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Narrow Line

Brightest objects in the Universe! Only Region
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Brightest objects in the Universe! Only Ragon "¢
engine that can power this: accreting /
supermassive black hole (SMBH)

Broad Line
Region

Depending on the angle of line-of-sight

i Accretion
wrt to SMBH, you observe different -2 Disk
features

Obscuring
If jet pointed towards Earth: blazar Torus

Urry, Padovani 1995
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Blazar's spectral energy distribution
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How to model a blazar jet

Broad line region (BLR)

RpLr

‘ Relativistic jet Radiative zone
Supermassive black hole Ry /

Raiss < RpLr: external photons boosted -

~J

Rgiss > RpLr: external photons deboosted Rod rlg ues et al , 2023

Blob moving towards Earth with Lorentz factor I}, filled with
extremely energetic protons and electrons

+ ambient photons from accretion disk and the jet
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Leptohadronic model
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Leptohadronic model

Energy (eV)
& 10" 10° 10° 10° 10" 0 10" 10°10%'
v.i:: 10 '§|I ll ll ll II l' lI ll ll ll II lI ll II II ll II lI ll lI ll II l' II ll II 1 ":'\
o = = ®
- B —= 10‘7:3
g 1070 — e sync.hrotron 3 2
- = radiation = -
(T —
> | _g 1048
[ =
= | = 10"
102 = | §
= | -
z ER
107 % -
5’ 4 -
-~ . 4
1 g" /i \I 3 =
= ti % -
. v BEY | ool ol VU_&i ol ol ol l“.ll P Y o I N
Cerruti et al 2018 10 102 10" 10" 10" 10®° 102 10* 1% 10® 10° 102 10%0® 4



Leptohadronic model

Energy (eV)
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Leptohadronic model
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Leptohadronic model

Energy (eV)
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Dark Matter



Why Dark Matter?

Since the 30s overwhelming evidence for Dark Matter on all scales: rotation
curves, galaxy clusters, large scale structure...
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Why Dark Matter?

Since the 30s overwhelming evidence for Dark Matter on all scales: rotation
curves, galaxy clusters, large scale structure...

What we know so far:

* It interacts gravitationally

* Cold

* Collisionless

« Somewhere in this mass range:

QCD axion WDM limit unitarity limit

102eV Sy keV GeV 10Ty My 10 M,
] ] | | —— —

“Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal Lin, TASI lectures 2019
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Why sub-GeV Dark Matter?

No luck in finding WIMPs
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Why sub-GeV Dark Matter?

No luck in finding WIMPs
Dark sectors:

 Standard Model singlets, only portal interactions:
allow small couplings and sub-GeV mass

* PTA signal: sub-GeV dark sector phase transition? .
. XXx—e e INTEGRAL (SPI)
[Bringmann+ 2023] = 30| mimione 1075 < b < 1025
"I*'m 251 ... NFW 5 x 10732 cm?/s
| | B |
* 511 keV line from the galactic centre: annihilating .| =™
DM? [Boehm+ 2004] 3
}E 0.5 H ‘
= o0 —"=i;w 2L h: -
+
-0.5

-30 -20 -10 O 10 20 30
Andrea Giovanni De Marchi - University of Bologna longitude [deg] 6



The Gondolo & Silk sp

Dark Matter around SMBH S

accumulates into spikes by
adiabatic contraction [Gondolo,

Silk 1999]
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The Gondolo & Silk s
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The Gondolo & Silk spike
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Two complementary signals

5M
1 e
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Two complementary signals

2’/ z Blazar-boosted

Dark Matter
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Two complementary signals

% x Blazar-boosted

Dark Matter

5” Neutrinos from
1:, ‘o'"‘“# blazars
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Blazar-boosted
Dark Matter



Why boosted Dark Matter?

