff constraint, the collisional damping bound
remains valid in the case of asymmetric DM candidates and
also enables one to constrain the mediator mass.
Furthermore, it is worth recalling that we have used a
conservative limit from collisional damping, which may
improve with better knowledge of the matter distribution in
the early Universe and an improved understanding of the
role of baryonic physics in galaxy formation.
Finally, the lower limit on the DM mass that we have

found by combining the annihilation and scattering cross
sections should remain the same when g ≪ 1, because both
the annihilation and elastic scattering cross sections scale in
the same way with respect to the coupling g.
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Other scenarios where the mediator is either a fermion
or a scalar show behavior similar to the one discussed
here, if no lepton number violating (LNV) process
occurs. Specifically, scenarios in which a vector DM
candidate is coupled to a Dirac mediator would have
behavior very similar to the case of a Dirac DM particle
coupled to a scalar mediator. Indeed, the leading term in
the annihilation cross section is velocity independent and
features the same DM and mediator mass dependence.
The scenario with a complex scalar DM coupled to a
Dirac mediator is analogous to the Majorana DM case,
and given the v2 dependence of the annihilation cross
section, indirect DM searches are less sensitive to it. The
only case which is somewhat different is the real scalar
DM and Dirac mediator scenario, since the annihilation
cross section scales as v4. Therefore, finding evidence for
this scenario using indirect detection searches would be
very challenging. In this case, unless mDM ∼mN, the
elastic cross section is severely suppressed, as it varies as
E4
ν. Therefore, for this scenario, we only expect sizable

collisional damping when the mediator and DM masses
are similar and in the ∼½4; 104� MeV range, i.e., above
the Neff bound (see Appendix C and Figs. 5–10 for the
relevant results of the remaining scenarios).

3. Scalar DM and Majorana mediator

When the mediator is a Majorana particle, LNV
processes are allowed and change the phenomenology
significantly. In fact, LNV processes may constitute the
dominant annihilation channels. This is the case for
example when the DM is a spin-0 or a spin-1 particle
that interacts with active neutrinos through the exchange
of a Majorana fermion NR. We will focus here on the
spin-0 DM scenario for concreteness, but similar con-
clusions apply to a spin-1 DM candidate. The term in the
Lagrangian describing this interaction corresponds to

Lint ⊃ −gχN̄RνL þ h:c: ð12Þ

and applies regardless of if the DM candidate, χ, is a
real or complex scalar. Note that the same interaction
term can also lead to neutrino masses at loop level
[22,23,116,117].

Annihilation cross section.—The two dominant annihila-
tion channels are χχ� → νν and χχ� → ν̄ ν̄, which violate
lepton number by two units. We ignore annihilations into
χχ� → νν̄, even though they also take place in LNV
scenarios because the associated cross section is v2 sup-
pressed. This scenario provides a natural implementation of
thermal light DM candidates while keeping the mass of the
mediator very heavy. The annihilation cross section is
proportional to

hσvri ∝ g4
m2

N

ðm2
DM þm2

NÞ2
∝

g4

m2
N
; ð13Þ

when mN ≫ mDM. The relic density does not constrain the
DM mass, but only the mediator mass and the coupling g,
satisfying the relation

mN ≃Oð1Þg2
� hσvri
3 × 10−26 cm3=s

�
−1
2

TeV: ð14Þ

Hence, the DM candidate could be light, while the
mediator could be very heavy, i.e., with a mass of a few
TeVs for g ¼ 1. Since the leading term in the annihilation
cross section is velocity independent, we expect a copious
production of neutrinos in the Galactic halo. As a result,
indirect detection searches set significant constraints and
exclude a large fraction of the parameter space for DM
particles with a mass in between ½2; 104� MeV.

Elastic scattering cross section.—The elastic scattering is
mostly controlled by the mediator mass and E0 and reads

σel ≃ 1.2 × 10−41g4
�
Tν

T0

�
2
�

mN

MeV

�
−4

×

�
1 −

�
mDM

mN

�
2
�

−2
cm2; ð15Þ

assuming mN ≫ mDM. As for the previous scenario, this
cross section can be significantly enhanced if both the
mediator and DM masses are degenerate.
Observable collisional damping effects require either

very light DM particles,mDM < 2 MeV, or degenerate DM
and mediator masses with values below mDM < 10 GeV.
This is, however, excluded by the Neff bound and indirect
DM searches, respectively. It should be pointed out also
that, for these configurations, the annihilation cross section
exceeds the canonical value hσvri ≃ 3 × 10−26 cm3=s when
g ¼ 1. Therefore, one may have to invoke a regeneration
mechanism to explain the observed DM abundance in these
scenarios. Nevertheless, this may be ruled out ultimately by
indirect detection searches [30]. Furthermore, if the DM
candidate is a real scalar, the elastic scattering cross section
scales as E4

ν, and it is therefore very suppressed.
Consequently, there is no room for significant collisional
damping in this case (see Appendix C).

B. Scenarios with a vector mediator

We now discuss scenarios where the mediator is a spin-1
particle. There are four possible Lagrangians to describe
DM-ν interactions in the presence of such a mediator,
which are shown in Table I. For concreteness, let us focus
on scenarios with a spin-0 or spin-1=2 (Dirac) DM
candidate. The associated Lagrangians read
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Lint⊃

(
−gνν̄LγμZ0

μνL−gχZ0μðð∂μχÞχ†−ð∂μχÞ†χÞ;
−gνν̄LγμZ0

μνL−gχL;R ¯χL;Rγ
μZ0

μχL;R:
ð16Þ

In both cases, the first term represents the coupling of the
spin-1 particle to active neutrinos, while the second term
represents the spin-1 coupling to the DM particle. The top
(bottom) line corresponds to a vector coupling to a complex
scalar or Dirac DM candidate, respectively.9 This type of
interaction was initially introduced in Refs. [19,28] as an
attempt to build viable models of sub-GeV DM candidates
and illustrates the new collisional damping effects des-
cribed in Refs. [19,20]. As such, these model building
efforts provided an exception to the Hut [118] and Lee-
Weinberg [119] calculations which forbid light thermal DM
candidates.
More recently, models where the DM is coupled to a light

spin-1 mediator have been proposed in the context of self-
interactingDM [120], andmodels with both self-interactions
and DM-ν interactions (all mediated by a spin-1 boson) have
also been considered in Refs. [121–123]. In these references,
collisional damping—that stems from early DM interactions
—is neglected, and the thermal-production assumption is
relaxed.
The phenomenology of these scenarios with spin-1

mediators is different from that associated with spin-0
and spin-1=2 mediators. First, the absence of a direct
coupling between the DM candidate and neutrinos ensures
the stability of the DM candidate. Mediators lighter than the
DM are allowed (unlike for the spin-0 and spin-1=2
mediator cases). Second, since DM can be heavier than
the mediator, DM particles can also annihilate into two
spin-1 particles. This process may actually be the dominant
annihilation channel, depending on the exact value of the
couplings.

