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1 Introduction

Dark matter (DM) is the only known hypothesis that explains, at once, several independent
observations at the scales of the entire Universe, clusters and galaxies [1]. The mass and the
non-gravitational interactions of DM constituents are unknown and the object of enormous
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theoretical and experimental investigation. Over the past decades, significant effort has been
dedicated to searches for the DM that composes the Milky Way halo via the recoil signal
it induces in fixed target nuclei. These experimental efforts have not yet resulted in any
unambiguous DM detection. However, most of these “standard” (in the sense that they look
for halo DM) direct detection experiments are sensitive to DM masses above the GeV scale.
Indeed, the nuclear recoil energy induced by their scatterings with sub-GeV DM falls below
the detection threshold of typical experiments, leading to a sharp loss of their sensitivity.

Improved performance can be achieved in this mass regime with novel low-threshold
techniques, some already looking for DM and others under investigation, see e.g. [2] for an
overview. In addition, one can leverage existing huge detectors, with higher thresholds, to
look for subdominant populations of DM that are more energetic than the halo one, like DM
upscattered by cosmic-rays [3, 4], produced in atmospheric showers [5] or boosted in the jets
of blazars (i.e. supermassive black holes with two jets, one pointing towards us) [6]. This
strategy has already been successfully used to establish stringent constraints on sub-GeV DM
both by standard DD experiments [5, 7] and by large neutrino ones [8, 9].

The same DM-nucleon interactions, that are responsible for DM DD and for energetic
DM sub-populations, also induce inelastic DM-proton scatterings that break the proton apart,
triggering hadronic cascades and neutrino emission. The high-energy neutrinos generated
in this way, by DM around blazars, could be the origin of the event observed at IceCube in
2017 [10] from the blazar TXS 0506+056, as we have proven in [11], and also of the diffuse
astrophysical neutrino flux, as we have demonstrated in [12]. Since the same DM-proton
collisions in blazar jets accelerate DM in our direction, a compelling test of these intriguing
results is provided by direct searches for blazar-boosted DM (BBDM) on Earth. Indeed,
the properties of BBDM are determined by the same parameters, both astrophysical and
DM ones, that control the DM-induced neutrino fluxes.

The study of BBDM interacting with nuclei, however, necessitates critical improvements
since the first proposal [6]. These include the exploration of large neutrino detectors, as well
as the consideration of explicit mediators instead of constant cross sections. While the first
improvement regards the strength of these searches, the second one regards their consistency,
because we are not aware of any DM model that results in a cross section which is constant
over the energies involved in blazars and, at the same time, so large as to possibly result
in a signal. In addition, the use of a constant cross section does not allow one to compare
BBDM searches with other DM signals, like the neutrino ones mentioned above, because it
does not take into account the different energies involved in different searches. This in turn
either impacts their comparison by orders of magnitude (e.g., with standard DD searches) or
makes that comparison impossible (e.g., accelerator searches).1 Furthermore, the studies on
BBDM have focused so far on single sources, whereas thousands of blazars are known and
potentially many of them could contribute to a diffuse BBDM flux. Improving these studies
by considering multiple sources is crucial, as searches involving a population of emitters are
potentially more robust and statistically significant than those based on individual sources.

After implementing the aforementioned improvements in the BBDM scenario, we aim to
address the following questions. What lessons can we learn about DM-nucleon interactions

1The necessity of each of these improvements in the study of BBDM has instead been demonstrated for
DM interacting with electrons [13–15].
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from BBDM, once neutrino detectors and explicit DM models are taken into account? Do
BBDM searches constrain or exclude sub-GeV DM explanations of high-energy neutrinos,
both from TXS 0506+056 and diffuse? What complementary information do they provide
on DM and blazar jets?

Our work is organised as follows. In section 2 we review the properties of blazars and of
DM around them. In section 3 we define the DM interactions object of our study and compute
the relevant cross sections, including terms usually omitted in the literature but important in
our context. We defer details on elastic and inelastic ones, respectively, to appendix A and B.
Then, in section 4 we compute BBDM fluxes and their signals from TXS 0506+056, as well
as from a population of blazars, at a variety of large neutrino detectors, including Earth
attenuation (for which we provide more details in appendix C). We then derive novel limits
and sensitivities on DM-nucleon interactions. In section 5 we compare them with a variety
of other tests of the same DM dynamics, along with the DM-around-blazar explanation of
high-energy neutrinos, both diffuse and from TXS 0506+056. In the same section, we also
discuss the potential depletion of the DM spike due to DM-proton collisions. The reader
can find further details on the results for a different benchmark choice of the parameters
that determine the DM profile, as well as on the effects of DM 4 → 2 annihilations and DM
self-interactions (2 → 2 processes), respectively in appendix D and E. Finally, in section 6
we conclude and discuss other directions worth future exploration.

2 Blazars and dark matter around them

2.1 Blazars and their jet models

Active galactic nuclei (AGN) are compact regions at the centre of certain galaxies that
can outshine their hosts, and are among the brightest objects in the Universe. According
to current understanding, they are powered by the accretion of matter onto supermassive
black holes (BHs) with typical masses of MBH ≈ 108−9M⊙, M⊙ denoting the solar mass.
They can feature a pair of back-to-back jets, made of relativistic plasma, launched along
the polar axis of the hosted supermassive BH and perpendicularly to the accretion disk.
Jetted AGN are called blazars when one of the two jets forms a small angle θLOS ≲ 15◦ − 20◦
with our line-of-sight (LOS) [16–19].

Although blazars are relatively rare — with more than 3500 identified to date (see,
e.g., [20]) — they dominate the γ-ray sky within the 50MeV to 1TeV energy range, comprising
∼ 56% (up to ≲ 88%) of the fourth Fermi-LAT catalogue [21, 22]. Their electromagnetic
activity is mainly non-thermal, with a spectral energy distribution (SED) of photons that
covers the entire electromagnetic spectrum and exhibits two distinct peaks: one in the
infrared/X-ray band and the other at γ-ray frequencies [19]. Understanding the origin of this
broad and doubly-peaked SED requires detailed modelling of the blazar jet physics.

The main structures in blazar jet models are the so-called blobs: spherical regions of
plasma which move at a bulk relativistic speed βB along the jet axis. The accelerated charged
particles that are confined within the blobs radiate non-thermally while propagating through
magnetic fields and ambient radiation. A particularly compelling category of blazar jet
models is that of the hybrid lepto-hadronic ones, according to which both electrons and
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protons are present in the blob with ultra-relativistic velocities, and the SED arises from a
combination of leptonic and hadronic processes (see, e.g., [23] for a review). A distinctive
prediction of this class of models is the production of neutrino fluxes from hadronic cascades
initiated when protons collide with photons or other protons in the blazar environment. After
IceCube’s first ≳ 3σ spatial association between multi-TeV neutrino events and a blazar, TXS
0506+056 [10, 24, 25]2 an intense campaign to explain both the neutrino emissions and the
electromagnetic activities of TXS 0506+056 with lepto-hadronic modelling has been carried
out [27–31] (see also [32–36]), supporting the hypothesis that highly-accelerated protons are
present in its jets. Other tentative associations of different neutrino events with other blazars,
albeit with lower significance, have also been reported [26, 37–45] (see also [46, 47]),3 and the
same class of models has been applied to several other sources (as, e.g., in [50]), advancing
the idea that the lepto-hadronic framework may constitute a comprehensive description
of blazar jet emission.

Motivated by these studies and observations, in this work we concentrate on lepto-hadronic
models to describe the proton content in blazar jets. Specifically, we model the proton energy
spectrum in blazar jets with a homogeneous and isotropic single power-law in the blob’s frame:

dΓ′
p

dγ′p dΩ′ =
κp
4πγ

′
p
−αp e−γ

′
p/γ

′
maxp . (2.1)

Here, dΓ′
p is the infinitesimal rate of particles ejected in the blobs along the direction dΩ′

and with γ′p ≡ E′
p/mp lying in the range [γ′p, γ′p + dγ′p], E′

p being the energy of the proton
and mp = 0.938GeV its mass; αp ≥ 0 is the slope of the power-law; κp is an overall
normalisation constant. We have also included an exponential cut-off at γ′maxp

. In the rest of
this section, primed (unprimed) symbols denote non-invariant quantities computed in the
blob’s (observer’s) rest frame. The spectrum in eq. (2.1) is related to that in the observer’s
frame by a Lorentz transformation of boost factor ΓB ≡ (1 − β2B)−1/2 along the jet axis,
which gives [6, 13] (see also [51]):

dΓp
dγpdΩ

= κp
4π γ

−αp
p

βp(1− βpβBµ)−αpΓ−αp

B e−γp/γmaxp√
(1− βpβBµ)2 − (1− β2p)(1− β2B)

, (2.2)

where βp = [1− 1/γ2p ]1/2 is the proton’s speed and µ is the cosine of the angle between its
direction of motion and the jet axis.

We perform our analysis focusing on the single source TXS 0506+056, as well as a sample
of blazars. For TXS 0506+056, we fix the parameters of the proton spectrum according to
the lepto-hadronic model of [31] fitted to the observed SED during the six-month flaring
activity of 2017. For the blazar sample, we consider the 324 blazars and their corresponding

2Two significant associations of neutrino signals and TXS 0506+056 have been reported: one single neutrino
event in 2017 in coincidence with a six-month γ-ray flaring episode [10], and ∼ 13 events in 2014/2015 [24].
The latter, however, were not accompanied by an enhanced electromagnetic activity of the same blazar [26].

3Also, the active galaxy NGC 1068 has shown evidence of neutrino emission at 4.2σ [48], but this object
is not a blazar. Furthermore, the study [49] suggests a correlation at the level of 3.3σ of IceCube neutrinos
with a catalogue composed of 110 known γ-ray emitters, of which TXS 0506+056 and NGC 1068 are two
main contributors.
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Lepto-Hadronic Model Parameters

Parameter (units) TXS 0506+056 [31] Blazar sample [50]
z 0.337 [0.04, 3.41]

dL (Mpc) 1765
[
171, 30.2× 103

]
MBH(M⊙) 3× 108

[
108, 109

]
RS (pc) 3× 10−5 [10−5, 10−4]

ΓB 24.2 [3.4, 31.5]
θLOS(◦) 2.37 [1.81, 16.95]
αp 2 1
γ′minp

1 100
γ′maxp

1.6× 107
[
106, 3.1× 107

]
Lp (erg/s) 1.85× 1050

[
2.2× 1044, 3.1× 1050

]
κp (s−1sr−1) 1.27× 1049

[
3.1× 1037, 1.3× 1046

]
Table 1. The relevant jet parameters from the lepto-hadronic fit [31] for the blazar TXS 0506+056
(during its 2017 flare) and the sample of blazars [50] (average steady flux) used in our calculations.
Values in square brackets denote the ranges for the sources in [50]. Also listed are the redshift z; the
luminosity distance dL, which we compute from z assuming a standard cosmological model and taking
the value of the Hubble constant today as H0 = 70.2 km s−1 Mpc−1, the matter density parameter
Ωm = 0.315 and the dark energy one ΩΛ = 0.685 [52]; the BH mass in solar mass units M⊙, and the
corresponding Schwarzschild radius RS . The values of z and MBH are taken from [53, 54] for TXS
0506+056 and [50] for the sample of blazars.

lepto-hadronic fit of their steady activity as presented in [50]. The relevant parameters
that we extrapolate from [31, 50] are the minimal and maximal Lorentz boost factors of the
protons γ′minp

, γ′maxp
; the blob Lorentz factor ΓB; the LOS angle of the jet θLOS assumed to

be θLOS = 1/ΓB;4 the proton luminosity Lp, which is related to the normalisation constant
κp via [13]

Lp = κpmpΓ2
B

∫ γ′maxp

γ′minp

dxx1−αp . (2.3)

We summarise in table 1 the relevant jet parameters of TXS 0506+056 and of the sample of
blazars [50], together with the redshift z, the luminosity distance dL ≡ (1 + z) c

∫ z
0 dz

′/H(z′)
(c being the speed of light, H(z) = H0

√
Ωm(1 + z)3 +ΩΛ the Hubble expansion rate, H0

its present value, Ωm the matter density parameter and ΩΛ the dark energy one), the BH
mass MBH and the corresponding Schwarzschild radius RS .

4In [31], the LOS angle was taken to be zero, given the assumed relation ΓB = D/2, where D ≡
[ΓB (1− βB cos θLOS)]−1 is the Doppler factor determined by the fit. Here, we prefer to consider a non-
vanishing angle and use the condition ΓB = D, which implies θLOS = 1/ΓB . Under this assumption, the
proton luminosity given in [31] should be multiplied by a factor of 4 for consistency. However, for the sake of
conservativeness, we refrain from applying this correction.
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2.2 Dark matter around blazars

DM is expected to form dense spikes in the vicinity of supermassive BHs, like those that
power blazars. As demonstrated in [55], the adiabatic growth of BH at the centre of a
spherical DM halo with a power-law density ρhalo

DM (r) = N r−γ reshapes the halo profile into
a steeper distribution

ρspike
DM (r) = NR−γ

sp

(
Rsp
r

)α(γ)
, with α(γ) = 9− 2γ

4− γ
, (2.4)

where N is a normalisation constant, r the radial distance from the central BH and Rsp
the radial extension of the spike. The latter is given as a function of γ, the BH mass and
the normalisation constant by [55]

Rsp ≃ ϵ(γ)
(
MBH

N

)1/(3−γ)
, (2.5)

where ϵ(γ) ≈ 0.1 for 0.5 ≤ γ ≤ 1.5 [56]. For the blazars under consideration, we model
the total DM profile ρDM(r) as

ρDM(r) = NR−γ
sp


0 r ≤ 2RS ;
g(r)(Rsp/r)α(γ) 2RS ≤ r < Rsp ;
(Rsp/r)γ r ≥ Rsp ;

(2.6)

where g(r) = (1 − 2RS/r)3/2 accounts for the inevitable capture of DM onto the BH
after including relativistic effects [57]. In the analysis that follows, we fix γ = 1 for the
initial DM profile, inspired by a Navarro-Frenk-White (NFW) distribution [58, 59], so that
α(γ = 1) = 7/3.

Due to the blazar jet emission outshining the dynamics of the host galaxy, information
on the DM distribution around blazars is limited. Consequently, the normalisation of the
DM profile remains somewhat arbitrary. Following the same procedure as in [11], we fix
Rsp = R⋆, R⋆ ≈ 106RS being the typical radius of influence of a BH on stars [60]. This
normalisation, for γ = 1, results in

N ≃ 10−6M⊙/R
2
S

(
MBH

108M⊙

)
. (2.7)

As can be easily checked, the total DM mass contained within Rsp is M spike
DM ≃ 18.5%MBH.

This means that our normalisation does not interfere with typical BH mass estimates, which
are performed within the sphere of BH influence [61, 62], at least up to corrections of order
O(10%) (the uncertainty in the BH mass estimate in these objects is in any case much larger).
Furthermore, our normalisation is more conservative than that adopted in similar studies
on DM around AGN [6, 13, 14, 51, 63–70]. Observational evidence of DM spikes around
SMBHs has been tentatively reported recently, from friction in a binary system [71] and
from reverberation mapping of AGNs [72].

