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ABSTRACT: The physics responsible for the production of observed high-energy neutrinos have
not been established so far, neither for the diffuse astrophysical ones nor for those detected
from single blazars. We recently proposed that both could be explained by deep inelastic
scatterings between sub-GeV dark matter (DM) around blazars and protons within their
jets. Here, we compute the proton-recoil signals at the neutrino detectors Super-Kamiokande,
KamLAND, Borexino, JUNO, Hyper-Kamiokande and DUNE induced by DM that is itself
boosted by the scatterings with protons in blazar jets. We do it for the four cases of vector,
axial, scalar and pseudoscalar mediators of DM-quark interactions. We perform the analysis
for the single blazar TXS 0506-+056 and for a sample of more than 300 stacked blazars. We
find that searches for such blazar-boosted DM leave room for a variety of DM models to
explain observations of high-energy neutrinos. We check that the depletion of the DM spike
induced by DM-proton and DM-DM interactions does not compromise the DM interpretation
for high-energy neutrinos, but challenges other blazar-DM signals.
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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



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 05064056, 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).! 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

!The necessity of each of these improvements in the study of BBDM has instead been demonstrated for
DM interacting with electrons [13-15].



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 05064056. 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 Myy ~ 1087°My, My 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 6,65 < 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 y-ray sky within the 50 MeV to 1 TeV 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 y-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 Sp 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



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 2 30 spatial association between multi-TeV neutrino events and a blazar, TXS
05064056 [10, 24, 25]? an intense campaign to explain both the neutrino emissions and the
electromagnetic activities of TXS 05064056 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]),% 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:

dF; _ Kp s—ap o Vp/ Vinaxp (2.1)
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Here, dT‘;, is the infinitesimal rate of particles ejected in the blobs along the direction d€’
and with v, = E},/m,, lying in the range [v,, v, + dv,], E, being the energy of the proton
and m, = 0.938GeV its mass; o, > 0 is the slope of the power-law; k, is an overall
normalisation constant. We have also included an exponential cut-off at +/

max.

,- 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 I'p = (1 — 6%)_1/ 2 along the jet axis,
which gives [6, 13] (see also [51]):

de = @ f)/fap /Bp(]‘ — BpﬁBM)_aprgape_fyP/’Ymaxp
dedQ 4 P \/(1—ﬂp/83u)2_(1_5;g)(1_6%)

(2.2)

where 3, = [1 — 1/7}%]1/2 is the proton’s speed and p 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 05064056, as well as a sample
of blazars. For TXS 05064056, 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 ~-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].

3 Also, the active galaxy NGC 1068 has shown evidence of neutrino emission at 4.2¢ [48], but this object
is not a blazar. Furthermore, the study [49] suggests a correlation at the level of 3.30 of IceCube neutrinos
with a catalogue composed of 110 known v-ray emitters, of which TXS 05064056 and NGC 1068 are two
main contributors.



Lepto-Hadronic Model Parameters
Parameter (units) TXS 0506+056 [31] Blazar sample [50]
z 0.337 [0.04,3.41]
dr, (Mpc) 1765 [171,30.2 x 10%]
My (M) 3 x 108 [108,107]
Rs (pc) 3x107° [1072,1074]
I'p 24.2 [3.4,31.5]
Oros(®) 2.37 [1.81,16.95]
Qy 2 1
YVoiny 1 100
Vinaxp 1.6 x 107 [10,3.1 x 107]
L, (erg/s) 1.85 x 100 2.2 x 10%,3.1 x 10°°]
Kip (s7lsr1) 1.27 x 10% 3.1 x 1037, 1.3 x 10%6]

Table 1. The relevant jet parameters from the lepto-hadronic fit [31] for the blazar TXS 05064056
(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 dr,, which we compute from z assuming a standard cosmological model and taking
the value of the Hubble constant today as Hy = 70.2kms~! Mpc™!, the matter density parameter
Q,, = 0.315 and the dark energy one 24 = 0.685 [52]; the BH mass in solar mass units Mg, and the
corresponding Schwarzschild radius Rg. The values of z and My, 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 q/t’mnp, 'y,’“axp; the blob Lorentz factor I'g; the LOS angle of the jet 6,05 assumed to
be 05 = 1/T'g;* the proton luminosity L, which is related to the normalisation constant
Kp via [13]

) Vinaxyp -
Ly = kpmpl's [ drx . (2.3)
’yminp

We summarise in table 1 the relevant jet parameters of TXS 05064056 and of the sample of
blazars [50], together with the redshift z, the luminosity distance d, = (1 + z) ¢ [5 d2'/H(%')
(c being the speed of light, H(z) = Ho/Qn (1 + 2)3 + Q4 the Hubble expansion rate, Hy
its present value, ), the matter density parameter and 2, the dark energy one), the BH

mass Mgy and the corresponding Schwarzschild radius Rg.

4In [31], the LOS angle was taken to be zero, given the assumed relation I's = D/2, where D =
[['g (1 — Bpcosfos)]™" is the Doppler factor determined by the fit. Here, we prefer to consider a non-
vanishing angle and use the condition I'g = D, which implies 61.0s = 1/T'g. 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.



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 phdl°(r) = N7~ reshapes the halo profile into

a steeper distribution

Rep

r

9 — 2y
4—n

, (2.4)

pr(r) = N R”( )am with  a(y) =
DM sp ) Y

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

My ) 1/(3=) (2.5)
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where €(y) ~ 0.1 for 0.5 < v < 1.5 [56]. For the blazars under consideration, we model
the total DM profile ppy(r) as

0 r <2Rg;
pou(r) = NRS})’Y g(fr)(RSp/'r)O‘('Y) 2Rs <r < Ryp; (2.6)
(RSP/T)’Y r 2> Rsp ;

where g(r) = (1 — 2Rg/r)3/? accounts for the inevitable capture of DM onto the BH
after including relativistic effects [57]. In the analysis that follows, we fix v = 1 for the
initial DM profile, inspired by a Navarro-Frenk-White (NFW) distribution [58, 59], so that
a(y = 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
Ry, = Ry, R, = 105Rg being the typical radius of influence of a BH on stars [60]. This
normalisation, for v = 1, results in

(2.7)

M,
N ~107°M, /R ( =L ) :

108 Mg,
As can be easily checked, the total DM mass contained within R, is Mgﬁﬁke ~ 18.5% Mpgy.
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
SMBHSs 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]):

EDM(T) = /R pDM(T/)dT/a (2.8)



where R, is the minimal radial extension of the blazar jet. The above integral is quickly
saturated by the spike contribution, which reads

. 3—y M R 3—a(y)
Esplke =y ) ~ 6(7) BH min 9
DM DM(R p) Oé(’}/) 1 R2 Rsp 9 ( 9)

min

where we have used the DM profile in eq. (2.6) without fixing v, after inverting the relation
in eq. (2.4) to get NV, and integrated eq. (2.8) up to Rsp. For v = 1 and Ry, = 10°Rg,
the above relation gives

ypike 5501077 My < 2R

R%‘ Rmin

4/3 3x108M, 2Rs\4/3
~1.28x 103! GeVem ™2 © ( S) .
> % ¢ o ( MBH Rmin

(2.10)

