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AGNs, SNRs, GRBs... MR ¢ Cosmic
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They point to their sources, but they M essen gerS

can be absorbed and are created by
multiple emission mechanisms.
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Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower %

They are charged particles and
are deflected by magnetic fields.
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lceCube Neutrino QObservator

* The largest neutrino telescope
e o _ in the world
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* Located at the geographical
South Pole

Amundsen-ScottSouth = o 86 Strings with 60 DOMs each

Pole Station, Antg

IceCube Laboratory 86 strings of DOMS, A National Science Founhdation:

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

set 125 meters apart
? pe managed research facility

e Volume ~ 1km3

1450 m IceC'up_e """ T
, ~ soooms * Ethreshold ~ 10 GeV (DeepCore)
|g : string
‘ e * Trigger rate > 2 kHz, mainly
i (11 :ﬂiﬁé’ﬁ;{ from atmospheric muons
: 1yl {1{) 1 apart = N
Digital Optical T YeLpCort T :
Module (DOM)  2450m | 1 '||"||[ | 1 * The observatory consists of
deployed in the ice ; - three sub-detectors: IceTop,
Antarctic bedrock l lceCube, DeepCore 2
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How Ice

1 .
Track topology Pu K
» Good angular resolution (~0.5°) ® ¢ o
. ® ¢ o
| * \Vertex can be outside the detector
® o o
» Stochastic energy loss ® o o
pata * More atmospheric background signal ® 6 o
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* All flavours .
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* Fully active calorimetre
 Suppressed atmospheric backgrounds Less Photons < > More Photons

» Poor angular reconstruction (~20-30°) |.|.
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* No need of specialised detectors: Gamma-ray

telescopes, Neutrino detectors, CR-experiments
IceCubell

o Search for products of dark matter annihilation / decay
processes: Focus on large reservoirs of dark matter 5
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 For WIMPs as an example,

Annihilation WIMP Miracle Scattering

Q. 0\
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~0

AIIowed
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G. Arcadi et al. Eur. Phys. J. C 78, 203 (2018)

* |n the present Universe, this interaction can dissipate neutrinos and hence suppress
the neutrino flux at Earth which can be observed by large neutrino telescopes

» Diffused astrophysical neutrinos

* Astrophysical neutrinos from distant sources
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Studies with isotropic neutrino flux

Using the diffused high-energy astrophysical neutrino fluxes observed by IceCube
to study the scattering of neutrinos with the Mllky Way DM halo along their
propagation to the Earth
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TXS 0506+056

O o

NGC 1068

Oh

Equatorial

 Allin the northern sky

 Both are the target sources of this analysis

* Treat each source independently (not stacking analysis)

TXS 0506+056

* First transient source: IceCube-170922A by 290
TeV neutrino — first multi-messenger astronomy

WIth NEUtriNOS science 361, eaat378 Science 361, 147-151

 BL Lac-type blazar

e (77.36°, 5.69°) in the equatorial coordinates
e (195.41°, -19.64°) in the galactic coordinates
« z=0.3365 (1421 Mpc)

NGC 1068

* Firststeady sourceg ;. . 375 538-543
 Seyfert Il galaxy - nearby active galaxy

e (40.67°, -0.01°) in the equatorial coordinates
e (172.10°, -51.93°) in the galactic coordinates

. 2=0.0038 (14.4 Mpc)

10
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of iInteraction
* Estimate the change of high-energy astrophysical neutrino flux from a source

() = - 0, (E)D(E,) +J dE,—2(E) - E)®(E)| = ZouD/mpy)
dt )( E dE ;'

Qs A : — s A Ach 8 SR Ve e s i A Ace ac B — e A Ao _ac
- ~ (S -

" Re-distribution

DM column density along the line of sight (l.0.s)

2py = J dr p(r)

path

Considering the contributions from the extragalactic DM and the Milky Way DM

Milky Way Cosmological Source Galaxy

' Y
J]o.s. -




I Dark Matter contributions

alactic/extraaqals
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* (Considering both galactic and extragalactic dark matter contributions

82 ICECUBE
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* Neutrino trajectory may not pass through the galactic centre but just the galactic halo

 The large distance to a source compensates small cosmological DM density in intergalactic medium

 The dense DM spike surrounding an extragalactic source would give much stronger effects

For TXS 0506+056 (1421 Mpc):

S~

p(2)dl = 7.25 x 10! GeV/cm?

.. Jlos

Cosmological

p(r)dl ~ 8.73 x 10*® GeV/cm?

t Jlos

Source Galaxy

|

p(x)dl = 1.12 x 102 GeV/cm?

