PHYSICAL REVIEW D 111, L121303 (2025)

Cosmic-ray cooling in active galactic nuclei
as a new probe of inelastic dark matter
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We present a novel way to probe inelastic dark matter using cosmic-ray (CR) cooling in active galactic
nuclei (AGNs). Dark matter (DM) in the vicinity of supermassive black holes may scatter off CRs, resulting
in the rapid cooling of CRs for sufficiently large cross sections. This in turn can alter the high-energy neutrino
and gamma-ray fluxes detected from these sources. We show that AGN cooling bounds obtained through the
multimessenger data of NGC 1068 and TXS 0506 + 056 allows us to reach unprecedently large mass
splittings for inelastic DM (ZTeV), orders of magnitude larger than those probed by direct detection
experiments and DM capture in neutron stars. Furthermore, we demonstrate that cooling bounds from AGNs
can probe thermal light DM with small mass splittings. This provides novel and complementary constraints
in parts of a parameter space accessible solely by colliders and beam-dump experiments.
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Introduction. A pressing problem in high-energy physics
and cosmology resides in the yet unknown nature of dark
matter (DM), confirmed only via its gravitational effects on
visible matter [1]. In the current paradigm, the DM is
believed to likely be composed of one or more fundamental
particles that couple weakly or feebly to the Standard
Model (SM) sector [2-4].

An early proposal to search for weakly interacting
massive particles accounting for the observed DM abun-
dance of the Universe, dubbed direct detection, consists in
looking for its scatterings off nuclei at Earth-based detec-
tors [5,6]. In some DM models, the inelastic scattering
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channel can naturally dominate over the elastic one [7-15].
In this scenario, DM with mass mpy; upscatters with SM
particles to an excited (heavier) state with mass myy,,
where mp); = mpy + dpy and Spy is defined as the mass
splitting. A canonical example is the vector current of
Majorana DM, which is forbidden for the elastic case but
not for the inelastic one. Indeed, for a Majorana fermion v,

ll_/yﬂll/ = l/;CyMWC = _ll_/yﬂll/? (1)

since for a Majorana field the charge conjugation operation
leaves the field unchanged w° =w. The off-diagonal
current between two nondegenerate Majorana fields, could,
however, be nonzero (see Supplemental Material [16] for a
discussion on concrete realizations of inelastic DM
[8,17-19]).

Such inelastic DM models are only weakly constrained
by direct detection experiments, reaching maximum mass
splittings between the two DM states of order ~100 keV,
e.g., Refs. [8,20-28], and are largely unconstrained
by direct detection for sub-GeV DM masses, e.g.,
Refs. [17,25,29-34]. Furthermore, it should be noted that
indirect (astrophysical) constraints on inelastic DM restrict
to some regions of parameter space only (and rely on future
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FIG. 1. Maximum mass splitting of inelastic DM reached by
various astrophysical and laboratory probes: direct detection of
DM from the galactic halo [23], direct detection of a nongalactic
high-speed DM component [25], direct detection of CR-boosted
DM [24], DM capture in neutron stars [35], and CR cooling in
AGN (this work). The cooling of CRs in AGN, inferred from
multimessenger high-energy neutrino and electromagnetic ob-
servations, allows us to reach the largest mass splittings of
inelastic DM to date.

observations of nearby neutron stars), e.g., Refs. [35-42],
or probe self-annihilations of DM particles, but lack in
probing signatures arising from scatterings [43].

In some regions of parameter space, focused particularly
on comparable masses of the DM and the particle medi-
ating the interaction between the DM and the SM (“media-
tor” hereafter), colliders and fixed-target experiments can
produce strong constraints on a dark sector mediator, e.g.,
Refs. [17,44,45]. While collider constraints provide com-
plementary constraints to direct detection and astrophysical
probes, they cannot probe particles with cosmological
lifetimes nor the distribution of DM in the Universe.
Besides, previous analyses have not been assessed for
sub-MeV DM masses nor have studied large ratios between
the DM mass and the mass splitting.