Various effects can alter the formation and evolution of the DM spike. For instance, DM
annihilations over the BH lifetime tgy [55] flatten the DM profile at inner radii reducing
the slope of the spike to < 0.5 for r < 7ann [73], rann being defined by the condition

pDM(Tann) = Pcore = mx/(<0-annvrel>tBH)a which giVGS

Mo (a3 ] 1/20)
BHG(”)] for 2Rg < ramn < Rep, (2.11)

Tann = R,
ann Sp [ Rgp Deore

and (anntrel) is the DM averaged annihilation cross section times relative velocity. The
DM profile including the effects of DM annihilation can be approximated as ppy(r) =
Pom () peore/ (Pom (7)) + peore) [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 R,,,, the minimal radius of the jet, and they have a substantial
impact on YXpy. 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 R,.. In particular, as in [11], we choose R, = 10?Rg (BMCI) and
R,... = 10*Rg (BMCII), based on results from blazar studies indicating where the jet is
likely well-accelerated [50] (see also [78]).
For the adopted density profile, Mgy = 3 x 10® M and v = 1, we find

sspike 6.9 x 102 GeV cm ™2 for BMCI

~ 2.12
PM 1.5 x 1026 GeV em ™2 for BMCII (2.12)

We note that taking (oannvrel) such that rapy < R, and calculating the DM column density
for ppu(r), would practically lead to values of Z%rf\ldke between the two BMCs considered.
Imposing rann < R gives

(Canntrel) S oM =3.1x 1073 cm3s7! (mX/GeV)(loloyr/tBH) for BMCI,

2.13
(Canntrel) S oy =1.4x10726 cm3s7! (mX/GeV)(l()10 yr/tgy) for BMCIL. ( )

Then, values of (Ganntrel) S opmcer would yield a DM column density consistent with the
BMCs considered. Intermediate values opycr S (Tanntrel) S opmcerr would correspond to
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Figure 1. The DM density profile ppy(r) (solid green, left axis) and its column density X5y (r) (solid
purple, right axis) for BH mass My, = 3 x 108Mg. The DM column density is plotted for the two
BMCs: R,.. = 102Rgs (BMCI, upper curve) and R, = 10*Rg (BMCII, lower curve). We also plot
the DM profile ppy(r) (green dashed) which includes DM annihilations for the maximal values of
(T annVrel) Which yield Xy, consistent with BMCI and BMCII, taking the BH lifetime t5y; = 1010 yr
and DM mass m, = 1GeV.

situations between BMCI and BMCII. Larger values (Ganntrel) 2 opmcn would lead to DM
column densities smaller than that of our BMCII. However, values of (Ganntrel) larger than
about 10728 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 7y = Ry (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 x with mass m,,.
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



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.

e Scalar mediator: DM-quark interactions are mediated by a scalar ¢ with mass m as

Lygs = 9o XXP + 90000 —  Oyng =1, (SI) (3.1)

where ¢ runs over light quarks and O, n¢ is the spin-independent (SI) DM interaction
with nucleons N induced by Ly 4.

¢ Vector mediator: DM-quark interactions are mediated by a vector V' with mass my
as
Lygv = gvXVXVu+9qvar*aVy  — Oy =1, (SI) (3.2)

where ¢ runs over light quarks and O,y is the SI DM interaction with nucleons
induced by L,qv.

o Axial mediator: We consider the interaction with an axial mediator V'’ with mass
my as follows

Lygv = v XV 15XV + 9o " ysaV, = Oy =Sy Sy, (SD)  (3.3)

where g runs over light quarks, §x and Sy denote respectively the DM and nucleon spin
vectors, and O, yy- is the spin-dependent (SD) DM interaction with nucleons induced

by ‘Cqu’ .

o Pseudoscalar (ALP) mediator: DM-quark interactions are mediated by a pseu-
doscalar a with mass m, (i.e. an axion-like particle, or ALP) as
o - (. @\ (s @
»Cxqa = 19xaXV5X0 + 19¢aqV590, — OxNa = SX e Sny-—1, (SMD)
my my
(3.4)

where ¢ runs over light quarks, Oy, is the spin- and momentum-dependent (SMD)
DM-nucleon interaction induced by L, 44, and Cj 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 gyy and gqy of egs. (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 (o) and SD (¢2)) DM-nucleon scattering
cross sections, N = p,n. These are obtained by integrating out the mediator ¥ from L, .y
and by computing the cross sections in the limit of vanishing momentum transfer and
s = (my + mn)?, being s the centre-of-mass energy squared.

For Y = ¢,V (oyiy = oy and Y = V' (oyin = ol), with DM spin s, = 1/2,
one obtains

2 2 2
Iy INY HyN
oy = Y - Tf‘; . Y=9¢,V,V, (3.5)



where 1,y is the DM-nucleon reduced mass and gyy the DM-nucleon coupling, which we
derive for each model in appendix A and report synthetically here

Ipp == 8.4 gug + 7.6 gag, Ine = 7.6 gup + 8.5 gag,
9pv =2 guv + gav, Inv = Guv + 2 9gav,
gpv' = 1.3guyr — 0.7gay7, gnv' = —0.7gyyr + 1.5gqy .

For Y = a instead, the tree-level SMD contribution to the non-relativistic cross section is
suppressed by the exchanged momentum, as shown by O, n, in eq. (3.4). In this pseudoscalar-
mediated model a spin-independent cross section o 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
egs. (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

2 2 2
g;;:AzZ;«L‘USI, where JSIZ% ZPE L (A-2)PETE | V=6V, (39)
XN Y Y

being Z(A) the atomic (mass) number of the target nucleus. For the pseudoscalar mediator a,

aé is given by the same expression of eq. (3.9), where instead og; is given by a loop-suppressed

contribution [79]. Finally, the SD scattering is not coherently enhanced,

2 2 2 2
oA — S(0) Fra Osp, Where ogp = S Inv: Pxn , (3.10)
sb /LQ T m4
xN 1%

ie. ogp = oy v 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
A?-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 p, = (Ep, pj,) while for the DM particle p, = (m,, 6)
Concerning the final states, we denote the 4-momenta of the scattered DM particle and the
outgoing proton, respectively, as k, = (Ep, Ep) and ky = (E}, Ex) The Feynman diagram
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for the process is sketched below using the package TikZ-Feynman [80]
X X

g = S

where Y = ¢, 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 doy’,,/du; = | Mypl?/(327s), with —1 < p* < 1 being the cosine of the scattering angle
of emission in the center-of-mass rest frame, s = (py + pp)? and | My, |? the squared matrix
element averaged over the initial spins and summed over the final spins. The momentum
transfer squared in the rest frame of y reads Q% = —(py — kx)2 =2m, T, with T\, = E, —m,,
the kinetic energy of the outgoing x. The latter is given as a function of u} by

