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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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High energy neutrinos ?



Origin of high energy neutrinos?

B NGC 1068 Diffuse flux from v, (25)
TXS 0506+056 —4— Diffuse flux from vev; (17)
. 10—9 .
Of diffuse astrophysical neutrinos? i
O -11
% 10
=
é 10—13 N
?JJ>
103 104 10° 106 107
Of neutrinos seen from blazars? Ey [GeV]
(Credit: IceCube Collaboration et al., Science, 2022)

Of KM3NeT ~ 200 PeV neutrino?
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Origin of high energy neutrinos?
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Of KM3NeT ~ 200 PeV neutrino?
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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

Energy (eV)
10 10 10° 10° 10° 10" 10" 10" 107107
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= F e "1 % Photons observed from many blazars over many energies
5 B = 104731
£ 10" {7 B Radio, X, gamma
= F . I .
10" - 4 ; n - > 50% of extragalactic gammas come from blazars!
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N e . | -

= | . . . .
3 [ . = Neutrinos first detected in 2017 by IceCube from TXS 0506+056
+ WE " / ; - ~ 3¢
o [ 4 4 : - 10° Today one more source: PKS 0735+178
D & Pl e ) =
O 10 E" | Ly i i . =
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10° 102 10" 10" 10" 10 102 10* 10*° 10* 10° 10* 10°p” Also AGN (ﬂOﬂ 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 < Rprr: external photons boosted -

Raiss > RpLr:_external photons deboostedi Rodrigues 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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Modeling Blazars: results

v Fv (ergcm?®s™)

Cerruti+ 1807.04335
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Rodrigues et al, 2023



Modeling Blazars: results

v Fv (ergcm?® s™)

Cerruti+ 1807.04335
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Modeling Blazars: results

v Fv (ergcm?® s™)

Cerruti+ 1807.04335
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Broad line region (BLR)
RpLr

Relativistic jet Radiative zone

i Supermassive black hole ,L /
I‘b ‘ ‘ -

Raiss S RpLr: external photons boosted -

Rgiss > RppLr: external photons deboosted Rod rigues et al, 2023

Problem

Too few neutrinos

Different groups find same conclusion
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Blazars & high energy neutrinos

Diffuse astrophysical neutrinos?
Neutrinos seen from blazars?

KM3NeT ~ 200 PeV neutrino?
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Blazars & high energy neutrinos

Diffuse astrophysical neutrinos?

FILIPPO SALA (U. BOLOGNA)

YES Buson+ 2207.06314, ...

Spatial correlations Astro priors crucial

NO Bellenghi+ 2309.03115,...

| 2LAC Blazar Upper Limit - Eequal wéighting :
10_6 Cl—— st = —2.5,F, > 10 TeV ----------- é-fy-weight-gjng ------- .
| — g =-22,E,>10TeV | 1 ; :

T

C\Ilm

=

'—40

“Quantitatively” ';
O

O,

[lceCube, ApJ 835 (2017) 45]

10-10 = Astrophysical Diffuse Flux '
N N Y Y Y Y T
102 10 10* 10° 10 107 10 @ 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  Cerruti+ 1807.04335
Keivani+ 1807.04537
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Blazars & high energy neutrinos

KM3N€T ~ 200 PeV neutrino? Possibly, ~ paradigm shift in jet modelling Rodrigues Padovani + 2025
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High energy neutrinos ?
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High energy neutrinos from dark matter around blazars
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2412.07861 PRD 2025
2506.06416 JHEP 2025
2507.12278 PLB 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?

S
{

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

2

P 5M

stuff
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Neutrinos from DM around blazars?

. +
{ Protons break and produce L/ from JU
De Marchi Granelli Nava 2412.07861
A
x

dd ) drl’ dN
Y = 08 f dEp —— oDIS < T
dE, m,d; dE,d'los dE,

>

5M
v sheff
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Neutrinos from DM around blazars?