1. Annihilation cross section

For concreteness, we shall consider Dirac DM
candidates coupled to vector boson mediators, i.e.,
gχL ¼ gχR . When the mediator is heavier than the DM
particles, the only possible annihilation channel is a
neutrino/antineutrino pair. The associated cross section is
given by

hσvri ¼
g2χg2ν
2π

m2
DM

ð4m2
DM −m2

Z0 Þ2 ≃
g2χg2ν
2π

m2
DM

m4
Z0

; ð17Þ

which can become resonant since it proceeds via an
s-channel diagram. We do not illustrate the impact of
the resonance on the parameter space, but a smaller value of

the coupling would be required to explain the observed DM
abundance.10

When the mediator is lighter than the DM particles,
annihilations can be both i) into neutrino/antineutrino pairs,
with a cross section of the order of

hσvriνν̄ ≃
g2χg2ν
32π

1

m2
DM

; ð18Þ

and ii) into two vector bosons, with a cross section of the
order of

hσvriZ0Z0 ¼ g4χ
8πm2

DM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
Z0

m2
DM

s
≃
g4χ
8π

1

m2
DM

; ð19Þ

which does not have a resonant structure since the Z0 are
produced via a t-channel diagram.
Both final states eventually contribute to the relic density

calculations. However, one may dominate over the other
one, depending on the relative strength of gχ and gν (hence
the two thermal lines in Fig. 4). One expects a lower limit
on the Z0 mass if Z0 ’s are copiously produced by DM
annihilations and decay into neutrinos after the standard
neutrino decoupling, as this would lead to an increase in
Neff . To avoid such a limit, one can invoke additional Z0
decay channels to suppress the branching fraction into
neutrinos.11

Here, we only consider the χχ̄ → νν̄ channel in order to
derive the constraints from indirect detection searches. For
mediators lighter than the DM mass, the DM annihilation
into two vector bosons could also yield a signal in neutrino
detectors if the produced Z0’s decay into neutrino/antineu-
trino pairs. This signal would, however, generate a box-
shaped energy spectrum that depends on the Z0 branching
ratio into neutrinos and on the mDM=mZ0 ratio [124]. For
simplicity, we do not consider this case.
Note that the Sommerfeld enhancement of the annihi-

lation cross section whenmZ0 ≪ mDM at the time of freeze-
out is expected to be small, and consequently, we disregard
this effect.12 However, the Sommerfeld effect might be
important at late times, and it might increase the neutrino
production in the Galactic halo, in particular for v2-
dependent cross sections and DM masses above 1 TeV
[127,128]. Nevertheless, our analysis focuses on smaller
DM masses, and we do not consider the effects of such
enhancements, although this might rule out tiny DM mass

9If DM is a Majorana particle, the coupling is chiral, and
gχL ¼ −gχR , so that gvector ¼ gRþgL

2
¼ 0, while gaxial ¼ gR−gL

2
¼ 2gR.

10In fact, using the Breit-Wigner form of the propagator, a DM
mass of the order ofOð100Þ TeV would be needed to explain the
observed DM abundance for gχ ¼ 1.

11A dedicated analysis would be required to obtain a precise
bound on the Z0 mass in an UV-complete model.

12We expect order Oð1Þ corrections to our relic density results
[125,126].
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regions in the 1–100 TeV regime, depending on the
particular scenario [129].
The scalar and Majorana DM case is similar, except that

the annihilation cross section is v2 dominated and therefore
suppressed with respect to the Dirac DM case. Yet, despite
the v2-dependent suppression, indirect detection searches
rule out the parameter space where large collisional damp-
ing effects would be expected (see Appendix C).

2. Elastic scattering cross section

The elastic scattering cross section for spin-1 mediator
scenarios is independent of the DM mass. It reads

σel ≃ 4.4 × 10−41g2νg2χ

�
Tν

T0

�
2
�

mZ0

MeV

�
−4

cm2; ð20Þ

which proceeds via a t-channel diagram and is proportional
to E2

ν, in contrast to previous scenarios in which the cross
section is energy independent in the regime of degenerate
DM and mediator masses. Moreover, in contrast to scenar-
ios with a spin-0 and a spin-1=2 mediator, the mZ0 < mDM
region could give rise to measurable collisional damping
for mDM > few MeV. However, for constant annihilation
cross sections, indirect detection constraints imply that only
DM masses above ≳100 GeV and mediators between
[1, 10] MeV would produce sizable collisional damping
for gν ¼ gχ ¼ 1. This is alleviated if the DM annihilation
cross section is velocity dependent (for Majorana, scalar,
and vector DM candidates). In such cases, collisional
damping could be important for mDM ∼ ½1; 10� MeV and
mDM ≳ 100 MeV with mZ0 ∼ ½1; 100� MeV. We disregard
the indirect detection constraints from the Z0 decay into a
neutrino/antineutrino pair since they are model dependent.
Moreover, for gχ ∼ gν ≪ 1, indirect detection constraints

weaken, allowing for sizable collisional damping for
mDM ∼ ½0.4; 1� GeV and OðfewÞ MeV mediators masses
for g ¼ 10−1, while mDM ≳ 100 MeV and sub-MeV medi-
ators are required for g ¼ 10−2.
For a thermal DM candidate and mDM ≪ mZ0 ,

σel ≃ 7.7 × 10−55
�
Tν

T0

�
2
�
mDM

MeV

�
−2

×
� hσvri
3 × 10−26 cm3=s

�
cm2; ð21Þ

so that, using the collisional damping and relic density
constraints, we obtain a lower limit on the DM mass
independent of the DM coupling to the mediator and
neutrinos (gχ and gν, respectively). More specifically, we
find mDM ≥ 9.2 keV. This lower bound is again less
constraining than the one derived by the change in Neff ,
which in turn also excludes observable collisional damping
for light DM candidates and mZ0 ∼ ½10; 103� MeV. Never-
theless, indirect constraints could still constrain a large
region of the parameter space when gν ≪ 1 if one considers
the annihilation channel into a pair of Z0 for a strongly
coupled dark sector (gχ ≃ 1).
Finally, if the DM candidate is heavier than the mediator,

to produce the correct DM relic density assuming onlyDM-ν
interactions, Eq. (16), requiresmDM≃4g2χð1þ 1

4
ðgνgχÞ2Þ

1
2 TeV.

Therefore, in the mDM ≫ mZ0 limit and for a thermal DM
candidate, the elastic cross section is

σel ≃ 1.2 × 10−47g2ν

�
1þ 1

4

�
gν
gχ

�
2
�

−1
2

�
Tν

T0

�
2
�
mDM

MeV

�

×

�
mZ0

MeV

�
−4
� hσvri
3 × 10−26 cm3=s

�1
2

cm2; ð22Þ

FIG. 4. Same as Fig. 2 but for complex DM with a Majorana mediator (left) and for Dirac DM with a vector mediator (right).