1 * 2m T, (T, 2
+ :us Wlth Tmax(Tp) — mX p ( p + mp) , (311)
X 2m,\ Ty + (mp + my)?

where T, = E, — m,, is the kinetic energy of the incoming proton. Consider now the

Ty (ug) = T (Tp)

following “trick”:

O fap, 00— [, Ty, i) = 2 [, e 280 1)

dT “dTdps dps dpg Ty(Tp) 7
(3.12)
with
WEH(T, T = —— et E mIT (3.13)
V(T3 +2m, 1) (T2 + 2m, T3,)
From the relation in eq. (3.12) we obtain
dUiE/I;(p _ ’MYXP‘Q 5(:”’8 - MEL(Tpa TX)) ) (314)

dTydps — 16ms T (T)

By computing the averaged Feynman amplitude squared ]./\/lyxp]2 we obtain the following
differential elastic cross sections for Y = ¢,a,V, V"

oGy _ Toxp Mo (4m3+Q*)(Emi+Q?) 8(ps =5 (T, T))

— G2 (Q? , 3.15
dTdps s 1642, (m3+Q?)? 5(@) Ty(Tp) (319
do B 2 2 2\2 =N _ ,,EL

Taxp :gxagpa (Q%) G% (QQ)(S(MS s (Tvax))’ (3.16)
dTydps  16ms (m2+Q2)2 OP Tp(Tp)
dO"F}I;(p :O"l\}r;p mé AV,p(QZ)_i_(Siu)QCV’p(Q2)+m7iDV’p<Q2) 6(#57M§L(TP>TX)) ’
Tdns~ s B2, m m3 T (1) (14Q? m? P
(3.17)
doti, oVhg, My | (s—u)? - m2 I ps—pe(Tp,Ty))

- AV (@) B v g2y T pre 2 ot ip )

dhp. s 4, |1 O O D O e (g2

(3.18)
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where the functions GS,C:’E,J,,AV’p,CV’p,DV’p, AV'e cV'P and DV'P are nuclear form
factors for the proton, which at Q? = 0 take the values Gg = 1, Gs,p =1, AV'P = DV:P =
AV'P = 0, CV'P = cVhr = 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(GeV?), the contribution of the deep inelastic
scattering (DIS) starts to be relevant. The process is represented diagrammatically below [80]

where Y denotes the mediator, p the initial proton, ¢(q) the (anti)quark participating
the scattering, and X the outgoing hadronic state. We fix the momenta of the initial
DM and proton respectively as py, = (Ey,py) and p, = (Ej,pp), with &k, = (E, /QX) and
kg = (El’], Eq) 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 + px)2 and Q% = (py — k:x)Q. The differential DIS cross section for DM-proton
scattering can be expressed as (see appendix B for details):

Aoy y @ Vg SE QM

= 3.19
dedy 167 (Q?)% — 4m2Zm2a?y? ’ (3:19)

quark

being fé) @ the parton distribution functions (PDFs) for the (anti)quark in the proton, MYX
is the spin-averaged Feynman amplitude at the quark level, y = py, - q/(pp - py) the inelasticity
parameter and = = Q*/(2p, - q) = Q*/[(s — mj — m%)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:

Ao ON (Q)QHAME)YY ey 1% FL@, Q%)

_ : 3.20
dedy 164,62, [(Q%)2—4mym2a2y?)(1+Q%/m3)? (3:20)
dUC]f)I(Sp _ 9>2<a (Q2)3y2n:q,qg§af£($aé?2) (3.21)
dxdy 16mm? [(Q2)2—4m§vmiz2y2](1+Q2/m3)2 ’

doPs, oW, (@)Y Q) 22 M g
dedy 82,95, [(Q?)2—4mimiz?y?|(1+Q%/my)2 \ " v? vy Q% )’ '

The DIS cross section in the case of an axial mediator, op'°, coincide with o' provided

that the formal substitutions gyv — gyv, gpv = gpv7, OVY, = OV s GV = Guv7, £ = ¢, 4,
and my — my- are made. To align the notation with the elastic case, we perform the change
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of variables (z,y) — (T, is), which yields

doy’y, _ \/(T;? + 2myT,) (T + 2my Ty 1 doy%, (3.23)

dTydps \/(Tﬁ +2mpTp) (T3 + 2my Ty ) ps — Ty (Tp + myp) Ty +my drdy *

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

Tyymy

x = : (3.24)
\/ (T2 + 2m,T,) (T2 + 2my Ty) pis — Ty (T + )
VT2 +2m,T) (T3 + 2m, T, ) T,
y— J—— (3.25)
my (TP + mp) My

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

spike T upper EL+DIS
dq)X _ ZDM /2 d¢s /’YP d")/ /dus drp dUYXP (41)
dT),  2mmyd3 Jo i (T ) P dypdQY dTydps '

where the differential cross section includes both the elastic and inelastic contributions, while
ts 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 u, which is related to ps and ¢s by a rotation
of an angle 005 [6]

1(fis, ds) = pus cos BLos + sin P sin Orogy/1 — p2 . (4.2)

In the elastic case, ps is fixed by kinematics to be ps = p5™(Tp, Ty), as defined in eq. (3.13).
In the inelastic case, the integration over us is non-trivial and has to be performed in the
range py (Tp,Ty) < ps < 1, where the lower extremum represents the elastic scattering
limit of the DIS (z = 1).5

The DM flux shows mild dependence on the upper extreme of integration over -y,, which
we set to PP =1+ 10% GeV /m,, for all the considered blazars. The lower extremum is
a function of the DM kinetic energy T, reading

1

_ 2T,
V;m( X) = % l(Tx —2myp) + \/(Tx + Qmp)2 + (myp — mx)Zmij + 1L (4.3)

5A similar calculation of the BBDM flux from TXS 05064056 for the vector mediator case, also including
inelastic scatterings, has been carried out in [70]. In [70], however, the integration over us 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 m, 2 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;"(Ty) = my[v;"(Ty) — 1] > Ty, and note that the equality only holds
it my, = my.

The expression of the differential BBDM flux in eq. (4.1) is written in terms of the DM
kinetic energy T, at the source. However, the DM momentum at Earth |ﬁ§0)] is related to
that at the source |p) | by |]5;$0)\ = |py|/(14 z) — we remind that z is the redshift of the source

— and the DM kinetic energy at Earth 7" can be expressed in terms of Ty at production as

T (T + 2m,)
T = XX X411 4.4
x = Mx [\/ (1+ 2)%m2 + ] (4.4)

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

oo w
dTX dTX dTX Tx :TX(T>(<O))
where
By DOt (4.6
d1y” VIO (T +2my)

