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Blazar-boosted dark matter is a novel mechanism whereby dark matter (DM) particles are accelerated to
ultrarelativistic energies through interactions with blazar jets. Focusing on a vector portal DM model, we

systematically investigate both elastic and inelastic scattering processes between DM and protons. By analyzing

multimessenger data from ground- and space-based observatories, we derive stringent constraints on the DM-

proton scattering cross section ,,,. Our results improve upon previous limits from the constant cross section and

pure elastic scattering scenarios by several orders of magnitude. The distinctive high-energy gamma-ray and

neutrino fluxes produced through deep inelastic scattering provide powerful signatures for blazar-boosted dark

matter indirect detection, enabling constraints that significantly surpass those from traditional direct detection
experiments. Notably, our results suggest that DM could be a new source of high-energy neutrinos from blazars,
potentially offering an explanation for IceCube’s observation of TXS 0506 + 056.

DOI: 10.1103/wr32-3g38

I. INTRODUCTION

The existence of dark matter (DM) is robustly supported by
diverse astrophysical and cosmological observations, includ-
ing galaxy rotation curves, the dynamics of galaxy clusters,
and anisotropies in the cosmic microwave background [1-6].
Despite this compelling evidence, the particle nature of DM
remains elusive, representing one of the most profound and
unresolved questions at the forefront of particle physics.
Assuming that DM interacts extremely weakly with ordinary
matter, direct detection experiments such as LUX-ZEPLIN
(LZ) [7-9], XENONNT [10,11], and PandaX-4T [12,13] hold
significant promise for observing DM scattering events with
target nuclei. However, for DM masses below O(1) GeV, the
typical kinetic energy of DM particles in the Milky Way halo
is insufficient to trigger a detectable signal at an experimental
threshold of O(1) keV, causing a sharp decrease in the
sensitivity to candidates with low-mass DM.

To overcome this limitation, several scenarios have been
proposed that involve boosted DM populations [14-20]. For
example, Ref. [18] introduces an innovative mechanism in
which DM particles in the Milky Way halo are accelerated
through elastic collisions with high-energy galactic cosmic
rays. This small yet inevitable DM component, referred to as
cosmic-ray-boosted DM, carries sufficient energy to impose
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constraints on the DM-proton scattering cross section o,,,, for
sub-GeV DM. This boosted DM component offers a new
avenue for the detection of light DM using conventional
direct detection techniques.

Recently, [21,22] proposed a novel DM acceleration
mechanism associated with blazars, termed blazar-boosted
dark matter (BBDM). Blazars are a type of active galactic
nuclei with a pair of extremely relativistic back-to-back jets,
one of them in close alignment to our line of sight (LOS). In
addition, it is believed that at the centers of blazars reside
supermassive black holes (BHs), which, through adiabatic
growth, could lead to the formation of regions with
significantly enhanced DM densities known as DM spikes
[23-26]. Through the scatterings with high-energy particles
in blazar jets, DM particles can be accelerated to high
velocities. References [21,22] have shown that blazars are
more efficient DM accelerators and can generate much
higher boosted DM flux than that from galactic cosmic rays.

For simplicity, the authors of Refs. [21,22] assume a
constant cross section for DM interactions with protons
(0,p) and electrons (o,,) and consider only the elastic
scattering process. Here, we argue that these simplified
treatments are not enough to give reliable results, and some
new phenomenologies may even disappear due to these
simplifications. For example, it is known that the blazar jet
can pose extremely high luminosity, say, ~10*® erg/s, and
the energy spectrum of jet particles is very wide, e.g., from
GeV to above PeV [27,28] (see Ref. [29] for a recent review of
blazar jet model). In this case, it is crucial to consider the
energy dependence of the scattering cross section, as in
practical and specific models the scattering cross section is
almost invariably energy dependent. Moreover, given the
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extremely high energies of particles within blazar jets,
inelastic scattering processes become significant and must
be taken into account. This would not only affect the BBDM
flux, but could also provide new avenues for detecting DM.

Specifically, when protons collide with DM at center-of-
mass energy 2GeV, nucleons can undergo excitation,
leading to the production of secondary gamma rays and
neutrinos in the decay sequence [30,31]. At even higher
energy scales, DM can interact with individual quarks
within nucleons, resulting in deep inelastic scatterings
(DIS). These DIS processes will also generate secondary
neutrinos and gamma rays from the hadronization and the
subsequent decay of mesons (e.g., 7+ and z°), which means
the DM within blazars could serve as the additional new
source of high-energy gamma rays and neutrinos.
Remarkably, observational evidence supports the astro-
physical relevance of such processes. In 2017, the IceCube
Neutrino Observatory reported a significant flux of high-
energy neutrinos spatially and temporally coincident with
the blazar TXS 0506 + 056 [32-34]. While conventional
blazar models attribute this signal to accelerated protons in
relativistic jets, a compelling alternative interpretation
posits that these neutrinos could originate from DIS
interactions between DM and Standard Model (SM)
particles in the blazar environment. This duality highlights
the dual role of secondary emissions: They serve both as
probes of DM properties and as diagnostics of blazar
astrophysics (e.g., jet dynamics and magnetic field con-
figurations [29]), which is fundamentally different from
considering only the elastic scattering process [21,22,35].

