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Why?

Neutrinos as Astronomical Messengers
To Search for Cosmic Accelerator Sources
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HE Neutrino Astronomy
opening a new window to the Universe |, gravitational waves
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Two neutrino production mechanisms at source:

A pp (hadro-production)
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https://inspirehep.net/authors/1074902

Breakthrough in HE Neutrino Astronomy:
lceCube Neutrinos Point to Long-Sought Cosmic Ray Accelerator

IceCube, Science 361, eaat1378 (2018)
IceCube, Science 361, 146 (2018) 2018 N

.

Credit: lceCube/NASA

A blazar TXS 0506+056 emitting
very high energy neutrinos and g-rays

09/19/2025 J. Kiryluk (Stony Brook University)
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OpticalHigh Energy Neutrino Observatories
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Neutrino rates
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High Energy Neutrino and anti-neutrino interactions

Deep Inelastic Scatterin : .
‘p o ) _ 2G}EMNE, /1 [1 o (M 20
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Extrapolation to small X
Smallaty | 0

Small at smalb
u+d a+d _ +d, . a+d
(LA L) + - (R4 R)+ @ =" (R4 RY) + S5 (L2 + 1Y)

(s+b) (L3 + R3) + (e+1t) (L2 + R2) 4+ (s+b) (L34 R3) + (e+1t) (L2 + R2)

Ly,=1-4/3-z2w, Lg=—-14+2/3-2w, Ry = —4/3-2w

R4g = 2/3-xw where zy = sin® 8y = 0.226.

G=1.17x10-°GeV?GeV M=0.938 GeV M,=80.398 GeV M=91.187 GeV

Beyond LO, at ultra HE a change of cross section expected, e.g.
A atlarge gluon densities, the saturation region,
A due to non-perturbative QCD effects such as topological charge transitions




Deep Inelastic Scattering
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High Energy Neutrino and anti-neutrino interactions

Fraction of inclusive cross-section within contours
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Neutrino-Nucleon Cross Section Results for 10 GeV < E, < 10 PeV
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5y Cscd: Y. Xu PhD thesis Stony Brook U. (2019); arXiv:1809.06782 [hep-eX]
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Results consistent with Standard Model within current precision.




lceCube High Energy Neutrinos (observed)

Discovery

b}
e candidate

20112012 partially contained cascade
deposited energy: 5.9+0. 18 PeV
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Median muon energy: 4.5 N1.2 PeV
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IceCube, Phys.Rev.Lett. 111 (2013) 021103

/ IceCube Nature 5910(2021) 7849 220
IceCube, Science 342, 1242856 (2013) 11 ,

Nature 592 (2021).7855. E1
IceCube, Phys. Rev. Lett. (2015)
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KM3Net Detector: ARCA
for TeV 1 PeV neutrino detection

Location: Mediterranean Sea
Source: https://www.km3net.org/research/detector/areand-orcadetector/

Goal:

A 230 Detection Units (DU)
A 4140 optical modules

A 128340 PMTs

A > 5 kms3 volume

Spacing:
A 36m vertical spacing
A 90 m horizontal spacing

Construction status:
A 51 DU deployed
A 44% of the 15t building block




KM3Net Detector: ARCA

=N 5 285?{3822 for TeV 1 PeV neutrino detection
D1l L, | France
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Current layout of the 1st building block



Baikal-GVD Detector
for TeV 1 PeV neutrino detection

Goal:
A 6000 optical modules
A 1 km3 volume

Water transparency:
A 21-23 m absorption length
A 60-80 m scattering length

Spacing:
A 15 m vertical spacing
A 200-300 m between clusters

Ostankino
Tower

540 m

Construction status:

Location: Lake Baikal A 14 clusters deployed, 117 strings
A 1 cluster = 8 strings, arranged in 60 m radius
1998: NT200 (192 modules) A 1 string = 10 optical modules
2004/5: NT200+ A 4212 optical modules
>2016 BaikaGVD/NT1000 A 0.7 km3

09/19/2025 J. Kiryluk (Stony Brook University) 17



Atmospheric Neutrino Fluxes
Summary of world measurements

= 10!
7
5 102 A n,and n, from p/K decays
2 A flux peaked at horizon; temp. variations
C;IE | A sensitive to CR composition
Q
>
&) \ A from D/B decays
= B I T : A short lifetime: interact/lose energy before decay
ot e P (=101
LecCue v, forwaed olding A nflux isotropic
AMANDAIL .. forward oding —t= A equal parts n,and n, , n; negligible (D, decays)
HKKMI1 » 57, (vl oxc) A spectrum approx. E28
iup_:r—l{amiukmdc IV v, l
10 100 events | %
per year for fully R
efficient 1 km3 10”
detector ;

Oscillation physics LoglO(EV/GeV)
Super-Kamiokande, Phys. Rev. D 94, 052001

A At HE n measured fluxes consistent with conventional neutrino fluxes.
A No prompt component has been observed yet.
A Atm.nbs are background to astrophysical neutrinos.