APPEC committee report, 2021

L] L] L] L] L] —32
Direct detection loses sentitivity to sub- O
L CRESST (Surf)
34 /
GeV DM, not enough energy to leave a L
I 1073 = 4z,
S| g Nna | — 4'04’/, EDELWEISS (Surf)
g 107 DN
5 . \ NEWS-G
:’ s CRESST-11I ‘\\\ DAMALE
DAMIC DAMA/I
'g 10 CDMSIi€ ‘\\‘\ = cog\;\‘\’--““‘
8 5 E DarkSide-50 (S2) >
2 10—4- \ D ‘\\ SUI?[E)'ELD\yESISS D ‘\;\“\t\c-f'u
2 a XENONIT (S2) \_- PEDWERS . ool arks
o —44 - — JSeg 4 ‘ o5 0N\00 ‘-‘X
6 10 = P v limn\ S XENN‘T
10746 - andaX-1!
10 - kAR

10—5011[ 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 L1 1111l

0.1 0305 1 35 10 30 50 100 300 1000 3000 10*
WIMP mass [GeV/c?]

Andrea Giovanni De Marchi - University of Bologna 9



Why boosted Dark Matter?

Direct detection loses sentitivity to sub-
GeV DM, not enough energy to leave a

signal

Two strategies:

- Lower detector threshold

- Higher DM energy

Andrea Giovanni De Marchi

APPEC committee report, 2021
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Why boosted Dark Matter?

APPEC committee report, 2021

Direct detection loses sentitivity to sub- 0 g < |

GeV DM, not enough energy to leave a N

signal ) m I

Two strategies: § 10°) \\\ =g D
- Lower detector threshold S o ;N‘o@:(; Y-
- Higher DM energy § 10 N“"

104 3 : = P andaX- w
DM boosted by interaction with cosmic 10
rays [Bringmann+ 2018; Ema+ 2018] 10 T 5505 3510 3030 100 300 1000 3000 10"

WIMP mass [GeV/c?]
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Why boosted Dark Matter?

APPEC committee report, 2021

Direct detection loses sentitivity to sub- O |
GeV DM, not enough energy to leave a 0 X o
Sig nal & - *84’ EDELWEISS (Surf)
g 107 \ NEWS-G
Two strategies: g 1* R D
8 42 DarkSide- ()(ﬁ ) \
- Lower detector threshold L w s\, N s
- Higher DM energy 5 1o
10—46
DM boosted by interaction with cosmic 1
rays [Bringmann+ 2018; Ema+ 2018] 10 T 0305 T 3510 3030100 300 1000 3000 10

WIMP mass [GeV/c?]

To do better: more cosmic rays, more DM, higher energies... Blazars!
[Wang+ 2021]
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We add to the SM a fermion DM and a new massive vector that
couples only to quarks (2506.06416, 2507.12278 for other Lorentz
structures)

_ B 1
Lom=9qqVuq V" + g Xyux V" +§‘m12/ Vi,
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We add to the SM a fermion DM and a new massive vector that
couples only to quarks (2506.06416, 2507.12278 for other Lorentz
structures)

_ B 1
Lom=9qqVuq V" + g Xyux V" +§m12/ Vi,

We can compute the flux as

dCI)X B ZIOS j dI' do

——= = E
dE, m,d;} “Ep dE,dQ dE,
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We add to the SM a fermion DM and a new massive vector that
couples only to quarks (2506.06416, 2507.12278 for other Lorentz
structures)

- B 1
Lom =9qqVuq V" + g XyuxV* +5mj VY,

2
We can compute the flux as
Spike model
dd, _ 210 j JE dI’ do
dEy, myd?) P dE,dQdE, Jetmodel

Particle physics model
Andrea Giovanni De Marchi - University of Bologna



Boosted DM flux

— AR .~ SRR R AR TR N T T
1072 102 107' 10° 10t 102 103 104
T, (GeV)
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Constraints

- TXS 0506+056 Vector mediator, my =500 MeV
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Big caveat: spike depletion

« As DM gets boosted
away by this interaction,
the spike depletes
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Big caveat: spike depletion

Vector mediator, my =500 MeV

« As DM gets boosted
away by this interaction,

the spike depletes
e If depletion is faster &
than accretion, over S
time the spike R
disappears ©
* Too large cross sections
are inconsistent with

spike

Andrea Giovanni De Marchi - University of Bologna
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Neutrinos from
JEVLIES