Here we propose the cooling of cosmic rays (CRs) from
some active galactic nuclei (AGN), inferred from combined
electromagnetic (EM) and high-energy neutrino observa-
tions, as a probe of inelastic DM across orders of magni-
tudes in DM mass, mediator mass and mass splitting.
Reference [46] demonstrated that light DM in the vicinity
of the black hole scattering off CR protons and electrons
can cool them in such environments, affecting their multi-
messenger emissions. The impact of light DM-CR scatter-
ings on only the electromagnetic emission from the nuclei
of starburst galaxies was also considered in Ref. [47]. We
will demonstrate here that DM-proton and DM-electron

upscattering the DM to an excited state can also allow one
to constrain inelastic DM, probing new regions of param-
eter space and filling gaps in current constraints obtained
with complementary probes such as direct detection and
collider experiments. See Fig. 1 for a visual representation
of the reach of AGN compared to other inelastic dark matter
probes.

CR cooling timescales in AGN. CR protons and electrons
can be efficiently accelerated in the vicinity of a central
supermassive black hole through shocks, turbulence or
magnetic reconnections. Plausible acceleration sites include
disk coronae and jets [48]. The accelerated CR protons then
interact with the protons or the photons in the respective
regions to produce neutrinos and EM signatures through p p
and py processes [49]. The CR protons also cool through
various other SM processes like synchrotron, inverse
Compton, Bethe-Heitler pair production processes and
adiabatic losses. Furthermore, the escape of CR protons
or electrons from the sources is quantified by advection or
diffusion. For NGC 1068 and TXS 0506 + 056, detailed
multimessenger data and modeling are available, enabling
us to evaluate the energy dependence of cooling times. This
allows us to constrain DM properties only via bolometric
luminosities without relying on intrinsic spectra of astro-
physical neutrinos that are currently uncertain.

CR protons in NGC 1068 are cooled at high energies
mainly via pp, py and Bethe-Heitler interactions
(Ny —» N*e~e*, with N and N* the initial and final nuclei)
[50]. Concretely, at energies below Tp <10* GeV, the
dominant cooling process is pp interactions with ambient
gas. At energies in between 7, ~ 10* and 10° GeV, the
Bethe-Heitler production mechanism becomes relevant, and
atenergies above ~10° GeV, py interactions are responsible
for CR energy losses [51]. In TXS 0506 + 056, CR electrons
are mainly cooled by inverse Compton scattering, synchro-
tron radiation, and escape losses [52]. At energies below
T, <5 GeV, escape losses dominate. At energies between
~5 and 40 GeV, inverse Compton scattering becomes
relevant, and at energies above ~40 GeV, synchrotron
radiation becomes the main cooling mechanism of CR
electrons. The behaviors of the cooling timescales with
the CR energy for both NGC 1068 and TXS 0506 + 056 are
manifest in Fig. 2.

In general, the SM cooling processes and timescales for
astrophysical sources are model dependent. However, for
TXS 0506 + 056 and NGC 1068, the multimessenger
spectral energy distributions are available, enabling us to
evaluate these timescales and derive conservative bounds
on DM-SM interactions.

Cooling timescales induced by inelastic DM-proton and
DM-electron interactions. Neutrino and gamma-ray obser-
vations allow us to constrain the CR cooling induced by
DM-proton and DM-electron scatterings [46]. The cooling
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FIG. 2. Cooling timescales from CR protons (left) and electrons (right) scattering with inelastic DM, compared with those from SM
processes [51]. We take the average dark matter density obtained from a spike formed in the region of cosmic-ray acceleration (ppy)
(see Supplemental Material [16] for details) and fix the nonrelativistic scattering cross section to 6o py—p = 5 X 1073 cm?. We fix the
mass splitting among the two dark matter states as Spy; = 0.4mpyy, fix the mediator mass as m;, = 10mpy;, and sample for different
values of the dark matter mass mpy. Furthermore, we use a benchmark value of the dark structure constant, ap, = g3,,/47 = 0.5. For
the case of proton cooling, we see that the timescales become larger as mpy; increases (i.e., as the number density decreases). The
timescales also increase with 7', since scattering becomes ineffective at large-momenta transfers. For the case of electron scattering, we