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 (¢py) must not exceed the
estimated age of the central BH. That is, tpy < tgy, where tpy is given by

z dz' 14+ 2\2 m2
P D — X . AT
DM /0 1+ z’)H(z’)\/ + (1 n z’) To(Ty + 2my) (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 7-ray and/or neutrino flaring activity. We show in figure 2 the time
delay At = tpy — tiight 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 T} /m,,
where tign(2) = [ d2'/[(1+2')H(2")]. For TXS 0506+056, we require that tpy < tgy = 10°
yr, which yields T} /m, > 0.104 using Hy = 70.2kms~! Mpc™!, Q5 = 0.685, ,,, = 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 05064056, the vertical dashed line to
the cut on T, /m,, while the horizontal line corresponds to tpy(2rxs = 0.337) = tgy. For all
the sources in the sample, corresponding to the gray area in the plot, we impose instead a
cut on T\ /m, by requiring that tpy(2) < tuniverse = 1.38 X 10'%yr. The cut on the sample
applies to the darker gray region of the figure. One can observe that At 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 05064056 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 = 500 MeV and 5 GeV, 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 T /m,. Also shown in
dashed is the cut T /m, > 0.104 (vertical line) and the relative At = tpy — tignt (horizontal line)
for TXS 05064056 obtained by imposing tpu < tsa =~ 100 yr. In the darker gray region we find
ton(2) > tuniverse = 1.379 x 100 yr for the considered sample of blazars.

t0 g\v 9uy = gyv gay = 0.1, and choose m, =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 m, Ty 2 O(GeV?), and
the scattering imposes T, > T);"(Ty) > Ty: 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 T ’s, the different behaviour of
the DM flux for the various mediators is induced by the different low-@Q? 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 m, = 1MeV (blue), 10 MeV
(orange), 100 MeV (green), 1 GeV (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 = 500 MeV (left panels) and 5GeV (right panels). The plots are
obtained for g,y guy = gyvgay = 0.1 and Xp = 6.9 x 1028 GeVem~2. The thick (thin) lines are
obtained after imposing the cut 7}, /m, > 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 = 500 MeV (my = 5GeV) in the
left (right) panels, with m, = 10MeV, and the overall normalisation with g,y guy = gyvgay = 0.1
and Y2 a5 in BMCIL. For each blazar we have imposed the cut on T} /m, that results from the
condition tpy < tuniverse =~ 1.379 x 1019 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 m, = 10MeV, couplings g,y guy =
9yy 9gay = 0.1, mediator masses my = 500 MeV 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 05064056 shown
in figure 3 for m, = 10 MeV, we find that inelastic contributions play a significantly larger
role in the blazar sample. This difference arises due to the minimal proton boost factor
’Yr/nmp = 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 7/, np = 10? for the blazar sample also exacerbates the different dependence
on T, 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 Q% > 0(0.04 GeVQ)7 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 O'iE/I;( N at zero momentum
transfer, noting that this approach is more conservative than evaluating the cross section
including the full Q?-dependence of the form factors (see, e.g., [82]) and the DIS contribution.
Also, in our analysis, we consider my = m, ~ m,, and concentrate on quark couplings to the
mediator such that g,y = guy = gay, and thus gnyy = 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 oy’ y = oy, ~ oy, throughout our
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subsequent analysis. Then, the expressions for dcT}E/LXp /dT, that are needed for our treatment
can be readily obtained from those in eqs. (3.15)—(3.18) by replacing T37**(T},) — T (1Y),
evaluating the form factors at Q2 = 0, performing the trivial integration over u,. These can
then be integrated from 0 to T**(T}) to get the total cross section. Furthermore, we consider
the average mass density of the Earth crust to be ppip, ~ 2.7g/cm? [83], and fix the proton
and neutron number densities by assuming an equal ratio, ny = n, ~ n, ~ ppin/(2mpy).

After all these steps, we investigate the quantity ¢~ = 2n NOy5 N, Which is the mean
path travelled by the DM particle before undergoing a scattering. In particular, we show in
figure 5 the product x/=1(T ) versus T”, x being the distance travelled by DM in the Earth
crust, which we fix at £ = 1km for the figure. In the plot, the other parameters are fixed
as gyygqy = 0.1, my = 500 MeV (left panel), 5 GeV (right panel), and m, = 1GeV (solid),
100 MeV (dashed), 10 MeV (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 g,y gsy since z¢~! o z giyggy. For instance,
the same curves can be obtained for z = 10* km and Iy 9gy = 1073, The dependence on my
is less straightforward, this being the reason why we show two benchmark cases. We also point
out that, if Q% < 0.04 GeV? (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 2¢~! > 1, the average number of scattering
over a distance x, N%, exceeds one. In the figure, the threshold N, = 1 is marked by a thick
black horizontal line. The Earth attenuation becomes relevant when NZ, 2 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 = 5 GeV, and thus, for the parameters of
the figure, the effects of the Earth attenuation can be neglected. For the case my = 500 MeV
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 g,y gy 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 m, 2 300 MeV. 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{” as long as Ngg** < 1, i.e. $det€_1(T)<<0)) <1,
being x4, the depth of a given detector. For the energies such that :Udctﬁfl(T;(U)) >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 z travelled by DM in the Earth crust, in units of the mean path ¢ travelled by DM
before it undergoes a scattering with nucleons, as a function of the DM kinetic energy at surface T><<°).
We consider the cases of scalar, pseudoscalar, vector and axial mediators and we choose as benchmark
values £ = 1km, my = 500 MeV (5GeV), m, = 10MeV, 100 MeV, 1 GeV and g,y gy = 0.1 for the
left (right) panel. Attenuation effects become relevant when Nyt > 1 (thick black line). Inside the gray
shaded areas, one for each value of DM mass, we have Q2 < 0.04 GeV? 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;EO) 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 x4/~ at large T;(O), 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
faee 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 0564056 for the neutrino detectors Super-Kamiokande (SK, or Super-K), Borexino,
JUNO and DUNE. According to the figure, for TXS 05064056 the fraction of the day for
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Figure 6. Daily variation of the DM path length from TXS 05064056 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 & ~ x4, where xsx = 1 km, xpung = 1.5 km,
zyuno = 0.7 km and Zporexino = 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 xxamranp = 1 km and zpk = 0.65 km.

which it stays above the horizon for each detector is fu.. ~ 1/2. We compute analogously
faer 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:

d@det d(I) B
dT?O) = dT(%() fdet@[l - xdet’e I(T;(O))]) (48)
X X

where the Heaviside ©-function ensures that xdetﬂfl(Tﬁo)) < 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 oy v = oyh, ~ oy, and my = my ~ my,. We denote as T the nucleon kinetic
energy upon DM scattering. We compute the differential recoil rate dR%'/dTn from a single
blazar at a given detector as

o EL de
dR?\/t ~ N det /+OO dT(o) dUYxN dq)xt (4.9)
T,

dTN — “Vtarget )r(nin(TN) X dTN dT>(<O)’

where Ng..; is the total number of target nuclei in the detector, 7" the minimal DM
kinetic energy needed to produce a recoil energy T and the DM flux is evaluated according

to eq. (4.8).

