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DM-CR interactions

1

A promising way to probe sub-GeV Dark Matter (DM) particles involve their interaction with Cosmic Rays (CRs).

CR DM

v ⇠ 10�3c
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Additional energy-loss process Timescale of DM-CR interactions

✦ Boosted DM particles: signatures at direct-detection 
experiments thanks to higher kinetic energies.
Bringmann & Pospelov PRL’19, Ema+ PRL’19, Alvey+ PRL’19, Bondarenko+ JHEP’20, Wang+ PRL’22, 
Granelli+ JCAP’22, Cui+ PRL’22, … 

✦ CR cooling mechanism: modification of the CR transport 
and the subsequent non-thermal emission.
Gorchtein+ PRD’11, Cappiello+ PRD’19, Herrera & Murase PRD’24, Lu+ RAA’24, Gustafson+ PRD’25, 
De Marchi+ 2412.07861 & 2506.06416, Mishra+ 2504.03409 
Ambrosone+ (with MC) PRL’23

in Milky-Way or extragalactic sources
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Active Galactic Nuclei (AGNs)

2

AGNs are ideal targets as the DM density is expected to be significantly larger near the Black Hole (BH).

Our innovative methodology 
1. More self-consistent DM halo parameters 

2. Use of a semi-analytical, multi-zone jet model 

3. Assessing the impact of the uncertainties of the 
dynamical properties of the astrophysical source

Supermassive BH 
+ 

DM spike

Jets

HST & VLA image of Hercules A.  
Credits: NASA, ESA, Baum & O’Dea (RIT), Perley & Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA)

✦ When the CR-DM cooling process dominates the 
CR transport ➔ suppression of the -ray and  flux 

✦ Previous constraints simply according to

γ ν

 
Previous constraints: Herrera & Murase PRD’24, Gustafson+ PRD’25, Mishra+ 2504.03409.
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1. Determination of the DM spike parameters
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✦ Previous works infer the inner DM spike from the 
BH properties and extrapolate it to larger radii, 
leading to possible inconsistency!

✦ We instead rely on the measured  
relation and on cosmological simulations.

MBH − Mhalo
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Rg = GMBH/c
2

 
Mass relation: Marasco+ MNRAS 2021. Cosmo simulation: Ishiyama+ MNRAS 2021.

DM spike in Markarian 421
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2. The BHJet model: geometry

4Refs: Markoff+ A&A 2003, Markoff+ ApJ 2005, Lucchini+ MNRAS 2022.

The jet geometry and the local conditions crucially determine the effects of the DM-CR interactions!

100 jet segments

Particle acceleration and dissipationJet acceleration and collimation

γ
ν
e±

p

, cross-sectional 
radius at the jet base

R0 , distance 
from the jet base

zdiss

BH jet
, injected 
power

Ljet

r
DM spike DM halo

ρDM (not in scale!)
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2. The BHJet model: emission from CR electrons
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✦ In each jet segment, the normalization  of non-thermal 
electrons from the steady-state transport equation:

Q0(z)

Injected power-law
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✦ Maximum energy  from the timescale equation:Ee,max
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Refs: Markoff+ A&A 2003, Markoff+ ApJ 2005, Lucchini+ MNRAS 2022.
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3. Effects of DM-e scatterings

6
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Timescales in the jet segment at zdiss

✦ Lower maximum energy  of the electrons (cooling). 

✦ However, the photon flux can be still compatible with data. 

➔  Fixing the jet parameters leads to too optimistic constraints!

Ee,max

<latexit sha1_base64="j5MPpDHToUiIauXQ7AzIKo4kXfs="></latexit>

t�1
acc(Ee,max) = t�1

syn(Ee,max) + t�1
IC (Ee,max)

+ t�1
esc(Ee,max)+ t�1

DM–CR(Ee,max)

Markarian 421
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Results and conclusions

7

Kantzas, Calore, MC, arXiv:2509.18850

✦ Upper limits at 5  CL on the DM parameter 
space derived through a joint fit of the jet 
dynamics and the DM-e interactions

σ

✦ More self-consistent bounds: 

1. Global DM halo parameters 

2. Accurate astrophysical jet modelling 

3. Inclusion of astrophysical uncertainties

✦ Future perspectives: analyzing other sources 
and different DM-CR interactions!

✦ Stronger results from the “timescale approach”

https://arxiv.org/abs/2509.18850
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Results and conclusions

7

Kantzas, Calore, MC, arXiv:2509.18850

Thank you for your attention

✦ Upper limits at 5  CL on the DM parameter 
space derived through a joint fit of the jet 
dynamics and the DM-e interactions

σ

✦ Future perspectives: analyzing other sources 
and different DM-CR interactions!