see that cooling timescales initially decrease with T, and then start to increase once 2mpy T, — 83y = m

timescale due to inelastic DM-SM scatterings is given by

dE
dt

TmﬂX
= —M/ _DM dTpm(Tom + pm)
Mpm J T

dopvsyM—DM SM
dTDM ’

(2)

where (ppy) is the average DM density in the vicinity of
the supermassive back hole at the center of an AGN, where
scatterings are more likely to occur. We refer the reader to
Supplemental Material [16] Secs. S3 and S4 for details on
the above equation and (ppy) with adiabatic spike for-
mation, respectively [25,46,53-56]. The energy loss rate
induced by inelastic DM-proton and DM-electron scatter-
ings can be translated into a cooling timescale of these

interactions, which reads
dEN ]!
dt '

In Fig. 2, we show the cooling timescales induced
DM-proton (electron) interactions' in NGC 1068 (TXS
0506 + 056), for different values of the DM mass and mass
splitting between the two DM states and fixed benchmark
values of the characteristic cross section. For comparison,
we show the cooling timescales induced by SM processes
in these sources, inferred from multimessenger observa-
tions. It can be appreciated that for certain values of the

(3)

. 1
Tgﬁ/ll—SM = [_E

'For NGC 1068 we do not have significant evidence for
electron acceleration and for TXS 0506 4 056 proton acceler-
ation gives weaker bounds than NGC 1068.

2
Vi

inelastic DM parameters, the cooling timescales can be
comparable to or shorter than the SM cooling timescales at
the relevant energies, which would contradict observations
on Earth. Concretely, we can derive an upper limit on the
inelastic DM-proton and DM-electron scattering cross
section from the requirement

inel

cool
om-sm = €T

> Crys (4)
where C is a model- and source-dependent factor. We use
C =0.1 and C =1 for NGC 1068 and TXS 0506 + 056,
respectively, to derive constraints in this work. We ex-
plain this choice in detail in Supplemental Material
[16,51,52,57-60]. Briefly, this criterion is consistent with
the energetics requirement from multimessenger observa-
tions of AGN. For NGC 1068, the CR proton luminosity
would be 10% ergs™ <L, <Ly <afew x 10" ergs™
[51,57], justitying C ~ 0.1-1, where Ly is the total (bolo-
metric) luminosity. For TXS 0506 + 056, the absolute
proton luminosity in the single-zone model would violate
the Eddington luminosity Lgyq [60], so our choice is
conservative for protons. This is also reasonable for
electrons. The total isotropic equivalent electron luminosity
is L, ~8x 10% ergs™', in which the absolute electron
luminosity can be lower than Lgyq [52]. For NGC 1068, we
consider proton energies 10-300 TeV to place constraints,
while for TXS 0506 + 056 we consider electron energies
50 GeV-2 TeV. We note that as mp), increases, the number
of DM particles decrease since (ppy) is fixed leading to
higher timescales or lower rates. Thus better constraints can
be obtained for lighter DM masses. In fact, we see, for
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mpy ~ 107 GeV, the DM-induced cooling dominates the
SM cooling channels for T, < afew x 10* GeV. We note
that, in our model, the upscattered dark matter state may
decay into the lightest state plus Standard Model particles,
which may reinject energy into the Standard Model sector
affecting nontrivially the electromagnetic spectrum. We
considered the decay y, — y; +y. While this decay is
forbidden at the tree level due to gauge invariance (see our
dedicated discussion in Supplemental Material [16]), it may
occur via a dipole operator. Assuming this operator is large
enough for the decay to occur on sufficiently small time-
scales, we estimate the energy transfer into the SM sector to
be 1/2 or less for cosmic-ray protons but could be larger for
cosmic-ray electrons for same combinations of dark matter
mass and mass splittings in the dark sector. For the scenario
where dark matter cools cosmic-ray protons, the energy
loss from the scattering will have a direct impact on the
energy and flux of resulting high-energy neutrinos, which
is a sufficient condition to place our constraints from TXS
0506 + 056 and NGC 1068 given IceCube data. For dark
matter interactions with cosmic-ray electrons, however, the
modification of the low-energy gamma-ray flux due to
decays of the upscattered state may lead to degeneracies
with the expected low-energy gamma-ray flux from com-
peting SM processes like electron-positron annihilation,
synchrotron radiation or inverse Compton scattering,
among others. A calculation of the modified fluxes and
their comparison with electromagnetic observations would
allow us to refine the ensuing limits derived from cooling
arguments in this work.
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FIG. 3.

