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Dark Matter ?

High energy neutrinos ?

High energy neutrinos from dark matter around blazars
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Dark Matter ?
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Problems with our model of the Universe

Observations
from starlight

x(((
Velocity 4
(km s-1) ‘

Expeccted from
Lhe visible disk

10,000 20,000 30,000 40,000

Distance (light years)

Verg diHferent scales!
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Dark Matter

onlg known hﬂpothesis that solves all of them at once




Dark Matter 2010’s
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Rules of the Dark Matter game

- feels Gravity

- CMB (& not spoil BBN,...) = non-baryonic
"Particle” properties
- Invisible now = almost electrically neutral

- stable enough

How much?  Qpu ~ 0.26 (QDM _fom o, 2 pmtons)

3
Perit meter

"Historical" properties Since when? enough before CMB

How fast? Non-relativistic
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Status of the Dark Matter game

~ 107%leV ~ 1055eV/1022gr

> 80 orders of magnitucle in mass of viable candidates!
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Sub-GeV Dark Matter
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Sub-GeV Dark Matter

MDM

~ 107%%V Me, GeV TeV ~ 10°°eV/10%%gr

Cosmo histories motivate it/exist
Wh 37 | inks with many astro questions

New experiments/ analgses could “easilg” find it
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Sub-GeV Dark Matter

h l ]C SIMP
Thermal rreeze~-out Hochberg+ 1402.5143

at small coupling

il iii | Forbidden DM

Cosmo histories motivate it/exist

Whg?
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Sub-GeV Dark Matter

Gravitg Waves at PTAs? Small scale troubles of DM? Galactic Photon line @ 511 keV?
50 . > F
¢ Q N COSI Flight D
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Nanograv 2104.13930, ... My Boehm Hooper Silk Casse astro-ph/03096886, ...
Bringmann+ 2306.09411, ... Boylan-Kolchin 1103.0007, Tulin Yu 1705.02358, ... .. Das+ 2506.00847

Whg? Liﬂks Witlﬂ many astro C]UCSﬁOﬂS [not true for other DM masses!]
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Sub-GeV Dark Matter

Galactic Photon line @ 511 keV?

>
g 500" ¢ COSI Flight Data
. L [ — Total Fit
Mo , , S 400
| Canbe explamecl with dark matter S, o Gavssan
Cf 3000 ... Ortho-Ps
100 I
i AT ETYRY
ask off-line it interested! _moz_H ST i
450 460 470 480 490 500 510 520 530 540 550
Energy (keV)
De La Torre Luque Balaji Fairbairn FS Silk 2410.16379 ... Das+ 2506.00847

Wh y? Lir'Il(S Wﬂ:h many astro C‘UCSﬁOﬂS [not true for other DM masses!]
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Sub-GeV Dark Matter

Direct Detection constraints on SI scattering
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New experiments/ analgses could “easilg” find it
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Direct detection of Sub-GeV DM?

|
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Direct detection of Sub-GeV DM?

Dark
Matter?

recoiling

\ nucleus//

Detector

Solutions 1: lower My

NEWS-G

e.g. SciPost Phys. Proc. 12 (2023) 024

| o
<|1 ( X
N@X 500 MeV) (
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Direct detection of Sub-GeV DM?

Dark
Matter?

recoiling

\ nucleus//

Detector

Solutions 1: lower My

NEWS-G

e.g. SciPost Phys. Proc. 12 (2023) 024
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N\

|

My, )2 16 GeV ."
500 MeV m

Solutions 2: lower the thresholds

PHONON(S) & similar beasts Caputo+ 1907.10635
Campbell-Deem+ 2205.02250 ...
CRESST-IIl

MIGDAL & brem Kouvaris Pradler 1607.01789
Ibe+ 1707.7258 -

SuperCDMS SENSEI ...
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Direct detection of Sub-GeV DM?