As an extension of previous work [21,22], in this paper, we
study the both elastic and inelastic effects of BBDM by
considering a specific vector portal fermionic DM model. The
remainder of this work is organized as follows. In Sec. II, we
give a brief introduction to the model setup and present
calculations of the elastic and inelastic cross section between
DM and protons. In Sec. III, we analyze the DM profile in
blazars and derive the resulting BBDM flux. In Sec. IV, we
calculate the high-energy neutrino and gamma-ray flux
induced by the DIS process. The computation of the con-
straints on o,,,, from both “direct” and “indirect” experiments

xp
is summarized in Sec. V. Conclusions are presented in Sec. V1.

II. ELASTIC AND INELASTIC CROSS SECTION
BETWEEN DM AND PROTONS

In this work, we consider a benchmark model where the
new sector consists of a fermionic DM y and a massive
vector mediator V,. Extending to other models, such
as scalar mediator models, is straightforward [36,37].
The corresponding Lagrangian can be expressed as [38,39]

LD g(ioy" —my )y + g,0r"xV,

_ 1
+quq7/"qVﬂ +§m%,V”V”, (1)
q

where m, and my are the DM and vector mediator mass,
respectively, and g, and g, are the coupling constant
between vector mediator and DM and quarks, respectively.
Note that we have assumed a universal coupling constant
between the vector mediator and quarks of different flavors.
The differential cross section for elastic scattering between
DM and protons is given by [38,39]
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where m,, is proton mass, g, = 3¢, is the coupling constant
between DM and proton, Q> = —g? is the positive four-
momentum transfer squared, # = |p,|/E, is the incoming
velocity of DM, and G, is the form factor of the proton,
which takes a dipole form:

1

K
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with A, # 770 MeV [40]. The maximal momentum trans-
fer squared Q2 is

4(E; —m3)m3,

2 2 :
my, + my, +2m,E,

2
Qmax =

(4)

For the DIS process, we adopt the commonly used
Bjorken scaling variables [41,42]. For the sake of simplic-
ity, we omit the detailed calculation process and give only
the key calculation results, with the detailed calculations
available in Refs. [39,43,44]. The differential cross section
is given by

d* opIs 1 deDIS
dvdQ®  2m,EZy dxdy

(5)

where v is the energy transfer of DM in the proton rest
frame, x and y are the Bjorken variables,
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and the corresponding structure function is

F(x.0) = > [f(x.0)+Fx0Mx (1)
f=ud,c,s.b

where f (f) are the parton distribution functions (PDFs) of

quarks (antiquarks). In our study, we use the Martin-

Stirling-Thorne-Watt 2008 next-to-next-to-leading-order
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PDFs [45]. By integrating out the energy transfer v, we can
obtain

dv (8)

dopis o / dzO'DIS
dvdQ?

do*
Note that the above results for elastic and inelastic
scattering are obtained in the proton rest frame, while in
the observer frame the initial DM is at rest. The trans-
formation between different reference frames is straightfor-
ward and intuitive. By using T, = Q?/ 2m,,, where T, is the
DM kinetic energy after scattering, we can get

do,, doy  dops
=2 . 9
ar, ~ " (sz e ®)

It is clearly shown that the differential cross section
between DM and protons depends on my and m,. In this
work, we are more interested in the light DM scenario, say,
m, < 0.1 GeV, which is more attractive for boosted
DM models. For my, we consider two benchmark cases:
my =1 GeV and my = 10 GeV, and the influence of

other values of my can be inferred from benchmark results.

III. BLAZAR-BOOSTED DARK MATTER FLUX

Knowing the DM-proton cross section (see Sec. 1), it is
crucial to know the blazar jet spectrum and DM profile to
calculate the flux of BBDM. Following previous works
[21,22], we also adopt the “blob geometry” to describe the
blazar jet [46], where protons move isotropically in
the blob frame with a power-law energy distribution,
and, in the BH center-of-mass rest frame (also the observ-
er’s frame), the blob itself moves along the jet axis with
speed iz, and its corresponding Lorentz boost factor reads
[z = (1 — %)~"/2. The misalignment angle between the jet
axis and the observer’s line of sight is 6} og. The desired jet
spectrum in the observer’s frame can be derived from a
Lorentz boost transformation and can be expressed as (see
Refs. [21,22] for a detailed derivation)

ar, 1

. Tp -a,
= —C _—
dT,dQ 4z "\" "m,

Bp(1 = PoPeu) T
VU= BB50)* = (1= B2)(1 - 53)

. (10)

where «; is the spectral power index, T, and f, =
[1=m2/(T,+m,)*'/? are, respectively, the kinetic
energy and speed of the particle, ¢, is the normalization
constant that can be computed from the luminosity L, (see,
e.g., [47]), and, finally, u is the cosine of the angle between
the particle’s direction of motion and the jet axis. In this
work, we focus on two blazars, i.e., TXS 0506 + 056 and
BL Lacertae as in Refs. [21,22], and the detailed parameters
are displayed in Table 1.