Neutrinos from blazars

(A)

201 7: |C€CU be deteCtS ~ 300 Tev Vv “ original GCN Notice Fri 22 Sep 17 20:55:13 UT

refined best-fit direction IC170922A

—
o

IC170922A 50% - area: 0.15 square degrees

First associated to astro source: blazar | ol o el ko
TXS 0506+056

TXS 0508056 T

Declination

N W NN (@) ] (o)} ~ (0] ({o]
Fermi-LAT Counts/Pixel

PKS OGOZ«O!’.Q

784°  78.0° 77.6° 77.2° 76.8° 76.4°
Right Ascension
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Neutrinos from blazars

(A)

2017 IceCu be deteCts ~ 300 TeV v original GCN Notice Fri 22 Sep 17 20:56:13 UT 10

. . 6.6° m refined best~fit°direction' IC170922A 5

First associated to astro source: blazar e e e !
TXS 0506+056 s 3
E
s R
' : : § 28 L - 5 8
Archival data: 1345 neutrinos in 5 x5 o -
2014/15 from same source o, ‘g
3 =
&

) 2

B PKS 0502 «04@ 1

4.6° 0

784°  78.0° 77.6° 77.2° 76.8° 76.4°
Right Ascension
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Neutrinos from blazars

(A)
2017: lceCube detects ~ 300 TeV v orinal GON Nots i 22 ¢ 17 203513 UT 10
. . 6.6° refine st- Ito |rect|on'
First associated to astro source: blazar e e e Z
TXS 0506+056 - o
(a
S 6 2
. . . = 58 3
Archival data: 1345 neutrinos in £ xs o 5 O
()
2014/15 from same source ., 4 g
i
5.0° S .
Many others blazar associations: dadece | |
o 0
I &
Blazars are HE neutrino sources! 1 —————

Right Ascension
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But... hard to explain

F
g
i

IceCube EHE-1s

Astro models underpredict
neutrino flux

IceCube 2014/15

E?d®,/dE, (GeVem %s™h)

Jet model Keivani+ 2018

103 10* 10° 10° 107 108 10°
E, (GeV)
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But... hard to explain
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But... hard to explain

10

IceCube EHE-1s

Astro models underpredict
neutrino flux
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Alternative models that maybe
work? But no consensus

IceCube 2014/15

E?d®,/dE, (GeVem %s™h)
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What about p-DM?

Jet model Keivani+ 2018
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But... hard to explain

Astro models underpredict

neutrino flux

Alternative models that maybe

work? But no consensus

What about p-DM?

E?d®,/dE, (GeVem %s™h)
S
%

B —
IceCube EHE-vs

IceCube 2014/15

Jet model Keivani+ 2

2018

T

We can compute the flux (using I\/IadGraph + Pythia) as

do,
dE,

2:los
mxd2

dE <
f PdE, dQ los _DIS

dN,
dE,

105

o
E, (GeV)

>

e

o

15



What we get

IceCube 2014/15

Jet model Keivani+ 2018

i aaal

T I T T
E, (GeV)
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What we get

Jet model Keivani+ 2018

il L L1l

105 108 10° 105 107 105 10°
E, (GeV)
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Probed parameter space
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Blazar catalogue

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

IccCube ditfiuse v, IceCube EHE-15 Catalogue of blazars
_‘ and leptohadronic
= fits [Rodrigues+

2023,2307.13024]

Diffuse neutrino flux
e . ey correlates to blazar
no DM, Rodrigues+ 2023 skymap above 100

1013 = e LSRN N R TeV? [Buson+ 2022]

e . RSt \ & N - ;.\;‘-
= PR\ N

103 104 10° 106 107 108 10?7
E, (GeV)
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Parameter space

Vector mediator

1038 ———rrm e
10—34
10 —35
10—36
10 —37

:
® TXS 0506056 3

@ Blazar ensemble }
= Astro BMCI 7}

=== Astro BMCII i

102 00

19



Key takeaways

We can probe very small

o,y Via BBDM
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Key takeaways

We can probe very small
0py Via BBDM

For even smaller o, more

neutrinos from p — x than
SM.