Diffusen Flux
Single Power Law

and Beyond



| ¢ e C udseovesy of PeV n of astrophysical origin (2013)

A HESE: High Energy Starting Events (tracks + cascades)
A all neutrino flavors, all sky
A Veto-based event selection method

Background Atmospheric Muan Flux

Bkg. Atmospheric Neutrinos («/K)

Background 5tat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E-? Spectrum
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IceCube, Phys.Rev.Lett. 111 (2013) 021103
IceCube, Science 342, 1242856 (2013)
IceCube, Phys. Rev. Lett. (2015)

IceCube, Phys. Rev. D 104 (2021) 022002

A Likelihood fit analysis method, performed for E > 60 TeV

A Flux isotropic (extragalactic) B —y
A Single power law fit 7.5 yrs results: soft best-fit spectral index g=2.9+0.2 Dy = ¢ x (Ey/100TeV)



Astrophysical Muon-Neutrino Flux with 9.5 Years of IceCube Data

A Through-going muon tracks
A

Muon neutrino flavor, Northern sky
IceCube, Astrophys. J. 928 (2022)
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A Likelihood fit analysis method, excess of events E > 100 TeV . —y
A Single power law fit: soft best-fit spectral index g=2.37+0.09 Dy = ¢ x (Ey/100TeV)



Diffuse astrophysical electron and tau neutrino flux with 6 years
of IceCube high energy cascade data

IceCube, Phys. Rev. Lett. 125 (2020) 121104

Standard maximum likelihood-based template method
matching observed deposited energy distribution (data) in zenith bins to prediction (MC simulation)

at@P)B B ai (PP )+ (—) |+ -)B (- -)

-_—
0 (PPyE ) :(P—’FX) Q PPy Systematics

= -7
Ui (er 95) — “fl_”'"f-li _‘_‘uq_tm.v u_a_stro.v SPL fit: (I)v — (b X (EV/IOOTCV)
! ’ : soft best-fit spectral index g=2.53+0.07

4 ears — stro, v+ v a — astro. Vg + vy
y —ASITO. W, 2yeal'S m— ASITO. Wy
— TESUM T SUMm
atm.

m— cONV. Wy

atm.
m— 0NV, V),

CONY. Ve
m— prompt 3 v
=me O0% UL

CONV. Vg
[ prompt } v

3 i

10° 10 10° 10° 107
Ereco [GeV] Ereco lGEVJ




Summary of IceCube Diffuse Flux Results

—— (Cascade 11 vear (this work) SPL
-&- (Cascade 6 yvear, PRL 125 (2020) 121104
—&— Combined Fit 11 vear, PoS(ICRC2023) 1064
& Starting Tracks 10.3 vear, PRD 110 (2024) 022001
Northern Sky Tracks 9.5 year, ApJ 928 (2022) 50
Inelasticity 5 year. PRD 99 (2019) 032004
HESE 7.5 year, PRD 104 (2021) 022002 —
MESE 11.4 year, Vedant Basu (2025). PhD Thesis . TAstro,2
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IceCube, ICRC2025 First observation of the spectral break




Baikal-GVD Diffuse SPL Flux Result

Baikal-GVD (6y cascades)
IceCube (7.5y HESE)
IceCube (6y cascades)
IceCube (9.5y tracks)
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Point Source Search:
time integrated analysis method

A Un-binned maximum likelihood technique to
guantify spatial neutrino clustering in the sky

HH ({I)H}[} l‘} - -“'-"'!'((I)“}[}._ HI}}
ns\2100:Y) o(xs, %1, 04, By ns (P00, 7)

N 5 )B(Hill 5, )

ng T number of signal neutrinos for a flux model F (E) ~ (E/1 O I[IeV)'g

i =1, .,N - total number of data events

ST probability distribution function (PDF) of sighal events from a point source

XgT source position, neutrino: x; direction, s; direction uncertainty , d, declination, E; energy

X Eq( E;, sin d;;7y)

?
2ro;

Spatial term Enerqgy term




Point Source Search:
time integrated analysis method
A Total likelihood L and test statistics TS

L(Pio,7) = H JC;;' (P90, y) ji data sample (e.g. year)

J

L(P1g9 = 0) null hypothesis of no point signal present

TS = i}-1“!9;[:-5[:‘1)1:}:}1'“.r"':},-"r.ﬁ f.:"bltﬁl!} — “H test statistics

TS from the time-integrated
analysis performed on
randomized data

for a source x5 TXS 0506+056

9.5 year result

Probability(> TS)

p-value: fraction of randomized
trials with TS > TS 4,4

10 15

Tut Siatistio (T8) (conservative estimate)




IceCube: All-Sky Point Source Search

A All-Sky search (2008-2018): Search for excess of astro n from a common
direction over bg of atm. n (Northern Sky) or m/ n (Southern Sky).
A Assumed time integrated emission of n and E-9 energy spectrum.