All the information on the DM distribution that is relevant to our calculation ultimately
reduces to the following parameter [6, 13] (see also [51]):

ΣDM(r) ≡
∫ r

Rmin
ρDM(r′)dr′, (2.8)
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where Rmin is the minimal radial extension of the blazar jet. The above integral is quickly
saturated by the spike contribution, which reads

Σspike
DM ≡ ΣDM(Rsp) ≃

ϵ(γ)3−γ
α(γ)− 1

MBH

R2
min

(
Rmin

Rsp

)3−α(γ)

, (2.9)

where we have used the DM profile in eq. (2.6) without fixing γ, after inverting the relation
in eq. (2.4) to get N , and integrated eq. (2.8) up to Rsp. For γ = 1 and Rsp = 106RS ,
the above relation gives

Σspike
DM ≃ 3×10−7 MBH

R2
S

( 2RS
Rmin

)4/3
≃ 1.28×1031GeVcm−2

(
3×108M⊙
MBH

)( 2RS
Rmin

)4/3
.

(2.10)
Various effects can alter the formation and evolution of the DM spike. For instance, DM

annihilations over the BH lifetime tBH [55] flatten the DM profile at inner radii reducing
the slope of the spike to ≤ 0.5 for r < rann [73], rann being defined by the condition
ρDM(rann) = ρcore ≡ mχ/(⟨σannvrel⟩tBH), which gives

rann = Rsp

[
MBHϵ(γ)3−γ
R3

spρcore

]1/α(γ)
for 2RS ≤ rann ≤ Rsp, (2.11)

and ⟨σannvrel⟩ is the DM averaged annihilation cross section times relative velocity. The
DM profile including the effects of DM annihilation can be approximated as ρ̃DM(r) ≡
ρDM(r)ρcore/(ρDM(r) + ρcore) [55]. Other effects can influence the DM spike, such as merging
of galaxies [74, 75] and the gravitational interaction of stars close to the BH [76, 77]. Sizeable
uncertainties also reside in Rmin, the minimal radius of the jet, and they have a substantial
impact on ΣDM. Therefore, to effectively account for all these astrophysical effects on the
DM spike, instead of considering different scenarios of softenings or depletions, we find it
more practical to adopt the density profile in eq. (2.6) and consider different benchmark
cases (BMCs) for Rmin. In particular, as in [11], we choose Rmin = 102RS (BMCI) and
Rmin = 104RS (BMCII), based on results from blazar studies indicating where the jet is
likely well-accelerated [50] (see also [78]).

For the adopted density profile, MBH = 3 × 108M⊙ and γ = 1, we find

Σspike
DM ≃ 6.9× 1028 GeV cm−2 for BMCI

1.5× 1026 GeV cm−2 for BMCII (2.12)

We note that taking ⟨σannvrel⟩ such that rann ≤ Rmin, and calculating the DM column density
for ρ̃DM(r), would practically lead to values of Σspike

DM between the two BMCs considered.
Imposing rann ≤ Rmin gives

⟨σannvrel⟩≲σBMCI ≡ 3.1×10−31 cm3 s−1 (mχ/GeV)(1010yr/tBH) for BMCI,
⟨σannvrel⟩≲σBMCII ≡ 1.4×10−26 cm3 s−1 (mχ/GeV)(1010yr/tBH) for BMCII. (2.13)

Then, values of ⟨σannvrel⟩ ≲ σBMCI would yield a DM column density consistent with the
BMCs considered. Intermediate values σBMCI ≲ ⟨σannvrel⟩ ≲ σBMCII would correspond to
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Figure 1. The DM density profile ρDM(r) (solid green, left axis) and its column density ΣDM(r) (solid
purple, right axis) for BH mass MBH = 3× 108M⊙. The DM column density is plotted for the two
BMCs: Rmin = 102RS (BMCI, upper curve) and Rmin = 104RS (BMCII, lower curve). We also plot
the DM profile ρ̃DM(r) (green dashed) which includes DM annihilations for the maximal values of
⟨σannvrel⟩ which yield ΣDM consistent with BMCI and BMCII, taking the BH lifetime tBH = 1010 yr
and DM mass mχ = 1GeV.

situations between BMCI and BMCII. Larger values ⟨σannvrel⟩ ≳ σBMCII would lead to DM
column densities smaller than that of our BMCII. However, values of ⟨σannvrel⟩ larger than
about 10−28 cm3/s, for sub-GeV DM, are very hard to realise because of stringent indirect
detection constraints — see, e.g., section 6.13 of [1] for a recent summary. Our BMCII can
then be considered as very conservative with respect to possible DM annihilations. To clarify
this discussion, we depict in figure 1 the DM profile (green curves) adopted in our analysis
(thick solid), as well as the core plus spike profile in case rann = Rmin (thin dashed). In the
same plot, we show the corresponding DM column density for BMCI and BMCII.

3 Dark matter-nucleon interactions

3.1 Toy models

We consider a DM particle consisting, for definiteness, of a Dirac fermion χ with mass mχ.
Modelling the DM-nucleon interactions with a constant cross section would be inconsistent for
our purposes, which involve processes (upscatterings in blazar jets, scatterings on nuclei on
Earth) that happen in a range of energies that spans orders of magnitude. We are not aware of
any particle DM model, within reach of the searches object of this paper, that results in a cross
section with the same value over that range of energies. We therefore model the DM-nucleon
interactions by specifying their mediator. We consider, in particular, vector, scalar, axial and
pseudoscalar mediators. We report the associated Lagrangians for DM-quark interactions
below. They induce non-relativistic DM-nucleon interactions of different kinds, relevant for
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experiments looking for the halo DM components. Our toy-models thus allow to explore the
complementarity of those “standard” DM searches with the ones proposed here. To make
this manifest, we report below also the non-relativistic operator induced by each mediator.

• Scalar mediator: DM-quark interactions are mediated by a scalar ϕ with mass mϕ as

Lχqϕ = gχϕχ̄χϕ+ gqϕq̄qϕ → OχNϕ = 11 , (SI) (3.1)

where q runs over light quarks and OχNϕ is the spin-independent (SI) DM interaction
with nucleons N induced by Lχqϕ.

• Vector mediator: DM-quark interactions are mediated by a vector V with mass mV

as
LχqV = gχV χ̄γ

µχVµ + gqV q̄γ
µqVµ → OχNV = 11 , (SI) (3.2)

where q runs over light quarks and OχNV is the SI DM interaction with nucleons
induced by LχqV .

• Axial mediator: We consider the interaction with an axial mediator V ′ with mass
mV ′ as follows

LχqV ′ = gχV ′χ̄γµγ5χV
′
µ + gqV ′ q̄γµγ5qV

′
µ → OχNV ′ = S⃗χ · S⃗N , (SD) (3.3)

where q runs over light quarks, S⃗χ and S⃗N denote respectively the DM and nucleon spin
vectors, and OχNV ′ is the spin-dependent (SD) DM interaction with nucleons induced
by LχqV ′ .

• Pseudoscalar (ALP) mediator: DM-quark interactions are mediated by a pseu-
doscalar a with mass ma (i.e. an axion-like particle, or ALP) as

Lχqa = igχaχ̄γ5χa+ igqaq̄γ5qa, → OχNa =
(
S⃗χ ·

Q⃗

mN

)(
S⃗N · Q⃗

mN

)
, (SMD)

(3.4)
where q runs over light quarks, OχNa is the spin- and momentum-dependent (SMD)
DM-nucleon interaction induced by Lχqa, and Q⃗ is the 3-momentum transfer.

The DM-quark interactions above do not respect the electroweak (EW) symmetry and so
are valid below its breaking scale. We will briefly comment on possible EW-invariant UV
completions for each of them in section 5.2, together with the constraints that they induce on
the couplings gχY and gqY of eqs. (3.1)–(3.4), where Y is the mediator under consideration.

In order to ease the comparison of our results with the literature, it is convenient to
recast them in terms of the non-relativistic SI (σNSI ) and SD (σNSD) DM-nucleon scattering
cross sections, N = p, n. These are obtained by integrating out the mediator Y from LχqY
and by computing the cross sections in the limit of vanishing momentum transfer and
s → (mχ +mN )2, being s the centre-of-mass energy squared.

For Y = ϕ, V (σNR
Y χN = σNSI ) and Y = V ′ (σNR

Y χN = σNSD), with DM spin sχ = 1/2,
one obtains

σNR
Y χN =

g2χY g
2
NY

π

µ2χN
m4
Y

, Y = ϕ, V, V ′ , (3.5)
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where µχN is the DM-nucleon reduced mass and gNY the DM-nucleon coupling, which we
derive for each model in appendix A and report synthetically here

gpϕ ≃ 8.4 guϕ + 7.6 gdϕ, gnϕ ≃ 7.6 guϕ + 8.5 gdϕ, (3.6)
gpV = 2 guV + gdV , gnV = guV + 2 gdV , (3.7)
gpV ′ ≃ 1.5guV ′ − 0.7gdV ′ , gnV ′ ≃ −0.7guV ′ + 1.5gdV ′ . (3.8)

For Y = a instead, the tree-level SMD contribution to the non-relativistic cross section is
suppressed by the exchanged momentum, as shown by OχNa in eq. (3.4). In this pseudoscalar-
mediated model a spin-independent cross section σNSI is generated at higher orders, by box
diagrams with a’s running in the loop, whose contributions have been computed in [79]. This
one-loop SI cross section dominates over the tree-level SMD one in determining the direct
detection signals of halo DM, which are anyway considerably weaker than those induced
by the other mediators.

The neutrino and BBDM signals object of this work require relativistic DM-quark
interactions. To understand their interplay with the standard searches for non-relativistic
halo DM, it is necessary to perform one extra step down the ladder of effective theories,
and determine the DM scatterings with nuclei induced by the relativistic interactions of
eqs. (3.1)–(3.4). For the SI case, DM couples coherently to all the nucleons inside a given
nucleus, and the DM-nucleus cross section is enhanced as

σASI=A2 µ
2
χA

µ2χN
σSI , where σSI=

µ2χN
πA2

[
Z
gχY gpY
m2
Y

+(A−Z)gχY gnY
m2
Y

]2
, Y =ϕ,V , (3.9)

being Z(A) the atomic (mass) number of the target nucleus. For the pseudoscalar mediator a,
σASI is given by the same expression of eq. (3.9), where instead σSI is given by a loop-suppressed
contribution [79]. Finally, the SD scattering is not coherently enhanced,

σASD = S(0)
µ2χA
µ2χN

σSD , where σSD =
g2χV ′g2NV ′

π

µ2χN
m4
V ′
, (3.10)

i.e. σSD = σNR
Y χN of eq. (3.5) for the axial mediator Y = V ′, and where S(0) is a combination

of nuclear response functions in the limit of vanishing momentum transfer, which is not
A2-enhanced and depends on the magnitude of the spin of the nucleus and on the spatial
distribution of the individual nucleons — expressions for it can be found, e.g., in [1].

3.2 Elastic scattering

We now move beyond the fully non-relativistic limit and present cross sections that include
the dependence on Q2 ̸= 0. For sufficiently small momentum transfer, the collision of a
proton p and a DM particle can be regarded as elastic. We define the 4-momentum of the
incoming proton in the DM rest frame as pp = (Ep, p⃗p) while for the DM particle pχ = (mχ, 0⃗).
Concerning the final states, we denote the 4-momenta of the scattered DM particle and the
outgoing proton, respectively, as kp = (Ep, k⃗p) and kχ = (E′

χ, k⃗χ). The Feynman diagram
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for the process is sketched below using the package TikZ-Feynman [80]
χ

Y

χ

p p

where Y = ϕ, a, V, V ′ denotes either the scalar, pseudoscalar, vector or axial mediator. For
the 2 → 2 elastic scattering under consideration, the differential cross section can be computed
as dσEL

Y χp/dµ
∗
s = |MY χp|2/(32πs), with −1 ≤ µ∗s ≤ 1 being the cosine of the scattering angle

of emission in the center-of-mass rest frame, s = (pχ + pp)2 and |MY χp|2 the squared matrix
element averaged over the initial spins and summed over the final spins. The momentum
transfer squared in the rest frame of χ reads Q2 = −(pχ−kχ)2 = 2mχTχ, with Tχ ≡ Eχ−mχ

the kinetic energy of the outgoing χ. The latter is given as a function of µ∗s by

Tχ(µ∗s) = Tmax
χ (Tp)

1 + µ∗s
2 with Tmax

χ (Tp) =
2mχTp (Tp + 2mp)

2mχTp + (mp +mχ)2
, (3.11)

where Tp = Ep − mp is the kinetic energy of the incoming proton. Consider now the
following “trick”:
dσEL

Y χp

dTχ
=
∫
dµs

dσEL
Y χp

dTχdµs
=
∫
dµs

dσEL
Y χp

dµs
δ(Tχ − Tχ(µ∗s)) = 2

∫
dµs

dσEL
Y χp

dµ∗s

δ(µs − µEL
s (Tp, Tχ))

Tmax
χ (Tp)

,

(3.12)
with

µEL
s (Tp, Tχ) ≡

(Tp +mp +mχ)Tχ√
(T 2
p + 2mpTp)(T 2

χ + 2mχTχ)
. (3.13)

From the relation in eq. (3.12) we obtain
dσEL

Y χp

dTχdµs
= |MY χp|2

16πs
δ(µs − µEL

s (Tp, Tχ))
Tmax
χ (Tp)

. (3.14)

By computing the averaged Feynman amplitude squared |MY χp|2 we obtain the following
differential elastic cross sections for Y = ϕ, a, V, V ′:
dσEL

ϕχp

dTχdµs
=
σNR

ϕχp

s

m4
ϕ

16µ2
χp

(4m2
χ+Q2)(4m2

p+Q2)
(m2

ϕ+Q2)2 G2
S(Q2)δ(µs−µEL

s (Tp,Tχ))
Tmax

χ (Tp)
, (3.15)

dσEL
aχp

dTχdµs
=
g2

χag
2
pa

16πs
(Q2)2

(m2
a+Q2)2 Ĝ

2
5,p(Q2)δ(µs−µEL

s (Tp,Tχ))
Tmax

χ (Tp)
, (3.16)

dσEL
V χp

dTχdµs
=
σNR

V χp

s

m4
p

4µ2
χp

[
AV,p(Q2)+(s−u)2

m4
p

CV,p(Q2)+
m2

χ

m2
p

DV,p(Q2)
]

δ(µs−µEL
s (Tp,Tχ))

Tmax
χ (Tp)(1+Q2/m2

V )2 ,

(3.17)

dσEL
V ′χp

dTχdµs
=
σNR

V ′χp

s

m4
p

4µ2
χp

[
AV ′,p(Q2)+(s−u)2

m4
p

CV ′,p(Q2)+
m2

χ

m2
p

DV ′,p(Q2)
]

δ(µs−µEL
s (Tp,Tχ))

Tmax
χ (Tp)(1+Q2/m2

V ′)2 ,

(3.18)
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where the functions GS , Ĝ5, p, A
V, p, CV, p, DV, p, AV ′, p, CV ′, p and DV ′, p are nuclear form

factors for the proton, which at Q2 = 0 take the values GS = 1, Ĝ5, p = 1, AV, p = DV, p =
AV

′, p = 0, CV, p = CV
′, p = 1/4, DV ′, p = 8. Details on the derivation and on the expressions

of the form factors are given in appendix A.