— 21 —



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

ook AR
de de de de de
NBPEDM = 75extp]\/vta1:get /Td?t dTN € t(T’N) dTN < Nevénts ) (410)
where ¢ denotes the exposure time, [T, T9° | the energy range sensitivity, e?°* the efficienc
exp min max gy g y y

and N&t o 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
€(|pp|) is given in [9] in the proton momentum range 1.2 < |p,|/GeV < 2.3, with the
corresponding kinetic energy range 0.58 < T,/GeV < 1.55. The total exposure time in Super-
K is tgfé) = 6050.3 days, the number of proton targets (including those in oxygen, as these
should also be relevant when Q% = 2myTy > GeV2) in its 22.5 kton fiducial mass of water is
N%Ifget = 7.5x10% 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 . (0.58 < T,,/GeV < 1.55) = 18.
Hyper-K will be a 187-kton fiducial volume detector, N;{K = 6.2 x 1034, and is expected
to start taking data in 2027 [84]. We obtain its projected limits by setting the exposure time
tgff) = 10yr and assuming the same background event rate, energy range and efficiency as
Super-K. This procedure gives us the upper limit NIK (0.58 < T,,/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 7}, > 40 MeV 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 ~ 50 MeV. In this energy range, DM dominantly interacts with
individual nucleons and so we take the number of the target particles as ngglgtE =2.4x 103
where we summed over protons and neutrons. We set our bounds by choosing an exposure time
of tg}gNE = 5yr, PUNE = 1 and by adopting the atmospheric neutrino background modelling

of [87], which gives the limit on the signal NRUNE(0.04 < T,,/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
225 < T,/MeV < 30.7 and impose our limit on the BBDM signal in this energy bin as
NEamLAND (99 5 < T /MeV < 30.7) = 3. The exposure time is tX8MEAND — 193 days and

events exp
NEamLAND — 3.4 % 10%2, including those in

the number of proton targets in the detector
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 N (N) &, [T85 7] Ny
(kton) (years) (GeV)
SK 225  7.5x10%(p)  16.56 [0.58,1.55] 18 [9]
HK 187 6.2 x 10%(p) 10 [0.58, 1.55] 37 [9]
DUNE 40 2.4 x 5 [0.04, 10] 21 1
10%(p, n)
JUNO 20 6.8 x 1033(p) 10 [0.0212,0.1120] 79 1
KamLAND 1 3.4 x10%(p) 0337 [0.0225,0.0307] 3 1
Borexino 0278 3.2x10%(p) 122  [0.0212,0.0245] 3

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 (Ey;s) range 15 < Eyis/MeV < 100, corresponding
to a kinetic proton recoil energy within 21.2 < 7,,/MeV < 112, where the relation between
Eyis and T, is given in [91]. We consider for our signal elastic scatterings on all the protons
in the detector, Ng]a[ggl\é? = 6.8 x 1033, Setting an exposure time thpNo = 10yr, VN0 =1
and adopting the expected background rate from atmospheric neutrinos as [91] yields the

limit on the signal NJUNO(21.2 < T,,/MeV < 112) = 79.

events
We finally compute limits from Borexino [92]. We use the number of proton targets
Ng‘r’gg’t‘mo = 3.2 x 103!, with an exposure time tBorexmo = 446.1 days and then impose our

signal NBorexino < 3 ip the energy range 21.2 < T, / MeV < 24.5. This limit follows from the
absence of events in the interval [12.5,15] MeV e, using the same procedure as for KamLAND

to convert MeVe. into T, p.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 m, ~ 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].

In [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 m, = 10 MeV (orange), 1 GeV (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 = 500 MeV (left panels) and 5 GeV (right panels), g\y guy = gxy gay = 0.1,
Yo as in BMC I and Nigpget = 7.5 X 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
U%ﬁf;p — m, plane for the scalar, vector and axial mediator cases (gyy gqy — My 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 05064056 and the blazar sample [50],
respectively, focusing on two benchmark values of the mediator mass my = 500 MeV and
5GeV. For these plots, to keep the discussion minimal, we have fixed R,.;, = 10? Rg 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 zgﬁ/ % for
BBDM and as ¥}, 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 Y,,. We show the results for BMCII
(R = 10* Rg) 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
05064056 (but not for the blazar sample). In addition, we complement this section with
appendix E, where we estimate to what extent 4y — 2y annihilations and 2y — 2y scattering
processes can also alter the DM spike.

5.1 Model-independent constraints

The effect of a new particle species ¢ with thermal abundance and energy density py, is to
increase the Hubble parameter H at a given epoch as H? o pio;. Assuming that 1) does not
have a large chemical potential, py is controlled only by its mass m,, and temperature T. Asin
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, Neg, and hence the values of helium and deuterium primordial abundances
produced at BBN, requiring m,, > O(10) MeV. This limit can be relaxed to m, > 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 oy ) against
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and my = 5GeV (right panels) for the mass of the mediator and BMCI for the DM LOS integral.
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the same DM interactions along the black lines [12]. The black dot-dashed line (gyy 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
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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.”

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.®

e 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 g4, = 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 g,4 and g4¢ [117]. DM pairs can be produced at colliders
together with SM radiation via processes like gqg — g ¢ — g xx. 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 my = 1GeV and 3GeV (which we
consider in place of mg = 500 MeV and 5 GeV, respectively), and these are stronger
than the constraints from monojet searches at colliders when mg = 500 MeV.

"A 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 mg = 500 MeV, 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 7 — 2y, n — 2x, and ' — 2x 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 [§],
introducing a coupling gs, between the strange quark and the pseudoscalar mediator can
relax the constraints. However, we conservatively shade the excluded regions assuming
gsa = 0 and gyq = g4q- 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 my = 500 MeV, 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 g,y g,y
are those coming from monojet searches for my > 2m,, which are proportional to g,y only. In
drawing them in figures 8 and 9 we then need to make an assumption for one of the couplings,
and we choose g,y = 1. Had we chosen smaller values of gy, our limits would have been
unchanged but this would have implied larger values of g4y to yield the same cross section.
Monojet limits on our scenario (i.e. on g,y gsy) would have then become relatively stronger,
by the same factor that rescaled g,y. In particular, in the case g,y ~ g4y, the monojet
limits on the couplings g,y gqsy become stronger by a factor (ngqu)llig >~ (gqv )lim, Where
(9xv ggy )lim is the monojet limit that can be directly read-off the plots. On the U)l\/I?p — My
plane the limit is instead rescaled by a factor (gyy gqv )lim =~ (ggy)hm, since oy, (9yy gqv )%
Compared to our g,y = 1 benchmark, the choice g,y ~ g,y 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/¢ or Y. 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
gyy 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
9xv/gqy > 1, that we assumed for monojet limits in figures 8 and 9.7 However, it can be
challenging to obtain g,y /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 = 500 MeV, 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 = 5 GeV
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 JUNQ’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 05064056, and identified the regions in the m, — a?ﬂ‘;p 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 = 500 MeV and 5 GeV.
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 E, of the
neutrino observed from TXS 05064056 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 = 500 MeV: for the scalar mediator scenario if m, < 0.2MeV, for the pseudoscalar
case at m, ~ O(GeV), and for the vector mediator at m, ~ 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 05064056 with
mg = 500 MeV and m,, 2 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 0564056 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

/
minp

Lorentz factor in the blob are taken to be a;, = 1 and ~ = 100, respectively, thus
enhancing the contribution of higher-energy protons. In contrast, for TXS 05064056, the

adopted fit gives oy = 2 and 7/,

ming

= 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 oy, is not strongly motivated for the considered sample, and was effectively fixed in the
fit by hand [50]. Indeed, variations in «, 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 t,.., for the BH accretion, as this is tied to the formation of the DM spike and
its replenishment.