Upper limits on inelastic DM-proton and DM-electron
interactions. By means of Eq. (4), we can derive upper
limits on the scattering cross section of inelastic DM off
nucleons and electrons. Our model has five free parameters:
the lighter state DM mass mpy, the mass splitting between
the DM states dpy, mediator mass m, and couplings of the
mediator to the SM sector, gy, and to the dark sector gpy.

We will derive constraints in this multidimensional
parameter space in two distinct and physically motivated
regimes. First, we will focus on the parameter space
corresponding to a fixed relation between the mediator
and DM masses (mz = 10mpy; and my = 3mpyy) and to a
fixed relation between the DM mass and the mass splitting
(0pm = 0.4mpy; and Spy; = 0.8mpy). Furthermore, we
will fix the dark gauge coupling to a “natural” value
(ap = 0.5). Such relations between inelastic DM param-
eters have been discussed previously in the literature, e.g.,
Refs. [17,44,45,61,62]. It has been shown that for light
(MeV-scale) DM, such relations predict a thermal relic that
can be within reach of collider and beam-dump experi-
ments. Here we will demonstrate that this region of
parameter space can also be probed by CR cooling in AGN.

In Fig. 3 we show constraints in the previously discussed
parameter space, from CR proton cooling in NGC 1068
(dark blue) and CR electron cooling in TXS 0506 4 056
(light blue), for asymmetric or weakly self-annihilating DM
(solid) and for a sizable DM self-annihilation cross section
((ov)/mpy = 10728 cm? 7! /GeV for TXS 0506 + 056,
{ov/mpy = 10731 ecm? s71/GeV for NGC 1068), which
depletes the distribution to a core in these sources. In the
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Left: AGN cooling constraints on the DM-proton and DM-electron interaction strength, parametrized as y. Solid lines show

constraints when considering the dark matter density at the cosmic-ray acceleration regions arising from a spike, while dashed lines
correspond to the density expected from a cored profile (see Supplemental Material [16] for details). For comparison, we show
constraints from collider and beam-dump experiments, and combination of values able to account for thermal DM, from [17,45]. Right:
AGN cooling constraints on the kinetic mixing € vs the mass of the DM mpy, for fixed relations my = 3mpy, Spy = 0.8mpy, and
apy = 0.5. For comparison, we show model-independent constraints from collider and beam-dump experiments and thermal DM
targets from [17]. To derive these constraints, we consider the cooling of cosmic rays in the following energy ranges: 30—100 TeV for
NGC 1068 and 0.1-20 PeV for TXS 0506 + 056 (see main text for details).
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left plot, we constrain the quantity y = e*ay, (mpy/my )* in
which € = gq\/e, to allow for comparison with existing
literature. We show a band of thermal inelastic light DM.
The upper end of the band has been derived in various
works, e.g., Refs. [17,44,45,62], while the range of values
extending to the lowest end was derived in Ref. [17]. These
correspond to different plausible values of the dark left-
right coupling asymmetry (~y; — yg) or Majorana mass
asymmetry (~m; — mpg), which are common parameters in
concrete models of inelastic DM. This parameter quantifies
the asymmetry in the Lagrangian terms [')( D — % MmyYixe —
Limaigtr of £, > —V2y.STi 1, — V2YrSTii k. where S s
a singlet scalar and y; p are the left and right DM field
components, respectively [17] (see Supplemental Material
[16] for details). Concretely, denoting the asymmetry as
8y = (Yyr —y1)/yL = (mg —my)/m;, we use values in the
range from , = 0-1000.