TABLE I. The model parameters for the blazars TXS 0506 +
056 (leptohadronic) [48,49] and BL Lacertae (hadronic) [50]
used in our calculations. In the model fitting, the assumption of
D =2I'y (I'p) is used for TXS 0506 + 056 (BL Lacertae). The
redshift z [51,52], luminosity distance d;, and BH mass Mpy
[53,54] for the two considered sources are also reported.

(Lepto)Hadronic model parameters

TXS 0506 + 056

Parameter (unit) BL Lacertae

z 0.337 0.069
d;, (Mpc) 1835.4 322.7
Mgy (M) 3.09 x 108 8.65 x 107
D 40° 15

I'p 20 15
Oros (%) 0 3.82
a, 2.0° 2.4
Ymin.p 1.0 1.0
Ymax,p 5.5x%x 107 1.9 x 10°
L, (erg/s) 2.55 x 10%? 9.8 x 10*8

*The quantities correspond to mean values computed from the
ranges given in the second column of Table 1 in Ref. [49].

As demonstrated in Ref. [55], the adiabatic growth of a
BH at the center of a DM halo gravitationally focuses DM
particles, forming an ultradense spike. For an initial power-
law profile, i.e., p(r) e r77, the postevolution density profile
follows p/(r) o r~O=21)/(4=7) called the spike distribution
[55]. In our analysis, we adopt y = 1, which corresponds to
an initial Navarro-Frenk-White profile [56]. Note that this
idealized spike structure may be altered by DM annihilation:
Self-annihilation processes can deplete the DM density in
the innermost region, converting the steep cusp into a
flattened core. The previous work considered several typical
values of DM annihilation cross section; here, with the
specific model, we can have a more proper evaluation.

For m, < 0.1 GeV, the annihilation channel into two
mesons (e.g., #777) is kinematically forbidden. However,
alternative annihilation channels remain viable depending on
the DM mass. For instance, if m, > m,, DM can annihilate
into electron-positron pairs (eTe”) and/or into photons
through loop processes [57]. Because of the small mass of
m,, and the limited initial kinematic energy, the annihilation
into electron-positron pairs occurs predominantly via a proton
loop, as illustrated in Fig. 1(b) in Ref. [57]. Notably,
contributions from mesons such as pions and kaons are
absent in our model due to the universal choice of the coupling
constant g,. For m, < m,, DM annihilation into three
photons (yyy) becomes dominant, while the two-photon final
state (yy) is forbidden by Furry’s theorem [58]. The annihi-
lation cross section into electron-positron pairs can be
expressed as

a292m2 471'6_}/5/12 2
XX
OVpt o ﬁm<4gpL0g|:T:|) . (11)
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Here, we set u = m, as a cutoff scale for low-energy chiral
effective field theory with baryons [59], and yz = 0.577 is the
Euler Mascheroni constant. The annihilation cross section to
yyy can be expressed as

32 9
LY g9 ;( (12)

v
? 167*m?,

vy —

by adopting a set of benchmark values: m, = 0.01 GeV,
my =1GeV, and g, =g, =0.01. The corresponding
~2.56 x 107 cm? and ov,,, ~8.77 x 10™* cm?

We have verified that, for 6o < 107* ¢cm?2, DM annihilation
does not significantly affect the DM spike profile in the central
region of the blazar (see Fig. 1 in Ref. [21]). In this case, we
can ignore the DM annihilation effects and adopt a spike DM
profile. We adopt the same normalization condition for p’(r)
as in Refs. [21,24], that is,

OVpt o

10°Rg
/ 4rr?p! (r)dr ~ Mgy, (13)
4Ry

where R is the Schwarzschild radius of the central BH. DM
particles on smaller orbits (< 4R;) are accreted onto the
supermassive BH [23], while the upper limit of 10°R; is
pertinent for determining BH masses [60,61]. What is relevant
to derive the flux of BBDM is the DM line-of-sight integral
ZpMm. Which is defined as

Sou(r) = / " pou(F)dr. (14)

Rs

Given that Xy (r) tends to a constant value for r > 10 pc
[21], we can factor the effects of the DM profile into
2% = Zpm(r = 100 pe). Note that the influence of varying
the lower integration limit on Zpy; has been thoroughly
discussed in Ref. [21]. With the above jet spectrum and DM
profile, the BBDM flux at Earth can be expressed as' [21]

do, Z{g{v[ /271 /T“‘“ (Tybs) do,, dT;
dT 27rm d2 mn (T, ) dT dT;d

(15)

'We note that the v dependence in the DIS case implicitly
includes a dependence on the scattering angle €, which is not
fixed by kinematics in inelastic scattering. Therefore, Eq. (15)
should be considered an approximation for DIS. However, we
have found that in the mass range m, < 100 MeV, which is the
main focus of this work, the difference between this approxi-
mation and the exact result becomes negligible as the m,
decreases. For instance, at m, = 10 MeV, the two results are
nearly identical. Since the high-energy neutrino and photon
signatures from DIS impose the most stringent constraints (see
Fig. 7), we consider this approximation sufficient for our
purposes. We are grateful to the anonymous referee for raising
this point and to Alessandro Granelli for helpful discussions.