DARK MATTER-NEUTRINO INTERACTIONS THROUGH THE … PHYS. REV. D 97, 075039 (2018)

075039-11



which, when compared to the collisional damping con-
straint, Eq. (2), sets a lower bound in the mediator mass of

mZ0 ≥ 2g
1
2
νð1þ 1

4
ðgνgχÞ2Þ−

1
8 MeV.

V. CONCLUSIONS

In this paper, we have investigated the viability of
scenarios in which DM is coupled to active neutrinos,
by evaluating their cosmological effects (collisional damp-
ing and relic density) and their implications for indirect DM
searches with neutrino detectors.
Using a simplified model approach and considering only

dimension-4 terms in the Lagrangian, we have identified 12
different scenarios. Many of these share some common
properties and can be grouped according to the nature of the
particle that mediates the interactions. For all these scenar-
ios, we have computed the elastic scattering and DM
annihilation cross sections. The full expressions are given
in Appendix B, while their dominant terms are given in
Table I. We have not explicitly assumed thermal DM.
However, we do show the DM and mediator masses that
lead to a thermal annihilation cross section of hσvri ≃ 3 ×
10−26 cm3=s (or hσvri ≃ 6 × 10−26 cm3=s for v2-dependent
cross sections). For each of these scenarios, we constrain
the parameter space by imposing the stability of the DM
candidate and also so that i) the DM-ν interactions are
compatible with small-scale Lyman-α forest data, ii) there
are no anomalous neutrino signals at Borexino and SK
experiments, and finally iii) DM annihilations into neu-
trinos do not significantly change the CMB angular power
spectrum.
We find that, generically, for scalar and fermion medi-

ators that are much heavier than the DM particle, the
annihilation cross section is either constant or velocity
dominated and scales as the square of the DMmass (except
if LNVannihilation channels dominate, which occurs when
the mediator is a Majorana particle). While the velocity
dependence is not particularly important at the time of the
DM freeze-out, it is crucial for annihilations in the
Milky Way, as it significantly suppresses the neutrino
signal. Therefore, only scalar DM-Majorana mediator,
Dirac DM-scalar mediator, and vector DM-Dirac mediator
scenarios have strong indirect detection constraints. These
bounds are not far from the values required for a thermal
DM candidate. Hence, future neutrino experiments have the
potential to significantly improve these constraints and
exclude a large fraction of the thermal DM parameter space
(assuming the DM annihilates into SM particles). This
conclusion remains valid as long as g ≫ 10−2, since the
relic density line and the indirect constraints are both
proportional to g4.
The elastic cross section typically scales as the neutrino

temperature squared and can be resonantly enhanced
if the DM and mediator masses are nearly degenerate.
Observable collisional damping requires very large values

of this cross section, which implies sub-MeV DM masses
or the quasidegenerate DM-mediator mass regime. The first
possibility is, however, excluded by constraints from Neff ,
using CMB data [52,55]. The second case is viable, but
only for velocity-dependent annihilation cross sections
(scalar DM-Dirac mediator andMajorana DM-scalar media-
tor), so that the indirect detection bounds are weak and leave
significant portions of the parameter space unconstrained, in
particular, DM masses in the ∼½100; 104� MeV range for
g ¼ 1. The real scalar DM-Dirac mediator case is an
exception, as the annihilation and the elastic scattering cross
sections are suppressed by v4 and E4

ν terms, respectively,
which in turn might produce observable collisional damping
if the mediator and DM masses are degenerate and in the
∼½4; 104� MeV range.
If the mediator is a vector, the phenomenology is

different because it can be lighter than the DM particle
and, moreover, when the DM and mediator particles are
degenerate in mass, the annihilation cross section can be
resonantly enhanced. If the DM particle is heavier than the
vector mediator, the annihilation channel into two vectors is
open and could dominate, depending on the parameters.
The indirect DM searches apply to both mass regimes: if
DM is lighter than the mediator, the constraints are similar
to those obtained for the previous cases, i.e., strong and
close to the thermal relic line for Dirac DM and signifi-
cantly weaker for complex, Majorana, and vector DM, due
to the velocity dependence of the cross section. In the
opposite case, i.e., DM heavier than the mediator, DM
can annihilate both into neutrinos and into Z0, which can
subsequently decay into neutrinos. Depending on the
relative strength of the couplings gν and gχ , either of the
two channels can dominate and lead to significant con-
straints on the parameter space. The values of the elastic
cross section needed for collisional damping and to solve
the missing satellite and the too-big-to-fail problems can be
achieved even for heavy DM, if the mediator mass is in the
∼½1 − 10� MeV range.
In summary, we find that DM-ν interactions can have a

strong impact on the early and present Universe and that the
complementarity between cosmological and astrophysical
constraints can test large areas of the allowed parameter
space. These bounds should be taken into account when
considering a particular UV-complete model that generates
interactions between DM and neutrinos and would be
particularly relevant for models that generate neutrino
masses while providing a DM candidate.
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APPENDIX A: ANNIHILATION CROSS SECTION

The thermally averaged annihilation cross section, multi-
plied by the relative DM velocity vr, has been calculated for
each scenario to order Oðv2c.m.Þ in the center-of-mass
velocity. All our calculations agreewith the results presented
in Appendix 9.1 of Ref. [28] in the limit of mf → 0 and
ClCr → 0, which in their notation, corresponds to massless
left-handed neutrinos and right-handed antineutrinos in the
final state, i.e., massless chiral fermions in the final state.
The annihilation cross section can be written as

σvr ¼
1

16πs
jMj2 ¼ 1

64πm2
DM

jMj2

−
v2c.m.

64πm2
DM

jMj2 þOðv4c.m.Þ; ðA1Þ

where s is the Mandelstam variable and jMj2 is the squared
amplitude averaged over initial state spins and summed
over final state spins, integrated over the solid angle.

The expansions of the Mandelstam variables in the c.m. frame for massless neutrinos are given by

s ¼ 4m2
DMð1þ v2c.m.Þ þOðv4c.m.Þ;

t ¼ −m2
DMð1þ 2v2c.m.Þ þ 2m2

DM cos θvc.m.ð1þ v2c.m.Þ þOðv4c.m.Þ;
u ¼ −m2

DMð1þ 2v2c.m.Þ − 2m2
DM cos θvc.m.ð1þ v2c.m.Þ þOðv4c.m.Þ;

ðs −m2
MÞ−2 ¼ ð4m2

DM −m2
MÞ−2 − 8m2

DMv
2
c.m.ð4m2

DM −m2
MÞ−3 þOðv4c.m.Þ;

ðt −m2
MÞ−2 ¼ ð−m2

DM −m2
MÞ−2 −

4m2
DMvc.m. cos θ

ð−m2
DM −m2

MÞ3
þ 4m2

DMv
2
c.m.