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

Mgy

BH

7 €
~ 3 x 107yr (OO6> , (5.1)
where ¢ is the radiative efficiency, i.e. the fraction of energy that gets converted into radiation
during the accretion process. The efficiency € 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
tacer = 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.'? 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 x — p scattering setting g,y = g,v = 1, namely

DIS

TPNT,)  doth 1 zs do
ot(8) = AT, —XP d dQ? ——Yxr 5.2
O, t(s) /0 X dTX + Q. /s €z Q. Q dde2’ ( )

where s = mzz, + mi + 2my(my, + T}), and convolute it with the proton spectrum in the
blazar jet as

FB’YmaxP 1 dr’
= d o dQ) — P .
=" dw o) [a0 gt (53)

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, Npy(r,t), as well as the rate of depletion, Npy(r,t) = dNpy(r,t)/dt,
according to

Npu(r,t) = dmp2 oM dr,
My
| o (5.4)
Npy(r,t) = _(qung) ’ip<o'>m7d7ﬂ‘
X

We thus obtain a differential equation for ppy(r,1):

dpom (7 1) 2Kp(0)
dt = _(qung) Amr2 pDM(n t)v (55)
which can be easily solved to find
(r.7) = o1, 0) exp [ -7 (5:6)
Pom\", T) = PomlT, Xp A2 | .

having defined, for convenience, the time variable 7 = (gqygxy)zt. The DM column density
at t = 7 then reads

. Ry
SR ) = [ dr po(r, 0)e 0, (5.7)
We further define 71/ as the time at which the DM column density gets halved by the
interactions with the jet, that is S50 (7, /2) = S3Pke(0) /2. After computing /2 as a function

of the DM mass, we set a limit on the combination g,y g,y by imposing:

T
qung S “ i (5-8>
tAccn

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 05064056, 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
05064056 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 k,, as listed in table 1, while giving more weight to higher-energy protons.
The mild increase of o%fp at higher proton energies is, however, not enough to counterbalance
the effect of the smaller ,. 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.
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2. Using these cross sections, we have computed the BBDM fluxes for the individual
blazar TXS 05064056 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
05064056 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 05064056, 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 y-rays into the jet environment, potentially altering the observed
electromagnetic spectrum of blazars.!! Ideally, one should incorporate DM-proton interactions
directly into the modelling of blazars, allowing for a unified treatment of all the relevant
signals (neutrinos, v-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

my = m, ~ m, when necessary.

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

Moy = 00t )up) gz Y o Y Gs(@lkupn). (A1)
] q q

The function Gg is the scalar form factor accounting for the internal structure of the nucleon.
We approximate it with a dipole-like function Gg(Q?) = 1/(1 + QQ/AZQ,)2 [131] and use the

"The DM-induced ~-ray emission in a vector mediator model has been performed in [70] for TXS 0506056,
but without taking into account the effects of propagation of the photons in the blazar environment.
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value of A,, for both protons and neutrons, that stems from measurements of the averaged
electric charge radius <r%>1/ = V12 JAp ~ 0.85fm [132], giving A, ~ 0.8 GeV. The quantities
JY are defined as f)¥ = mq(N|gq|N)/(2m%;) computed at Q? = 0, and can be extracted
from data and lattice computation: fP ~ 1.97 x 1072, f* ~ 1.78 x 1072, fh ~3.83 x 1072
and f7 ~ 4.23 x 1072 [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]:

dogyn _ TGN mé (4m? + Q*)(4m3, + Q%)
dT\dus s 1643y (m3 + Q?)?

6(ps — pg (I, Ty))
By (A2

where pi,n = mym,/(my +m,) is the reduced mass of the system, Ty is the kinetic energy
of the nucleon, and Jg;‘N is the cross section computed in the non-relativistic limit at zero

momentum transfer @? = 0 and for s = (my + my)?, namely

2 2 9 2 4
99N M 1 GeV
NR  _— IXPING FxN 2 2 HxN -30,.. 2
= EXN 1.08 x 10~3%m?, A3
ToxN T m;ﬁ IxIN¢ <1 GeV) ( me ) ¢ (A-3)

with gne = ma (9ap S /ma + gus Y /my) and my, = 2.2MeV, mg = 4.7MeV [52].

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

i

iMaxy = grati(kx)150(Px) 53

% Z gang,N(QZ)ﬂ(kN)%u(pN), (A.4)

where Ggy N(QQ) is the pseudoscalar form factor associated to the quark ¢ = 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 m, ~ mg ~ m =
(my +mgq)/2. The combination 35, g4aG5 ~(Q?) can be computed as a linear combination
of the form factorsiGng‘,i (Q?) and G’gf]\(]i (Q?) associated respectively to the isovector current
gt 4 = uy"y’u — dy#y°d and the isoscalar current j~ = uy*ySu + dy*y°d. the nuclear
isospin symmetry, which heuristically means to exchange u <+ d to get p <+ n, implies that
Gutd = Gg:;d ~ Gqutd qud = Gg"_pd ~ —G}i—nd. The partially conserved axial current

5,n

(PCAC) relation imposes that [134, 135]

Q2

u—d 2\ _ u—d 2 u—d 2
Gy (Q7) =G4 (Q7) — fmgGP (@), (A.5)
2
Gg-i—d(QQ) ~ G12+d(Q2) o %G%‘-&-d(QQ)’ (A.G)
p

where G~ %(Q?) and G%%(Q?) are the axial form factors, while G% %(Q?) and G%"(Q?)
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 G4 4(Q?) and G4 *(Q?) can be written
under the dipole ansatz:
utd

Giid(QQ) = (1_1_2;2/]\/[%)27 (A-7)

with the axial charges gff‘_d and gqjﬁd and axial mass M4 extracted from lattice computations

as gz_d = 1.25, gf‘d = 0.44 and My = 1.2GeV [134, 135]. The induced pseudoscalar form
factors G5 4(Q?) and G%™(Q?) can be written according to the pole mass ansatz
CQ:l:d

QD) = GEQ)

_ A8
Q*+ M7, (4.8)

where C,,_4 = 4m%;, Cyrq = 0.9 GeVZ M,_g = my ~ 0.137GeV and M, q = 0.330 GeV [134,
135], so that the pseudoscalar form factors associated to the isovector and isoscalar currents
are given by

d( 2 ggx_d m2
Gu— Q — ™ , A9
O Q7w (4.9
u+d 2 C
Gu+d 2y 9a 1— Q utd , A.10
SO = egme U we, e, (410
and the linear combinations of interest to us reads
Gua 1 ~u u— 9da  ~yu U—
Gs5.p(Q%) =) 94aGE ,(Q7) = 7[G5+d +G Y+ 7[G5+d -Gy (A.11)
q
Gu w u— 9da r ~u u—
G5n(Q%) = 3 G o(Q1) = e (Gut — Gy + Bart s Gy (A1)
q