✦ More self-consistent bounds: 

1. Global DM halo parameters 

2. Accurate astrophysical jet modelling 

3. Inclusion of astrophysical uncertainties

✦ Stronger results from the “timescale approach”

https://arxiv.org/abs/2509.18850
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The DM spike profile

3

The adiabatic growth of a black hole in the central region of a DM halo gives rise to a very dense spike.

 
Refs: Gondolo & Silk PRL 1999, Sadeghian+ PRD 2013,  Lacroix+ PRD 2015, Lacroix+ PRD 2017.

DM halo at redshift z ≫ 0
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DM spike at redshift z = 0

Free halo parameters 
normalization  and scale radius ρs rs

Core density due to DM self-annihilation: ρcore ∝ 1/⟨σv⟩
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Markarian 421: astrophysical emission

7

✦ Multi-wavelength data of Markarian 421 
from the steady state are compatible with a 
pure leptonic emission.

Bartoli+ ApJ 2016

✦ 3D parameter space with uniform priors:
<latexit sha1_base64="i0aFN0/WTjDEs50nAXgvVhBgL4w="></latexit>
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⇤

R0 2 [2Rg, 30Rg]

zdiss 2 [2Rg, 55Rg]

✦ Best-fit parameters:
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Ljet = (0.099± 0.001)LEdd

R0 = (20.1± 0.1)Rg

zdiss = (37± 1)Rg

See also refs: Ghisellini+ A&A 1996, Mastichiadis+ A&A 1997, Tavecchio+ ApJ 1998, Tavecchio+ ApJ 2001, Konopelko+ ApJ 2003, 
Finke+ ApJ 2008, Takahashi+ ApJL 2013, Petropoulou+ A&A 2014, Acciari+ ApP 2014, Abdo+ ApJ 2014, Nilsson+ A&A 2018.



/7  0

108 1012 1016 1020 1024 1028

∫ (Hz)

10°17

10°15

10°13

10°11

10°9

10°7

10°5

∫
F

∫
(e

rg
s°

1
cm

°
2 )

Ljet = 10°2 LEdd, R0 = 5Rg, zdiss = 10Rg

Ljet = 10°2 LEdd, R0 = 5Rg, zdiss = 100Rg

Ljet = 10°2 LEdd, R0 = 50Rg, zdiss = 10Rg

Ljet = 10°1 LEdd, R0 = 5Rg, zdiss = 10Rg

10°5 10°1 103 107 1011 1015
E (eV)

Three main parameters

7

✦ More distant dissipation region from BH : 
higher magnetic energy density, and so higher 
synchrotron luminosity.

zdiss

✦ Larger jet base : larger size of the dissipation 
region, lower magnetic energy density, and so lower 
synchrotron luminosity.

R0

✦ Higher jet power : increasing the total non-
thermal emission.

Ljet

Synchrotron-Self-Compton spectrum

Syn IC
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More about DM halo parameters

10

Kantzas, Calore, MC, arXiv:2509.18850

✦ Derivations of the profile normalization (arbitrary scale 
radius ) found in literature from  or :rs ≃ 10 kpc MBH ΔMBH
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✦ Our derivation with  from cosmo simul.:rs = r200/c200(Mhalo)
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https://arxiv.org/abs/2509.18850
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Direct detection experiments

10

✦ DM might interact with , , and  typically 
bound to stable nuclei

p n e−

They search for the nuclear recoil energy Er caused by the possible scatterings with DM particles.

✦ Counting experiments for which:

v ⇠ 10�3c
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Standard Model 
target

�T�
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�

<latexit sha1_base64="svUri4X+/YPK7PiVEGGfOT6nTGQ=">AAAB9nicdVDLTgJBEJz1ifhCPXqZSEw8bXYRBG5ELx4xkUcCGzI7NDBh9pGZXiPZ8Ate9eTNePV3PPgv7i6YqNE6Vaq609XlhlJotKx3Y2V1bX1jM7eV397Z3dsvHBy2dRApDi0eyEB1XaZBCh9aKFBCN1TAPFdCx51epX7nDpQWgX+LsxAcj419MRKcYSr1+UQMCkXLrNfOq2WbZqReqizIRb1CbdPKUCRLNAeFj/4w4JEHPnLJtO7ZVohOzBQKLmGe70caQsanbAy9hPrMA+3EWdY5PY00w4CGoKiQNBPh+0bMPK1nnptMegwn+reXin95vQhHNScWfhgh+Dw9hEJCdkhzJZISgA6FAkSWJgcqfMqZYoigBGWcJ2KUtJJP+vh6mv5P2iXTLpuVm3KxcblsJkeOyQk5Izapkga5Jk3SIpxMyAN5JE/GvfFsvBivi9EVY7lzRH7AePsET6STKw==</latexit>