ð−m2
DM −m2

MÞ3
þ 12m4

DMcos
2θv2c.m.

ð−m2
DM −m2

MÞ4
þOðv3c.m.Þ;

ðu −m2
MÞ−2 ¼ ð−m2

DM −m2
MÞ−2 þ

4m2
DMvc.m. cos θ

ð−m2
DM −m2

MÞ3
þ 4m2

DMv
2
c.m.

ð−m2
DM −m2

MÞ3
þ 12m4

DMcos
2θv2c.m.

ð−m2
DM −m2

MÞ4
þOðv3c.m.Þ;

ðt −m2
MÞ−1ðu −m2

MÞ−1 ¼ ð−m2
DM −m2

MÞ−2 þ
4m2

DMv
2
c.m.

ð−m2
DM −m2

MÞ3
þ 4m4

DMv
2
c.m.cos2θ

ð−m2
DM −m2

MÞ4
þOðv3c.m.Þ; ðA2Þ

where mM denotes the mass of the mediator. These
expressions are in agreement with Refs. [28,130] in the
limit of massless chiral outgoing particles.
By expanding the cross section as

σvr ¼ aþ bv2c.m. þ dv4c.m.; ðA3Þ

we can take the thermal average so that

hσvri ¼ aþ 9

4
bv2c.m. þ

135

32
dv4c.m.; ðA4Þ

where equipartition of energy in the nonrelativistic limit is
assumed [131].
In the calculation of the averaged square amplitude, in

scenarios with a vector mediator, the momentum-dependent

term in the propagator vanishes by virtue of the Dirac
equation for massless particles, and hence the massive

spin-1 propagator reduces to
iðgμν−pμpν=m2

Z0 Þ
p2−m2

Z0
→ igμν

p2−m2

Z0
. In

addition, all the calculations involving Majorana fermions
are performed using theMajorana Feynman rules [132,133].

APPENDIX B: ELASTIC SCATTERING
CROSS SECTION

Without loss of generality, in the calculations for the
elastic scattering, we assume the velocity of the incident
DM particle to be along the z axis. The incoming neutrino
is then denoted by p1, whereas the outgoing neutrino and
DM particles are labeled as k1 and k2, respectively. The
geometry of the system is then
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p1 ¼ Eν1ð1; sin θ cosϕ; sinϕ sin θ; cos θÞ;
p2 ¼ EDM1

ð1; 0; 0; βÞ;
k1 ¼ Eν2ð1; sin θ0 cosϕ0; sinϕ0 sin θ0; cos θ0Þ;
k2 ¼ p1 þ p2 − k1; ðB1Þ

where β ¼ jp⃗DM1
j

EDM1

. Moreover, θ is the angle between the

incident neutrino and the incoming DM particle, and θ0 is

the angle between the incident DM particle and the out-
going neutrino. In addition, ϕ and ϕ0 are the angles between
the direction of the incoming DM particle and the incoming
neutrino and the angle between the direction of the
incoming DM particle and the outgoing neutrino in the
x–y plane, respectively.
From the 4-momentum expressions obtained in Eq. (B1),

we can define the Mandelstam variables as

s ¼ ðp1 þ p2Þ2 ¼ m2
DM þ 2ðp1 · p2Þ ¼ m2

DM þ 2EDM1
Eν1ð1 − βμÞ;

u ¼ ðp1 − k2Þ2 ¼ ðp2 − k1Þ2 ¼ m2
DM − 2ðp2 · k1Þ ¼ m2

DM − 2EDM1
Eν2ð1 − βμ0Þ;

t ¼ ðp1 − k1Þ2 ¼ −2ðp1 · k1Þ ¼ −2Eν1Eν2ð1 − Δðμ; μ0ÞÞ;
t ¼ ðp2 − k2Þ2 ¼ 2m2

DM − 2ðp2 · k2Þ ¼ 2EDM1
½Eν2ð1 − βμ0Þ − Eν1ð1 − βμÞ�; ðB2Þ

where Eν1=ν2 and EDM1=DM2
refer to the incoming/outgoing

neutrino and DM energies, respectively, and μ≡ cos θ and
μ0 ≡ cos θ0. Finally, Δðμ; μ0Þ is the cosine of the angle
between the incoming and outgoing neutrinos, and it is
related to the other two cosines as

Δðμ; μ0Þ ¼ μμ0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − μ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − μ02

q
cosðϕ − ϕ0Þ; ðB3Þ

with the definitions of ϕ and ϕ0 given above.
In order to calculate the elastic scattering, we start from

the Lorentz invariant cross section in the limit where one of
the incoming particles is massless (the neutrino in this
case),

dσel
dt

¼ 1

16πðs −m2
DMÞ2

jMðt; sÞj2; ðB4Þ

with t ≤ 0. One can express t in terms of s and u and make
a change of variables u ¼ 2m2

DM − s − t for a given initial
energy of the incoming particles (so that s is fixed). We
then get

dσel
du

¼ −
1

16πðs −m2
DMÞ2

jMðu; sÞj2; ðB5Þ

where 2m2
DM − s ≤ u ≤ m4

DM
s , since for t ≤ 0, su ≤ m4

DM and
s ≥ m2

DM. These relations are frame independent and can be
entirely derived from conservation laws when one of the
incoming particles is massless (Ref. [134], Chap. VII). Note
that the minus sign comes from the change of variable.
In order to further simplify the analytic calculations,

we make another change of variables, y ¼ ðs−m2
DMÞ

m2
DM

and

w ¼ ðm2
DM−uÞ
m2

DM
. We then integrate Eq. (B5) with integration

limits y
ðyþ1Þ ≤ w ≤ y, so that we get the full cross section in

terms of y. Note that using Eq. (B2), y ¼ 2EDMEνð1−βμÞ
m2

DM
, and

so, at low energies, β → 0 and y ∼ 2Eν
mDM

, which we use to
calculate our results. By keeping a general frame, one can
quickly read off the results for different frames of reference.
For example, in the lab frame, y also reduces to y ∼ 2Eν

mDM
,

since pDM ¼ 0 and EDM ¼ mDM. Similarly, in the c.m.

frame, μ ¼ −1 and β ¼ Eν
EDM

, so that y ¼ 2EDMEνþ2E2
ν

m2
DM

. We

now proceed to give the full elastic scattering expressions
for the different scenarios.