L o o E—— — = e - -
|
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recoiling —— e S — e —— ——————————————
nucleus
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Solutions 1: low, P Solutions 2: lower the thresholdj 10-»| Migdal .
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520

4

" Electrons, protonss

FILIPPO SALA (U. BOLOGNA)

108 /\ scalar
—— pseudoscalar

10°| —— halo component

Cassidpeia A Crab 10—13 | | | |

I I
10-1%0  107%  107% 107* 1072 10V 102
K, |GeV]

MDM =10 MGV, Mmediator — G@V, g;(gu — g;(gd = 0.1
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520

«—— Also by Atmospheric Showers

Alvey+ 1905.05776 , ...

lop of the atmosphere

Pascoli FS Xotta in progress
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520

«—— Also by Atmospheric Showers

Alvey+ 1905.05776 , ...

lop of the atmosphere

Pascoli FS Xotta in progress

Also by Blazars
Wang Granelli Ullio 2111.13644, ...

msovy . § § ¥

Ground level (
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High-energy fluxes of sub-GeV DM

High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Bringmann Pospelov 1810.10543
Ema FS Sato 1811.00520

«—— Also by Atmospheric Showers

Alvey+ 1905.05776 , ...

[-:_‘Jp of the mrrc.»z;phere

Pascoli FS Xotta in progress

Also by Blazars
Wang Granelli Ullio 2111.13644, ...

msovy . § § ¥

An Pospelov Pradler Ritz+ 1708.03642
Emken Kouvaris Nielsen 1709.06573
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Detecting fast sub-GeV DM

@ DM direct detection experiments Pandax 2301.03010, LZ 2503.18158,...

poroton recoil from CR-upscattered DM

m, = 10 MeV
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~ 1n-2F
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— |
107
- scalar
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- constant
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Detecting fast sub-GeV DM

@ DM direct detection experiments Pandax 2301.03010, LZ 2503.18158,...

@ Neutrino detectors!

e.g. CR-upscattered @Super-K ..., Super-K 2209.14968
atmospheric-DM @Super-K Pascoli FS Xotta in progress

poroton recoil from CR-upscattered DM

)
m, = 10 MeV o _
10 EZ:
- 5 _
107 ' &
E 3
~1072F 7 -
Z&Eo %
SIS 0 o _
k > 37 | i i
— = ) S 10 -8 Super—-K CR
o O : Il
10_5:_ scalar E 10—39 i ; : Super—K atm ]
= . 3 DONE
S 1 S 1 (L (LA LB B 1041 Lt
K, [GeV] 107> 1074 0.001 0.010 0.100 |
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Dark Matter ?

FILIPPO SALA (U. BOLOGNA)
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High energy neutrinos ?
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Origin of high energy neutrinos?

B NGC 1068 Diffuse flux from v, (25)
TXS0506+056 —¢4— Diffuse flux from vevy (17)
_ 10-9 o
Of diffuse astrophysical neutrinos? .
O -11
% 10
=
(é 10-13 a
uJ>
103 104 105 106 107
Of neutrinos seen from blazars? Ey [GeV]

Of KM3NeT ~ 200 PeV neutrino?

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS 15



Origin of high energy neutrinos?

B NGC 1068 Diffuse flux from v, (25)
TXS 0506+056 —4— Diffuse flux from vevy (17)
_ 10-9 -
'»
Of diffuse astrophysical neutrinos? .
1 -11
% 0
=
| >
Né 10-13 =)
LLI>
103 104 10° 10° 10’
Of neutrinos seen from blazars? Ey [GeV]
(Credit: IceCube Collaboration et al., Science, 2022)
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FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS



Blazars

Active galactic nuclei (AGN) = most powerful luminous sources in universe
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Blazars

Active galactic nuclei (AGN) = most powerful luminous sources in universe

Blazar = AGN whose jet points to us
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Blazars

Active galactic nuclei (AGN) = most powerful luminous sources in universe

Blazar = AGN whose jet points to us
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Photons observed from many blazars over many energies
Radio, X, gamma

> 60% of Fermi sources are blazars!
Fermi 1902.10045, Fornasa Sanchez-Conde 1502.02866

Neutrinos first detected in 2017 by IceCube from TXS 0506+056

Today one more source: PKS 0735+178 ~ Jo
Also AGN (non-blazar): NGC 1068 > 4o
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Modeling Blazars: single-zone leptohadronic

Broad line region (BLR)

RpLr

Relativistic jet Radiative zone

Supermassive black hole

Raiss < Rppr: external photons boosted :
Riss > Rpur:_external photons deboosted : Rod rigues et al, 2023

Blob of extremely energetic protons and electrons
moving along the jet with Lorentz factor [ B

scattering within blob/jet and on accretion disk (with ¥ ,...)
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Broad line region (BLR)
RpLr

Relativistic jet Radiative zone
Supermassive black hole = /

Modeling Blazars: results

Raiss S Rprr: external photons boosted

Rgiss > RpLr: external photons deboosted Rod I’igues et aI, 2023
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Modeling Blazars: results

v Fv {ergcm?® s™)