IceCube, PRL 124 (2020) 051103
IceCube, T. Carver, ICRC2019

Southern Hottest Spot

Declination

42.87 38.87°

° 4087
Right Ascension

[h:q:é
- l(;"t—’_.lw \':.le:-;u.] ' ] i ‘
10810 (Plocal) Hottest Point in North : & = -5°
RA = 40.87° , Dec = -0.30°

n =615,y=34, TS =253

Hottest Point in South : &< -5°
RA = 350.18° , Dec -56.45°
n |=1?.8, Yy = 3.3, TS= 20.0

sigl

-log10(pval) =5.37 = 75% post-trial
Not significant

signal

-logl0(pval)= 6.45 = 9.9% post-trial

Not significant




Antares: Point Source Full Sky Search

A Antares data: 2007-2017 (legacy data)

A Hotspot:
(RA,G) = 120 . 5
p-val = 3.2x10" 6(4.50 )

A Compatible with background with 39% probability
A No known source at this location
A The closest source found at 1° distance:

the radio blazar J1318+1807

(o]
[
=
o
o
o
N
-
[ o
[®]
=]
@©
o
O
[
(]

Right AscensionJZOOO [deg] Not significant

—logio(pvalpre)

Antares,Phys.Reptl121(2025)1



IceCube: Point Source Catalog Search

A Source candidates list of 110 Galactic & Extra-galactic sources
Northern Sources (87 extra-galactic, 10 Galactic), Southern Sources (11 extra-galactic, 2 Galactic)
A IceCube data: 2008-2018

ANTARES E~2 Sensit. === 90% Sensit. E~3

- ANTARES E~3 Sensit. 5¢ Disc. Pot. E~3
90% Sensit. E~2

50 Disc. Pot. E~2

NGC 1068
TXS 0506+56

PKS 1424+240
BG6 J1542+612

A Most significant source from the | ist: NGC106
A4 most significant sources 3.30 post tri al ( 2.



Evidence for TeV neutrino emission from the nearby
galaxy NGC 1068

A All-Sky search: Search for excess of astro n from a common
direction over the background of atm. n (Northern Sky) or m/n
(Southern Sky).

A LIh method, assumed time integrated emission of nand E-¢
spectrum, sky map:

o Northern Sk
T —~20122020n,,

—LOG. . (p

IceCube, Science 378 (2022) 6619, 538

41.2 410 408 40.6 404 40.2

r.a. [deg]




Evidence for TeV neutrino emission from the nearby
galaxy NGC 1068

A All-Sky search: Search for excess of astro n from a common
direction over the background of atmospheric n (Northern Sky)
or m/ n (Southern Sky).

A LIh method, assumed time integrated emission of nand E-¢
spectrum, sky map: NGC 1068

[ Signal [ Total
[ Background ¢ Data

_ Northern Sk
. T—20112020n,,

sz 0506+056 '
0 NGC 106

IceCube, Science 378 (2022) 6619, SSSI

Significance 4s




lceCube: Astrophysical neutrino flux

IceCube, Science 378 (2022) 6619, 538-543

Nm I NGO 1068 Astro. v,
Source TXS OH0G+056 —4— Astro. v

Diffuse

NGC1068 and TXS0506+056 contribute ~1% of the total diffuse flux
In their observed energy ranges.



~Time- dependent Sources
Ev1dence of the first neutrino source
O y AGN TXS 0506+056 ‘
o W T ; Icedﬁbe 170922 IceCube neutrlno aIert

»

o P
I'ceCube Science 361, ea&t1378 (2018)
Icecqbe Selence 361 146 (2018) g

original GCN Notice Fri 22 Sep 17 20:55:13 UT

refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
w— |C170922A 90% - area: 0.97 square degrees

On 22 September 2017 IceCube

B detected a ~290-TeV neutrino from a

| direction, as reported by Fermi-LAT on
September 28, 2017, consistent with
8 the flarlng g—ray AGN TXS O506+056

Fermi-LAT Counts/Pixel

78.4° 78.0° 77.6° Y 4 & 76.8° 76.4°
Right Ascension

Flarmg AGN TXS 0506+(356 ldentn‘lcatlon by Ferml & Maglc

f ».



Evidence of the first nsource: TXS 0506+056

Science 361, eaat1378 (2018)
Science 361, 146 (2018)

lceCube-170922: IceCube neutrino EHE alert