TXS 0506+056
gy=9q=0.1, my=1GeV

EL +DIS
- —- EL

T, do/dT, [cm™ s ]
X X [
S

102 10" 10° 10 102 108 10*  10°

T, [GeV]
BL Lacertae
10" = 9y =9q=0.1, my=1GeV EL +DIS =
100 E - - = EL El

T, dO/dT, [em s

T, [GeV]

FIG. 1. The expected flux of BBDM from TXS 0506 + 056
(top panel) and BL Lacertae (bottom panel). The dashed lines
represent the contributions from pure elastic scattering, while the
solid lines also include the contribution from DIS. Different
colors correspond to different DM mass m,, namely, 1 (black
lines), 10 (red lines), and 100 MeV (blue lines).

where ¢, is the azimuth angle with respect to the line of
sight.

In Fig. 1, we present the results of BBDM flux for the
blazars TXS 0506 + 056 (top panel) and BL Lacertae
(bottom panel). The solid and dashed lines correspond to
the full calculation (including both elastic and inelastic
scattering) and the pure elastic scattering scenario, respec-
tively. For each case, three DM masses are considered:
m, = 1 (black lines), 10 (red lines), and 100 MeV (blue
lines). All results are derived under the assumption of g, =
9gq = 0.1 and my = 1 GeV. From the figure, it is evident
that, in the low-energy region, the elastic scattering con-
tribution dominates. In contrast, at higher energies, the DIS
contribution becomes significant, allowing the BBDM flux
to extend to much higher energy regimes. This result
underscores the importance of including inelastic scattering
effects in the analysis, as they play a crucial role in
providing a more accurate description of the BBDM flux.
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IV. HIGH-ENERGY NEUTRINO AND GAMMA-
RAY FLUX FROM INELASTIC SCATTERING

As discussed in Sec. I, a key feature of including inelastic
scattering processes is the production of high-energy
neutrinos and gamma rays. In this work, we employ a
specially modified version of GENIE to calculate the DIS
process between BBDM and protons, which can be
expressed as [44,62]

x+ p — y + mesons(e.g., n%, 7%, ...) + baryons. (16)

In principle, the decay or deexcitation of all unstable
mesons or baryons could produce neutrinos and/or photons.
However, as the lightest mesons, 7 mesons dominate the
fragmentation process, with production rates significantly
exceeding those of heavier mesons (e.g., K mesons) and
baryons (e.g., A resonances) [43]. For simplicity, we
consider only the contributions from 7 mesons, with the
corresponding decay chains given as follows:

at sty s et U+ 0,y (17)
s u e+ 0,y 40, (18)
7’ = yy. (19)

Note that we have neglected rare decay channels, such as
at > et +uv, and 7° - et + e~ +y, and assumed a
100% branching ratio for each decay step. After specifying
the input parameters—particle masses (m, and my),
coupling constants (g, and g,), and the incoming DM
energy EXZ—GENIE will calculate the DIS process, perform
hadronization, and generate simulated events stored in a
GHEDP record [62]. This record contains the four-momen-
tum information of all final-state particles, including DM,
mesons, and baryons. Our strategy is straightforward: We
extract the 7 mesons from the GHEP record, compute their
decay dynamics [see Eqs. (17)—-(19)], and apply the
appropriate Lorentz boosts to obtain the four-momenta
of the resulting neutrinos and gamma rays. As a check, we
compare the results of GENIE and analytic expressions for
DIS of DM and protons (Fig. 2). We randomly selected a
set of parameters: m, = 0.032 GeV, my =1 GeV, and
9qs =9, =0.001. It can be seen that GENIE and the
analytical results agree very well. The discrepancy in the
low-energy region arises from the internal cuts applied by
GENIE, while our analytical calculation adopts a simplified
threshold condition requiring the invariant mass of the
final-state system (excluding the outgoing DM) to be larger
than m, + my. This difference, however, does not impact

*Note that GENIE operates in the proton rest frame; trans-
forming to the DM rest frame is straightforward via a Lorentz
boost [44].

10-37 Ty
1038 L gy =gq=0001, m, =0.032GeV, my=1GeV
— 1039 ¢
NE E |
3 F 1
2 -40 |
o 107
§
10—41
GENIE
10—42 Analytic
1043 L i e e ]
10° 10" 102 10° 10* 10° 108

E, [GeV]

FIG. 2. Comparison between the analytical computation of the
DIS cross section [see Eqs. (5)—(8)] and the numerical results
given by GENIE. The input parameters are set as g, = g, = 0.001,
m, = 0.032 GeV, and my = 1 GeV.

our results, as the high-energy DIS scattering dominates the
phenomenological implications discussed in this work.