3.3 Inelastic scattering

When the momentum transfer becomes O(GeV2), the contribution of the deep inelastic
scattering (DIS) starts to be relevant. The process is represented diagrammatically below [80]

χ

Y

χ

q , q̄

q , q̄

X
p

where Y denotes the mediator, p the initial proton, q (q̄) the (anti)quark participating
the scattering, and X the outgoing hadronic state. We fix the momenta of the initial
DM and proton respectively as pχ = (Eχ, p⃗χ) and pp = (Ep, p⃗p), with kχ = (E′

χ, k⃗χ) and
kq = (E′

q, k⃗q) that of the outgoing DM and scattered quark momenta. Then, the squared
center-of-mass energy and momentum transfer are given in terms of the momenta, respectively,
by s = (pp + pχ)2 and Q2 = (pχ − kχ)2. The differential DIS cross section for DM-proton
scattering can be expressed as (see appendix B for details):

dσDIS
Y χp

dxdy
= y

16π
Q2∑

κ=q ,q̄ f
p
κ(x, Q2)|Mquark

Y χ |2

(Q2)2 − 4m2
pm

2
χx

2y2
, (3.19)

being fpq(q̄) the parton distribution functions (PDFs) for the (anti)quark in the proton, Mquark
Y χ

is the spin-averaged Feynman amplitude at the quark level, y ≡ pp · q/(pp · pχ) the inelasticity
parameter and x ≡ Q2/(2pp · q) = Q2/[(s−m2

p −m2
χ) y] the Bjorken scaling variable. After

expanding the matrix element for the various toy models considered, we obtain the following
final expressions for the DIS differential cross section:

dσDIS
ϕχp

dxdy
=

σNR
ϕχp

16µ2χpg2pϕ

(Q2)2(Q2+4m2
χ)y

∑
κ=q,q̄g

2
κϕf

p
κ(x,Q2)

[(Q2)2−4m2
Nm

2
χx

2y2](1+Q2/m2
ϕ)2

, (3.20)

dσDIS
aχp

dxdy
=

g2χa
16πm4

a

(Q2)3y∑κ=q,q̄g
2
κaf

p
κ(x,Q2)

[(Q2)2−4m2
Nm

2
χx

2y2](1+Q2/m2
a)2

, (3.21)

dσDIS
V χp

dxdy
=

σNR
V χp

8µ2χpg2pV
(Q2)3y∑κ=q,q̄g

2
κV f

p
κ(x,Q2)

[(Q2)2−4m2
Nm

2
χx

2y2](1+Q2/m2
V )2

(
1+ 2

y2
− 2
y
−
2m2

px
2

Q2

)
. (3.22)

The DIS cross section in the case of an axial mediator, σDIS
V ′ , coincide with σDIS

V provided
that the formal substitutions gχV → gχV ′ , gpV → gpV ′ , σNR

V χp → σNR
V ′χp, gκV → gκV ′ , κ = q, q̄,

and mV → mV ′ are made. To align the notation with the elastic case, we perform the change
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of variables (x, y) → (Tχ, µs), which yields

dσDIS
Y χp

dTχdµs
=

√
(T 2
p + 2mpTp)(T 2

χ + 2mχTχ)√
(T 2
p + 2mpTp)(T 2

χ + 2mχTχ)µs − Tχ(Tp +mp)
1

Tp +mp

dσDIS
Y χp

dxdy
, (3.23)

where the DIS quantities can be written in terms of the new variables as

x = Tχmχ√
(T 2
p + 2mpTp)(T 2

χ + 2mχTχ)µs − Tχ(Tp +mp)
, (3.24)

y =

√
(T 2
p + 2mpTp)(T 2

χ + 2mχTχ)
mχ(Tp +mp)

µs −
Tχ
mχ

. (3.25)

4 Blazar-boosted dark matter fluxes and their signals

4.1 Boosted-dark matter flux from blazars

The same DM-hadron inelastic collisions that disintegrate protons in blazar jets, as well
as the elastic ones at smaller momentum transfer, can boost DM particles in the vicinity
of a blazar towards the Earth. For a single blazar, we estimate the BBDM flux exiting
its jet and going in our direction as

dΦχ
dTχ

= Σspike
DM

2πmχd2L

∫ 2π

0
dϕs

∫ γupper
p

γkin
p (Tχ)

dγp

∫
dµs

dΓp
dγpdΩ

dσEL+DIS
Y χp

dTχdµs
, (4.1)

where the differential cross section includes both the elastic and inelastic contributions, while
µs is the cosine of the DM-proton scattering angle in the frame where DM is at rest. The
proton spectrum is expressed in terms of µ, which is related to µs and ϕs by a rotation
of an angle θLOS [6]

µ(µs, ϕs) = µs cos θLOS + sinϕs sin θLOS

√
1− µ2s . (4.2)

In the elastic case, µs is fixed by kinematics to be µs = µEL
s (Tp, Tχ), as defined in eq. (3.13).

In the inelastic case, the integration over µs is non-trivial and has to be performed in the
range µEL

s (Tp, Tχ) ≤ µs ≤ 1, where the lower extremum represents the elastic scattering
limit of the DIS (x = 1).5

The DM flux shows mild dependence on the upper extreme of integration over γp, which
we set to γupper

p = 1 + 108 GeV/mp for all the considered blazars. The lower extremum is
a function of the DM kinetic energy Tχ, reading

γkin
p (Tχ) =

1
2mp

[
(Tχ − 2mp) +

√
(Tχ + 2mp)2 + (mp −mχ)2

2Tχ
mχ

]
+ 1. (4.3)

5A similar calculation of the BBDM flux from TXS 0506+056 for the vector mediator case, also including
inelastic scatterings, has been carried out in [70]. In [70], however, the integration over µs has been performed
only for the cross section, while the proton spectrum was calculated at a fixed angle. This approach results
in an approximation that, when mχ ≳ O(100)MeV, is too conservative for the BBDM flux at the relevant
energies, which comes out considerably smaller than that obtained by us using eq. (4.1).
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We also define T kin
p (Tχ) ≡ mp[γkin

p (Tχ) − 1] ≥ Tχ, and note that the equality only holds
if mχ = mp.

The expression of the differential BBDM flux in eq. (4.1) is written in terms of the DM
kinetic energy Tχ at the source. However, the DM momentum at Earth |p⃗ (0)

χ | is related to
that at the source |p⃗χ| by |p⃗ (0)

χ | = |p⃗χ|/(1+z) — we remind that z is the redshift of the source
— and the DM kinetic energy at Earth T (0)

χ can be expressed in terms of Tχ at production as

T (0)
χ = mχ

[√
Tχ(Tχ + 2mχ)
(1 + z)2m2

χ

+ 1− 1
]
. (4.4)

Therefore, upon inverting eq. (4.4), the BBDM flux at Earth is given by

dΦχ
dT (0)

χ
= dTχ

dT (0)
χ

dΦχ
dTχ

∣∣∣∣∣
Tχ=Tχ(T (0)

χ )

, (4.5)

where
dTχ

dT (0)
χ

= (1 + z)
T (0)
χ +mχ√

T (0)
χ (T (0)

χ + 2mχ)
. (4.6)

To ensure that DM particles are not boosted before the formation of the blazar, leading
to an inconsistency, the DM travel time from the source to Earth (tDM) must not exceed the
estimated age of the central BH. That is, tDM ≤ tBH, where tDM is given by

tDM =
∫ z

0

dz′

(1 + z′)H(z′)

√
1 +

( 1 + z

1 + z′

)2 m2
χ

Tχ(Tχ + 2mχ)
. (4.7)

We further note that, since DM travels slower than light, it arrives at Earth with a delay
with respect to the photons emitted at the same time. In particular, a BBDM-induced signal
would lag behind any γ-ray and/or neutrino flaring activity. We show in figure 2 the time
delay ∆t = tDM − tlight of the BBDM flux at Earth with respect to the photons emitted by the
same source for TXS 0506+056 and for the sample of blazars in [50] as a function of Tχ/mχ,
where tlight(z) =

∫ z
0 dz

′/[(1+ z′)H(z′)]. For TXS 0506+056, we require that tDM ≤ tBH = 1010
yr, which yields Tχ/mχ ≥ 0.104 using H0 = 70.2 km s−1 Mpc−1, ΩΛ = 0.685, Ωm = 0.315 [52].
In what follows, we artificially set the BBDM flux to zero when this condition is not satisfied.
In figure 2, the black solid curve corresponds to TXS 0506+056, the vertical dashed line to
the cut on Tχ/mχ, while the horizontal line corresponds to tDM(zTXS = 0.337) = tBH. For all
the sources in the sample, corresponding to the gray area in the plot, we impose instead a
cut on Tχ/mχ by requiring that tDM(z) ≤ tUniverse = 1.38× 1010 yr. The cut on the sample
applies to the darker gray region of the figure. One can observe that ∆t can exceed by many
orders of magnitude the typical duration of the flaring activity, which is O(yr). Therefore, as
our BBDM estimates for TXS 0506+056 are based on the prominent six-month flare observed
in 2017, they should be considered optimistic, as they implicitly assume that similar flaring
activity has persisted throughout the blazar’s past emission history. Our results on the sample
of blazars are instead based on steady activities, and are thus more solid in this regard.

We show in figure 3 the redshifted BBDM fluxes from TXS 0506+056 at Earth for our
DM models, where we set the mediator masses to mY = 500MeV and 5GeV, the couplings
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Figure 2. Time delay of the BBDM flux at Earth with respect to the photons emitted by TXS
0506+056 (black solid) and the blazar sample (gray area) as a function of Tχ/mχ. Also shown in
dashed is the cut Tχ/mχ ≥ 0.104 (vertical line) and the relative ∆t = tDM − tlight (horizontal line)
for TXS 0506+056 obtained by imposing tDM ≤ tBH ≃ 1010 yr. In the darker gray region we find
tDM(z) ≥ tUniverse ≃ 1.379× 1010 yr for the considered sample of blazars.

to gχY guY = gχY gdY = 0.1, and choose mχ = 1 MeV, 10 MeV, 100 MeV, 1 GeV as benchmark
values for the DM mass. We separate the contribution of the elastic scatterings only (dashed)
from the total elastic + DIS (solid). The figure highlights the role of the inelastic contributions
as the DM mass approaches the GeV scale. Indeed, DIS requires mχTχ ≳ O(GeV2), and
the scattering imposes Tp ≥ T kin

p (Tχ) ≥ Tχ: the lower the DM mass, the higher the required
proton energy to contribute to the DIS. Due to the power-law spectrum of protons in blazar
jets, the contribution of inelastic scatterings to the flux becomes increasingly suppressed as
the DM mass decreases. Also, the DIS has a milder impact for the pseudoscalar mediator case.
This is because, for a fixed value of the quark couplings to the mediator, the pseudoscalar
scenario enhances the associated coupling to the nucleons, leading to an increased contribution
to the flux from elastic scatterings, see appendix A for details. Analogously, due to a similar
conspiracy of couplings, the elastic contribution in the vector mediator case is larger than in
the axial scenario, while the respective DIS contributions are equivalent. The scalar mediator
case is intermediate between the vector/axial and pseudoscalar scenarios. The mediator
mass mY also controls the relative importance of elastic and inelastic contributions to the
flux. Increasing mY tends to suppress elastic scattering more strongly than DIS, due to the
lower momentum transfer involved. Coming finally to low Tχ’s, the different behaviour of
the DM flux for the various mediators is induced by the different low-Q2 behaviour of the
associated elastic cross sections. This qualitatively explains why the lowest low-energy DM
flux is suppressed in the pseudoscalar mediator case.
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Figure 3. BBDM flux at Earth surface from TXS 0506+056 for mχ = 1MeV (blue), 10MeV
(orange), 100 MeV (green), 1GeV (red). Dashed (solid) curves correspond to the elastic (elastic +
DIS) contribution, for a scalar (first row), pseudoscalar (second row), vector (third row) and axial
(last row) mediator with mass mY = 500MeV (left panels) and 5GeV (right panels). The plots are
obtained for gχY guY = gχY gdY = 0.1 and ΣDM = 6.9 × 1028 GeV cm−2. The thick (thin) lines are
obtained after imposing the cut Tχ/mχ ≥ 0.104 (< 0.104). Note: the range of the vertical axes differ
between left and right panels.
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Figure 4. BBDM flux from 324 blazars for scalar (top), pseudoscalar (second row), vector (third
row), and axial (bottom) mediators. Gray lines show individual blazars; red highlights 3C 371,
which dominates the flux; black is the total excluding 3C 371. Dashed and solid lines represent
elastic and elastic + DIS contributions, respectively. We fix mY = 500MeV (mY = 5GeV) in the
left (right) panels, with mχ = 10MeV, and the overall normalisation with gχY guY = gχY gdY = 0.1
and Σspike

DM as in BMCI. For each blazar we have imposed the cut on Tχ/mχ that results from the
condition tDM ≤ tUniverse ≃ 1.379 × 1010 yr. Note: the range of the vertical axes differ between left
and right panels.
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We show in figure 4 the diffuse BBDM flux originating from the sample of 324 blazars
analysed in [50], choosing the benchmark parameters mχ = 10MeV, couplings gχY guY =
gχY gdY = 0.1, mediator masses mY = 500MeV and 5GeV. Since our BBDM flux at Earth
would be dominated by the blazar 3C 371, the contribution of which is shown in red colour
in the figure 4, we decide not to include it in the cumulative flux, as its uniqueness would
demand a more specific and careful fit than the global one performed in [50] (for the same
reason, we had excluded the same blazar from the computation of the cumulative neutrino
flux in [12]). By comparing these fluxes with the BBDM flux from TXS 0506+056 shown
in figure 3 for mχ = 10MeV, we find that inelastic contributions play a significantly larger
role in the blazar sample. This difference arises due to the minimal proton boost factor
γ′minp

= 102 adopted in [50] for the whole sample. As a result, elastic contributions, being
more suppressed at higher proton energies, are relatively weaker compared to inelastic ones.
The fact that γ′minp

= 102 for the blazar sample also exacerbates the different dependence
on Tχ of the elastic contributions between the spin-0 (scalar and pseudoscalar mediators)
and spin-1 cases (vector and axial mediator).

4.2 The impact of the Earth attenuation

The flux of BBDM will be attenuated from the Earth surface to the location of the detector
due to the scatterings with nuclei in the Earth crust. As a result, a detector can develop a
blind spot to the incoming BBDM flux if the DM-nucleon interaction is sufficiently strong,
causing significant depletion before reaching the detector. Various methods with varying
levels of complexity have been developed to estimate the energy loss of DM as it travels
inside the Earth. The simplest approach consists of approximating the energy loss by its
averaged value and evolve it using a corresponding differential equation under the assumption
of forward scattering, see, e.g., [3, 4, 8, 81]. We give more details on this approach applied to
our toy models in appendix C. More advanced methods employ Monte Carlo simulations to
track the stochastic nature of the scatterings and energy loss in detail, often incorporating
a three-dimensional description of particle propagation (see, e.g., [82]). In this work, we
decide to adopt a simplistic but more conservative treatment by requiring that DM gets
lost after a single scattering in the Earth crust.

To estimate how many scatterings DM undergo in the Earth crust, we assume that the
interactions take place only with protons p and neutrons n at rest. This treatment is valid
as long as Q2 ≳ O(0.04GeV2), whereas below this value the DM particles can probe the
nuclear structure of the target nuclei. Then, we consider only the elastic contribution to the
DM-nucleon scattering, but evaluate all the nucleon form factors in σEL

Y χN at zero momentum
transfer, noting that this approach is more conservative than evaluating the cross section
including the full Q2-dependence of the form factors (see, e.g., [82]) and the DIS contribution.
Also, in our analysis, we consider mN ≡ mp ≃ mn and concentrate on quark couplings to the
mediator such that gqY ≡ guY = gdY , and thus gNY ≡ gpY = gnY . Under these assumptions,
and following the derivation presented in appendix A, the elastic scattering cross sections for
pseudoscalar, vector, and axial toy models are the same for proton and neutron. The same
goes for the scalar mediator case if we neglect small corrections arising from nuclear isospin
symmetry breaking. We thus adopt the approximation σEL

Y χN ≡ σEL
Y χp ≃ σEL

Y χn throughout our
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subsequent analysis. Then, the expressions for dσEL
Y χp/dTp that are needed for our treatment

can be readily obtained from those in eqs. (3.15)–(3.18) by replacing Tmax
χ (Tp) → Tmax

p (T xχ ),
evaluating the form factors at Q2 = 0, performing the trivial integration over µs. These can
then be integrated from 0 to Tmax

p (T xχ ) to get the total cross section. Furthermore, we consider
the average mass density of the Earth crust to be ρp+n ≃ 2.7 g/cm3 [83], and fix the proton
and neutron number densities by assuming an equal ratio, nN ≡ np ≃ nn ≃ ρp+n/(2mN ).