S
{

_I_
Protons break and produce L/ from JU

De Marchi Granelli Nava 2412.07861

2

Particle DM model

Model of blazar jet
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DM density around SuperMassive BH
ad, dE, Ay |lOS GDIS<dNV > 2los = frmaxdrp(r)

dE, mxdf dE,d() dE, "min
_ 3

1N7A@37ﬁfﬁo%kﬁnm. ——rrrr———rrrr————rrrr——rrry  1()°2

1016 pDM(T) EDM(T) 1031

10" 10%

1014 R = 10° Rg (BMCI) 1029
& 1018 1028 5
= 10 104 5
N Ryin = 10* Rg (BMCII) ~_
> 1011 1026 %
8 1010 K 10% O
~ 10? 10%4 E
S 108 <aannvrel>=1.4><10_26 cm3/s --------------------------------------------------- 1023 N

107 102

10° 102

10° 102

10° 101 102 10° 104 10° 10°
r (Rg)
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DM density around SuperMassive BH

dD,

drl,

dE,

dE
m,d; P

dE,d()

|los OpIS <

dN,

dE,

>

1017
10"

Mgy =3 x 105M,

PDM (7")

Roin = 10* Rg (BMCI)

Ypm(T)

Rmin

=10* Rg (BMCII)

r (Rs)

1032
1031
1030
1029
1028
1027

2los =

ZDM (GGV/CIIIQ)

FILIPPO SALA (U. BOLOGNA)

frmax dr p(r)

"min Black

Hole

Dark Matter
spike

Benchmark 1 (BMCI)
Gondolo-Silk profile down to r = 102Rq,,

Benchmark 2 (BMCII)
Gondolo-Silk profile down to r = 10*Rg,,
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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 Sharma'-*, Gonzalo Herrera®*, Nahum Arav', and Shunsaku Horiuchi*** 2506.10122

Reverberation mapping:

broad emission lines in AGN spectra

|

gas velocity dispersion == mass of SMBH and DM spike

We checked that ¥ ~ 1.6

corresponds to our conservative benchmark

5!

4 - — MCG 0811

— 3C 390
— NGC 7469
— SBS 1116

— NGC 2617

m—  (Combined

DM Profile Steepness ()
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DM density around SuperMassive BH

do, _ ZIOS de de | ‘
dE, myd;) " dE,dQllos

Particle DM model

I — 2
Lpm = 9qqVpqVF + gy X ypxVF + 5 My VEL + axial-vector, scalar, pseudoscalar

Calculation:

Implement model in FeynRules Parton-level scattering in Hadronization and
MADGRAPHS5 (in COM frame) decay with PYTHIAS
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Neutrino flux from TXS 0506

De Marchi Granelli Nava FS 2412.07861
my=o GeV

"" L) L) LJ """

IceCube EHE-vs

103 10* 10° 109 107 108 10?

E, (GeV)

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 10~2, conservative astro (BMCII)

10 ¢
_6 - lleeGripe clititise 2,
10
~~ 1
A S
| 107
N
B 3
= 10
.
o (U
Sl S
(A LN 10_11 =

T T T llillg

IceCube EHE-vs

/2

= — DM-p this work, mpy =10 MeV
no DM, Rodrigues+ 2023
AN 5 D N ‘ |l

or

» A l \
\ LS 1l

108

10° 107
E, (GeV)

Using catalogue of 324 blazar modelled in Rodrigues+ 2307.13024
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ASSOC i ated D IVI fl u xes De Marchi Granelli Nava FS 2507.12278
A

N

A, = Now we look for this

1] lllll L) L] llllll' L]

10_1 — 10 MeV
10_2 — 1 MeV

P S5M | 0 ey

Hl/'\
c\]w —6 ,/’ -
shuff i 10 . :
>

L1 1 o ( Lo vl Lo vl Lo ool L1 vl L 1 ...\.‘.I L L L
1072 1072 107t 10Y 10! 102 10° 104
T, (GeV)
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DM neutrino explanation is OK with other limits

_33 mv=5 GeV
B manmasemaisn
PR o a LEP
10—36
10—37

5\10_38

5 10°%

g1

& 10

Direct g 1039
Detection ~ 1040
ast

Vector mediator my=>5 GeV

107

—42 —42
10 13 @® Neutrinos 10_ 13 ® TXS 0506+056
10772} ® BBDM 10 @® Blazar ensemble
10~4 _ m— rmin =10% Rg 10~ =  Astro BMCI
10_45 == 7min =10% Rg 10 e = == Astro BMCII

—46 Y _ AN Y T N . R —46 - R Y T 1Y S Y
W05 10T T10° 102 10! 10° S T T R T R T

mMmpum (GBV) mpwm (GeV)

FILIPPO SALA (U. BOLOGNA)

Can be tested in the lab!