Finally, we achieve our goal: For incident protons of any
energy in the DM rest frame, we obtain the four-momentum
of all photons and neutrinos that are produced by 7 meson
decay, and, with these results, we can further derive the
corresponding spectrum. Although the final-state photons
and neutrinos are not collinear with the incident proton
direction, we observe that the emission angle decreases
rapidly as the proton energy increases. We define a critical
angle 6., which encloses 95% of the emitted neutrinos or
photons. This angle 6. depends on the incident proton
energy E,. For simplicity, we assume an isotropic distri-
bution of neutrinos or photons within a cone of half-
opening angle 6..

Taking neutrinos as an example, our simulation strategy
proceeds as follows (the procedure for photons is
analogous).

(1) Generate N, incoming protons with energy E,, use
GENIE to simulate the DIS events, and extract the
four-momenta of all resulting neutrinos.

(2) Analyze the angular distribution of the emitted
neutrinos and determine the critical angle 6%, which
depends on the value of E,. The corresponding solid
angle is AQ = 2z(1 — cos 6%).

(3) The normalized neutrino flux for each flavor is
given by

dN,,( )71dND 1
dEAQ """ 3 dE N,AQ’

(20)

where the factor 1/3 accounts for neutrino oscil-
lation effects over extragalactic distances.

(4) Integrate over the blazar proton spectrum [see
Eq. (10)] to derive the final neutrino spectrum

055004-5
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dN 6:(E,) dl'  dN
v — [ dE Q—— YV (E
dEdQ / dE, /0 d dE,,deEdQ< r):

(21)

where E, =m, +T,,.

Following the above steps, one can derive the neutrino and
gamma-ray spectrum around blazars. However, to facilitate
meaningful comparisons with experimental data, both cos-
mological redshift and propagation effects must be carefully
accounted for. Because of their extraordinarily weak inter-
actions with matter, neutrinos are primarily affected by
redshift effects alone. In contrast, photons are subject to
significant propagation effects that cannot be neglected.

It is well established that gamma rays with energy exceed-
ing approximately 100 GeV undergo substantial interactions
with cosmic photons originating from stellar emissions,
interstellar dust, and the relic radiation from the big bang
[63,64]. Notably, pair production through interactions with
the cosmic microwave background and the extragalactic
background light renders the Universe opaque to high-energy
gamma rays traversing cosmological distances. The electrons
and positrons generated in these interactions can sub-
sequently upscatter photons from the same background
radiation fields, producing secondary gamma rays. This
cyclical process, known as an electromagnetic cascade, can
significantly alter the spectral distribution of gamma rays over
vast cosmological distances [65-67].

In this work, we employ y-Cascade V4 to model the
propagation effects of gamma rays [68]. The impact of
these propagation effects on high-energy gamma rays
originating from TXS 0506 + 056 is illustrated in Fig. 3.
The black line represents the scenario where only the
redshift effect is considered, while the blue dashed line
corresponds to the case where only the attenuation effect is

TXS 0506+056

10,4 E' T — Ty

E " L

;, 108 E Gy=0q= 0.001 Redshifted i

[0) E 102 GeV e Cascaded q

-8 £ =10 E

‘_(D 107 & my € Attenuated H

1 E H

& q010f  my=10°Gev ]
\ E
E
§ 107
E
w10
& 107 i
2 1
W 10718
1020 f

E, [GeV]
FIG. 3. Propagation effects on high-energy gamma rays from

TXS 0506 4 056. The black line shows the redshift effect only,
the blue dashed line shows the attenuation effect only, and the red
line represents the final observed gamma-ray spectrum including
cascading effects.

TXS 0506+056

102 Ev T T T TTT T T T T T T T VVHVH%
— E i
% 10° k gy =gg=0.005 —— my=10"Gev my = 100 Gev 1§
E E
O 102¢ —— my=102GeV = = my=10"GeV }
1 E F
(%] E E|
a 107tk ]
e £ E
-6
S, 107 IceCube %
S ] i
w  10%§ :
gy %
g 107F [
5 ] i
w0y i
10-14 E E
107"
E, [GeV]
BL Lacertae
10_2 Ev TT T T T T T T T T T T T T T T Hnmg
— E 4 E
% 104 | 9x =9q=0.001 —— my =10 GeV my = 10° GeV i
o b —— my=102GeV = = my=10"GeV §
1 6 3
(7] 107° E
N E 3
|E E i
S, 107k !
o o o o __ IceCube_ 4
-10 [ §
E) 10 E El
o ' i
12t S S e e o ]
t\-|c> 10 E _———--:"::é
w E 1
10714 £ |

FIG. 4. The expected muon neutrino flux from TXS 0506 + 056
(top panel) and BL Lacertae (bottom panel). The solid lines
represent the results of my, = 1 GeV, while the dashed lines are the
results of my = 10 GeV. Different colors correspond to different
DM mass m,,, namely, 1073 (red lines) and 107> GeV (blue lines).
[Atenergies exceeding a few times 10° GeV, the spectral shapes of
the resulting neutrino fluxes exhibit a discernible dependence on
the DM mass. Nonetheless, such behavior is anticipated to be
largely mass independent (see Fig. 1 in Ref. [36]). While a more
refined numerical treatment may be requisite in this high-energy
regime, it bears little relevance to the phenomenological focus of
the present work.] The coupling constants are set as g, = g, =
0.005 and 0.001 for TXS 0506 + 056 and BL Lacertae, respec-
tively. For comparison, we also demonstrate the observation or
constraints from IceCube [32,69] and Super-K [70-72].

accounted for. The red line depicts the final observed
gamma-ray spectrum, which includes the cascading
effects. As shown in the figure, the propagation effects
significantly alter the gamma-ray spectrum, particularly in
the energy region E, 2 O(TeV). Additionally, secondary
emission substantially enhances the gamma-ray flux below
0O(10%) GeV, which facilitates detection.