After all these steps, we investigate the quantity ℓ−1 ≡ 2nNσEL
Y χN , which is the mean

path travelled by the DM particle before undergoing a scattering. In particular, we show in
figure 5 the product xℓ−1(T (0)

χ ) versus T (0)
χ , x being the distance travelled by DM in the Earth

crust, which we fix at x = 1 km for the figure. In the plot, the other parameters are fixed
as gχY gqY = 0.1, mY = 500MeV (left panel), 5GeV (right panel), and mχ = 1GeV (solid),
100MeV (dashed), 10MeV (dotted). The different colours correspond to the four considered
toy models for the DM-nucleon interaction, as specified in the figure. It is immediate to rescale
the plots for different values of x and couplings gχY gqY since xℓ−1 ∝ x g2χY g

2
qY . For instance,

the same curves can be obtained for x = 104 km and gχY gqY = 10−3. The dependence on mY

is less straightforward, this being the reason why we show two benchmark cases. We also point
out that, if Q2 < 0.04GeV2 (shaded gray areas in the figure), the dominant contribution to the
Earth attenuation originates from DM scattering with nuclei, hence we are underestimating
the attenuation in this kinematic region. When xℓ−1 ≥ 1, the average number of scattering
over a distance x, Nx

sct, exceeds one. In the figure, the threshold Nx
sct = 1 is marked by a thick

black horizontal line. The Earth attenuation becomes relevant when Nx
sct ≳ few, with the DM

undergoing multiple scatterings and its energy dropping exponentially (see appendix C, and
the left panel of figure 12 there, where we prove this in a more refined approach). According to
the right panel of figure 5, this never happens for mY = 5GeV, and thus, for the parameters of
the figure, the effects of the Earth attenuation can be neglected. For the case mY = 500MeV
the situation is more subtle: the Earth attenuation remains negligible for the axial toy model;
it becomes more important for the vector case for relatively large masses; it affects the
pseudoscalar and scalar mediator cases for all the depicted DM mass benchmarks. We note,
however, that attenuation in this case is significant only for relatively large couplings. A
simple rescaling of gχY gqY to smaller values would largely reduce its impact.

Based on this qualitative description and, a posteriori, on our final results, we note that
Earth attenuation on the kilometer distance affect our conclusions only for relatively large
couplings. In the scalar and vector scenarios, the region where attenuation starts playing
a role is already excluded by other DM searches, while, in the axial case, it matters when
couplings approach, if not exceed, the non-perturbative regime. De facto, attenuation is
crucial to determine an upper limit on DM-nucleon interaction, in a region that is still allowed
by current constraints, only in the pseudoscalar scenario for mχ ≳ 300MeV. Therefore, for
our subsequent analysis, we account for the Earth attenuation on the kilometer distance in
the pseudoscalar scenario only, and we do it as follows. We set the attenuated BBDM flux
to be equal to that at the Earth surface for T (0)

χ as long as Nxdet
sct < 1, i.e. xdetℓ

−1(T (0)
χ ) < 1,

being xdet the depth of a given detector. For the energies such that xdetℓ
−1(T (0)

χ ) ≥ 1, a DM
particle undergoes on average at least one scattering. When such condition is satisfied, we
artificially set the BBDM flux to zero. This method is clearly conservative, as it does not
account for the fact that the BBDM flux at these energies is not necessarily stopped, but
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Figure 5. Distance x travelled by DM in the Earth crust, in units of the mean path ℓ travelled by DM
before it undergoes a scattering with nucleons, as a function of the DM kinetic energy at surface T (0)

χ .
We consider the cases of scalar, pseudoscalar, vector and axial mediators and we choose as benchmark
values x = 1 km, mY = 500MeV (5GeV), mχ = 10MeV, 100 MeV, 1GeV and gχY gqY = 0.1 for the
left (right) panel. Attenuation effects become relevant when Nsct ≥ 1 (thick black line). Inside the gray
shaded areas, one for each value of DM mass, we have Q2 < 0.04GeV2 and the DM scattering with
nuclei, which we have not included in our treatment, is dominant. We stress that the differences among
the various mediator cases, at large T (0)

χ arise as an artifact of our conservative approximation of
considering the elastic scattering cross sections with form factors evaluated at zero momentum transfer.

rather redistributed to lower energies (see appendix C). However, a more accurate analysis
would require substantial computational effort, and we prefer to proceed with our conservative
approach to ensure the numerical evaluation remains tractable. We further highlight that
the differences in xdetℓ

−1 at large T (0)
χ , between the considered mediator cases, arise from

the adopted conservative approximation, where the cross section is computed including only
the elastic contribution and with form factors evaluated at Q2 = 0. Accounting for the DIS
contribution would make the cross sections to have the same behaviour at high energies
(albeit with different normalisation), thereby reducing the apparent differences among the
mediator cases, while suppressing the overall normalisation. We could in principle include
the DIS, but since Earth attenuation effects would mostly affect the results in regions of
the parameter space that are already excluded by other laboratory experiments, we do not
pursue such refinements here.

Finally, we note that the effect of Earth attenuation depends on the path length travelled
by DM particles through the Earth from the surface to the detector, which varies over time
as the position of each source in the sky changes with the Earth’s rotation. When the
blazar goes below the horizon, the distance DM must travel through the Earth increases
significantly, making attenuation rapidly more important. To remain conservative, we set
the BBDM flux to zero whenever the originating blazar goes below the horizon, for each
mediator case,. In practice, this implies multiplying the BBDM flux by an overall factor
fdet that accounts for the fraction of the day during which the source remains above the
horizon, as seen from the detector’s location. We depict in figure 6 the depth in the direction
of TXS 056+056 for the neutrino detectors Super-Kamiokande (SK, or Super-K), Borexino,
JUNO and DUNE. According to the figure, for TXS 0506+056 the fraction of the day for
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Figure 6. Daily variation of the DM path length from TXS 0506+056 to various underground
detectors, measured from the Earth’s surface. The constant x intervals correspond to times where
the source is above the horizon of the detector, hence x ≃ xdet, where xSK = 1 km, xDUNE = 1.5 km,
xJUNO = 0.7 km and xBorexino = 1.4 km. We refrain to show KamLAND and Hyper-Kamiokande as
their associated daily variation of the DM path inside the Earth differ from the one of Super-K only
due to the different depths of the detectors, which we take as xKamLAND = 1 km and xHK = 0.65 km.

which it stays above the horizon for each detector is fdet ≃ 1/2. We compute analogously
fdet for each blazar of the sample in [50].

We summarise our methodology for incorporating the effects of the Earth attenuation
by writing the BBDM flux from a single blazar at a given detector as:

dΦdet
χ

dT (0)
χ

= dΦχ
dT (0)

χ
fdetΘ[1− xdetℓ

−1(T (0)
χ )], (4.8)

where the Heaviside Θ-function ensures that xdetℓ
−1(T (0)

χ ) ≤ 1.

4.3 The recoil spectrum and number of events at neutrino detectors

Once a DM particle reaches a detector, it may transfer part of its kinetic energy to a
target nucleus. In our study, we focus on the signal produced by elastic DM scatterings
at neutrino detectors. Given their typical energy sensitivity, DM dominantly scatters off
individual nucleons of the detector material, thus we consider DM scatterings on N = p, n,
using σEL

Y χN ≡ σEL
Y χp ≃ σEL

Y χn and mN ≡ mp ≃ mn. We denote as TN the nucleon kinetic
energy upon DM scattering. We compute the differential recoil rate dRdet

N /dTN from a single
blazar at a given detector as

dRdet
N

dTN
≃ Ndet

target

∫ +∞

Tmin
χ (TN )

dT (0)
χ

dσEL
Y χN

dTN

dΦdet
χ

dT (0)
χ

, (4.9)

where Ndet
target is the total number of target nuclei in the detector, Tmin

χ the minimal DM
kinetic energy needed to produce a recoil energy TN and the DM flux is evaluated according
to eq. (4.8).
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We can now extract the sensitivities on DM-nucleon interactions by computing the
expected number of BBDM events at the selected detectors. This is given by

Ndet
BBDM = tdet

expN
det
target

∫ Tdet
max

Tdet
min

dTN ϵ
det(TN )

dRdet
N

dTN
< Ndet

events , (4.10)

where tdet
exp denotes the exposure time, [T det

min, T
det
max] the energy range sensitivity, ϵdet the efficiency

and Ndet
events the experimental upper limit on the number of events. We calculate limits using

Super-K, KamLAND and Borexino data and we compute the projected sensitivities at Hyper-
Kamiokande (HK, or Hyper-K), JUNO and DUNE. We discuss here how we extract each
specific limit and future sensitivity, and postpone the comparison with current constraints
and the neutrino predictions of [11, 12] to the next section.

We extract current bounds on DM-proton interaction from Super-K based on the search [9]
performed by the collaboration investigating interactions with protons. The efficiency factor
ϵ(|p⃗p|) is given in [9] in the proton momentum range 1.2 ≤ |p⃗p|/GeV ≤ 2.3, with the
corresponding kinetic energy range 0.58 ≲ Tp/GeV ≲ 1.55. The total exposure time in Super-
K is tSK

exp = 6050.3 days, the number of proton targets (including those in oxygen, as these
should also be relevant when Q2 = 2mNTN > GeV2) in its 22.5 kton fiducial mass of water is
NSK

target = 7.5×1033 and by selecting only the 60 events in [9] where the signal comes from above
the horizon we extract the limit on the BBDM events NSK

events(0.58 < Tp/GeV < 1.55) = 18.
Hyper-K will be a 187-kton fiducial volume detector, NHK

p = 6.2× 1034, and is expected
to start taking data in 2027 [84]. We obtain its projected limits by setting the exposure time
tHK
exp = 10 yr and assuming the same background event rate, energy range and efficiency as

Super-K. This procedure gives us the upper limit NHK
events(0.58 < Tp/GeV < 1.55) = 37.

The DUNE detector will consist of four modules, with a combined fiducial volume of 40
ktons [85]. As DUNE relies on the scintillation light and not on the Cherenkov one, its energy
threshold will be lower than Super-K. We take it as Tp > 40MeV as given by [86]. We set the
upper energy threshold as 10 GeV, although our results are insensitive to the precise choice as
long as it is much larger than ∼ 50MeV. In this energy range, DM dominantly interacts with
individual nucleons and so we take the number of the target particles as NDUNE

target = 2.4× 1034
where we summed over protons and neutrons. We set our bounds by choosing an exposure time
of tDUNE

exp = 5 yr, ϵDUNE = 1 and by adopting the atmospheric neutrino background modelling
of [87], which gives the limit on the signal NDUNE

events (0.04 < Tp/GeV < 10) = 21. The expected
angular resolution of DUNE [87] could in principle allow to better estimate the background
from specific directions, thus improving considerably the sensitivity to boosted DM from
single blazars. Here, we remain conservative by considering the background across the full sky.

KamLAND observed one event in the energy bin [13.5, 20] MeVee [88], where MeVee
stands for MeV electron equivalent. From the detector information and following the ap-
proach performed in [89] (see eq. (11) therein), we infer the equivalent proton recoil energy
22.5 ≲ Tp/MeV ≲ 30.7 and impose our limit on the BBDM signal in this energy bin as
NKamLAND

events (22.5 ≲ Tp/MeV ≲ 30.7) = 3. The exposure time is tKamLAND
exp = 123 days and

the number of proton targets in the detector NKamLAND
target = 3.4 × 1032, including those in

carbon nuclei.
JUNO is a reactor neutrino experiment with a 20 kton liquid scintillator detector

volume [90] expected to be operational within 2025. The JUNO projection [91] estimates
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Experiment Mass Ndet
target(N) tdet

exp [T det
min, T

det
max] Ndet

BBDM ϵdet

(kton) (years) (GeV)
SK 22.5 7.5× 1033(p) 16.56 [0.58, 1.55] 18 [9]
HK 187 6.2× 1034(p) 10 [0.58, 1.55] 37 [9]

DUNE 40 2.4×
1034(p, n)

5 [0.04, 10] 21 1

JUNO 20 6.8× 1033(p) 10 [0.0212, 0.1120] 79 1
KamLAND 1 3.4× 1032(p) 0.337 [0.0225, 0.0307] 3 1
Borexino 0.278 3.2× 1031(p) 1.22 [0.0212, 0.0245] 3 1

Table 2. Specification of the detector parameters that we adopted in our analysis, see eq. (4.10). We
consider the free nucleons N = p, n as targets as specified for each experiment.

the SM background from elastic scatterings on hydrogen and quasi-elastic scatterings on
carbon, in the visible scintillation energy (Evis) range 15 ≲ Evis/MeV ≲ 100, corresponding
to a kinetic proton recoil energy within 21.2 ≲ Tp/MeV ≲ 112, where the relation between
Evis and Tp is given in [91]. We consider for our signal elastic scatterings on all the protons
in the detector, NJUNO

target = 6.8 × 1033. Setting an exposure time tJUNO
exp = 10 yr, ϵJUNO = 1

and adopting the expected background rate from atmospheric neutrinos as [91] yields the
limit on the signal NJUNO

events (21.2 ≲ Tp/MeV ≲ 112) = 79.
We finally compute limits from Borexino [92]. We use the number of proton targets

NBorexino
target = 3.2 × 1031, with an exposure time tBorexino

exp = 446.1 days and then impose our
signal NBorexino

events < 3 in the energy range 21.2 ≲ Tp/MeV ≲ 24.5. This limit follows from the
absence of events in the interval [12.5, 15]MeVee, using the same procedure as for KamLAND
to convert MeVee into Tp.6

We summarise the relevant parameters adopted in our analysis for each detector in
table 2. In addition, to facilitate a direct comparison of the recoil spectrum with the energy
range within which each specific detectors operate, we show in figure 7 the proton recoil
spectrum for both the individual source TXS 0506+056 and the sample of blazars (excluding
3C 371). Note that the plots in the figure are obtained neglecting attenuation, as this would
depend on the specific detector’s depth and position.

In the computation of the recoil rate we have neglected the effects of the DIS. It has
been shown in [93] for IceCube with a scalar or vector mediator, and in [94] for DUNE with a
vector or axial mediator, that DIS at detection leads to a (relatively mild for DUNE) increase
in the detector sensitivity to galactic cosmic ray-upscattered DM. The DIS contribution at
detection could also increase the sensitivity to BBDM fluxes in the scenarios considered by
us, especially at mχ ∼ GeV, but a proper evaluation would deserve a dedicated study, which
we postpone to future work. Still considering IceCube, leveraging its low-energy capabilities
could also provide sensitivities to BBDM fluxes, as it does for cosmic ray-upscattered DM [95].

6In [70], limits on BBDM from TXS 0506+056 for the vector mediator case have been computed for
Borexino and LUX-ZEPELIN experiments. The analysis performed for Borexino, however, differs from our in
terms of energy range and number of events.
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Figure 7. The proton recoil spectrum from BBDM from TXS 0506+056 (first and second rows) and the
blazar sample excluding 3C 371 (third and fourth rows), for mχ = 10MeV (orange), 1GeV (red), before
attenuation. The first and third rows are for spin-0 mediators, while the second and fourth rows for
spin-1 mediators, with mY = 500MeV (left panels) and 5GeV (right panels), gχY guY = gχY gdY = 0.1,
ΣDM as in BMC I and Ntarget = 7.5× 1033. The arrows mark the energy range within which Super-K,
Hyper-K, DUNE and JUNO operate (not shown those for KamLAND and Borexino, similar to that
of JUNO). Note: the range of the vertical axes differ between left and right panels.
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5 Searches for sub-GeV dark matter test blazar-dark matter signals

In this section, we project the limits and sensitivities to BBDM computed earlier in the
σNR
Y χp −mχ plane for the scalar, vector and axial mediator cases (gχY gqY −mχ plane for the

pseudoscalar mediator case), and compare them against current constraints from various
DM searches, as well as to the neutrino prediction via the same DM-proton scatterings in
blazar jets estimated in [11, 12].