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

doin _ Gava (@ g o Olkts = (T, Ty)
dTdps 16ms (m2 +Q2)2 >N Twx(Ty) ’

(A.13)
where gna = my[gua(95T £ 947 + gaa(9% ™ F g2 9)]/(20), with + (=) holding for N =p
(N = n), and G5 ny(Q?) = mnG5 N(Q%)/(Mgna)-

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

—Guv + q;ACIV/m%/
mi + Q2

iMyxn = gyv u(ky )y ulpy) (N(kn)|vy,g|N(pn)), (A.14)

where ¢ = py, — ky = ky — pn is the 4-momentum transfer and 0o = Guvuyu + gaydy’d

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

(NI g N o) = k) [ EY N (Q2) 4 5 ot q, YN (@) ulpw)  (A15)
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where F1V ’2N(Q2) are the vector form factors associated to the nucleon N.12 The current U&Q
can be written as a linear combination of the electromagnetic current ng,Q = (2/3)uvytu —
(1/3)dy*d and the 3-isospin current vy o = (1/2)(uy'u — dy*d) via

vy = 3(guv + 9av )i g — 2(9uv + 29av)v5 o (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

v
F50(Q%) = gpv FT2(Q°) + gav F1(Q%), (A.17)
V,N
Fi Q%) = gnvFﬂz(QQ) + ngFﬂQ(QQ) (A.18)
where Fﬁ ’Zn(QQ) are the proton and neutron electromagnetic form factors, g, = 2g,v + gav

and gnv = guv + 294v- The latter can be expressed in terms of the electric and magnetic
form factors G7"/(Q?), which are defined as [138-140]

2

@) = FI™(@) - 125 7 (QY), (A19)
N

G (Q%) = FI™(Q?) + FP™ (@), (A.20)

satisfying GR(0) = 1, GE(0) = 0, G};(0) = pp/pun and G (0) = pn/pn, with py being
the nuclear magneton, while p, ~ 2.79uxy and pu, ~ —1.91uy respectively the magnetic
moments of the proton and of the neutron [141]. We then approximate the from factors
Gp,m(Q?) with a dipole-like function G%",(Q?) ~ G (0)/(1 + Q*/A2)? [132, 142]. The
differential cross section in this case reads

(11— 1 (T 1))
Trax(Tn ) (14+Q%/m3,)?’
(A.21)
where o}y = givg?\,vui n/(mmi) is total cross section in the non-relativistic limit and for
Q? = 0 (which is non-zero only if gg # —2g.v), and AV N(Q?), CV"N(Q?) and D"V (Q?)
are the following functions of the normalised form factors ﬁlv NQR?) = FIV ’QN(QQ) /gnv:

Ay = -2 {(1— %)[(W’N@?))Q— z (EV’N@?))Q] (A22)

2
mN 4ms3; 4m3;

doyin _ oVin my [AVN(QZ) (s—u)? B0 oviv 2y 4 ?c VN (Q?)

dTdys s 4N>2< N my ?\7

s )FV’N(QZ)}
mN 2
2
CPN@Q) = [(EV’N(Q?))Z - 4m%v (FZV’N@?))?] , (A.23)
V,N 2 __Q72 V,N 2 2
DVN(Q?) = — X [N (@Y + B V@) (A.24)

N

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])

2Any term proportional to Q" 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 /m%;). We note that terms O(Q?/mi,) 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

—9u T qMQV/m%//
mi, + Q2

iMyien = gyvr (k)Y Y u(py) (N(kn)lay: oI N(pn)), (A.25)

where a’(,,,Q = guv Uy u+ ggyrdy P d is the quark axial current associated to the V/ boson.
We decompose the hadronic matrix element as

(N(kn)laf oI N (pw)) = ulkn) |7*G% V(Q%) - ;ﬂ;GY»'N(QQ) 7 u(p) (A.26)

with the functions GX:IJS[ (Q?) being the associated axial and pseudoscalar form factors.'® The
current a"j, o can be decomposed in terms of the isoscalar and isovector currents

Guv’ gav'’ .
al(/’Q - u2 (]u+d+]u d) + 9 (]u+d Jff_d), (A.27)

and, correspondlngly, the form factors can be expressed in terms of G“id(QQ) defined in
eqgs. (A.?) and (A.8) a
<@2> PEIEEHQN) + G AQ + TLGHHQ) - GUE Q)] (A2)
Q) = ggv’ (CHB@QY) ~ CEQ)] + ng TIEEH Q) + GHA@). (A29)

The differential cross section in this case reads

(ps—ps (T, Ty))
T (T ) (14 Q2 3 2

(A.30)
where o7\ = v giv, ui ~/(mm3,,) is the total cross section computed in the non-relativistic
limit and for Q = 0, with gyv' = (v3/2)[guv (647 £ 9% + gav: (9% F g%~ )], with 4 (—)
holding for N = p (N = n), while AY"N(Q?), CV"N(Q?) and DV N(Q?) are the following
functions of the normalised form factors @X}N(QQ) = GZ:J’DN(QQ) Janv:

EL NR 4
de'XN _OyixN my
= 2
dT dps s Ay

2
AV B v gy T pv v )

N N

AVN@?) = ffN ( f;) (@M@’ (A.31)
VN (Q?) = %( N2 ) (A.32)
DV'N@*) =8 |1+ S?r;v + 2; +3 (2;) (@X’,N(QQ)Q + (A.33)
n ( < ) G N (QHER N QY +
&) (- 5) e

13We neglect the contribution from any term proportional to o’ Q, as it would violate G conjugation, i.e. a
combination of charge conjugation and a rotation by 7 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(m3/m%;, Q*/m3,).

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]

where Y = ¢, 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 p, = (Fy,py) and p, = (Ey,Dy), and, analogously, for the
outgoing DM and quark k, = (E;(,EX) and k, = (E(’J,lgq). 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 py = 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 = pg/a = (En,pPn) and the 4-momentum transfer ¢ = p, — k,. We denote the squared
centre-of-mass energy and momentum transfer respectively as s = (py + px)2 and Q2 = —q2.
We also define the following Lorentz invariant quantities: the energy transfer v = pn - q/mn,
the inelasticity parameter y = py - q/(pn - py) = 2vmy/(s — m% — mi) and the Bjorken
scaling variable * = Q*/(2pn - q) = Q2/[(s — m3 — m?