�

<latexit sha1_base64="svUri4X+/YPK7PiVEGGfOT6nTGQ=">AAAB9nicdVDLTgJBEJz1ifhCPXqZSEw8bXYRBG5ELx4xkUcCGzI7NDBh9pGZXiPZ8Ate9eTNePV3PPgv7i6YqNE6Vaq609XlhlJotKx3Y2V1bX1jM7eV397Z3dsvHBy2dRApDi0eyEB1XaZBCh9aKFBCN1TAPFdCx51epX7nDpQWgX+LsxAcj419MRKcYSr1+UQMCkXLrNfOq2WbZqReqizIRb1CbdPKUCRLNAeFj/4w4JEHPnLJtO7ZVohOzBQKLmGe70caQsanbAy9hPrMA+3EWdY5PY00w4CGoKiQNBPh+0bMPK1nnptMegwn+reXin95vQhHNScWfhgh+Dw9hEJCdkhzJZISgA6FAkSWJgcqfMqZYoigBGWcJ2KUtJJP+vh6mv5P2iXTLpuVm3KxcblsJkeOyQk5Izapkga5Jk3SIpxMyAN5JE/GvfFsvBivi9EVY7lzRH7AePsET6STKw==</latexit>

T

<latexit sha1_base64="c0fCxV1y/rJ+Kf2uE8j01xcpMVY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJREJQRNJSJlJeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQGCq0cyudnaCWAqDrvvhlNbWNza3ytuVnd29/YPq4VHPRFZz6PJIRnoQMANSKOiiQAmDWAMLAwn9YH6b+f0H0EZEqoOLGPyQzZSYCs4wldqdcbXm1t0c9C/xClIjBVrj6udoEnEbgkIumTFDz43RT5hGwSUsKyNrIGZ8zmYwTKliIRg/yYMu6Zk1DCMag6ZC0lyEnxsJC41ZhEE6GTK8N6teJv7nDS1Or/1EqNgiKJ4dQiEhP2S4FmkDQCdCAyLLkgMVinKmGSJoQRnnqWjTSippH97q939J76LuNeqX7UateVM0UyYn5JScE49ckSa5Iy3SJZwAeSRP5Nmxzovz6rx9j5acYueY/ILz/gVRBZFl</latexit>

T

<latexit sha1_base64="c0fCxV1y/rJ+Kf2uE8j01xcpMVY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJREJQRNJSJlJeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQGCq0cyudnaCWAqDrvvhlNbWNza3ytuVnd29/YPq4VHPRFZz6PJIRnoQMANSKOiiQAmDWAMLAwn9YH6b+f0H0EZEqoOLGPyQzZSYCs4wldqdcbXm1t0c9C/xClIjBVrj6udoEnEbgkIumTFDz43RT5hGwSUsKyNrIGZ8zmYwTKliIRg/yYMu6Zk1DCMag6ZC0lyEnxsJC41ZhEE6GTK8N6teJv7nDS1Or/1EqNgiKJ4dQiEhP2S4FmkDQCdCAyLLkgMVinKmGSJoQRnnqWjTSippH97q939J76LuNeqX7UateVM0UyYn5JScE49ckSa5Iy3SJZwAeSRP5Nmxzovz6rx9j5acYueY/ILz/gVRBZFl</latexit>

�

<latexit sha1_base64="svUri4X+/YPK7PiVEGGfOT6nTGQ=">AAAB9nicdVDLTgJBEJz1ifhCPXqZSEw8bXYRBG5ELx4xkUcCGzI7NDBh9pGZXiPZ8Ate9eTNePV3PPgv7i6YqNE6Vaq609XlhlJotKx3Y2V1bX1jM7eV397Z3dsvHBy2dRApDi0eyEB1XaZBCh9aKFBCN1TAPFdCx51epX7nDpQWgX+LsxAcj419MRKcYSr1+UQMCkXLrNfOq2WbZqReqizIRb1CbdPKUCRLNAeFj/4w4JEHPnLJtO7ZVohOzBQKLmGe70caQsanbAy9hPrMA+3EWdY5PY00w4CGoKiQNBPh+0bMPK1nnptMegwn+reXin95vQhHNScWfhgh+Dw9hEJCdkhzJZISgA6FAkSWJgcqfMqZYoigBGWcJ2KUtJJP+vh6mv5P2iXTLpuVm3KxcblsJkeOyQk5Izapkga5Jk3SIpxMyAN5JE/GvfFsvBivi9EVY7lzRH7AePsET6STKw==</latexit>