We show our results in figures 8 and 9 for TXS 0506+056 and the blazar sample [50],
respectively, focusing on two benchmark values of the mediator mass mY = 500MeV and
5GeV. For these plots, to keep the discussion minimal, we have fixed Rmin = 102RS as in
BMCI for the DM spike. However, we recall that the BBDM and neutrino signals have
distinct dependences on the DM column density. Since the former scales quadratically with
the cross section, involving both DM upscattering at the source and elastic scattering at
detection, and the neutrino signal depends linearly on the cross section, as detection proceeds
via SM interactions, the corresponding bounds scale with the LOS integral as Σ−1/2

DM for
BBDM and as Σ−1

DM for the neutrino signal. Knowing such scaling, the computed limits
and sensitivities to BBDM, and to the blazar neutrinos from DM-proton interaction, can
be straightforwardly rescaled for different values of ΣDM. We show the results for BMCII
(Rmin = 104RS) in appendix D.

In the remainder of this section, we provide a detailed discussion of the model-dependent
and model-independent constraints relevant to our DM benchmark scenarios, and the compar-
ison with the predicted neutrino emission from the same DM-proton interactions in blazars.
We also discuss how the same DM-proton interactions responsible for the signals discussed in
this work can deplete the DM spike and potentially compromise our final results for TXS
0506+056 (but not for the blazar sample). In addition, we complement this section with
appendix E, where we estimate to what extent 4χ→ 2χ annihilations and 2χ→ 2χ scattering
processes can also alter the DM spike.

5.1 Model-independent constraints

The effect of a new particle species ψ with thermal abundance and energy density ρψ is to
increase the Hubble parameter H at a given epoch as H2 ∝ ρtot. Assuming that ψ does not
have a large chemical potential, ρψ is controlled only by its mass mψ and temperature T. As in
our benchmark points we assume for the mediators mY ∼ O(1)GeV, for the range of couplings
that we probe, Y decays well before Big Bang nucleosynthesis (BBN), thus not altering its
predictions. However, the presence of thermal DM affects the number of effective relativistic
neutrino species, Neff, and hence the values of helium and deuterium primordial abundances
produced at BBN, requiring mχ ≥ O(10)MeV. This limit can be relaxed to mχ ≥ O(1)MeV
by switching on a coupling of the mediators to neutrinos, with a specific size. Otherwise, if
the dark sector thermalizes with the SM after neutrino-photon decoupling, then the BBN
limit can be evaded [96] while large DM-nucleon cross sections can be maintained [97].

Constraints from telescope searches of DM annihilation products, including those coming
from cosmic microwave background observations, are more dependent on the cosmological
DM history. For example, they (almost [98–100]) disappear in the case of asymmetric DM,
where instead our mechanism works the same, both in explaining IceCube’s neutrinos and in
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Figure 8. TXS 0506+056. Limits and sensitivities from TXS 0506+056 in the plane of σNR
Y χp against

mχ for a scalar (top), vector (third row), and axial (bottom) mediator. For the pseudoscalar case
(second row), the limits are shown in the gχagqa — mχ plane. We set mY = 500MeV (left panels)
and mY = 5GeV (right panels) for the mass of the mediator and BMCI for the DM LOS integral.
Blue shaded areas denote the limits set by SK. Future sensitivities are shown in dashed red (HK),
orange (DUNE) and green (JUNO). The 2017 neutrino detected from TXS 0506+056 is explained by
the same DM interactions along the black lines [12]. The black dot-dashed line (gχY gqY = 1) marks
the non-perturbative regime. The shaded grey areas are excluded by direct detection and various
model-dependent searches, while the vertical dashed gray line marks the Big Bang nucleosynthesis
limit, evadable if the dark sector thermalises with the SM below photon-neutrino decoupling. See
section 5.2 for extensive details on these constraints.
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Figure 9. Blazar sample. Same as in figure 8 but for the sample of blazars taken from [50] (excluding
3C 371). Along the black continuous lines, the diffuse neutrino flux detected by IceCube [114]
is explained by DM-p DIS around blazars. See the description of figure 8 and the main text for
more details.
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BBDM. Therefore, we do not display any indirect detection limit in figures 8 and 9, keeping
in mind that possible signals of sub-GeV DM at telescopes could test our mechanism in some
of its specific realisations. Analogously, the DM abundance can be achieved orthogonally to
the DM parameters on which our signals rely (e.g. from an asymmetry), hence we refrain
from showing such lines, or exclusions by overclosure, on our plots.

The parameter space is constrained also by conventional direct detection (DD) ex-
periments. For the spin-independent DM-nucleon interaction cross section (vector, scalar,
and pseudoscalar induced at one-loop, see section 3.1), we combine the constraints from
TESSERACT [101], SuperCDMS [102], SENSEI [103], CRESST-III [104], DarkSide-50 [105],
LUX-ZEPELIN (LZ) [106], XENONnT [107, 108], and we show the resulting DD bounds in
figures 8 and 9. For spin-dependent interactions (axial mediator), we combine bounds from
Borexino [3], delayed coincidence searches in near-surface detector [109] and NEWS-G [110].
We do not include in our plots bounds based on the Migdal effect in liquid Xenon induced
by DM (e.g. [111, 112]), because the theory prediction of this effect in liquid Xenon is in
conflict with SM experiments [113] and thus requires further study.7

5.2 Model-dependent constraints

While BBN and DD constraints are largely model-independent, laboratory bounds crucially
depend on the nature of the DM interactions with SM particles. We summarise below the
most relevant limits for each of the mediator cases studied in this work.8

• Scalar mediator

Scalar mediators can be constrained by both meson decays and collider searches. Rare
kaon decays [115] impose strong bounds on decays to invisible final states, including DM.
We report as solid grey line in our figures 8 and 9 the bound for gtϕ = 0, corresponding
to the gluon coupled case in figure 2 of [116]; we do not shade it as it can be evaded
by a specific combination of guϕ and gdϕ [117]. DM pairs can be produced at colliders
together with SM radiation via processes like qq̄ → g ϕ→ g χχ̄. Based on the recasting
performed in [8], we show constraints from monojet plus missing energy searches at
LHC [118]. These are stronger than the ATLAS [119] and CMS [120] limits, which
moreover rely on the mediator coupling to top quarks.
Stringent constraints also arise from searches for cosmic ray accelerated DM (CRDM) [3,
4]. CRDM limits imposed by SK and KamLAND searches in the same scalar scenario
considered by us has been computed in [8] for mϕ = 1GeV and 3GeV (which we
consider in place of mϕ = 500MeV and 5GeV, respectively), and these are stronger
than the constraints from monojet searches at colliders when mϕ = 500MeV.

7A number of neutron-induced Migdal events in liquid Xenon compatible with zero was reported in [113],
whereas the theory prediction is one order of magnitude larger than the experimental uncertainty.

8DM-proton interactions could also induce AGN cooling, as studied for a scalar mediator in [66] and for a
vector one in [68, 69]. The benchmark choices for the DM spike considered in those references, however, are
more aggressive than ours. This makes them challenging to reconcile with the cross sections tested by AGN
cooling if one takes into account the spike-softening induced by DM self-interactions, see appendix E. This is
unavoidable even for asymmetric DM, but could be avoided for large enough inelasticities as those considered
in [68]. This limitation is on top of the inherent degeneracy between astrophysical uncertainties and DM-p
interactions in inducing AGN cooling.
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The most stringent limits when mϕ = 500MeV, however, come from DM searches from
proton beam dumps in MiniBooNE [121]. We employ the recast of those limits, to the
case of a scalar mediator decaying invisibly, as performed in [122].

• Pseudoscalar mediator

Processes such as π0 → 2χ, η → 2χ, and η′ → 2χ constrain this scenario through the
mixing between the pseudoscalar mediator and light mesons. Bounds are derived from
the upper limits on the invisible decay width of these states [52]. As shown in [8],
introducing a coupling gsa between the strange quark and the pseudoscalar mediator can
relax the constraints. However, we conservatively shade the excluded regions assuming
gsa = 0 and gua = gda. Bounds from monojet searches at the LHC apply similarly
to the scalar case. We also consider CRDM limits from SK and KamLAND for this
scenario, recasting them from [8].

• Vector and axial mediators

Limits from monojet searches at TeVatron and the early LHC, as recasted [123], read
gq ≤ 0.02 and are independent of the mediator mass, as long as it is significantly lighter
than the cuts used in those searches, which is true for all mY benchmarks that we use.
These limits are stronger than monojet CMS ones on light spin-1 mediators [120].

It would be interesting to quantify the impact of the MiniBooNE limits of [124] on the
vector mediator case for mV = 500MeV, but their recast goes beyond the purposes of
this study.

Among the limits discussed so far, the only ones that do not scale with powers of gχY gqY
are those coming from monojet searches for mY > 2mχ, which are proportional to gqY only. In
drawing them in figures 8 and 9 we then need to make an assumption for one of the couplings,
and we choose gχY = 1. Had we chosen smaller values of gχY , our limits would have been
unchanged but this would have implied larger values of gqY to yield the same cross section.
Monojet limits on our scenario (i.e. on gχY gqY ) would have then become relatively stronger,
by the same factor that rescaled gχY . In particular, in the case gχY ≃ gqY , the monojet
limits on the couplings gχY gqY become stronger by a factor (gχY gqY )1/2lim ≃ (gqY )lim, where
(gχY gqY )lim is the monojet limit that can be directly read-off the plots. On the σNR

Y χp −mχ

plane the limit is instead rescaled by a factor (gχY gqY )lim ≃ (g2qY )lim, since σNR
Y χp ∝ (gχY gqY )2.

Compared to our gχY = 1 benchmark, the choice gχY ≃ gqY would then restrict the parameter
space where blazar signals (either neutrinos produced by DM-p scatterings or BBDM) are
the dominant probe of DM, but would not change the qualitative message of our study.

While we have assumed the mediators to couple to u and d quarks only, let us briefly
comment that new strong limits would arise if they also coupled to heavier quarks. A coupling
to top quarks would for example induce, at one loop, sizeable decays of B mesons into lighter
mesons plus DM, see e.g. [125]. Couplings to the charm or bottom quarks would induce
invisible (plus possibly other particles, depending on the mediator) decays of the QCD vector
resonances J/ψ or Υ. Searches for their invisible decays at BES and BABAR would translate
into limits on those couplings, see e.g. [126] for light scalars and [127] for light vectors.
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We finally comment on possible EW-invariant realization of our toy-models of eqs. (3.1),
(3.2), (3.3) and (3.4) and on their implications for the DM couplings. While the couplings
gχY do not involve SM fields and therefore pose no problems in this respect, those to quarks
gqY require some specification. They can for instance be obtained via mixing of SM fermions
with vector-like heavy quarks, see e.g. [8] for scalar and pseudoscalar mediators and [128]
for vector and axial vector ones. Such UV-completions also allow to obtain the hierarchy
gχY /gqY ≫ 1, that we assumed for monojet limits in figures 8 and 9.9 However, it can be
challenging to obtain gχY /gqY ≫ 1 in other UV completions, see [129].

5.3 Limits and sensitivities on blazar-boosted dark matter at neutrino detectors

In general, we find that the most constraining limits from the BBDM signals are currently
set by Super-K (we do not show in the plots the limits from KamLAND and Borexino as the
ones from SK are more stringent across all the scenarios considered in this work) and are
expected to be tightened in the near future by Hyper-K, JUNO, and DUNE: the former due
to its larger volume and the latter thanks to their lower energy thresholds, which encompass
the peak of the proton recoil spectrum (see figure 7).

For mY = 500MeV, we find that BBDM can probe regions of the parameter space that
are currently allowed by existing experiments, for all the four DM-quark interactions that
we studied. On the other hand, increasing the mediator mass to mY = 5GeV leads to a
degradation of the BBDM sensitivity, as collider constraints are only weakly dependent on the
value of mY , while our BBDM signal gets suppressed. We find indeed that for mY = 5GeV
BBDM limits are no longer competitive with existing constraints, even in the optimistic
BMCI scenario, as shown in figures 8 and 9.

It is interesting to compare the projected sensitivities of detectors across different
interactions and DM masses. In particular, we obtain that JUNO performs relatively worse
than the other detectors in the pseudoscalar case for each of the considered benchmark
mediator masses, and in all the cases for mY = 5GeV. The loss of sensitivity of JUNO
detector in the pseudoscalar case is due to the suppression at low momentum transfer Q2 of the
pseudoscalar interaction cross section. The dependence on the mediator mass instead arises
from the shift of the proton recoil spectrum peak toward higher energies as the mediator mass
increases, moving outside JUNO’s sensitivity range. For the same reason, we find that DUNE,
which has a lower energy threshold than Super-K, leads only to a marginal improvement
in the pseudoscalar mediator case, as shown in figures 8 and 9.

Overall, we find that the hierarchy among detectors is non-trivial and strongly depends on
the choice of the DM mass, mediator mass, and interaction type, highlighting the importance
of using explicit DM models when comparing the reach of different experiments.

5.4 Dark matter-induced neutrino signals survive blazar-boosted dark matter
searches

Inelastic DM-proton interactions can induce proton disintegration, leading to the emission
of high-energy neutrinos which can be detected at large-volume neutrino telescopes, such

9In such UV-completions, both axial and vector couplings are generated unless one is willing to tune the
UV parameters. This does not pose a problem to our mechanism, it just makes DD limits slightly stronger for
the axial case.
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as IceCube. Clearly, the parameters governing the production of neutrino from DM-proton
inelastic scatterings are the same as those that control the BBDM signal discussed in this
work. This naturally raises the question of whether the two types of signals are mutually
compatible, if one should be observed before the other, or if the absence of one of the two
could constrain the viability of the other.

In [11], we computed the neutrino flux from DM-proton inelastic interactions around
the blazar TXS 0506+056, and identified the regions in the mχ − σNR

Y χp plane allowing to
explain the 2017 IceCube neutrino event via this mechanism, specifically for vector and scalar
mediator models with mY = 5GeV. We have extended such analysis for TXS 0506+056
in [12] covering the same DM models considered here, both for mY = 500MeV and 5GeV.
Furthermore, in [12], we have also evaluated the diffuse neutrino flux arising from DM-
proton interactions across the same blazar sample analysed in this study and extracted the
corresponding combinations of DM parameters that leads to saturation of the diffuse neutrino
flux observed by IceCube [114]. The results of the analyses performed in [11, 12] for BMCI
are represented in figures 8 and 9 in black, in order to compare them against BBDM limits
and sensitivities. The widths of the black lines span the 90% C.L. of the energy Eν of the
neutrino observed from TXS 0506+056 and, for the blazar sample, the analogous interval
on the observed diffuse neutrino flux.

A non-trivial hierarchy immediately emerges between the BBDM and neutrino signals:
the former is primarily controlled by elastic interactions, while the latter relies on inelastic
processes. As a result, increasing the mediator mass tends to enhance the relative strength
of the latter.