1. Scalar DM coupled to a fermion mediator

The full elastic scattering cross section for a complex
DM coupled to a Dirac mediator is given by

σel ¼
g4

16π

�
yþ 1

m2
DMy

2
log

�
1þ m2

DMy
2

m2
Nð1þ yÞ −m2

DM

�

−
1

m2
DMðy − 1Þ þm2

N

�
; ðB6Þ

so that, in the low Eν limit, it has the form

σel ¼
g4m2

DMy
2

32πðm2
N −m2

DMÞ2
þOðy3Þ ∝ E2

ν; ðB7Þ

whereas at high neutrino energies, the elastic scattering
cross section becomes

σel¼
g4

16πm2
DMy

�
log

�
m2

DMy
m2

N

�
−1

�
þO

�
1

y2

�
→ 0: ðB8Þ
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For a real DM candidate, the elastic cross section is

σel ¼
g4

32π

�
−
ðm4

DMðyð10 − 3yðy − 1ÞÞ þ 6Þ −m2
DMm

2
Nðyþ 2Þð5yþ 6Þ þ 6m4

Nðyþ 1ÞÞ
ðyþ 1Þðm2

DMðy − 1Þ þm2
NÞðm2

N −m2
DMðyþ 1ÞÞ2

−
2ðm2

DMðyðyþ 2Þ þ 3Þ − 3m2
Nðyþ 1ÞÞ

m2
DMx

2ðm2
N −m2

DMðyþ 1ÞÞ log

�
1þ m2

DMy
2

m2
Nð1þ yÞ −m2

DM

��
; ðB9Þ

which, for low neutrino energies, can be approximated as

σel ¼
g4m6

DMy
4

8πðm2
DM −m2

NÞ4
þOðy5Þ ∝ E4

ν; ðB10Þ

and, in the high-energy limit, can be approximated as

σel ¼
g4

16πm2
DMy

�
log

�
m2

DMy
m2

N

�
−
3

2

�
þO

�
1

y2

�
→ 0:

ðB11Þ

For the case of degenerate fermion mediator and scalar
DM, we get

σel ¼
g4

16πm2
DM

ðyþ 1Þ log ðyþ 1Þ − y
y2

ðB12Þ

for complex DM and

σel ¼
g4

32πm2
DM

2ðy2 − 1Þ log ðyþ 1Þ þ yð3yþ 2Þ
y2ðyþ 1Þ ðB13Þ

for scalar DM. Consequently, in the high-energy limit,
both cross sections tend to zero, whereas in the low-
energy limit, the cross section is independent of the
temperature

σel ¼ A
g4

πm2
DM

; ðB14Þ

with A ¼ 1
32

and A ¼ 1
8

for complex and real DM,
respectively.

2. Fermion DM coupled to a scalar mediator

If the DM candidate is a Dirac fermion, the elastic scattering occurs only via the u-channel diagram,

σel ¼
g4

32πm4
DMy

2

�
m2

DMy
2

yþ 1
−

ðm2
DM −m2

ϕÞ2
m2

DMðy − 1Þ þm2
ϕ

−
ðyþ 1Þðm2

DM −m2
ϕÞ2

m2
DM −m2

ϕðyþ 1Þ

þ 2ðm2
DM −m2

ϕÞ log
�
1þ m2

DMy
2

m2
ϕð1þ yÞ −m2

DM

��
: ðB15Þ

In the low-Eν limit, the cross section is approximated as

σel ¼
g4m2

DMy
2

32πðm2
DM −m2

ϕÞ2
�
1þ 2m2

ϕy

m2
DM −m2

ϕ

�
þOðy4Þ ∝ E2

ν; ðB16Þ

while in the high-Eν limit,

σel ¼
g4

32πm2
DMy

þO
�
1

y2

�
→ 0: ðB17Þ
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On the other hand, if the DM candidate is a Majorana particle, the elastic cross section is given by

σel ¼
g4

32πm4
DMy

2

�
m6

DMy
4

ðyþ 1Þðm2
ϕ − ðyþ 1Þm2

DMÞ2
−

ðm2
DM −m2

ϕÞ2
m2

DMðy − 1Þ þm2
ϕ

þm2
DMy

2

yþ 1

−
ðyþ 1Þðm2

DM −m2
ϕÞ2

m2
DM −m2

ϕðyþ 1Þ þ 2ðm2
DM −m2

ϕÞ log
�
1þ m2

DMy
2

m2
ϕð1þ yÞ −m2

DM

��
: ðB18Þ

For low neutrino energies, the cross section reads

σel ¼
g4m2

DMy
2

16πðm2
DM −m2

ϕÞ2
�
1 −

3y
2

�
þOðy4Þ ∝ E2

ν; ðB19Þ

while in the high-Eν limit,

σel ¼
g4

16πm2
DMy

þO
�
1

y2

�
→ 0: ðB20Þ

In this scenario, different results are obtained if the scalar
mediator and the fermion DM candidate are degenerated in
mass,

σel ¼ A
g4

πm2
DM

�
1

1þ y

�
; ðB21Þ

with A ¼ 1
32

and A ¼ 1
16

for Dirac and Majorana DM,
respectively. This implies that in the mass degenerated
regime the low-energy neutrino energy limits are

σel¼ g4

32πm2
DM

for Dirac DM and σel ¼ g4

16πm2
DM

for Majorana

DM, while they are both zero in the high-energy limit.

3. Vector DM coupled to a Dirac mediator

The coupling for this scenario can arise by constructing a
tower of Kaluza-Klein neutrino and photon excited states
and coupling the first excited state of the antineutrino (N̄L)
to the first excited state of the photon (the DM candidate,
χμ), and a standard νL neutrino. We disregard the possibility
of the excited state of the neutrino being the DM candidate,
since this implies that it could interact with any SM fermion
via its coupling to the SM Z boson. This thus falls beyond
the scenarios considered in this paper, where we assume
annihilation to neutrinos to be the dominant channel.
Furthermore, the constraints from direct detection in such
scenarios are quite stringent and much stronger than the
bounds that can be derived from collisional damping
[135,136]. For this scenario, the elastic scattering cross
section is

σel ¼
g4

96πm6
DMy

2ðm2
N −m2

DMðxþ 1ÞÞ2
�

m2
DMy

2ð4m10
DMðyðy3 þ 5yþ 16Þ þ 10Þ

ðyþ 1Þ2ðm2
DMðy − 1Þ þm2

NÞðm2
DM −m2

Nðyþ 1ÞÞ

þ −4m8
DMm

2
Nðyþ 1Þðyðy3 þ 10yþ 24Þ þ 30Þ þm6

DMm
4
Nðyðyðyðyð8yþ 41Þ þ 100Þ þ 189Þ þ 216Þ þ 102Þ

ðyþ 1Þ2ðm2
DMðy − 1Þ þm2

NÞðm2
DM −m2

Nðyþ 1ÞÞ

þ −m4
DMm

6
Nðyðyðyðð17 − 3yÞyþ 58Þ þ 66Þ þ 10Þ − 14Þ − 6m10

N ðy − 3Þðyþ 1Þ2Þ
ðyþ 1Þ2ðm2

DMðy − 1Þ þm2
NÞðm2

DM −m2
Nðyþ 1ÞÞ

þ m2
DMm

8
Nðyðyð5yþ 17Þ − 30Þ − 54ÞÞ

ðyþ 1Þðm2
DMðy − 1Þ þm2

NÞðm2
DM −m2

Nðyþ 1ÞÞ
þ 2ðm2

DMðyþ 1Þ −m2
NÞð4m6

DMððy − 2Þyþ 5Þ − 4m4
DMm

2
Nðyþ 5Þ þm2

DMm
4
Nðyðyþ 6Þ − 9Þ − 3m6

Nðy − 3ÞÞ

× log

�
1þ m2

DMy
2

m2
Nð1þ yÞ −m2

DM

��
: ðB22Þ

Consequently, in the low-energy limit, the elastic scattering cross section reads