Cerruti+ 1807.04335
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3

10%
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RpLr

Supermassive black hole

Raiss S Rpur:_external photons boosted

Broad line region (BLR)

Relativistic jet

Radiative zone

Rgiss > RpLr: external photons deboosted Rod I’igues et aI: 2023
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Modeling Blazars: results

Cerruti+ 1807.04335
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Broad line region (BLR)
RpLr

Relativistic jet Radiative zone

f
i o Supermassive black hole Ry /
v : &

Raiss S Rprr: external photons boosted

Rgiss > RppLr: external photons (lchoostcdi Rod rigues et aI: 2023

Energy (eV)
107 10790
va
o
R
= >
_ -
- >
= 10%
: Problem
inos -
= 10
= Too few neutrinos
= 104
~ " Different groups find same conclusion
— 1
= TXS: Cerruti+ 1807.04335
= Gao+ 1807.04275
Keivani+ 1807.04537 ...
Diffuse: Rodrigues+ 2307.13024
lceCube APJ 835 (2017) ...
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Blazars & high energy neutrinos

Diffuse astrophysical neutrinos?
Neutrinos seen from blazars?

KM3NeT ~ 200 PeV neutrino?

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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Blazars & high energy neutrinos

YES Buson+ 2207.06314, ...

Spatial correlations Astro priors crucial

NO Bellenghi+ 2309.03115,...

. . . 9 S A e
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L D S 4 =
_,g 10 S
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102 105 100 105 105 107 108 10°
Neutrino Energy [GeV
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Blazars & high energy neutrinos

Open problem: find jet model that explain all observations

Neutrinos seen from blazars? "Leptohadronic single-zone” models:

None explains L/ from TXS or PKS  Gao+ 1807.04275
Cerruti+ 1807.04335

Keivani+ 1807.04537

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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Blazars & high energy neutrinos

KM3N€T ~ 200 PeV neutrino? Possibly, ~ paradigm shift in jet modelling Rodrigues Padovani + 2025

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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High energy neutrinos ?

22



High energy neutrinos from dark matter around blazars

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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2412.07861 PRD 2025
2506.06416 PLB 2025
2507.12278 JHEP 2025

Andrea De Marchi Alessandro Granelli Jacopo Nava + FS

High energy neutrinos from dark matter around blazars
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Neutrinos from DM around blazars?

N
i

-+
Protons break and produce L/ from JU
De Marchi Granelli Nava 2412.07861

X
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Neutrinos from DM around blazars?

N
{

_I_
Protons break and produce L/ from JU

De Marchi Granelli Nava 2412.07861

A

dN,

D,  2os

2
E, mdef “ PdE 42 los °DIS < GE,

>
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Neutrinos from DM around blazars?

N
{

_I_
Protons break and produce L/ from JU

De Marchi Granelli Nava 2412.07861

A

DM spike around BH

Particle DM model

Model of blazar jet

FILIPPO SALA (U. BOLOGNA) HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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DM density around SuperMassive BH

dd V 2:105 fd |
dE, m,d? pdE dﬂ los\

Particle DM model

Em,z, VRV,

Lom =9qqYuq V" + gy Xyux V" +

Calculation: E

Implement model in FeynRules Parton-level scattering in Hadronization and
MADGRAPHS (in COM frame) decay with PYTHIA8

+ axlal-vector, scalar, pseudoscalar
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DM density around SuperMassive BH
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DM density around SuperMassive BH
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DM spike around AGN: predictions

Dark matter mounds from the collapse of supermassive stars:
a general-relativistic analysis 0512.09985

Roberto Caiozzo,!'* Gianfranco Bertone,”? Piero Ullio,!: 34

Rodrigo Vicente,? Bradley J. Kavanagh,” and Daniele Gaggero®

102! |
- - - Spike
1020 | —  Mound
- Spike x 2
19 , - . Regrowth x 2 .
107 - - - Spike x 5.6 Our aggressive benchmark starts from here
ﬁ'? | — — Regrowth x 5.6
A, 1013 |
E i
=017 -
S
10 - Our studies seem robust with respect to
1015 effects of formation effects of SMBHs
= x
= | |
107 1077 1070 107"
r [pc]
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DM spike around AGN: observations!