We highlight that when the region that corresponds to the neutrino prediction lies
inside the BBDM sensitivity regions, the observation (non-observation) of a BBDM signal
at future neutrino detectors would support (reject) the DM interpretation of the IceCube
neutrinos. According to figures 8 and 9, this situation arises in the case of TXS 0506+056
when mY = 500MeV: for the scalar mediator scenario if mχ ≲ 0.2MeV, for the pseudoscalar
case at mχ ∼ O(GeV), and for the vector mediator at mχ ∼ O(10MeV). For the blazar
sample, a similar overlap occurs only mildly, and only for DUNE.

On the other hand, in the situation for which the neutrino prediction region lies below the
BBDM ones, the DM interpretation of the neutrino signal would survive BBDM null searches.
In this case, a future observation of a BBDM signal would imply that a corresponding neutrino
flux should have already exceeded observations, thereby disfavouring the DM origin of the
BBDM signal under the same interaction model. We find that this situation occurs in all the
other cases we considered, except for the scalar mediator scenario for TXS 0506+056 with
mϕ = 500MeV and mχ ≳ 0.2MeV, where the DM hypothesis for the IceCube neutrinos is
incompatible with the null observations of BBDM signals at Super-K.

Finally, we comment on the differences between the signals from TXS 056+056 and the
blazar sample. These are mainly due to the astrophysical parameters of the lepto-hadronic
fits. In the case of the blazar sample, the proton spectral index and the minimum proton
Lorentz factor in the blob are taken to be αp = 1 and γ′minp

= 100, respectively, thus
enhancing the contribution of higher-energy protons. In contrast, for TXS 0506+056, the
adopted fit gives αp = 2 and γ′minp

= 1, thereby giving more weight to lower-energy protons.
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This, overall, leads to differences in the resulting BBDM flux and nuclear recoil spectra (see
figures 3, 4 and 7), which ultimately translate into distinct projected limits and sensitivities
for the two cases. Regarding neutrino production from DM-proton scattering, this is more
prominent in scenarios where high-energy protons dominate, as they are more efficient at
producing neutrinos through inelastic collisions. It is worth emphasising that this choice
of αp is not strongly motivated for the considered sample, and was effectively fixed in the
fit by hand [50]. Indeed, variations in αp would significantly affect the relative strength
of the neutrino and BBDM signals and could make the latter a test of the former signal
over a wider range of parameters.

The above discussion regarded BMCI, but the testability of both the BBDM and neutrino
signals depends on where the jet starts, see appendix D for BMCII.

5.5 Depletion of the spike by the jets

We now investigate processes which can deplete the assumed DM density profile around
the BHs and estimate their characteristic timescales. We compare these to the typical
timescale tAccr. for the BH accretion, as this is tied to the formation of the DM spike and
its replenishment.

A rough estimate of tAccr. can be obtained by assuming that the BH’s accretion saturates
the Eddington limit [130]

MBH

ṀBH
∼ 3× 107yr

(
ε

0.06

)
, (5.1)

where ε is the radiative efficiency, i.e. the fraction of energy that gets converted into radiation
during the accretion process. The efficiency ε reads 0.06 for a Schwarzschild BHs, but it
can reach 0.4 for Kerr BHs. For definiteness, in the computations that follows, we consider
tAccr. = 108 years.

The interaction of the blazar jet protons with the surrounding DM ejects DM particles
and can eventually deplete the DM spike over time.10 In this section, we estimate to what
degree this happens and whether that invalidates our results. As a first step we compute
the total cross section for the χ − p scattering setting gqY = gχY = 1, namely

σtot(s) =
∫ Tmax

χ (Tp)

0
dTχ

dσEL
Y χp

dTχ
+
∫ 1

Q2
min/s

dx

∫ xs

Q2
min

dQ2 dσDIS
Y χp

dxdQ2 , (5.2)

where s = m2
p + m2

χ + 2mχ(mp + Tp), and convolute it with the proton spectrum in the
blazar jet as

⟨σ⟩ ≡
∫ ΓBγmaxp

1
dγp σtot(s)

∫
dΩ 1

κp

dΓp
dΩdTp

, (5.3)

where we point to section 2.1 for the definitions related to the blazar jet. We then consider a
spherical shell of thickness dr at a distance r from the central BH and count how many particles

10We thank Paolo Salucci for asking us about the importance of such an effect in this context.
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the shell contains, NDM(r, t), as well as the rate of depletion, ṄDM(r, t) ≡ dNDM(r, t)/dt,
according to

NDM(r, t) = 4πr2 ρDM

mχ
dr,

ṄDM(r, t) = −(gqY gχY )2κp⟨σ⟩
ρDM

mχ
dr.

(5.4)

We thus obtain a differential equation for ρDM(r, t):

dρDM(r, t)
dt

= −(gqY gχY )2
κp⟨σ⟩
4πr2 ρDM(r, t), (5.5)

which can be easily solved to find

ρDM(r, τ) = ρDM(r, 0) exp
[
−κp⟨σ⟩τ4πr2

]
, (5.6)

having defined, for convenience, the time variable τ ≡ (gqY gχY )2t. The DM column density
at t = τ then reads

Σspike
DM (τ) =

∫ Rsp

Rmin
dr ρDM(r, 0)e−κp⟨σ⟩τ/(4πr2). (5.7)

We further define τ1/2 as the time at which the DM column density gets halved by the
interactions with the jet, that is Σspike

DM (τ1/2) ≡ Σspike
DM (0)/2. After computing τ1/2 as a function

of the DM mass, we set a limit on the combination gqY gχY by imposing:

gqY gχY ≤
√
τ1/2
tAccr.

. (5.8)

When the above condition is satisfied, the DM column density is not depleted substantially
over a timescale compatible with the accretion onto the BH. By that epoch, we assume
that there is enough time for the DM spike to reform and thus that there is no dramatic
loss of DM along the blazar jet.

We show in figure 10 the same SK limits on BBDM and the curve corresponding to
the DM hypothesis for the 2017 IceCube neutrino from TXS 0506+056, as in figure 8, but
superimposing in red the constraints from the DM spike depletion given by eq. (5.8) for BMCI,
see appendix D for BMCII. While this effect is clearly not relevant for BMCII in neither of
the cases that we have considered, it is important for BMCI. Concerning the BBDM signal,
such limit largely reduce the associated testable region in all the considered toy models.

We emphasize, however, that throughout this work we have assumed that the blazar
TXS 0506+056 is characterised for much of its history by parameters corresponding to its
flaring state in 2017. In reality, this is an aggressive assumption: the source undergoes
flaring episodes only intermittently, and its time-averaged luminosity is most likely lower
than our reference value. As a consequence, the efficiency of DM depletion via DM-proton
upscattering is reduced on average with respect to what we have estimated. Accounting for
the fact that the source is in a flaring state only for a fraction of the time would naturally
relax the corresponding constraints, while also modifying the expected BBDM signal from
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Figure 10. Same as figure 8, but here we show only the projected limits on BBDM from TXS
0506+056 at SK (blue) and the region for which the DM hypothesis for the 2017 IceCube neutrino
from the same blazar holds (black) for BMCI. We overlay in red the spike depletion limits that we
estimate according to eq. (5.8). See appendix D for BMCII. All other details are as in figure 8.
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this source. A proper time-dependent treatment of the source activity is beyond the scope
of this work, but we remark that this aspect strengthen the robustness of our computation
for the blazar sample, which is based on steady activities rather than flaring states. In
contrast, the DM interpretation of the high-energy IceCube neutrino from TXS 0506+056
does not rely on sustained flaring activity over the blazar lifetime, as neutrinos arrive almost
simultaneously with photons from a flare. As a result, this interpretation is potentially
unaffected by the depletion of the DM spike.

For the case of the blazar sample, the different power spectrum slope leads to much
smaller values of κp, as listed in table 1, while giving more weight to higher-energy protons.
The mild increase of σDIS

Y χp at higher proton energies is, however, not enough to counterbalance
the effect of the smaller κp. As a result, in this case we find that the spike depletion due to
DM-proton interaction in blazar jets is not efficient in depleting the DM column densities
along the blazar jets over billions of years, for DM parameters in the viable sub-GeV DM
parameter space, neither for the considered BMCI nor BMCII, for both the benchmark values
of the mediator mass and all the toy models that we have considered. Thus, the blazar DM
signals that we have evaluated here and in [12] for the blazar sample are safe from the spike
depletion induced by the same DM-proton scatterings that generate such signals.

The DM spike could in principle be depleted by other effects, such as DM-only 4 → 2
and 2 → 2 interactions. We estimate their effects on the DM spike in appendix E. We
anticipate here that the spike depletion that they induce is in most cases less severe than the
one induced by DM-p interactions, discussed in this subsection, and can anyway be more
easily evaded with certain choices for the DM dynamics.

6 Summary and outlook

Sub-GeV dark matter (DM) is motivating a vibrant experimental program to look for its
non-gravitational interactions. At the same time, observations of high-energy neutrinos and
the quest for their origin are attracting attention to blazars. It has recently been noticed that
the combination of these two distinct physics avenues could shed light on both. Indeed, the
interactions of sub-GeV DM around blazars with protons in their jet could i) induce a blazar-
boosted DM (BBDM) flux detectable on Earth [6], and ii) explain the neutrino observed from
TXS 0506+056 in 2017 [11], as well as diffuse ones [12]. In this paper, we have performed
several needed steps forward in the exploration of the interplay between DM and blazars.

1. We have calculated the full energy-dependent elastic and inelastic DM-proton cross
sections, see section 3, for four explicit mediators of DM-quark interactions: scalar,
pseudoscalar, vector and axial. This is a necessary improvement over previous literature
on BBDM, which focused on constant DM-proton cross sections (see [70] for a recent
study on the vector mediator case only), because we are not aware of any DM model
that results in a cross section that is constant for all energies of blazar protons and
that can result in any signal. Analytical formulae for these cross sections, including
terms omitted in previous literature but important in this context, are reported in
appendix A and B.

– 35 –



J
H
E
P
1
2
(
2
0
2
5
)
1
3
6

2. Using these cross sections, we have computed the BBDM fluxes for the individual
blazar TXS 0506+056 and, for the first time, for a sample of 324 blazars. We have then
computed the proton recoil spectra induced on Earth by such BBDM, and used them
to derive limits and sensitivities to sub-GeV DM at Super-Kamiokande, KamLAND,
Borexino, JUNO, Hyper-Kamiokande and DUNE, see section 4 and appendix C for
more details on how we treated Earth attenuation.

3. We have compared these limits and sensitivities with the corresponding sub-GeV DM
interpretation for the IceCube neutrino observations, as computed in [11] for TXS
0506+056 and in [12] for the blazar sample, see section 5 and in particular figures 8 and 9.
We have repeated the comparison for two benchmarks for the DM spike (see section 2),
finding overall that the sub-GeV DM hypothesis for the origin of IceCube neutrinos
remains consistent with BBDM searches at neutrino detectors. More specifically, we find
that one expects to observe neutrinos before BBDM in the aggressive spike benchmark,
while in the conservative one there can be hope, at least in specific parameter space,
for a BBDM test of the DM origin for high-energy neutrinos, see appendix D. This
dependence on the spike benchmark is not a surprise, because the neutrino signal scales
linearly in the DM density around the blazar, while the BBDM scales with the square
root of it.

4. Figures 8 and 9 also display our comparison of the BBDM and neutrino signals with
other limits on the same sub-GeV DM models, coming from accelerators, direct detection
and cosmology. While neutrino signals can survive such limits, notably for both spike
benchmarks in the vector and axial mediator case, the possibility of BBDM signals is
either excluded or expected to be accompanied by other sub-GeV DM signals. Our
analysis allows to identify a strategy to test blazar-DM signals with DM searches that
are completely independent of blazar physics.

5. We have finally checked that, in the blazar sample case, both our spike benchmarks
survive the depletion of the spike induced by DM-proton and DM-DM interactions,
while this conclusion depends on the specific mediator for TXS 0506+056, see section 5.5
and appendix E. We warn the reader that larger DM-proton cross sections and/or more
aggressive spikes, as those used in other related literature, would have to be reconsidered
in light of spike depletion.

A limitation of our study, as well as of other works like [6, 13–15, 67, 70], regards that
the computation of the BBDM flux from TXS 0506+056 relies on assuming a steady flux of
BBDM based on jet parameters during a flare. Indeed, the BBDM is delayed with respect
to neutrinos and photons from the same source, see figure 2. Our computation of BBDM
signals on Earth should then be regarded as optimistic, because a similar flaring activity
should have persisted for a significant fraction of the blazar’s lifetime. Additionally, given the
high proton luminosities involved, it is difficult to avoid potential depletion of the DM spike
due to interactions within the jet itself. These considerations further support the expectation
that neutrinos should be observed prior to any detectable signal of DM accelerated by blazars
in flare. In contrast, the results we have obtained for the BBDM diffuse flux from a sample of
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blazars are more robust, as they rely on a broader set of sources assumed to be in steady-state
activity rather than transient flaring episodes, and the spike depletion is less severe because
of the different proton spectral index, as explained in section 5.5.

To conclude, we note that our analysis relies on specific choices of lepto-hadronic
parameters for the blazar jets. Varying these parameters can significantly affect the interplay
between the BBDM signal and the associated neutrino emission. Moreover, DM itself can
have an impact on the physics of blazar jets: the same DM-proton inelastic collisions that
generate neutrinos also inject γ-rays into the jet environment, potentially altering the observed
electromagnetic spectrum of blazars.11 Ideally, one should incorporate DM-proton interactions
directly into the modelling of blazars, allowing for a unified treatment of all the relevant
signals (neutrinos, γ-rays and BBDM) and to properly assess how DM itself can influence
the blazar fit parameters. Intriguingly, the presence of DM could even help alleviate existing
tensions in lepto-hadronic models, such as the long-standing issue of super-Eddington proton
luminosities. We leave a comprehensive study of these aspects for future work.
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A Details on the elastic dark matter-nucleon scattering cross section

We detail in this section the derivation of the elastic scattering cross section in the cases of
scalar, pseudoscalar, vector and axial mediators for the toy models described in section 3.1.
We derive the expressions for the scattering with a generic nucleon N , either the proton
p or the neutron n. However, we consider the proton and neutron to have equal masses
mN ≡ mp ≃ mn when necessary.

Scalar mediator. In the case of a scalar mediator, the Feynman amplitude reads

iMϕχN = gχϕū(kχ)u(pχ)
1

m2
ϕ +Q2

∑
q

gqϕ
mN

mq
fNq GS(Q2)ū(kN )u(pN ). (A.1)

The function GS is the scalar form factor accounting for the internal structure of the nucleon.
We approximate it with a dipole-like function GS(Q2) = 1/(1 +Q2/Λ2

p)2 [131] and use the
11The DM-induced γ-ray emission in a vector mediator model has been performed in [70] for TXS 0506+056,

but without taking into account the effects of propagation of the photons in the blazar environment.
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value of Λp, for both protons and neutrons, that stems from measurements of the averaged
electric charge radius

〈
r2E
〉1/2 =

√
12/Λp ≃ 0.85 fm [132], giving Λp ≃ 0.8GeV. The quantities

fNq are defined as fNq = mq⟨N |q̄q|N⟩/(2m2
N ) computed at Q2 = 0, and can be extracted

from data and lattice computation: fpu ≃ 1.97× 10−2, fnu ≃ 1.78× 10−2, fpd ≃ 3.83× 10−2

and fnd ≃ 4.23 × 10−2 [133].
After some manipulations, we arrive to the following expression for the differential

elastic scattering cross section in the case of a scalar mediator, in agreement with the results
of, e.g., [8]:

dσEL
ϕχN

dTχdµs
=
σNR
ϕχN

s

m4
ϕ

16µ2χN
(4m2

χ +Q2)(4m2
N +Q2)

(m2
ϕ +Q2)2 G2

S(Q2)δ(µs − µEL
s (TN , Tχ))

Tmax
χ (TN )

, (A.2)

where µχN = mNmχ/(mN +mχ) is the reduced mass of the system, TN is the kinetic energy
of the nucleon, and σNR

ϕχN is the cross section computed in the non-relativistic limit at zero
momentum transfer Q2 = 0 and for s = (mN +mχ)2, namely

σNR
ϕχN ≡

g2χϕg
2
Nϕ

π

µ2χN
m4
ϕ

≃ g2χϕg
2
Nϕ

(
µχN
1GeV

)2
(
1GeV
mϕ

)4

1.08× 10−30cm2, (A.3)

with gNϕ ≡ mN (gdϕfNd /md + guϕf
N
u /mu) and mu = 2.2MeV, md = 4.7MeV [52].