σel ¼
g4y2m2

DM

4πðm2
N −m2

DMÞ2
þOðy3Þ ∝ E2

ν; ðB23Þ

whereas for high neutrino energies,
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σel ¼
g4m4

N

32πym6
DM

þO
�
1

y2

�
→ 0: ðB24Þ

In the region of the parameter space where the mediator
and DM candidates are degenerate in mass, the elastic
scattering cross section is given by

σel ¼
g4

96πm2
DMy

2ðyþ 1Þ2
× ðyðyð7yþ 29Þ þ 18Þþ2ð5y − 9Þðyþ 1Þ2Þ
× logðyþ 1Þ; ðB25Þ

so that for low neutrino energies

σel ¼
g4

8πm2
DM

; ðB26Þ

while for high neutrino energies,

σel ¼
g4

96πm2
DMy

ð7þ 10 logðyÞÞ → 0: ðB27Þ

4. Scalar DM coupled to a vector mediator

In this case, the elastic scattering cross section is
given by

σel ¼
g2χg2ν
4πm2

Z0

�
1 − z log

�
1þ 1

z

��
; ðB28Þ

with

z ¼ m2
Z0 ð1þ yÞ
m2

DMy
2

: ðB29Þ

In the low-energy limit, the cross section is temperature
dependent,

σel ¼
g2χg2νm2

DMy
2

8πm4
Z0

ð1 − yÞ þOðy4Þ ∝ E2
ν; ðB30Þ

whereas at high energies,

σel ¼
g2χg2ν
4π

�
1

mZ0
þ
logð m2

Z0
m2

DMy
Þ

m2
DMy

�
þO

�
1

y2

�
∝ constant:

ðB31Þ

5. Fermion DM coupled to a vector mediator

This process occurs via the t-channel and the elastic
scattering cross section and for Dirac DM is given by

σel ¼
g2χg2ν

8πm2
DM

�
m2

Z0

m2
DMy

2 þm2
Z0 ðyþ 1Þ þ

2m2
DM

m2
Z0

þ 1

yþ 1
− 2

m2
DMðyþ 1Þ þm2

Z0

m2
DMy

2
log

�
1þ m2

DMy
2

m2
Z0 ð1þ yÞ

��
;

whereas for Majorana DM,

σel ¼
g2χg2ν

32πm2
DM

�
2m4

DMy
2

m2
Z0 ðm2

DMy
2 þm2

Z0 ðyþ 1ÞÞ þ
m2

DMð3y2 − 2Þ þ 2m2
Z0 ðyþ 1Þ

ðyþ 1Þðm2
DMy

2 þm2
Z0 ðyþ 1ÞÞ

−
2ðm2

DMðy − 1Þ þm2
Z0 Þ

m2
DMy

2
× log

�
m2

DMy
2

m2
Z0 ðyþ 1Þ þ 1

��
: ðB32Þ

In the low-energy limit, the cross section reduces to

σel ¼
g2χg2νm2

DMy
2

8πm4
Z0

ð1 − yÞ þOðy4Þ ∝ E2
ν ðB33Þ

for Dirac DM and to

σel ¼
3g2χg2νm2

DMy
2

16πm4
Z0

�
1 −

5y
3

�
þOðy4Þ ∝ E2

ν ðB34Þ

for Majorana DM.
In the high-Eν limit, the cross section for Dirac DM is approximated as

σel ¼
g2χg2ν
4π

�
1

mZ0
þ
ðlog½ m2

Z0
m2

DMy
� þ 1Þ

m2
DMy

�
þO

�
1

y2

�
∝ constant;
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while for Majorana DM,

σel ¼
g2χg2ν
16π

�
1

mZ0
þ
ðlog½ m2

Z0
m2

DMy
� þ 1

2
Þ

m2
DMy

�
þO

�
1

y2

�
∝ constant: ðB35Þ

6. Vector DM coupled to a vector mediator

For this last scenario, the elastic scattering cross section is given by

σel ¼
g2χg2ν

96πm4
DM

�
24m6

DMy
2ðyþ 1Þ2 þm4

DMm
2
Z0 ðyðyðyðyð4y − 35Þ − 48Þ þ 40Þ þ 72Þ þ 24Þ

m2
Z0 ðyþ 1Þ2ðm2

DMy
2 þm2

DMðyþ 1ÞÞ

þm2
DMm

4
Z0 ðyþ 1Þðyðyð28y − 15Þ − 64Þ − 24Þ þ 6m6

Z0 ð4yþ 3Þðyþ 1Þ2
m2

Z0 ðyþ 1Þ2ðm2
DMy

2 þm2
DMðyþ 1ÞÞ

þ 2ð2m4
DMðyð5y − 6Þ − 6Þ þ 4m2

DMm
2
Z0 ðð5 − 2yÞyþ 3Þ − 3m4

Z0 ð4yþ 3ÞÞ
m2

DMy
2

× log

�
m2

DMy
2

m2
Z0 ðyþ 1Þ þ 1

��
; ðB36Þ

so that for small energies the cross section can be written as

σel ¼
g2χg2νm2

DMy
2

8πm4
Z0

ð1 − yÞ þOðy4Þ ∝ E2
ν: ðB37Þ

Finally, in the high-energy limit,

σel ¼
g2χg2ν

96πm2
DM

�
yþ 4ð6m2

DM −m2
Z0 Þ × log

�
m2

DMy
m2

Z0

�
þ 3ð9m4

DM − 15m2
DMm

2
Z0 þ 2m4

Z0 Þ
m2

Z0

�
þO

�
1

y

�
∝ Eν: ðB38Þ

Thus, this is the only scenario with the cross section proportional to the neutrino energy in the high-energy limit.

APPENDIX C: RESULTS FOR ALL SCENARIOS

1. Scalar DM and Dirac mediator

FIG. 5. Same as Fig. 2 but for complex DM (left) and real DM (right) with a Dirac mediator.
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2. Real DM and Majorana mediator

3. Vector DM and fermion mediator

FIG. 6. Same as Fig. 2, but for real DM with a Majorana mediator.

FIG. 7. Same as Fig. 2 but for vector DM with a Dirac mediator (left) and a Majorana mediator (right). The dashed band for the Neff
bound is due to the fact that there is no precise bound for vector DM, but it is expected to lie within the 1–10 MeV region.
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4. Scalar DM and vector mediator

5. Majorana DM and vector mediator

FIG. 8. Same as Fig. 2, but for scalar DM with a vector mediator. The vertical line represents the resonant region where
2mZ0 ≃mDM.