A novel method to trace the dark matter density profile around
supermassive black holes with AGN reverberation mapping

Mayank Sharmal**, Gonzalo Herrera®*, Nahum Arav!, and Shunsaku Horiuchi>» >4 2506.10122

5}
s 3 39()

: : ' —— NGC 7469
Reverberation mapping: | — $BS 1116
1 - —— MCC 0811
broad emission lines in AGN spectra | — Necwnr
l 3
gas velocity dispersion == mass of SMBH and DM spike -

We checked that ¥ ~ 1.6

corresponds to our conservative benchmark

DM Profile Steepness ()
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Neutrino flux from TXS 0506

De Marchi Granelli Nava FS 2412.07861

my=o GeV

107

Super-K TceCube diffuse 7,

10°°

ek
-
L

E2d®,/dE, (GeVem s 1)
2 ¢

Jet model Keivani+ 2018
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-
I

-

()

100 100 105 107 108 10°
E, (GeV)

e
-,
-

We make it!
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Neutrino flux from stacked blazars

De Marchi Granelli Nava FS 2506.06416

We saturate IceCube’s observations!

my =5 GeV, gg=1.5 x 1072, conservative astro (BMCII)

IceCube EHE-1vs

10—5;
1075

[ceCriberdilinscry,:

e =AW R 1

¢ = DM-p this work, mpy =10 MeV
- ‘,::_ no DM, R(L)(lt'igllfzs+ 2023

AN R

10° 10° 10® 10”

E, (GeV)

—

Using catalogue of 324 blazar modelled in Rodrigues+ 2307.13024
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Associated DM fluxes

A

/ Now we |look for this

TXS 0506+056

10 3

De Marchi Granelli Nava FS 2507.12278

Vector mediator, my =5 GeV
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DM neutrino explanation is OK with other limits

10_33 B, Vector edlator m5 GeV .

10~
1035 Monojet
10—36
10 —37
S 10—38
\g/ 10 —39
=z 107
& 104
10~*
10~%
10—44
10 —45 |

10—46 L L1l R T e
10° 104 103 102 101 10°

mpM (GGV)

De Marchi Granelli Nava FS 2024-2025

{ | Can be tested in the lab!

® TXS 0506+056 |
® Blazar ensemblei

- "‘_: = Astro BMCI
BbIN : - == Astro BMCII
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DM neutrino explanation is OK with other limits

Pscudoscalar mediata
1 ] 1} L 1 l . —

Monojet

Pscudoscalar mediat®

Blazar sample

Blazar samplc
i 10 LS

10 ¢

-
-
-"
—‘
-
—
—-
-
-—
-"
-

T T T T
m, (GeV) m, (GeV)

Different mediators and masses lead to different signals

De Marchi Granelli Nava FS 2024-2025
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(Too many?) gamma rays from DM around blazars

De Marchi Granelli Nava FS + Cerruti Rodrigues Padovani, in progress

Using blazar code AM3, we reproduce data (+ spectrum of Rodrigues+ 2307.13024) for blazar APlibrae

107 1 . AP Librae
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10—13 3
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— Total photons — yy—ete~” V
———  Accelerated e” py=rn-ou-e — Disk+torus
—— py—pete” —— proton syn+IC ~ —— lceCube stacking analysis
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(Too many?) gamma rays from DM around blazars

De Marchi Granelli Nava FS + Cerruti Rodrigues Padovani, in progress

€

AP librae + Rodrigues fit: 2 order of magnitude more neutrino -> factor of 2 more photons.

1077 3 ~ -
AP Librae
10—10 ;
v
11 ] ' / N 7
T 10 11 : ) Pree X
~ f AN\ AL
£ 10712 ‘V’
O : |
g 10—131; ' \
Tl K \
= 10 14 ?: '
i by
10715 - Angpd
§ ey
10-16 —4 . . —ch; . .
10~° 1073 10° 10° 10° 10° 1012 101> 1018
E [eV]
— Total photons py—=rn-u-e —— Disk+torus
——— Accelerated e —— proton syn+IC —— ourv
— py-—pete” v —— lIceCube stacking analysis
— yy—ete~” with dark matter, mpy = 1 GeV, my =5 GeV, g,gq = 0.43
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Summary and Outlook

DM around blazar can explain neutrinos from TXS 05056
DM around blazar can saturate diffuse neutrinos above 100 TeV

—Can be tested in lab searches for DM

/

L2

F/\‘Vu
7

How can one know more about the DM around the blazar?

What about the photons? work in progress
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