Pseudoscalar mediator. In the pseudoscalar case, the Feynman amplitude of the elastic
process reads:

iMaχN = gχaū(kχ)γ5u(pχ)
i

m2
a +Q2

mN

m̂

∑
q

gqaG
q
5,N (Q

2)ū(kN )γ5u(pN ), (A.4)

where Gq5, N (Q2) is the pseudoscalar form factor associated to the quark q = u, d and nucleon
N . In the above expression we considered the masses of the up and down quarks to be
equal, and approximated their values with their averaged mass, that is mu ≃ md ≃ m̂ =
(mu +md)/2. The combination ∑q gqaG

q
5, N (Q2) can be computed as a linear combination

of the form factors Gu−d5, N (Q2) and Gu+d5, N (Q2) associated respectively to the isovector current
jµu−d = ūγµγ5u − d̄γµγ5d and the isoscalar current jµu+d = ūγµγ5u + d̄γµγ5d. the nuclear
isospin symmetry, which heuristically means to exchange u↔ d to get p↔ n, implies that
Gu+d5 ≡ Gu+d5, p ≃ Gu+d5, n , Gu−d5 ≡ Gu−d5, p ≃ −Gu−d5, n . The partially conserved axial current
(PCAC) relation imposes that [134, 135]

Gu−d5 (Q2) = Gu−dA (Q2)− Q2

4m2
p

Gu−dP (Q2), (A.5)

Gu+d5 (Q2) ≃ Gu+dA (Q2)− Q2

4m2
p

Gu+dP (Q2), (A.6)

where Gu−dA (Q2) and Gu+dA (Q2) are the axial form factors, while Gu−dP (Q2) and Gu+dP (Q2)
are the induced pseudoscalar form factors, respectively associated to the isovector and
isoscalar currents. In the isoscalar case we have neglected the contribution of the sub-leading
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anomalous gluon form factor. The form factors Gu−dA (Q2) and Gu+dA (Q2) can be written
under the dipole ansatz:

Gu±dA (Q2) = gu±dA

(1 +Q2/M2
A)2

, (A.7)

with the axial charges gu−dA and gu+dA and axial mass MA extracted from lattice computations
as gu−dA = 1.25, gu+dA = 0.44 and MA = 1.2GeV [134, 135]. The induced pseudoscalar form
factors Gu−dP (Q2) and Gu+dP (Q2) can be written according to the pole mass ansatz

Gu±dP (Q2) = Gu±dA (Q2)
C2
u±d

Q2 +M2
u±d

(A.8)

where Cu−d = 4m2
N , Cu+d = 0.9GeV2, Mu−d = mπ ≃ 0.137GeV and Mu+d = 0.330GeV [134,

135], so that the pseudoscalar form factors associated to the isovector and isoscalar currents
are given by

Gu−d5 (Q2) = gu−dA

(1 +Q2/m2
A)2

m2
π

Q2 +m2
π

, (A.9)

Gu+d5 (Q2) = gu+dA

(1 +Q2/m2
A)2

(
1− Q2

4m2
N

Cu+d
Q2 +M2

u+d

)
, (A.10)

and the linear combinations of interest to us reads

G5, p(Q2) ≡
∑
q

gqaG
q
5, p(Q2) = gua

2 [Gu+d5 +Gu−d5 ] + gda
2 [Gu+d5 −Gu−d5 ] (A.11)

G5, n(Q2) ≡
∑
q

gqaG
q
5, n(Q2) = gua

2 [Gu+d5 −Gu−d5 ] + gda
2 [Gu+d5 +Gu−d5 ]. (A.12)

We note that in this case the cross section vanishes for Q2 = 0. Hence, we do not define
any “non-relativistic” cross section in this case. Then, we obtain

dσEL
aχN

dTχdµs
=
g2χag

2
Na

16πs
(Q2)2

(m2
a +Q2)2 Ĝ

2
5, N (Q2)δ(µs − µEL

s (TN , Tχ))
Tmax
χ (TN )

, (A.13)

where gNa ≡ mN [gua(gu+dA ± gu−dA ) + gda(gu+dA ∓ gu−dA )]/(2m̂), with + (−) holding for N = p

(N = n), and Ĝ5, N (Q2) ≡ mNG5, N (Q2)/(m̂gNa).

Vector mediator. In the case of a vector mediator, the Feynman amplitude reads

iMV χN = gχV ū(kχ)γµu(pχ)
−gµν + qµqν/m

2
V

m2
V +Q2 ⟨N(kN )|vνV,Q|N(pN )⟩, (A.14)

where q = pχ − kχ = kN − pN is the 4-momentum transfer and vνV,Q = guV ūγ
νu+ gdV d̄γ

νd

is the quark vector current associated to the V boson. The hadronic matrix element can
be decomposed as

⟨N(kN )|vµV,Q|N(pN )⟩ = ū(kN )
[
γµF V,N1 (Q2) + i

2mp
σµνqνF

V,N
2 (Q2)

]
u(pN ) (A.15)

– 39 –



J
H
E
P
1
2
(
2
0
2
5
)
1
3
6

where F V,N1,2 (Q2) are the vector form factors associated to the nucleon N .12 The current vµV,Q
can be written as a linear combination of the electromagnetic current jµEM,Q ≡ (2/3)ūγµu−
(1/3)d̄γµd and the 3-isospin current vµ3,Q = (1/2)(ūγµu − d̄γµd) via

vµV,Q = 3(guV + gdV )jµEM,Q − 2(guV + 2gdV )vµ3,Q. (A.16)

Consequently, assuming nuclear isospin symmetry, the vector form factors can be expressed
in terms of the electromagnetic ones (see, e.g., [137]) as

F V, p1,2 (Q2) = gpV F
p
1,2(Q2) + gnV F

n
1,2(Q2), (A.17)

F V,N1,2 (Q2) = gnV F
p
1,2(Q2) + gpV F

n
1,2(Q2) (A.18)

where F p,n1,2 (Q2) are the proton and neutron electromagnetic form factors, gpV ≡ 2guV + gdV
and gnV ≡ guV + 2gdV . The latter can be expressed in terms of the electric and magnetic
form factors Gp,nE,M (Q2), which are defined as [138–140]

Gp,nE (Q2) ≡ F p,n1 (Q2)− Q2

4m2
N

F p,n2 (Q2), (A.19)

Gp,nM (Q2) ≡ F p,n1 (Q2) + F p,n2 (Q2), (A.20)

satisfying GpE(0) = 1, GnE(0) = 0, GpM(0) = µp/µN and GnM(0) = µn/µN , with µN being
the nuclear magneton, while µp ≃ 2.79µN and µn ≃ −1.91µN respectively the magnetic
moments of the proton and of the neutron [141]. We then approximate the from factors
GE,M (Q2) with a dipole-like function Gp,nE,M (Q2) ≃ Gp,nE,M (0)/(1 +Q2/Λ2

p)2 [132, 142]. The
differential cross section in this case reads

dσEL
V χN

dTχdµs
=
σNR

V χN

s

m4
N

4µ2
χN

[
AV,N (Q2)+(s−u)2

m4
N

CV,N (Q2)+
m2

χ

m2
N

DV,N (Q2)
]

δ(µs−µEL
s (TN ,Tχ))

Tmax
χ (TN )(1+Q2/m2

V )2 ,

(A.21)
where σNR

V χN ≡ g2χV g
2
NV µ

2
χN/(πm4

V ) is total cross section in the non-relativistic limit and for
Q2 = 0 (which is non-zero only if gdV ̸= −2guV ), and AV,N (Q2), CV,N (Q2) and DV,N (Q2)
are the following functions of the normalised form factors F̂ V N1,2 (Q2) = F V,N1,2 (Q2)/gNV :

AV,N (Q2) = − Q2

m2
N

{(
1− Q2

4m2
N

)[(
F̂ V,N1 (Q2)

)2
− Q2

4m2
N

(
F̂ V,N2 (Q2)

)2]
(A.22)

− Q2

m2
N

F̂ V,N1 (Q2)F̂ V,N2 (Q2)
}

CV,N (Q2) = 1
4

[(
F̂ V,N1 (Q2)

)2
+ Q2

4m2
N

(
F̂ V,N2 (Q2)

)2]
, (A.23)

DV,N (Q2) = − Q2

m2
N

[
F̂ V,N1 (Q2) + F̂ V,N2 (Q2)

]2
. (A.24)

As can be checked, the above expressions agree with the corresponding ones associated
to neutral current neutrino-proton elastic scattering reported, e.g., in [137] (see also [143])

12Any term proportional to Qµ has to vanish due to vector current conservation [136].
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when the axial contribution is neglected, but here we are keeping the contributions of order
O(m2

χ/m
2
N ). We note that terms O(Q2/m2

V ) in the form factors cancel and thus do not
appear in the expressions above.

Axial mediator. In the case of an axial mediator, the Feynman amplitude reads

iMV ′χN = gχV ′ ū(kχ)γµγ5u(pχ)
−gµν + qµqν/m

2
V ′

m2
V ′ +Q2 ⟨N(kN )|aνV ′,Q|N(pN )⟩, (A.25)

where aµV ′,Q = guV ′ ūγµγ5u+gdV ′ d̄γµγ5d is the quark axial current associated to the V ′ boson.
We decompose the hadronic matrix element as

⟨N(kN )|aµV ′,Q|N(pN )⟩ = ū(kN )
[
γµGV

′N
A (Q2)− qµ

2mp
GV

′N
P (Q2)

]
γ5u(pN ) (A.26)

with the functions GV ′N
A,P (Q2) being the associated axial and pseudoscalar form factors.13 The

current aµV ′,Q can be decomposed in terms of the isoscalar and isovector currents

aµV ′,Q = guV ′

2 (jµu+d + jµu−d) +
gdV ′

2 (jµu+d − jµu−d), (A.27)

and, correspondingly, the form factors can be expressed in terms of Gu±dA,P (Q2) defined in
eqs. (A.7) and (A.8) as

GV
′, p

A,P (Q2) = guV ′

2 [Gu+dA,P (Q
2) +Gu−dA,P (Q

2)] + gdV ′

2 [Gu+dA,P (Q
2)−Gu−dA,P (Q

2)], (A.28)

GV
′, n

A,P (Q2) = guV ′

2 [Gu+dA,P (Q
2)−Gu−dA,P (Q

2)] + gdV ′

2 [Gu+dA,P (Q
2) +Gu−dA,P (Q

2)]. (A.29)

The differential cross section in this case reads
dσEL

V ′χN

dTχdµs
=
σNR

V ′χN

s

m4
N

4µ2
χN

[
AV ′,N (Q2)+ (s−u)2

m4
N

CV ′,N (Q2)+
m2

χ

m2
N

DV ′,N (Q2)
]

δ(µs−µEL
s (TN ,Tχ))

Tmax
χ (TN )(1+Q2/m2

V ′)2 ,

(A.30)
where σNR

V ′χN ≡ g2NV ′g2χV ′µ2χN/(πm4
V ′) is the total cross section computed in the non-relativistic

limit and for Q2 = 0, with gNV ′ ≡ (
√
3/2)[guV ′(gu+dA ±gu−dA )+gdV ′(gu+dA ∓gu−dA )], with + (−)

holding for N = p (N = n), while AV ′, N (Q2), CV ′, N (Q2) and DV ′, N (Q2) are the following
functions of the normalised form factors ĜV

′, N
A,P (Q2) ≡ GV

′, N
A,P (Q2)/gNV ′ :

AV
′, N (Q2) = Q2

m2
N

(
1 + Q2

4m2
N

)(
ĜV

′, N
A (Q2)

)2
, (A.31)

CV
′, N (Q2) = 1

4
(
ĜV

′, N
A (Q2)

)2
, (A.32)

DV ′, N (Q2) = 8

1 + Q2

8m2
N

+ Q2

m′2
V

+ 1
2

(
Q2

m′2
V

)2
(ĜV ′, N

A (Q2)
)2

+ (A.33)

+2 Q2

m2
N

(
1 + Q2

m′2
V

)2

ĜV
′, N

A (Q2)ĜV
′, N

P (Q2) +

+1
4

(
Q2

m2
N

)2(
1 + Q2

m′2
V

)2 (
ĜV

′, N
P (Q2)

)2
.

13We neglect the contribution from any term proportional to σµνQν as it would violate G conjugation, i.e. a
combination of charge conjugation and a rotation by π in isospin space [144].
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It can be checked that the above expressions agree with the corresponding ones associated
to neutral current neutrino-proton elastic scattering reported, e.g., in [137] (see also [143])
when the vector contribution is neglected, but here we are keeping the contributions of
order O(m2

χ/m
2
N , Q

2/m2
V ′).

B Deep inelastic scattering cross sections

We give here more details on the derivation of the DIS cross section that we reported in the
main text. We consider a nucleon N = p, n scattering inelastically off a DM particle. If the
momentum transfer is large enough, the DM particles interacts directly with the quarks that
constitute the nucleon via DIS. The process is diagrammatically represented below [80]

χ

Y

χ

q , q̄

q , q̄

X
N

where Y = ϕ, a, V, V ′ denotes either the scalar, pseudoscalar, vector or axial mediator, N
the initial nucleon and X the outgoing hadronic state. We fix the momenta of the initial
DM and quark respectively as pχ = (Eχ, p⃗χ) and pq = (Eq, p⃗q), and, analogously, for the
outgoing DM and quark kχ = (E′

χ, k⃗χ) and kq = (E′
q, k⃗q). We furthermore neglect the

quark masses. The DIS is typically studied in the context of neutrino interactions, in the
frame of reference in which the nucleon is at rest p⃗N = 0 (LAB) and neglecting neutrino
masses. A comprehensive discussion of the SM neutrino-nucleon interaction can be found,
e.g., in [137]. Here, we will follow an approach similar to that outlined in [145], namely we
derive the DIS cross section in the LAB frame and write it in terms of Lorentz invariants,
so to render any change of reference frame immediate. We will also keep the DM masses
non-zero as they are not necessarily negligible compared to the other mass and energy scales
involved in the process. It will prove useful to define also the initial nucleon momentum
pN = pq/a = (EN , p⃗N ) and the 4-momentum transfer q = pχ − kχ. We denote the squared
centre-of-mass energy and momentum transfer respectively as s = (pN + pχ)2 and Q2 = −q2.
We also define the following Lorentz invariant quantities: the energy transfer ν ≡ pN · q/mN ,
the inelasticity parameter y ≡ pN · q/(pN · pχ) = 2νmN/(s −m2

N −m2
χ) and the Bjorken

scaling variable x ≡ Q2/(2pN · q) = Q2/[(s−m2
N −m2

χ) y]. Moreover, we have the following
set of relations in the LAB frame:

Q2 LAB= −2m2
χ + 2EχE′

χ − 2|p⃗χ||⃗kχ| cos θ, (B.1)

Eχ
LAB= (s−m2

N −m2
χ)/(2mN ), (B.2)

