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Beginning of the story e o « (The status of the standard WIMP scenario)

1. We don’t have any concrete evidence from DM direct detection, and collider experiments for

WIMPs.
2. Especially, the constraints from DM direct detections have pushed the allowed parameter space

to the corner.
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Some novel methods to detect sub-GeV DM

o DM-electron scattering

[SENSEI: Phys.Rev.Lett. 125 (2020) 17, 171802; PandeX: Phys.Rev.Lett. 126 (2021) 21, 211803;
CDEX: Phys.Rev.Lett. 129 (2022) 22, 221301; DarkSide: Phys.Rev.Lett. 130 (2023) 10, 10]

o DM absorption on protons/electrons

[PandaX: Phys.Rev.Lett. 129 (2022) 16, 161803; CDEX: 2404.09793 [hep-ex];

PICO: Phys.Rev.Lett. 135 (2025) 1, 011001]

o DM-nucleus scattering via the Migdal effect and bremsstrahlung

[LUX: Phys.Rev.Lett. 122 (2019) 13, 131301; XENON: Phys.Rev.Lett. 123 (2019) 24, 241803 ]
e Various novel methods to boost light DM particles and detections

[PandaX: Phys.Rev.Lett. 128 (2022) 17, 171801; CDEX: Phys.Rev.D 106 (2022) 5, 052008;
PandaX: PhysRev.Lett. 133, 101805 (2024); LZ: Phys.Rev.Lett. 134 (2025) 24, 241801]



What are active galactic nuclei (AGN)?

e Active galactic nuclei (AGN) are galaxies that release an incredible amount of energy

from their cores.

e Formation of AGN:

(1) At the center of most galaxies, there’s a massive black hole;
(2) They have mass of millions or even billions of Suns;

(3) The black hole accretes gas, dust, and stellar debris around it; -
(4) Their gravitational energy gets converted to light forming AGN; Eyncrvaton
(5) 15% of AGN emit charged particles called jets travelling

at speeds close to the speed of light.
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Multi-messenger observations

e Recent observations of high-energy neutrinos from AGN, NGC 1068 and TXS
0506+056, suggest that CRs are accelerated in the vicinity of the central SMBH and
high-energy protons and electrons can cool efficiently via interactions with ambient
photons and gas.
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The DM density may be significantly enhanced near the adiabatic growth of SMBH,
and CRs could lose energies predominantly due to scatterings with the ambient DM

particles.
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Multi-messenger observations

e We propose CR cooling in AGN as a new probe of DM-proton(electron) scatterings
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Cooling of CRs in AGNs from multi-messenger high-energy

neutrino and electromagnetic observations

Phys.Rev.D 110 (2024) 1, L011701
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neutrino & yﬁoton,
Science 361 (2018) 6398, eaat1378.
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A taste of BSM cooling of CRs in AGN

e Based on the Super-Kamiokande experiment [Phys. Rev. Lett. 130, 031802 (2023)],
for mDM~10_3 GeV, O-DM—p S 10_35 sz

o The average asymmetric DM density of NGC 1068 is < ppy >~ 5x1018 £2

e The BSM cooling timescale is estimated as Tpp_, ~
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DM density profile and relevant parameters
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For sub-GeV DM candidates, a variety of production and evolution mechanisms
exist beyond the simple 2 — 2 annihilation of the WIMP paradigm

WIMP 2 — 2 annihilation:
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nature of DM.

The present-day annihilation rate is typically negligible,
so it is reasonable to investigate if extreme environments
can offer enhanced sensitivity to the non-annihilating

1. Number-changing 3 — 2 process:
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2. Asymmetric DM

3. Freeze-in DM production



More concrete calculations

e The cooling timescale due to DM-CRs scattering:

Tcoo}= _1 d_E>
X (:( dt ),

energy of CRs J h

1-1

energy loss rate (fum'ng CR and DM collisions

1 Model-de Joemﬁmt
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More concrete calculations

e The kinematics of energy transfer differ fundamentally between elastic and deep
inelastic scattering (DIS) processes:

In the context of elastic scattering, the maximum kinetic energy imparted to the DM
particle is derived using the 4-momentum conservation as

2
2T
(1 + @) + =
My My
where T = E — m,, is the proton kinetic energy.

e For DIS of CR-DM, final-state hadronization has been shown to relax momentum
constraints, thereby enabling full energy transfer to DM.

Consequently, Ty pjs = T.
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Sub-GeV Gauged U(1) DM models

1. Secluded dark sector:
Lsec =A', [gﬁ fAPLf + gfr FY"Prf + g5 Xv“x]
+ Zu (971 FA*Pof + 9%k fY*Prf + 92 Xv*X]
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- 1
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More concrete calculations

e Scattering amplitude and differential cross-section rate of CR-DM elastic scattering:
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Cooling timescale from the CR-DM elastic scattering

e For low DM and mediator masses, the CR cooling rate is higher compared to the
SM cooling process.
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Constraint on the DM-CRs coupling
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Constraint on the DM-proton(electron) elastic scattering cross-section
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Deep Inelastic Scattering (DIS)

e As the momentum transfer increases, the internal structure of the nucleon becomes
progressively relevant.
e In this region, the effective DM-proton interaction Lagrangian can be defined by the
electromagnetic form factors F; (Q%) and F, (Q?):
(N@®) Y 9407"qA,, IN(p)) = gpAl, NT¥N,

q

with T'* = ’Y’uFl (Q2) + QLO'“VQVF2 (Q2) )
My

where g,, = €e denotes the coupling between the dark photon and the proton in the
secluded dark sector.