FIG. 9. Same as Fig. 2, but for Majorana DM with a vector mediator. The vertical line represents the resonant region where
2mZ0 ≃mDM.
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[9] A. Moliné, J. A. Schewtschenko, S. Palomares-Ruiz, C.

Boehm, and C. M. Baugh, J. Cosmol. Astropart. Phys. 08
(2016) 069.

[10] Y. Farzan and S. Palomares-Ruiz, J. Cosmol. Astropart.
Phys. 06 (2014) 014.

[11] C. A. Argüelles, A. Kheirandish, and A. C. Vincent,
Phys. Rev. Lett. 119, 201801 (2017).

[12] F. Capozzi, I. M. Shoemaker, and L. Vecchi, J. Cosmol.
Astropart. Phys. 07 (2017) 021.

[13] C. Boehm, H. Mathis, J. Devriendt, and J. Silk, Mon. Not.
R. Astron. Soc. 360, 282 (2005).

[14] C. Boehm, J. A. Schewtschenko, R. J. Wilkinson, C. M.
Baugh, and S. Pascoli, Mon. Not. R. Astron. Soc. 445, L31
(2014).

[15] J. A. Schewtschenko, R. J. Wilkinson, C. M. Baugh, C.
Boehm, and S. Pascoli, Mon. Not. R. Astron. Soc. 449,
3587 (2015).

[16] J. A. Schewtschenko, C. M. Baugh, R. J. Wilkinson,
C. Boehm, S. Pascoli, and T. Sawala, Mon. Not. R.
Astron. Soc. 461, 2282 (2016).

[17] J. A. D. Diacoumis and Y. Y. Y. Wong, J. Cosmol.
Astropart. Phys. 09 (2017) 011.

[18] C. Boehm, P. Fayet, and R. Schaeffer, Phys. Lett. B 518, 8
(2001).

[19] C. Boehm, A. Riazuelo, S. H. Hansen, and R. Schaeffer,
Phys. Rev. D 66, 083505 (2002).

[20] C. Boehm and R. Schaeffer, Astron. Astrophys. 438, 419
(2005).

[21] E. Ma, Phys. Rev. D 73, 077301 (2006).
[22] C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz, and

S. Pascoli, Phys. Rev. D 77, 043516 (2008).
[23] Y. Farzan, S. Pascoli, and M. A. Schmidt, J. High Energy

Phys. 10 (2010) 111.
[24] Y. Farzan, Mod. Phys. Lett. A 25, 2111 (2010).
[25] W.-C. Huang and F. F. Deppisch, Phys. Rev. D 91, 093011

(2015).
[26] M. Lindner, A. Merle, and V. Niro, Phys. Rev. D 82,

123529 (2010).
[27] Y. Farzan and J. Heeck, Phys. Rev. D 94, 053010

(2016).
[28] C. Boehm and P. Fayet, Nucl. Phys. B683, 219 (2004).

FIG. 10. Same as Fig. 2 but for vector DM with a vector mediator. The vertical line represents the resonant region where 2mZ0 ≃mDM.
The dashed band for theNeff bound is due to the fact that there is no precise bound for vector DM, although it is expected to lie within the
1–10 MeV region.

DARK MATTER-NEUTRINO INTERACTIONS THROUGH THE … PHYS. REV. D 97, 075039 (2018)

075039-21

https://doi.org/10.1103/PhysRevD.76.123506
https://doi.org/10.1103/PhysRevD.76.123506
https://doi.org/10.1103/PhysRevD.77.025025
https://doi.org/10.1103/PhysRevD.77.025025
https://doi.org/10.1016/j.physletb.2008.05.040
https://doi.org/10.1103/PhysRevD.80.115017
https://doi.org/10.1088/1475-7516/2010/04/017
https://doi.org/10.1088/1475-7516/2010/04/017
http://arXiv.org/abs/1710.08567
https://doi.org/10.1103/PhysRevLett.99.231301
https://doi.org/10.1103/PhysRevLett.99.231301
https://doi.org/10.1088/1475-7516/2015/06/005
https://doi.org/10.1088/1475-7516/2015/06/005
https://doi.org/10.1088/1475-7516/2016/08/069
https://doi.org/10.1088/1475-7516/2016/08/069
https://doi.org/10.1088/1475-7516/2014/06/014
https://doi.org/10.1088/1475-7516/2014/06/014
https://doi.org/10.1103/PhysRevLett.119.201801
https://doi.org/10.1088/1475-7516/2017/07/021
https://doi.org/10.1088/1475-7516/2017/07/021
https://doi.org/10.1111/j.1365-2966.2005.09032.x
https://doi.org/10.1111/j.1365-2966.2005.09032.x
https://doi.org/10.1093/mnrasl/slu115
https://doi.org/10.1093/mnrasl/slu115
https://doi.org/10.1093/mnras/stv431
https://doi.org/10.1093/mnras/stv431
https://doi.org/10.1093/mnras/stw1078
https://doi.org/10.1093/mnras/stw1078
https://doi.org/10.1088/1475-7516/2017/09/011
https://doi.org/10.1088/1475-7516/2017/09/011
https://doi.org/10.1016/S0370-2693(01)01060-7
https://doi.org/10.1016/S0370-2693(01)01060-7
https://doi.org/10.1103/PhysRevD.66.083505
https://doi.org/10.1051/0004-6361:20042238
https://doi.org/10.1051/0004-6361:20042238
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.77.043516
https://doi.org/10.1007/JHEP10(2010)111
https://doi.org/10.1007/JHEP10(2010)111
https://doi.org/10.1142/S0217732310034018
https://doi.org/10.1103/PhysRevD.91.093011
https://doi.org/10.1103/PhysRevD.91.093011
https://doi.org/10.1103/PhysRevD.82.123529
https://doi.org/10.1103/PhysRevD.82.123529
https://doi.org/10.1103/PhysRevD.94.053010
https://doi.org/10.1103/PhysRevD.94.053010
https://doi.org/10.1016/j.nuclphysb.2004.01.015


[29] F. Giacchino, L. Lopez-Honorez, and M. H. G. Tytgat,
J. Cosmol. Astropart. Phys. 10 (2013) 025.

[30] A. J. Williams, C. Boehm, S. M. West, and D. Albornoz
Vasquez, Phys. Rev. D 86, 055018 (2012).

[31] R. J. Wilkinson, C. Boehm, and J. Lesgourgues, J. Cosmol.
Astropart. Phys. 05 (2014) 011.

[32] E. Di Valentino, C. Boehm, E. Hivon, and F. R. Bouchet,
Phys. Rev. D 97, 043513 (2018).