Furthermore, we show in gray a combination of collider
and beam-dump experiment constraints in these models. For
the chosen combination of inelastic DM parameters, our
cooling constraints can be stronger than collider constraints
for masses below mpy ~ 1 MeV, probing thermal values.

In the right panel of Fig. 3, we show constraints derived
for different values of the mediator and DM mass ratio and
mass splitting. In this case, it can be appreciated that our
cooling constraints can be stronger than the (model-inde-
pendent) collider and beam-dump experimental constraints
for masses below mpy <20 MeV and allow us to probe
thermal inelastic DM for masses below mpy < 70 MeV.

Notably, our limits on y and ¢ become stronger at light
DM masses. This is because, first, the number density of
DM nparticles in the AGN increases for light DM masses,
which increases the probability of interactions. Second, the
scattering cross section of inelastic DM off electrons and
protons in these environments increases at low DM masses,
due to the inverse dependence with the reduced mass of the
DM-proton and DM-electron systems; confer Eq. (S8) [16].
The enhanced cross section induces shorter cooling time-
scales at low DM masses and, thus, stronger bounds on the
interaction strength.

The parameter space discussed previously, although
predictive, is narrow and may misrepresent the actual
relations between the DM mass and the mediator mass
and between the DM mass and the size of the mass
splitting. Therefore, in the following we present more
general constraints in the parameter space spanned by
the DM mass, the mass splitting, and the interaction
strength of the DM with the SM sector. We will derive
constraints in the limit where the mediator mass of the
interaction is much heavier than the momentum transfer of
the scattering process in the AGN, and we will present our
constraints on the nonrelativistic scattering cross section as
defined in Eq. (S7) [16].

Moreover, we present analogous constraints in the limit
of a finite mediator mass (m, = 10 MeV) and show
contours for limits on the product of the gauge couplings

instead of the nonrelativistic cross section. It should be
noticed that in some regions of the displayed parameter
space, particularly at high DM masses, the cooling con-
straints are very weak; i.e., it may be difficult to interpret
them physically since the cross sections and couplings
probed are nonperturbative. A detailed discussion on this
regard can be found in Supplemental Material [16].

Our results are summarized in Fig. S8 [16]. We show
contour constraints on the parameter space of DM mass,
mass splitting and scattering cross section, for TXS 0506 +
056 (left panels) and NGC 1068 (right panels). We see that
cross section bounds become weaker as the DM mass
increases (and thus the number density decreases). The
bounds become stronger as Spy increases because g2
decreases at larger opy;, giving less suppression to the
differential cross section as seen in Eq. (S8) [16]. This
effect is even more pronounced for protons, even in the
heavy mediator limit, as the form factor decreases with
larger g*>. We know that cooling is only possible when
s > (mgy + mpy + Spm )2, which is why bounds become
weaker when mpy < (83y + 2mspdpm)/ (2T swmin — 26)
and completely go away when mpy < (63 + 2msmdpm)/
(2TSM.max - 25DM)’ where TSM.min (TSM.max> is the mini-
mum (maximum) electron or proton kinetic energy con-
sidered for cooling.