De Marchi Granelli Nava FS 2024-2025
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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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DM spike around AGN: predictions

Dark matter mounds from the collapse of supermassive stars:
a general-relativistic analysis 2512.09985

Roberto Caiozzo,!'* Gianfranco Bertone,? Piero Ullio 134
Rodrigo Vicente,” Bradley J. Kavanagh,” and Daniele Gaggero®

102" |
- - - Spike
1020 L —— Mound
| - Spike x 2
1019 i - . — Regrowth x 2
5 - - - Spike X 5.6
™, Regrowth x 5.6
2 1018 L
< 10
E 1017 - |
St
1016 .
1015 _
| X
| E o
—1 | — —
107° 10~ 107" 10~

r [pc]

Ut

FILIPPO SALA (U. BOLOGNA)

Our aggressive benchmark starts from here

'

Our studies seem robust with respect to
effects of formation effects of SMBHs
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Dark Matter ?
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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 easily with many astro questions

We can look for it “easilg”
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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 T T T T T T > L
N & ¢ Qo | COsIFight Data

| | il ® c\-.g - —— Total Fit
. o ©® S 400}~

O N GaUSS|an
O O -

\| 35 .. O 300 I Ortho-Ps

b\

= | :
, ' 100%}“( )HH
- e I

20 F

\
Y
\

o
| S , |
mRET = i _
. ec==Es 15 o ++ - _1 OO:—H ‘ \ * ) \
\ of ¥ : 450 460 470 480 490 500 510 520 530 540 550
| . e Energy (keV)
8§ -9 -10 -11 -12 -13 -14 -15
Nanograv 2104.13930, ... My Boehm Hooper Silk Casse astro-ph/0309686,
Bringmann+ 2306.09411, ... Boylan-Kolchin 1103.0007, Tulin Yu 1705.02358, ... ... Das+ 2506.00847

Wl’l 3? Links easilg with many astro questions

[not true for other DM masses!]
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Sub-GeV Dark Matter

Direct Detection constraints on SI scattering

— I T TTTITH [T TTTTT [T TTTTTH I T TTTTIN T TTTTI T TTTTIN [T TTTTT [

. -28 | _
@ Mpyy S GeV . 10 o 29, . 1 | &
_ A7) S =
o 107 NI A — 1|3
= N 2R Ge — B —
g 107°0 Xy AN Gfn — 7 |
PHONON(S) g b og P, \ i | |e
b 10 [C\ ~< T’ (-

- Af/\ ~~~~~~~
= 2K . 25 =
5 ;
Q -
MIGDAL & brem 5 103 &
S 1040 - s
Q

- D
E 10 ___ White Dwarfs___ 2 3
HE N g _44 B P — - :\ O% S.
s 10771 - A @)
10—48 : %
: | | o

W (7 10—50 [ LIl [ Lt | R R | R [ R R [ |

g . 10-2 10! 1 10 10 103 10*
DM mass in GeV

We can look for it “easilg”
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Direct detection of Sub-GeV DM: status

// —— = RS =S S = —— = === \‘
m ||

Promising, not cutting deep yet :‘

J
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Direct detection of Sub-GeV DM: status