[33] G. Mangano, A. Melchiorri, P. Serra, A. Cooray, and M.
Kamionkowski, Phys. Rev. D 74, 043517 (2006).

[34] M. Escudero, O. Mena, A. C. Vincent, R. J. Wilkinson, and
C. Boehm, J. Cosmol. Astropart. Phys. 09 (2015) 034.

[35] B. Bertoni, S. Ipek, D. McKeen, and A. E. Nelson, J. High
Energy Phys. 04 (2015) 170.

[36] A. Fattahi et al., arXiv:1607.06479.
[37] K. Enqvist, K. Kainulainen, and V. Semikoz, Nucl. Phys.

B374, 392 (1992).
[38] E.W. Kolb, M. S. Turner, and T. P. Walker, Phys. Rev. D

34, 2197 (1986).
[39] P. D. Serpico and G. G. Raffelt, Phys. Rev. D 70, 043526

(2004).
[40] C. M. Ho and R. J. Scherrer, Phys. Rev. D 87, 023505

(2013).
[41] Z. Berezhiani, A. Dolgov, and I. Tkachev, J. Cosmol.

Astropart. Phys. 02 (2013) 010.
[42] K. M. Nollett and G. Steigman, Phys. Rev. D 89, 083508

(2014).
[43] K. M. Nollett and G. Steigman, Phys. Rev. D 91, 083505

(2015).
[44] T. L. Smith, S. Das, and O. Zahn, Phys. Rev. D 85, 023001

(2012).
[45] J. Hamann, S. Hannestad, G. G. Raffelt, and Y. Y. Y.Wong,

J. Cosmol. Astropart. Phys. 09 (2011) 034.
[46] M. Archidiacono, E. Calabrese, and A. Melchiorri, Phys.

Rev. D 84, 123008 (2011).
[47] J. Hamann, J. Cosmol. Astropart. Phys. 03 (2012) 021.
[48] K. M. Nollett and G. P. Holder, arXiv:1112.2683.
[49] C. Boehm, M. J. Dolan, and C. McCabe, J. Cosmol.

Astropart. Phys. 12 (2012) 027.
[50] G. Steigman, Phys. Rev. D 87, 103517 (2013).
[51] M. Archidiacono, E. Giusarma, A. Melchiorri, and O.

Mena, Phys. Rev. D 87, 103519 (2013).
[52] C. Bœhm, M. J. Dolan, and C. McCabe, J. Cosmol.

Astropart. Phys. 08 (2013) 041.
[53] E. Di Valentino, A. Melchiorri, and O. Mena, J. Cosmol.

Astropart. Phys. 11 (2013) 018.
[54] E. Di Valentino, S. Gariazzo, M. Gerbino, E. Giusarma,

and O. Mena, Phys. Rev. D 93, 083523 (2016).
[55] R. J. Wilkinson, A. C. Vincent, C. Boehm, and C. McCabe,

Phys. Rev. D 94, 103525 (2016).
[56] K. Frankiewicz (Super-Kamiokande Collaboration), in

Proceedings of the Meeting of the APS Division of
Particles and Fields (DPF 2015), Ann Arbor, MI, 2015
(unpublished).

[57] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys.
J. 462, 563 (1996).

[58] A. V. Kravtsov, A. A. Klypin, J. S. Bullock, and J. R.
Primack, Astrophys. J. 502, 48 (1998).

[59] B. Moore, T. R. Quinn, F. Governato, J. Stadel, and G.
Lake, Mon. Not. R. Astron. Soc. 310, 1147 (1999).

[60] K. Bays et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 85, 052007 (2012).

[61] J. Hosaka et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 73, 112001 (2006).

[62] J. P. Cravens et al. (Super-Kamiokande Collaboration),
Phys. Rev. D 78, 032002 (2008).

[63] K. Abe et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 83, 052010 (2011).

[64] N. Bernal, J. Martín-Albo, and S. Palomares-Ruiz,
J. Cosmol. Astropart. Phys. 08 (2013) 011.

[65] G. Bellini et al. (Borexino Collaboration), Phys. Lett. B
696, 191 (2011).

[66] R. Diamanti, L. Lopez-Honorez, O. Mena, S. Palomares-
Ruiz, and A. C. Vincent, J. Cosmol. Astropart. Phys. 02
(2014) 017.

[67] S. M. Barr, R. S. Chivukula, and E. Farhi, Phys. Lett. B
241, 387 (1990).

[68] S. M. Barr, Phys. Rev. D 44, 3062 (1991).
[69] D. B. Kaplan, Phys. Rev. Lett. 68, 741 (1992).
[70] M. D. Schwartz, Quantum Field Theory and the Standard

Model (Cambridge University Press, Cambridge, England,
2014).

[71] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[72] C. Boehm, A. Djouadi, and M. Drees, Phys. Rev. D 62,
035012 (2000).

[73] E. A. Bagnaschi et al., Eur. Phys. J. C 75, 500
(2015).

[74] A. Goudelis, B. Herrmann, and O. Stål, J. High Energy
Phys. 09 (2013) 106.

[75] J. Kopp, L. Michaels, and J. Smirnov, J. Cosmol. Astro-
part. Phys. 04 (2014) 022.

[76] D. Albornoz Vasquez, C. Boehm, and J. Idarraga, Phys.
Rev. D 83, 115017 (2011).

[77] C. Boehm and J. Silk, Phys. Lett. B 661, 287 (2008).
[78] A. G. Akeroyd, A. Arhrib, and E.-M. Naimi, Phys. Lett. B

490, 119 (2000).
[79] H. Baer, K.-Y. Choi, J. E. Kim, and L. Roszkowski,

Phys. Rep. 555, 1 (2015).
[80] C. Boehm, T. A. Ensslin, and J. Silk, J. Phys. G 30, 279

(2004).
[81] X.-L. Chen and M. Kamionkowski, Phys. Rev. D 70,

043502 (2004).
[82] N. Padmanabhan and D. P. Finkbeiner, Phys. Rev. D 72,

023508 (2005).
[83] M. Mapelli, A. Ferrara, and E. Pierpaoli, Mon. Not. R.

Astron. Soc. 369, 1719 (2006).
[84] L. Zhang, X.-L. Chen, Y.-A. Lei, and Z.-G. Si, Phys. Rev.

D 74, 103519 (2006).
[85] E. Ripamonti, M. Mapelli, and A. Ferrara, Mon. Not. R.

Astron. Soc. 374, 1067 (2007).
[86] L. Chuzhoy, Astrophys. J. 679, L65 (2008).
[87] D. P. Finkbeiner, N. Padmanabhan, and N. Weiner,

Phys. Rev. D 78, 063530 (2008).
[88] A. Natarajan and D. J. Schwarz, Phys. Rev. D 78, 103524

(2008).
[89] A. Natarajan and D. J. Schwarz, Phys. Rev. D 80, 043529

(2009).
[90] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, Phys.

Rev. D 80, 023505 (2009).
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