The neutrino and gamma-ray spectrum of TXS 0506 +
056 (top panel) and BL. Lacertae (bottom panel), induced
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FIG. 5. The expected gamma-ray flux from TXS 0506 + 056

(top panel) and BL Lacertae (bottom panel). The solid lines
represent the results of my = 1 GeV, while the dashed lines are
the results of my = 10 GeV. Different colors correspond to
different DM mass m,, namely, 1073 (red lines) and
1072 GeV (blue lines). The coupling constants are set as 99 =
g, = 0.005 and 0.002 for TXS 0506 + 056 and BL Lacertae,
respectively. For comparison, we also demonstrate the observa-
tion from Fermi-LAT [73,74] and MAGIC [75,76].

by the DIS process, are presented in Figs. 4 and 5,
respectively. The specific parameter selections are
described in detail in the figure captions. For comparison,
we also include the corresponding experimental observa-
tions and/or constraints from IceCube [32,69], Super-K
[70-72], Fermi-LAT [73,74], and MAGIC [75]. In the next
section, we will discuss the constraints derived from these
experimental results.

V. CONSTRAINTS ON BBDM-PROTON
SCATTERING CROSS SECTION

In this section, we derive constraints on the coupling
constants between DM and protons by leveraging exper-
imental data. Broadly speaking, these experiments can be

categorized into two classes: “direct” and “indirect.” The
former refers to experiments that probe the direct inter-
actions between DM and detector targets, such as LZ and
Borexino. The latter, on the other hand, relies on detecting
neutrinos and photons produced as secondary signatures of
DM interactions, as exemplified by Super-K, IceCube,
Fermi-LAT, and MAGIC. Additionally, we incorporate the
search for Z boson decays at LEP to provide a compre-
hensive analysis.

To facilitate comparison with the literature, we define the
DM-proton cross section o, as

2
Ip o
0,y = U (22)
xp 4 Fxp>
my
where p,, = "™ s the reduced mass. All experimental
my,+m,

constraints will be translated onto the m, — o, plane for
analysis.

A. The Z boson decay constraints from LEP

If my < my, then the Z boson can decay to V, and y
through the quark loops, and the corresponding branching
ratio is [77]

FZ—>7V GeV)\ 2
S ~6.8%x 1072 (—— ) g2 23
I'z . ( my ) % @)

In our model, the V, could further decay to y (invisible
state) or SM quarks ¢ (hadronic state), and the decay width
can be expressed as

2
my

N g 2m> 4m>

Ty = 162? my <1 +_f> - (24
where f €{q,y} and the color factor N, is 3 and 1 for ¢
and y, respectively. If V,, decays invisibly, then the LEP
search for a single photons at the Z resonance limits this
branching ratio to <107° [78,79], while bounds for
hadronic decays of V, are less stringent, ie., <3.6 x
1073 [80-82]. These experimental measures can be
expressed as

7.
22V BR(V — y7) < 1076, (25)
I'z
Iz,
% x BR(V - ¢g) <3.6 x 1073. (26)
Z

It is important to note that the number of accessible quark
flavors in the V, boson decays depends critically on its
mass my. By combining the results from Eqgs. (24)—(26),
we obtain constraints on the DM-proton scattering cross
section o, derived from LEP searches, as indicated by the
gray shaded region in Fig. 6. In this figure, the solid and
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FIG. 6. The constraints on Cyp imposed by LZ (red lines) [83]

and Borexino (blue lines) [84]. The top panel is for TXS
0506 + 056, while the bottom is for BL Lacertae. The solid
and dashed lines correspond to my, = 10 GeV and my, = 1 GeV,
respectively. The dotted line is for constant and elastic scattering
scenarios for comparison [21]. The constraints from PandaX-4T
[85], SENSEI [86], and big bang nucleosynthesis (BBN) [87] are
included. The gray shaded area is excluded by LEP searches for
Z — yV [78-82].

dashed curves represent the cases for my, = 10 and 1 GeV,
respectively. A noteworthy observation is the insensitivity
of the LEP constraints to variations in my,. The reason is as
follows: For g,= g, the BR(V — gg)~1, which
means g,/my is almost constant [see Eq. (23)]. Moreover,
along the exclusion boundary, the branching ratio to DM
B(V = x7) « g2/ g3 also maintains a near-constant value.
Consequently, the exclusion lines of 6, are independent of
my and proportional to the DM mass square, that is,
Cyp & mf{, which perfectly agrees with the observed scaling
behavior of the exclusion limits.