Super-K

Lo

el | - ube 2014/15
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9| mDM |

1077 gomev 5

[ - 1MeV Jet model Keivani+ 2018 !

1000
103 104 109
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Key takeaways

We can probe very small
0py Via BBDM

For even smaller o, more

neutrinos from p — x than
SM.

Can explain neutrino
emissions from blazars

Super-K

Lo

el | - ube 2014/15

10_8;‘ =
—9 _ DM E
1077 gomev 5
- 1MeV Jet model Keivani+ 2018
10-0 s
103 104 109

Andrea Giovanni De Marchi - University of Bologna
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Key takeaways

* We can probe very small
0py Via BBDM

* Foreven smaller o,,, more

neutrinos from p — x than
SM.

« Can explain neutrino
emissions from blazars

Did IceCube detect Dark
Matter around blazars?

Andrea Giovanni De Marchi - University of Bologna
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Super-K
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Jet model Keivani+ 2018
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10* T

20



« What about gamma rays? Does this mess up the leptohadronic fit?

« What about other kinds of AGN?

« Understanding the diffuse neutrino background... could this
mechanism explain it?

* Isthe spike normalization reasonable?

« Large astro uncertainties... can we quantify them somehow?

Andrea Giovanni De Marchi - University of Bologna 21
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Depletion of the spike

« Many astro effects: mergers, thermalisation with stars, BH misaligned with
halo...

« DM self-scattering: very problematic, softens the spike a lot[2506.12642].
Can be avoided with inelastic DM, doesn’t change the neutrino signal

« Jet depletion of the spike:

R

Zpm= I,

Spllkedr p(r) exp{—A <o >t/r?}

min
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Different jet model

S ? £
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The Gondolo & Silk spike

Dark Matter around SMBH in the center of

galaXieS aCCumuIateS into Spikes ﬂ:— lulﬁ - T TTTH LRI T || | ||||| TR T [L LI ]
%"_:, 0" |- - initial profile .
s — adiabatic growth =
- 102 = N, - approx. adiabatic growth—

As SMBH grows, it contracts orbit around it,
turns Y into r~(9—2v)/(4-v)

[Gondolo, Silk 1999]

IEREE instantaneous growth

10 10

108

10

I| I| I| I._1' II Il“lll
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10

For 2155 = frmax dr p(r), up to 8-9 orders of "’
"min 1

magnitude more than NFW (ZE)EW ~ 10%3 GeV 0

m_Z) 4

NFW profile

10 IIIIIII| Lo 1l I| | IIII| [ LI 111 1| l
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r [ kpc]
Ullio, Zhao, Kamionkowski 2001

Andrea Giovanni De Marchi - University of Bologna



UV completion bounds

e
P 2m,

10—7 2"l Lol | d ol PSR PR
1074 1073 1072 107} 1 10 10%
Dror, Lasenby, Pospelov 2017 my[GeV]
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Available parameter space (0.5GeV)
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Available parameter space (10 GeV)
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Monochromatic

1077 b v g
: —— E} =10PeV ]
fom | —— E =100 PeV :
;m 1076 ¢ E
| F i
5
> 1077 i
QL
<
) 108 ¢ :
i~
T
'e:a.
1077 ;
€3
10—1[} Y AT T T BT TR S T e
103 104 10° 106 107 108 10°

E, (GeV)

Andrea Giovanni De Marchi - University of Bologna



A bit of history

. . Steidel, NASA/ESA, 1996
In 1950s, discovery of radio-sources

associated to optical star-like sources, with
unusual emission lines and color.

Classified as Quasi-stellar radio sources
(Quasars)

In 1963 first spectrum of 3C273 (Schmidt):

Hydrogen lines with z = 0.158, cosmological
distance!

Not stars, brighter than entire galaxies!

L ~ 1013 o HST's 100,000th Observation HST - WFPC2

PRC96-25 - ST Scl OPO - July 10, 1996 - C. Steidlel (CalTech), NASA
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