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

Q? "= —2m2 + 2B, F, — 2|p||ky cos 6, (B.1)
By "2 (s —m} —mi)/(2my), (B.2)
B2 E(1-y), (B.3)
v = [Py [mn/(ByEN), (B.4)
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Figure 11. Comparison between the integrated inelastic cross sections (integration of the expressions
in egs. (3.20)—(3.22)) and the same quantities as evaluated by MADGRAPHDS, for a mediator of mass
my = 500 MeV (5GeV) in the left (right) panels. We have fixed g,v = gqv = 1. The upper (bottom)
panels show the comparison for the case of vector and scalar (axial and pseudoscalar) mediators.

where 0 is the scattering angle in the LAB frame and v,q is the relative velocity between
the DM and the nucleon. The master formula for the DIS differential cross section can
be written as [146]:

doyyy =
1 En A3k
d N a 2 46 k A fquark
AE\ BNt (27r 32E;< quq/ §1 Q%) 5 (27r)32E’( w18 (Epn e M,

(B.5)

where |M§}‘;rk|2 is the squared Feynman amplitude of the DM-quark scattering averaged over
the initial spins, while fé\([q) is the Lorentz scalar parton distribution function (PDF) for the
(anti)quark g = u, ¢, t, d, s, b (= u, ¢, t, d, 5, b). The expression above is Lorentz invariant
except for the factor E, Envrel. 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

dvdQ? Yy

16mmy (B2 —m2) 81 (Q2)2

(@%)?

— dmim2ay

LAB

47 d?’kx Al
4E, ENUrel (27r)32E;<

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

LAB onE!

2
3k, = 7 XdvdQ? and dvdQ? = (@)

2myary

———dzdy. (B.7)

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

e s Sl @ QB M QPSS Q)M

~ dvdQ?
TYXN 32mmnQ*(E2—m?2) @ = 16 (Q%)2—4m3m2a?y?

dxdy, (B.8)

where we have neglected quarks’ masses, so that v e E, — E;C ~ E! k=g, q. 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 MADGRAPHS, 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,
dTy, during a single scattering event occurring within the infinitesimal distance interval
[,z + dz], 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, is controlled
by the differential equation:

dng Tmax Tz) O_;E/LﬁijIS
Ty T ———(Ty, T* 1
T -y nN/ dI'nTn ATy (ITn, 1Y), (C.1)

N=p,n
where ny is the number density of the nucleon N = p,n and
2mnTY (T2 + 2my)

Tmax T:B —
FHT) 2mNTE + (my +my)?

(C.2)

with mpy the nucleon’s mass. By solving numerically eq. (C.1), for given DM mass, couplings
Gxv'; 9qv, and distance x, with the initial condition T;zo =T\, we extrapolate Ty (T\") and
dTy /dTV, as well as T\"(Ty) and dT\” /dTy. We also keep track of the average number of

scatterings taking place over a distance x, Ng, by solving
SCt = Y nnoyN S (1Y), (C.3)

_p7

together with eq. (C.1) and the initial condition NZ59 =
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 /T{” (solid) and the DM average number of scatterings N (dashed) for a

sct

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 & = 1km, my = 500 MeV, m, = 100 MéV, g,y gy = 0.1, Ti2E = 6.9 x 1028 GeV em =2 (BMCI).

nN = np ~ Ny >~ ppin/(2my), with ppi, ~ 2.7g/cm® and my = m, ~ my; 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 oy’ v = oy% , ~ oyh .
Furthermore, we neglect the change of DM direction after each scattering and compute the
differential DM flux at depth x assuming flux conservation as

aes T da,
dT=z dT= dT(O)
X X X T)(<0):T)(<0)

(C.4)

(T%)

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} /7" and N (solid) obtained by solving the
differential egs. (C.1) and (C.3) for our DM models, with mediator mass my = 500 MeV,
DM mass m, = 100 MeV, couplings g,ygqy = 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 S5hi® = 6.9 x 1028 GeV em ™2 as in BMCL
From the left panel of figure 12 one can see that as long as Ny < 1, then T ~ T>(<°>,

S
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 NZ, ~ x/~ with £~1 = 2n noyh - Earth attenuation becomes relevant when Ng; > few,

leading eventually to an exponential suppression of v /T>(<°).

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 >(<°) is such that their average
NLE

sct

T

is larger than 1. This peak forms because Ng., eventually becomes smaller than 1 for

S
sufficiently small T>(<0>, due to the vanishing of the pseudoscalar elastic cross section, as it
follows from eq. (3.16) in the T, — 0 limit. For the scalar case, instead, as the elastic cross

section does not vanish for T, — 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 N it ~ xdetﬁ_l(T>(<°>) 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 R, = 10* Rg, and choosing my = 500 MeV. For this benchmark choice,
we find that the BBDM signal can test the DM hypothesis for the 2017 IceCube neutrino
event from TXS 05064056 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(10keV) scale (if the K — 7+ 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 (RE}\T/‘[CH/REMCI) . 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 05064056 in flare and the blazar sample.

E Other processes that can alter the dark matter spike

E.1 4x — 2x annihilations

Throughout this work, we have assumed that DM is strongly coupled, i.e. g,y = 1. This
assumption, together with the very large densities found in the DM spike, could make
4x — 2x 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 o4y—2y ~ giy /m§., and
the energy density depletion rate as ppy ~ My a2y (Pom/my )2, Therefore, the timescale
for the depletion is given by

1 my \ 2
T4x—2x = I?DM = < X) . (El)
Pom O4x—2x \PDM

By inverting this relation we can find a maximal DM density that guarantees the spike is
not depleted by these processes on a timescale 5., = 108 yr:

1/3 8/3
108 yr m my \¥3 [ 1
max 2 2 X 1019 GeVem ™ ( X > ( ) — ] . E.2
P x ey em <T4Xﬁzx> 10 keV / \ 1 MeV Iyy (E2)

By comparing this result with figure 1 we note that the spike depletion due to 4y — 2x

processes gets relevant in the inner part of the DM density profile only for benchmark values
of m, and my well below those considered in our setup. We can thus safely neglect such
effect in our calculations.

E.2 2x — 2x 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 ogipy/my, < O(1) cm?/g. For
comparison, we estimate the SIDM cross section for the 2y — 2y processes in the scenarios
considered by us as ogpy ~ gimi / mgl/, and thus

4 4
OsipMm 4 2 —1({9x My GeV )
— ~2x1 = — E.
My <10 em’g (1> <G6V>(mY ’ (£3)

which is well below the maximum allowed value.
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Figure 13. Limits and sensitivities to DM blazar signals from TXS 05064056 (first four panels) and
the considered blazar sample (last four panels) for my = 500 MeV and R,.., = 10* Rg 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 2y — 2x processes
is to suppress the spike [148, 152] to

psiom (1) ~ r(3+k)/4 (E.4)

for a SIDM cross section with velocity dependence ogpy ~ v=*. 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 (psioa /My ) (TsiomV) tacer. ~ 1 where we once again compare
to the accretion time as our reference timescale. Then this condition is satisfied when

108yr) (1072\ [ 1\ [GeV / my \*
~ 3 x10% GeV cm ™3 — () E.5
Psibm x 10° GeV cm (tAccrA ) ( v ) <9X) My Gov ) (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 m, and
my alone, we find that BMCII can still be consistent, while BMCI requires g, ~ 1072, 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 — x 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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