B. Direct detection from L.Z and borexino experiment

Direct detection experiments have emerged as a particu-
larly promising approach for probing boosted DM [88-92].

Building upon the framework established in Ref. [21], we
perform refined calculations employing an improved
BBDM flux that incorporates both energy-dependent
effects and DIS contributions. Recently, the LZ experiment
reported their latest DM search results using a total
exposure of 4.2 + 0.1 tonnes-year [83]. For our analysis,
we focus specifically on the WS2024 dataset, which
accounts for 3.3 tonne-yearsof exposure and provides
the dominant contribution to the DM-nucleon exclusion
limits. After comprehensive data selection procedures
and salt removal, the expected background yields
1210 £ 91 events, compared to the observed count of
1220 events [83]. Applying the standard Poisson likelihood
method [93], we establish 90% confidence level upper
limits on the potential BBDM contribution, obtaining
Ngppm = 55.99 events.

The expected number of nuclear recoil events induced by
BBDM interactions in the LZ detector can be expressed as

Tmax +o0 do.. dd
NPM ~ N 1 / " dT / AT rar,, (27
Xe Xe'lobs 7"21‘3 Xe T,‘}’i"(TXC) TXe dT)( X ( )
with
dGel o g,%xg;z(

" F(0?) {1_ﬂ2Q2+ 0!
dTx. 4 (P +my)? | Qha  SmAEL]
(28)

where Ny, =2.53 x 102 is the total number of
xenon [83], #,,s = 220 days is the exposure time, my, is
xenon mass, g4 = 132g,, is the coupling constant between
DM and xenon, F(Q?) is the conventional Helm form
factor [94,95], [T, Tod] = [5.4 keV,55 keV] is the
energy range of sensitivity of LZ, and d®,/dT, is the
BBDM flux at detector. The corresponding constraints on
o,, from TXS 0506 + 056 and BL Lacertae can be
obtained by imposing

N%Q/l < NBBDM' (29)

The derived constraints on ¢,, from TXS 0506 + 056 and
BL Lacertae are presented in the upper and lower panels in
Fig. 6, respectively. Our full analysis results, shown by the
red solid (my =10 GeV) and dashed (my =1 GeV)
curves, demonstrate significant improvement over the sim-
plified constant cross section and elastic-only scenarios (red
dotted lines) previously reported in [21]. This comparison
underscores the importance of our complete treatment
incorporating both energy-dependent effects and inelastic
scattering contributions. For context, we also display com-
plementary bounds from SENSEI [86] and PandaX-4T [85].

Beyond conventional direct detection methods, neutrino
experiments such as Borexino can serve as powerful
complementary detectors for DM searches [84].
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Compared with the LZ experiment, Borexino has
higher thresholds but significantly larger target mass,
which provides additional sensitivity to certain regions
of the parameter space. Following the analysis in
Refs. [21,96,97], the limiting scattering rate per proton
can be derived from Borexino, that is,

I,(T,>25MeV) <2x107% 57!, (30)

where we have used the approximation that the ratio
between quenched energy deposit (equivalent electron
energy T,) and proton recoil energy T, fulfills
T,(T,)/T,~2 for T,25MeV [9899]. Similarly to
LZ results, the constraints on ¢,,, from Borexino are shown
in blue curves in Fig. 6. Because of the larger exposure,
Borexino gives stronger constraints than LZ. This demon-
strates the crucial complementarity between conventional
direct detection and neutrino experiments in probing DM
parameter space.

C. Indirect detection from Super-K, IceCube,
Fermi-LAT, and MAGIC experiment

As emphasized in Sec. IV, the DIS process generates
high-energy gamma-ray and neutrino fluxes that are
detectable by both ground- and space-based observatories.
This provides a complementary indirect detection channel
for BBDM, exhibiting distinct spectral features that differ-
entiate it from constant cross section or pure elastic
scattering scenarios. For neutrino detection, we analyze
data from Super-K [70-72] and IceCube [32,69], while
gamma-ray observations are drawn from Fermi-LAT
[73,74] and MAGIC [75,76]. By combining direct obser-
vational data and point source constraints from these
experiments, we derive robust limits on Cyp- Our method-
ology is conceptually straightforward: We require that the
predicted neutrino or gamma-ray fluxes do not exceed the
experimental measurements or upper limits.

1. Super-K

The Super-K Collaboration has conducted a compre-
hensive search for astrophysical neutrinos in the GeV-TeV
energy range, particularly in the direction of the blazar TXS
0506 + 056. Their 90% confidence level upper limit on the
v, + 1, flux is represented by the orange data points in
Fig. 4 [70]. For BL Lacertae, we utilize Super-K’s extra-
galactic point source search results [71,72], which provide
constraints on the integrated flux ®(E, > 1.6 GeV) as a
function of declination. The BL Lacertae’s declination is
42°16'40”, which corresponds to

®(E, > 1.6 GeV) < 1.87 x 1077 em™2s71.  (31)

We then compare this limit with the energy-integrated
neutrino spectrum predicted for BL Lacertae.