R — R ——— — (// S ____ ___ —_— e : e 7 — \\
/ A c
4 |

| Promising, not cutting deep yet 5‘ . New exp. techniques: better understanding needed ﬁ
) ) —

|
W
[ J
- — p— . — — e

N = e == - - —— e ——— — - — ——

= ——— —— _— T e E—— —
e e ————— _— —_— — — ————— —_ = — — —_—

102" e gy 10° . DarkSide, XENON, PandaX
o 1 - MIGDAL effect widely used SuperCDMS, SENSE! ...
Ng 2 . - — g
— 107" Wess . 10° :
S ) s, S BUT: was never observed in the Standard Model
- _a3 S@,}e IteBre 3 S
S 10 %, 28 10° 3
rE O
ch’ 10730 Qlar & 10 ? . . . . .
I - 3 When tried with neutrons in liquid Xenon
% 10_37 % M__ 10—1 g
= o U, — % SM signal not found despite ~100 events predicted!
© q/ /gda/
a - Xu+ 2307.12952, PRD 2024
104 Km*
-43 | N L | T S | R T e . . .
19°0.01 0.05 0.10 050 1 5 10 Same prediction goes into DM searches...
Dark Matter Mass [GeV/cz]

wait for other measurements e.g. Kahn Perez-Rios 2403.08866
SuperCDMS 2302.09115
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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

Electrons ProtoRS«
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Cassiopeia A Crab
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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

108 /\ scalar
—— pseudoscalar

; 10° - —— halo component

;~ Electrons, protons.- e 102

Cassiopeia 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, ...

ST T
€ o &
Alsoby ... QK { gﬁ

Ground level i
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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, ...

ST T
€ o &
Alsoby ... QK { {

An Pospelov Pradler Ritz+ 1708.03642
Emken Kouvaris Nielsen 1709.06573
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Also by Solar Upscattering (but non-relativistic)
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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
10
10-1F ‘
~ 1n-2F
s 10
SJE;
= 107%¢
g
— |
107
- scalar
1072 3 —— pseudoscalar
- constant
10—6 | | 1 IIII| | | IIIIIII | | IIIIIII | | IIIIIII | 1 IIII| | L 11111l
10=* 10 10?2 107! 10 101 102
K, |GeV]
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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

HF_|
m, = 10 MeV = 1031t :
1005— :% i
10‘%— ’ E 10733+ |
&g 10—2_— :;3 10—35 L _
Z& 20 umﬁ
T2 - O I
< 107 S (n-37
o = 0] () Super-K CR
_52 scalar %;j 10_39 : . ; i SUPET—K atm )
10 g— —— pseudoscalar \ f g : DUNE atm
- constant 2 |
BT S T/ T) R N T) LR TI LA )< A 107 e 6_0'01 o010 oo 4
K, [GeV 0 0t 0 - -
Z D g,Pix + 8,049 DM mass Mpy[GeV]
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Using DM models is necessary ......c.oxm o

1 0—30

PANDAX-II

|§, 1072 & /
. A &
O - '“‘e&%@ _
10—33 E_ %dbxb&& —go
- >
10—34 . L ] . oy 4y 4yl
1 10 107
Super-K 2209.14968 m, [MeV/c’]

. 02 g2 12

Scalar mediator  # > g ¢y + 8,039 | ong = C X7 “Xf
T m

¢
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Using DM models is necessary ......c.oxm o

10—30
To avoid being inconsistent!
PANDAX-II el No model exists (?) that gives
I i high constant cross sections of fast DM
— .
g 1072 £ . 3
b E ¢""'é'\‘b\0£ f(}
33| < Gl
10 = &‘b& =N
: > %
10—34 ! ! I A ! ! B N A A
1 10 10°
Super-K 2209.14968 m, [MeV/c’]

. 02 g2 12

Scalar mediator  # > g ¢y + 8,039 | ong = C X7 “xg
T m

¢
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Using DM models is necessary ......c.oxm o

PANDAX-II
Q) - Constant cross-section
5oL |
- A
’ i &(b\O
330 e -
10 3 &q},‘i g
- < E
10—34 I -
1 10 102
Super-K 2209.14968 mx [MCV/CZ]

CRESST-III

. 02 g2 12
Scalar mediator  # > g ¢y + 8,039 | ong = C X7 Hxp

T

4
Mg
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To avoid being inconsistent!

No model exists (?) that gives
high constant cross sections of fast DM

To compare with results from DM direct detection

Energy in standard DD is very different

To compare with results from non-DM experiments

colliders, telescopes, ...

To look for EW invariant completion

HIGH-E NEUTRINOS FROM DM AROUND BLAZARS
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