Deep Inelastic Scattering (DIS)

e The squared momentum transfer is given by Q% = —q? = —(p — p')?, where p and
p' are the 4-momenta of the initial and fianl protons.

e For high momentum transfers (Q% = 1 GeV?), DM—proton scattering is dominated by
DIS. In this regime, the process can be reduced to an incoherent sum of DM-quark

elastic scatterings, y(k) + q(xp) — y(k") + q(p’), where x denotes the quark
momentum fraction.



Deep Inelastic Scattering (DIS)

e In the DM rest frame, the differential cross-section of DM-proton DIS can be
expressed as

doyp _

k/

dT 167m, Q2 /E2 — m2

X Z / fq (z,Q?) IM(z)]? dcos,

cos Oin

q=u,d

where the momentum fraction x = Q2/(—2p - q) is the function of Q* = 2m,,T,.

e In this work, we focus on the partonic contributions from up and down quarks. Their
parton distribution functions (PDFs), f, (x, Q*), are taken from the results of
CT10nlo.



Deep Inelastic Scattering (DIS)

e During the DM scattering with the protons, whenever E > m,z, /2m,,, inelastic

scattering will dominate over the elastic case.
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Ratio of inelastic to elastic scattering energy loss rate
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Cooling timescale for CRs interacting with DM
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Constraints on the DM-proton elastic and DIS cross-section from

the CR cooling effect
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Conclusion

High-energy particle (TeV-PeV) emission from AGN provides us with a powerful
probe of DM scatterings with CR protons and electrons.

Lowering the DM or mediator mass enhances the BSM cooling rate compared to the
SM one.

For heavy mediator case, the electron cooling in TXS 0506+056 puts stringent
constraints on m, < 2x10~* GeV for non-annihilating, and m, < 2x107° GeV for
annihilating DM particles.

For heavy mediator case, the bounds from proton cooling are stronger for m, <
1072 GeV using NGC 1068, and m,, < 2x10~* GeV using TXS 0506+056.



Conclusion

e QOur analysis of NGC 1068 shows that for heavier mediators (m,, = 1 GeV) at higher
energies, the DIS process enhances the cross-section, shortening the CR cooling
timescale by orders of magnitude compared to elastic scattering.
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Relevant uncertainties

e The method to probe DM-proton(electron) scatterings through CR cooling in AGN
are not sensitive to uncertainties in CR spectra, and the major uncertainty comes

from the DM density profile.

e The major merger process may disrupt the DM spike, but NGC 1068 is
morphologically similar to a normal spiral galaxy even though a minor merger
happened in the past, and NGC 1068 is effectively regarded as a nonmerger object.

e With some estimations, NGC 1068 is well within the adiabatic growth regime.

e Moreover, NGC 1068 is a jet-quiet AGN which would not cause additional
disrupting processes that may alter the structure of the DM spike.



Relevant uncertainties

e TXS 0506+056 is a blazar, and the merger history of the host galaxy is more
uncertain.

e TXS 0506+056 1s usually classified as a BL. Lac object, in which the accretion rate is
expected to be much lower than the Eddington accretion rate. Thus, we still find that
the adiabatic growth holds within these uncertainties.

e TXS 0506+056 is a blazar with a relativistic jet, which may affect the structure of the
spike especially if a DM-proton coupling is present.

e More details about the DM spike formation and uncertainties for TXS 0506+056 can
be found in the Supplementary Material of “Phys.Rev.D 110 (2024) 1, LO11701.



The DM density profile
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We consider that the initial DM
distribution follows an NFW profile,
with y = 1, resulting in a spike with
Ysp = 7/3 and @, = 0.122. Here,
we take 19 = 10 kpc.
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Relevant parameters considered in this work

Ren Mgy IsH o (ov)/mpy {(PoM)
NGC 1068 (I) 30Rg (1-2) X107MO 101 yr 10 kpc 0 5x 10'® GeV/cm?
NGC 1068 (1) 30Rg (1-2) x10’M, 101 yr 10 kpc 10731 cm3 s71/GeV 4 x 101 GeV/cm?
TXS 0506 + 056 (I) 10*R; (3-10) XIOSMO 10° yr 10 kpc 0 8 x 10'? GeV/cm?
TXS 0506 + 056 (II) 10*R (3-10) x10®M, 10° yr 10 kpc 10-2 cm3s~1/GeV 4 x 10" GeV/cm?

Phys.Rev.D 110 (2024) 1, L011701

® R,,, represents the distance of the emission region from the central SMBH in NGC

1068 (TXS 0506+056).

7y 1s the scale radius of the galaxy.
® R is the Schwarzschild radius.



Direct Detection Constraints on Blazar-Boosted Dark Matter
(2111.13644)

® J.W. Wang, A. Granelli and P. Ullio,
Phys.Rev.Lett. 128 (2022) 22, 221104

e-Print: 2403.20276 [hep-ex]
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Cosmic-Ray Cooling in Active Galactic Nucle1 as a New Probe
of Inelastic Dark Matter (2408.08947)

e R.A. Gustafson, G. Herrera, M. Mukhopadhyay, K. Murase and I.M. Shoemaker,
e-Print: 2408.08947 [hep-ph]  Phys.Rev.D 111 (2025) 12, L121303
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