2. IceCube

The IceCube detection of the high-energy neutrino event
IceCube-170922A, spatially coincident with TXS
0506 + 056, provides an important upper limit on the muon
neutrino flux (green data point in Fig. 4). For conservative
analysis, we adopt the flux limit derived from 0.5 years of
observation [32]. For BL Lacertae, we utilize results from
IceCube’s decade-long (2008-2018) point source search
[69], which constrains the muon neutrino flux to 4.9 x
10719 GeV~! cm™?s7! (green dashed line in Fig. 4).

3. Fermi-LAT and MAGIC

Both Fermi-LAT and MAGIC have obtained high-qual-
ity spectral measurements of the gamma-ray emission from
TXS 0506 + 056 and BL Lacertae. The observational data
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FIG. 7. The constraints on o,, imposed by Super-K (green
lines) [70-72], IceCube (red lines) [32,69], and Fermi-LAT/
MAGIC (blue lines) [73-76]. The top panel is for TXS
0506 + 056, while the bottom is for BL Lacertae. The solid
and dashed red lines correspond to my = 10 GeV and
my = 1 GeV, respectively. The constraints from PandaX-4T
[85], SENSEI [86], and BBN [87] are included. The gray shaded
area is excluded by LEP searches for Z — yV [78-82].
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are shown as green (Fermi-LAT) and orange (MAGIC)
points in our spectral plots.

In Fig. 7, we present the combined constraints from
Super-K (green lines), Fermi-LAT/MAGIC (blue lines),
and IceCube (red lines), with solid and dashed curves
corresponding to my =10 and 1 GeV, respectively.
Notably, the indirect detection constraints on o,, are
several orders of magnitude stronger than those obtained
from direct detection experiments, highlighting the excep-
tional sensitivity of astrophysical observations to boosted
DM signatures.

VI. CONCLUSION

Because of the extremely high powerful jet and the large
DM density in the central region, blazars are ideal DM
boosters. Following the framework established in
Refs. [21,22], we focus on two prominent blazars—TXS
0506 + 056 and BL Lacertae—within a specific model
where DM interacts with SM quarks via a massive vector
mediator V. Our calculations of BBDM flux incorporate
both energy-dependent effects and contributions from DIS
process, revealing that the DIS could extend the BBDM
spectrum to significantly higher energies (see Fig. 1).

Consistent with previous studies [21,22], we demon-
strate that BBDM can produce detectable signals in
terrestrial detectors. In this work, we utilize LZ and
Borexino as effective direct DM detectors to constrain
6, Our analysis shows that, compared to the constant
cross section and pure elastic scattering scenarios, these
constraints improve by several orders of magnitude, reach-
ing sensitivity comparable to LEP’s Z — yV search limits.
This striking enhancement underscores the critical impor-
tance of including full energy-dependent and inelastic
effects in the theoretical treatment.

Furthermore, the DIS process between protons and DM
generates substantial pion production, with subsequent
decays yielding high-energy neutrinos and gamma rays.
These secondary particles propagate to Earth, where they
can be detected by neutrino (Super-K and IceCube) and
gamma-ray (Fermi-LAT and MAGIC) observatories. By
comparing our predictions with observational data or upper
limits from these experiments—while properly accounting
for neutrino oscillation, cosmological redshift, and propa-
gation effects—we derive stringent constraints on o,,.
Remarkably, these indirect detection methods yield limits
that are significantly stronger than those obtained from
direct detection experiments, representing a substantial
advance beyond previous work [21,22].

Of particular interest is the realization that DM-proton
DIS processes constitute a novel source of high-energy
astrophysical neutrinos. For energetic sources like blazars,
this neutrino production channel becomes especially

important. The connection to IceCube’s 2017 observation
of high-energy neutrinos from the TXS 0506 + 05 direc-
tion suggests exciting possibilities: The high-energy neu-
trino event may come from DM. This interpretation
motivates a comprehensive multimessenger approach that
synergistically combines neutrino observations, gamma-
ray spectrum, and direct DM detection signatures. Such
combined analysis offers unprecedented potential to con-
strain blazar emission models and probe the particle nature
of DM, potentially resolving long-standing questions in
both high-energy astrophysics and particle cosmology.

It should be noted that several additional factors may also
impact our results. For instance, the complex environment
at the center of blazars may lead to absorption of high-
energy gamma rays [100]; the actual geometry of the jet
may deviate from the idealized conical structure assumed in
this work [101,102]; the trajectories of protons may be
influenced by strong magnetic fields near the central
engine, deviating from straight-line motion [103]; and
the precise launching point of the jet remains uncertain
[104]. A thorough investigation of these effects is beyond
the scope of this paper and will be pursued in future work.

Note added. Recently, we became aware of a closely related
study [36], in which the authors explored the neutrino
signals induced by inelastic scattering between DM and
protons, focusing on two specific blazar sources: TXS
0506 + 056 and AP Librae. Compared to that work, our
study presents a more comprehensive phenomenological
investigation by incorporating not only neutrino signals,
but also constraints from direct detection experiments and
high-energy photon observations. Together, these two
analyses provide complementary insights, enriching the
broader understanding of the potential astrophysical sig-
natures associated with the BBDM.
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