E′
χ

LAB= Eχ(1− y), (B.3)

vrel
LAB= |p⃗χ|mN/(EχEN ), (B.4)
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Figure 11. Comparison between the integrated inelastic cross sections (integration of the expressions
in eqs. (3.20)–(3.22)) and the same quantities as evaluated by Madgraph5, for a mediator of mass
mY = 500MeV (5 GeV) in the left (right) panels. We have fixed gχV = gqV = 1. The upper (bottom)
panels show the comparison for the case of vector and scalar (axial and pseudoscalar) mediators.

where θ is the scattering angle in the LAB frame and vrel is the relative velocity between
the DM and the nucleon. The master formula for the DIS differential cross section can
be written as [146]:

dσDIS
Y χN =

1
4EχENvrel

d3kχ
(2π)32E′

χ

∑
κ=q,q̄

∫ 1

0
dξfNκ (a,Q2)EN

Eκ

∫
d3ka

(2π)32E′
κ

(2π)4δ(4)(ξpN+q−kκ)|Mquark
Y χ |2,

(B.5)

where |Mquark
Y χ |2 is the squared Feynman amplitude of the DM-quark scattering averaged over

the initial spins, while fNq(q̄) is the Lorentz scalar parton distribution function (PDF) for the
(anti)quark q = u, c, t, d, s, b (q̄ = ū, c̄, t̄, d̄, s̄, b̄). The expression above is Lorentz invariant
except for the factor EχENvrel. This factor is, however, invariant in all the reference frames
in which the particles are collinear (see, e.g., [146]), so that if we find a Lorentz invariant
expression for the differential cross section in the rest frame of the proton, the same expression
can be used in the rest frame in which the DM particle is at rest instead. We have that

4π
4EχENvrel

d3kχ
(2π)32E′

χ

LAB= dνdQ2

16πmN (E2
χ −m2

χ)
= y

8π
(Q2)2

(Q2)2 − 4m2
Nm

2
χx

2y2
dxdy, (B.6)
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where we have used the relations

d3kχ
LAB=

2πE′
χ

2|p⃗χ|
dνdQ2 and dνdQ2 = (Q2)2

2mNx2y
dxdy. (B.7)

Then, the δ-function in the DIS differential cross section can be integrated out via the four
integrals over the final quark’s 3-momentum k⃗κ and the variable ξ to give:

dσDIS
Y χN

LAB≃
∑
κ f

N
κ (x, Q2)|Mquark

Y χ |2

32πmNQ2(E2
χ−m2

χ)
dνdQ2= y

16π
Q2∑

κ f
N
κ (x, Q2)|Mquark

Y χ |2

(Q2)2−4m2
Nm

2
χx

2y2
dxdy, (B.8)

where we have neglected quarks’ masses, so that ν LAB= Eχ − E′
χ ≃ E′

κ, κ = q, q̄. This last
expression reproduces eq. (3.19) in the main text for N = p.

We validate our analytical expressions for the inelastic scattering cross sections by
comparing them with numerical results obtained using Madgraph5 [147] for a mediator
mass of mY = 500MeV and 5 GeV, and show the result of such a comparison in figure 11.
We believe that the discrepancies between the numerical and analytical estimates of the
cross section, which depend on the center-of-mass energy and mediator mass, are due to cuts
implemented internally by Madgraph5, not captured by our analytical computation.

C A different approach for the Earth attenuation

We now investigate the effects of the Earth attenuation on DM in our toy models following
the approaches of, e.g., [3, 4, 8, 81]. In particular, we approximate the DM energy loss,
dT xχ , during a single scattering event occurring within the infinitesimal distance interval
[x, x+ dx], with its average value. We also assume the scatterings to occur only on protons
and neutrons at rest. Then, the resulting DM kinetic energy at distance x, T xχ , is controlled
by the differential equation:

dT xχ
dx

= −
∑

N=p, n
nN

∫ Tmax
N (Tx

χ )

0
dTN TN

dσEL+DIS
Y χN

dTN
(TN , T xχ ) , (C.1)

where nN is the number density of the nucleon N = p, n and

Tmax
N (T xχ ) =

2mNT
x
χ

(
T xχ + 2mχ

)
2mNT xχ + (mχ +mN )2

, (C.2)

with mN the nucleon’s mass. By solving numerically eq. (C.1), for given DM mass, couplings
gχY , gqY , and distance x, with the initial condition T x=0

χ = T (0)
χ , we extrapolate T xχ (T (0)

χ ) and
dT xχ/dT

(0)
χ , as well as T (0)

χ (T xχ ) and dT (0)
χ /dT xχ . We also keep track of the average number of

scatterings taking place over a distance x, Nx
sct, by solving

dNx
sct

dx
=

∑
N=p, n

nNσ
EL+DIS
Y χN (T xχ ), (C.3)

together with eq. (C.1) and the initial condition Nx=0
sct = 0.

To ensure the feasibility of the numerical evaluation, we adopt all the approximations
as in our procedure described in the main text. Namely, we take the nucleon density
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Figure 12. Effect of the Earth attenuation. Left panel: ratio of the attenuated DM kinetic energy to its
value at the Earth surface T x

χ/T
(0)
χ (solid) and the DM average number of scatterings Nx

sct (dashed) for a
scalar (top left), pseudoscalar (top right), vector (bottom left) and axial (bottom right) mediator. Right
panel: BBDM flux from TXS 0506+056 before (solid) and after (dot-dashed) Earth attenuation. We
set x = 1 km, mY = 500MeV, mχ = 100MeV, gχY gqY = 0.1, Σspike

DM = 6.9× 1028 GeV cm−2 (BMCI).

nN ≡ np ≃ nn ≃ ρp+n/(2mN ), with ρp+n ≃ 2.7 g/cm3 and mN ≡ mp ≃ mn; we focus
only the elastic scattering contribution with the form factor evaluated at zero momentum
transfer; we consider equal DM-proton and DM-neutron cross sections σEL

Y χN ≡ σEL
Y χp ≃ σEL

Y χn.
Furthermore, we neglect the change of DM direction after each scattering and compute the
differential DM flux at depth x assuming flux conservation as

dΦxχ
dT xχ

=
dT (0)

χ

dT xχ

dΦχ
dT (0)

χ

∣∣∣∣∣
T

(0)
χ =T (0)

χ (Tx
χ )

. (C.4)

In order to visualise the role played by the Earth attenuation within this approach, we
show in the left panel of figure 12 the ratio T xχ/T (0)

χ and Nx
sct (solid) obtained by solving the

differential eqs. (C.1) and (C.3) for our DM models, with mediator mass mY = 500MeV,
DM mass mχ = 100MeV, couplings gχY gqY = 0.1 at depth x = 1 km. In the right panel of
the same figure, we plot the BBDM flux before attenuation (solid) and the attenuated flux
(dashed) for the same DM model parameters and Σspike

DM = 6.9× 1028 GeV cm−2 as in BMCI.
From the left panel of figure 12 one can see that as long as Nx

sct < 1, then T xχ ≃ T (0)
χ ,

hence the effect of the Earth attenuation is negligible. In this situation, the average number of
scatterings can be computed by integrating eq. (C.3), which, under the adopted approximation,
gives Nx

sct ≃ xℓ−1 with ℓ−1 ≡ 2nNσEL
Y χN . Earth attenuation becomes relevant when Nx

sct > few,
leading eventually to an exponential suppression of T xχ/T (0)

χ .
The effect of the attenuation treated in this way on the BBDM flux is shown in the

right panel of figure 12. For the pseudoscalar mediator case one has a sharp peak in the
attenuated flux, which is produced by the DM particles whose T (0)

χ is such that their average
Nx

sct is larger than 1. This peak forms because Nx
sct eventually becomes smaller than 1 for

sufficiently small T (0)
χ , due to the vanishing of the pseudoscalar elastic cross section, as it

follows from eq. (3.16) in the Tχ → 0 limit. For the scalar case, instead, as the elastic cross
section does not vanish for Tχ → 0, the effect of Earth attenuation is to smooth the peak of
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the unattenuated BBDM flux towards smaller kinetic energies. Finally, for the vector and
the axial mediators Earth attenuation is marginal for the adopted choice of parameters.

However, in our treatment of the Earth attenuation discussed in section 4.2 we have chosen
not to follow the approach described in this appendix, but rather to adopt the conservative
one encoded in eq. (4.8), where we set to zero the BBDM flux if the average number of DM
scatterings Nxdet

sct ≃ xdetℓ
−1(T (0)

χ ) gets larger than 1. Two main considerations justify this
choice: i) our conservative treatment described in the main text — which, by the way, makes
the numerical implementation of the Earth attenuation much faster than the method outlined
here — is justified a posteriori as the effects of the attenuation become relevant for values of
the couplings much larger than the ones probed in our scenario for the scalar, vector and
axial mediator cases; ii) in the pseudoscalar mediator scenario, where attenuation effects are
more significant, the procedure described above leads to an artificial sharp peak in the flux
(see right panel of figure 12). This is a consequence of the assumption that the DM particles
maintain their direction and velocity across successive scatterings, which is unphysical. A
more accurate treatment would require a dedicated simulation that tracks the change in DM
direction and energy loss at each scattering event, lying beyond the goals of the present study.

D Results for BMCII

We show in figure 13 our limits and sensitivities to BBDM and neutrino signals for TXS
0506+056 and for the blazar sample, derived by assuming the conservative BMCII for the
DM spike, namely Rmin = 104RS , and choosing mY = 500MeV. For this benchmark choice,
we find that the BBDM signal can test the DM hypothesis for the 2017 IceCube neutrino
event from TXS 0506+056 in the vector mediator case in regions of the parameter space that
are still allowed by current DM searches at terrestrial laboratories. This is also true in the
scalar mediator case for DM masses approaching the O(10 keV) scale (if the K → π+ invisible
bound does not apply), while otherwise the DM hypothesis for the neutrino signal at IceCube
is incompatible with current DM searches. In the case of an axial mediator instead, a neutrino
signal from DM around the blazar always comes before any BBDM signal at neutrino detectors.
In the pseudoscalar case, the DM hypothesis is completely ruled out by current DM searches.
We further notice that here, for the mass range considered in the plot, the selected neutrino
detectors are not sensitive to any BBDM signal. This loss of sensitivity arises from the
scaling of the BBDM signal with the LOS integral: both the projected limits and sensitivities
obtained for BMCI are suppressed in BMCII by a factor of

(
RBMCII

min /RBMCI
min

)1/3
= 102/3,

resulting in a substantial reduction in the detectable signal strength.
Conversely, we find that the diffuse neutrino signal from DM-proton interaction in the

blazar sample remains always dominant over the BBDM one. In the vector and axial mediator
scenarios, both the diffuse BBDM signal at future neutrino detectors and the diffuse neutrino
signal at IceCube from DM around blazar are currently allowed by existing DM constraints.
However, the neutrino signal is expected to appear first, as the corresponding curve lies below
the BBDM sensitivities. In contrast, the pseudoscalar case is entirely excluded by current
bounds, while the scalar case remains largely, but not completely, ruled out.

We do not show the case of mY = 5GeV for the BMCII scenario, as the BBDM
mechanism would already be excluded by current DM search constraints for all the considered
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toy models of DM-quark interactions. However, the DM interpretation for the IceCube
neutrinos remains viable, see [11, 12].

The spike depletion estimated according to eq. (5.8) is ineffective for BMCII for both
the single source TXS 0506+056 in flare and the blazar sample.

E Other processes that can alter the dark matter spike

E.1 4χ → 2χ annihilations

Throughout this work, we have assumed that DM is strongly coupled, i.e. gχY = 1. This
assumption, together with the very large densities found in the DM spike, could make
4χ → 2χ annihilation processes efficient enough to deplete the DM spike itself, as pointed
out in [148]. In this section, we estimate the size of this effect. We first approximate the
“cross section” (not really an area in this case) for this process as σ4χ→2χ ∼ g8χY /m

8
Y , and

the energy density depletion rate as ρ̇DM ∼ mχσ4χ→2χ(ρDM/mχ)4. Therefore, the timescale
for the depletion is given by

τ4χ→2χ = ρDM

ρ̇DM
= 1
σ4χ→2χ

(
mχ

ρDM

)3
. (E.1)

By inverting this relation we can find a maximal DM density that guarantees the spike is
not depleted by these processes on a timescale tAccr. = 108 yr:

ρmax ≈ 2× 1016GeV cm−3
(

108 yr
τ4χ→2χ

)1/3 (
mχ

10 keV

)(
mY

1 MeV

)8/3
(

1
gχY

)8/3

. (E.2)

By comparing this result with figure 1 we note that the spike depletion due to 4χ → 2χ
processes gets relevant in the inner part of the DM density profile only for benchmark values
of mχ and mY well below those considered in our setup. We can thus safely neglect such
effect in our calculations.

E.2 2χ → 2χ scatterings

The DM models outlined in the main text, besides describing DM interactions with the SM,
induce interactions of DM with itself, thus realising a self-interacting DM (SIDM) model.
This class of models can help alleviating small-scale tensions in the standard cosmological
model [149] and generally predicts a suppression of the power spectrum at small scales and the
formation of isothermal cores in galactic halos. Dwarf galaxies [150] and galaxy clusters [151]
put bounds on the size of the SIDM cross section of the order σSIDM/mχ ≲ O(1) cm2/g. For
comparison, we estimate the SIDM cross section for the 2χ→ 2χ processes in the scenarios
considered by us as σSIDM ∼ g4χm

2
χ/m

4
Y , and thus

σSIDM

mχ
≃ 2× 10−4 cm2 g−1

(
gχ
1

)4 ( mχ

GeV

)(GeV
mY

)4
, (E.3)

which is well below the maximum allowed value.
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Figure 13. Limits and sensitivities to DM blazar signals from TXS 0506+056 (first four panels) and
the considered blazar sample (last four panels) for mY = 500MeV and Rmin = 104 RS as in BMCII.
Also shown in red for TXS 0506+056 are the spike depletion limit computed according to eq. (5.8) for
this benchmark of the DM spike. All the other details are as in figure 8 and figure 9.

.
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Additionally, SIDM leads to cores in galactic haloes, and the same should occur around
supermassive BHs like those that power blazars. In particular, the effect of 2χ→ 2χ processes
is to suppress the spike [148, 152] to

ρSIDM(r) ∼ r−(3+k)/4 (E.4)

for a SIDM cross section with velocity dependence σSIDM ∼ v−k. We estimate the DM density
required for this process to be efficient in altering the spike profile according to eq. (3.5)
of [148]. This happens approximately when each DM particle undergoes at least one scattering
during the age of the halo, that is (ρSIDM/mχ)⟨σSIDMv⟩ tAccr. ∼ 1 where we once again compare
to the accretion time as our reference timescale. Then this condition is satisfied when

ρSIDM ∼ 3× 103 GeV cm−3
(
108yr
tAccr.

)(
10−2

v

)(
1
gχ

)4(GeV
mχ

)(
mY

GeV

)4
, (E.5)

assuming k = 0. Qualitatively, as long as the DM density stays below the maximal value
in eq. (E.5), the SIDM effects of spike relaxation can be neglected. By tweaking mχ and
mY alone, we find that BMCII can still be consistent, while BMCI requires gχ ∼ 10−2, thus
strengthening all monojet and DD constraints. We point out, however, that we could easily
circumvent such limitation by considering a model of inelastic DM, i.e. taking two DM states
separated in mass by a relatively small mass splitting. If the mass splitting among the two
DM states is large enough, 2 → 2 scattering processes are kinematically forbidden at tree-level
and are only achievable at 1-loop. Furthermore, if the mass splitting is sufficiently smaller
than the typical momentum exchanged in p−χ scatterings, then BBDM and neutrino signals
would be unaffected by the presence of the two DM states, whereas DD bounds would be
even weaker due to an additional loop suppression.
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