Inelastic DM has also been explored in the context of
direct detection experiments and interactions with compact
celestial objects like white dwarfs and neutron stars. In
these cases, we may define the kinematic requirement for
scattering to be
MmpmMsm

2
rel

My + Mgy + 2 > (mgy + mpy + Spm)?, (5)

—-v
where v, is the velocity of the DM particle in the rest
frame of the SM particle. A detailed analysis of these
methods would consider the full velocity distributions of
DM and SM particles. For now, we will simply take
characteristic relative velocities of v, = 1073 for direct
detection and v, = 0.8 for neutron stars and white dwarfs.
This can be translated into a requirement on the mass
splitting of

2mSMmDM> 172

2 2
Spm < —mgy — mpy + <m5M + mpy + -
~ Yrel

(6)

For comparison purposes, the maximum mass splitting
achieved by direct detection experiments and capture in
neutron stars and white dwarfs is confronted with our
results in Fig. 4. It can be clearly appreciated that for all
DM masses, multimessenger observations of AGN allow us
to reach larger mass splittings than complementary probes.

Discussions and implications. We have proposed a novel
phenomenological probe of inelastic DM, relying on the
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FIG. 4. Upper limits on (top) the characteristic scattering cross section given by Eq. (S7) [16] and (bottom) the product of DM and SM
couplings to a vector mediator from the cooling of (left) electrons in TXS 056-0506 and (right) protons in NGC 1068 with a vector
mediator. In the top plots, we consider a very heavy mediator (see Supplemental Material [16] where we comment on this further), while
for the bottom plots we fix the mediator mass. Also included are lines for the maximal mass splitting able to be probed with direct
detection and celestial bodies using Eq. (6) (direct detection is neglected for electrons, as the electron mass is too small for keV mass
splitting with virialized DM). Finally, the region of mpy > 10° GeV is shaded to indicate this region is of special interest for

electroweak DM.

cooling of CRs in AGN through DM-proton and DM-
electron upscatterings into an excited DM state. DM in the
vicinity of NGC 1068 and TXS 0506 + 056 may scatter off
CR protons and electrons, producing a heavier DM in the
final state and cooling the CRs. Since CRs are responsible
for the emission of high-energy neutrinos and gamma rays
from these sources, observable on Earth, their cooling
timescales would not be dominated by beyond the SM
interactions; otherwise, such high-energy particle emission
would be significantly depleted. The luminosity in protons
and electrons in these sources is lower and upper bounded,
which allows to quantify the uncertainties in the inferred
cooling timescales within the SM, which are about one
order of magnitude in NGC 1068 and TXS 0506 + 056.
A remarkable result of our work is the demonstration that
CR cooling in AGN allows one to constrain unprecedently
large mass splittings of inelastic DM particles, above the
TeV scale. The cross sections constrained at those mass
splittings, however, are larger than those expected in
electroweakly interacting DM models. Such mass splittings
are orders of magnitude larger than those probed by
complementary astrophysical and laboratory searches, as
highlighted in Fig. 1. Furthermore, for thermal light inelastic

DM, our cooling constraints can be comparable to or even
overcome collider and beam-dump bounds for DM masses
below mpy < 70 MeV, probing thermal values.

The fact that DM direct detection experiments, gamma-
ray, and neutrino telescopes have not found conclusive
evidence for weakly interacting DM may indicate that the
portal of the DM to the SM sector is more strongly
suppressed than initially expected. The suppression may
not occur at the level of the interaction probability but rather
be purely kinematical. If the DM interacts only (or pre-
dominantly) inelastically with the SM sector, such process
will only occur when the energy transfer of the scattering
process exceeds the mass difference between the two DM
states. If the mass splitting is sufficiently large, above a few
GeV, the prospects for detection with traditional direct
detection experiments or astrophysical probes such as
neutron stars are not very promising. We have demonstrated
that in those scenarios, CR accelerators like AGNs may still
allow us to probe those models. A new frontier of inelastic
DM with high mass splittings, above the TeV scale, has been
opened.
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