T

<latexit sha1_base64="c0fCxV1y/rJ+Kf2uE8j01xcpMVY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJREJQRNJSJlJeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQGCq0cyudnaCWAqDrvvhlNbWNza3ytuVnd29/YPq4VHPRFZz6PJIRnoQMANSKOiiQAmDWAMLAwn9YH6b+f0H0EZEqoOLGPyQzZSYCs4wldqdcbXm1t0c9C/xClIjBVrj6udoEnEbgkIumTFDz43RT5hGwSUsKyNrIGZ8zmYwTKliIRg/yYMu6Zk1DCMag6ZC0lyEnxsJC41ZhEE6GTK8N6teJv7nDS1Or/1EqNgiKJ4dQiEhP2S4FmkDQCdCAyLLkgMVinKmGSJoQRnnqWjTSippH97q939J76LuNeqX7UateVM0UyYn5JScE49ckSa5Iy3SJZwAeSRP5Nmxzovz6rx9j5acYueY/ILz/gVRBZFl</latexit>

Dark Matter (DM) 
around us

Er

<latexit sha1_base64="YrL+i6VX7V2svMLLPRaSuVHpIBg=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BETxGNA9IljA76cQhsw9mepUQ8gle9eRNvPo9HvwXd9c9aGKdiqpuurq8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXH4waVDLBJkhR2Io3c9xS2vfFl6rcfUBsZBnc0idD1+SiQQyk4JdLtVV/3yxW7amdgi8TJSQVyNPrlr94gFLGPAQnFjek6dkTulGuSQuGs1IsNRlyM+Qi7CQ24j8adZlFn7Cg2nEIWoWZSsUzE3xtT7hsz8b1k0ud0b+a9VPzP68Y0PHenMohiwkCkh0gqzA4ZoWXSAbKB1EjE0+TIZMAE15wItWRciESMk1JKSR/O/PeLpHVSdWrV05tapX6RN1OEAziEY3DgDOpwDQ1ogoARPMEzvFiP1qv1Zr3/jBasfGcf/sD6+AbKO5I7</latexit>

Goodman & Witten PRD 1985

✦ Sensitive to DM masses mχ ≳ GeV
N = Tobs

Z Emax
r

0
dEr ⌘(Er)

dR

dEr

<latexit sha1_base64="LOqAFw6DJuzgK4nziMDe72cqas8="></latexit>

Detector efficiency Er ≳ keV

Differential 
event rate
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Direct detection constraints

10

Billard+ 2104.07634

m� [GeV]

<latexit sha1_base64="GZ6rNHj2mvbT7KiKzC24nrIkUPU=">AAACB3icbVC7TsNAEDyHVwivQEqaExESBYpsFARlBAWUQSIPybai82WTnHJnW3drpMjKB/AVtFDRIVo+g4J/wQkuIGGq0cyudnaCWAqDtv1pFVZW19Y3ipulre2d3b3y/kHbRInm0OKRjHQ3YAakCKGFAiV0Yw1MBRI6wfh65nceQBsRhfc4icFXbBiKgeAMM6lXrqiex0fCO3VTTyt6A+2p3ytX7Zo9B10mTk6qJEezV/7y+hFPFITIJTPGdewY/ZRpFFzCtOQlBmLGx2wIbkZDpsD46Tz8lB4nhmFEY9BUSDoX4fdGypQxExVkk4rhyCx6M/E/z01wcOmnIowThJDPDqGQMD9kuBZZK0D7QgMimyUHKkLKmWaIoAVlnGdiktVUyvpwFr9fJu2zmlOvnd/Vq42rvJkiOSRH5IQ45II0yC1pkhbhZEKeyDN5sR6tV+vNev8ZLVj5ToX8gfXxDfNBmOc=</latexit>

�
p
[c
m

2
]

<latexit sha1_base64="WceW2r5uFhv3x5SCVef1lezoo/4=">AAACCXicbVC7TsNAEDyHVwivAKKiOREhUaDIjkBQRtBQgkQAKTbW+rIJp9zZ1t0aCVn5Ar6CFio6RMtXUPAvOCYFr6lGM7va2YlSJS257rtTmZqemZ2rztcWFpeWV+qraxc2yYzAjkhUYq4isKhkjB2SpPAqNQg6UngZDY/H/uUtGiuT+JzuUgw0DGLZlwKokML6hm/lQEOY+rtd3+hc6OvWKAjrDbfpluB/iTchDTbBaVj/8HuJyDTGJBRY2/XclIIcDEmhcFTzM4spiCEMsFvQGDTaIC/jj/h2ZoESnqLhUvFSxO8bOWhr73RUTGqgG/vbG4v/ed2M+odBLuM0I4zF+BBJheUhK4wsekHekwaJYJwcuYy5AANEaCQHIQoxK4qqFX14v7//Sy5aTW+vuX+212gfTZqpsk22xXaYxw5Ym52wU9ZhguXsgT2yJ+feeXZenNev0Yoz2VlnP+C8fQINspoZ</latexit>

Light DM is almost directly unexplored: new probes are required!