J]os

Galactic DM density profiles
p(X): NFW profile, Einasto profile, Burkert profile ... S
Intergalactic free space DM density (Planck 2018) Milky Way DM
,O(Z) —_— IOCQ)(,O(I _|_ Z)3 GeV/Cm3 Heliocentr ic distance [kpc]
105 —— Msmpy=3e+08 Mg, %=1e-28 cm3s~1/GeV, Re,=0.023 [pc]
Extragalactic source’s DM spike density profiles _ 10
g
0 r < 4Rg
Psp(T)psat y : <
p(r) — < PspEET)-FPsat o 4RS S 4 S Rsp 100
= -
‘pO(E) (1 " %) b e " Source DM
F. Ferrer, G. Herrera, and A. Ibarra; — . - .

arXiv:2209.06339 & JCAP 05 057 (2023)

1 ; N5 107
Distance from the central SMBH [pc]
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A new approach has been proposed to use distant neutrino sources to search
for rare interactions

2. ICECUBE
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* This theoretical work used public IceCube data and derived first bounds based
on overall attenuation of the signal oo - [not) =01 |

l.o.s

Oppy Al S 2.3

 90% flux suppression gives sensitivity regions like:
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IExtends to a thorough analysis

Benchmark model

» Light mass DM (m,, < GeV)

e With fermion mediator

70th APCTP GWNR Workshop
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e With scalar mediator

g > > 4 |
Y/i ) f . | A
K 2 & |
7 g N N
> / \ ®H ¥ o b, 3 H
i \ DI DM % e
DM~ 1% / N
K.-Y. Choi, E. J. Chun and J. Kim, Phys.Dark Univ. 30 (2020) 100606 S. Pandey, S. Karmakar

» With vector mediator

C. Arglelles, A. Kheirandish and A. Vincent, l S. Pandey, S. Karmakar
Phys. Rev. Lett. 119 (2017) no.20, 201801 f and S. Rakshit, JHEP 01 (2019) 095 §

and S. Rakshit, JHEP 01 (2019) 095

~ |‘Mediating via light Z' boson’
i* Selected as our benchmark scenario

- Strongly coupled with both y and v_ (assuming same coupling)
{s Weak coupling with v, or v

H

i Oscillation over cosmological propagation baseline

— Flavour-universal results in the end

LD filyWPLLZ, +ig'(®*0"® — ®0"®*)Z], Y
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AnaIyS|s Status

Benchmark

— ®p=9.0x10"1%, y=2.30
m,=0.3 eV, mz=10.0 MeV, g=5.8x10">
10—11_
« Mediating via Z’ vector boson
* Single Power Law + ‘dip’ .
n
 Account for the dark matter £
contributions from the Milky Way < *°
halo and the cosmological O,
(intergalactic) distribution S
kS
 To be optimised for each source
(with the source properties; eqg.
distance, direction, flux, spectral 1072,
index, ...) | |
|S. Pandey, S. Karmakar and S. Rakshit,
| JHEP 01 (2019);
|NDM2020 proceeding (DOI: 10.31526/ACP.NDM-2020.11)

102 100® 104 10 10 107 108
Energy [GeV]
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from Northern
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U
\ Northern Sky

| _ * Expected backgrounds
Deep Inelastic Scatterlng

 Atmospheric backgrounds

I§ e (Conventional neutrinos
¢ .Hadronlc
Sh .
x/ o » Prompt neutrinos
M

* Astrophysical backgrounds

Southern Sky

* Diffused astrophysical neutrinos
« Through-going tracks from Northern sky (—5° < 6 < 90°)

 (Good angular reconstruction and improved energy reconstruction

e For ~10.4 years of livetime in IC86 configuration
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Analvsis methoc

 Hypothesis tests - search for the astrophysical neutrino signal over the backgrounds

» Null hypothesis: there exists a point source with a single power law spectrum E ™/ resulting in n,
signal events in the observed data in our detector

« BSM alternative: the flux from the point source consists of the power law assumption as well as a
signal of interaction with Dark Matter

 Unbinned Maximum Likelihood analysis with the modified PS likelihood

g(ns) — ﬂ [ﬁ(\s}(aza E |}/9 ¢09 m¢9 gy ) + (1 o n_>%(ap p Ei ‘ I ¢())
o LN i N
A
I'S=-2 - sign(ng) - lnl Null]
Z'Bsu

Fn.=h,y=73 O, =d, g=0)
ZL(ng=ng,y=7, Oy= CDO,m —m , My = m¢9g g) ]7

=—2 - sign(n,) - In
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Number of trials

rik

=== Null median = 1.347 .4'.
Null best fit TS = 3.052 i
, | - 100000 Null trials 1
o 1 <~ 100000 BSM trials - E =
ATS from 100000 trials | o
1 lceCube Work in Progress . | -
10° - .. = . | -
f nm] 10°O — | o
: " i -
. |
|
. I i
2 - |
102 - = : .
+t :
+ i +
$t x
10! -I- AL | :
thd -
—80 —60 —40 —20 0 20 40
TS
o

From the comparison of ATS and TSy, /;,

the sensitivity of BSM models to the
standard single power-law can be
calculated.. to be updated soon!

Woosik Kang
70th APCTP GWNR Workshop

* From pseudo-experiments using Monte Carlo data
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IAnaIysis Status

What’

» Sensitivity to the benchmark model (on o,,, m,, my, g,

next?

Woosik Kang »
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* Jesting different Neutrino - Dark matter interaction models

IBEGUBECSAEELH

NEUTRINO OBSERVATORY

lceCube Collaboration, Astrophys. J. 928 (2022) 1, 50

107 1
1 | s | |m==-- Conventional Atm.
- Piece-wise (7 = 2.0)
* |n the current step, no systematics including R i
models of astrophysical neutrino flux %, - Spgle Powerlaly (60%)
 Recent IceCube papers for the astrophysical &, . “85%
. . . > ’ \ ‘\\\\\
neutrino flux testing various flux models 3 .
: W
» This analysis will test those models as wellas = |/ N
the null hypothesis ¥ \‘
10_9'_ “\‘\“
T 10 T 10
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mmary and Qutlook

* |ceCube opened the era of neutrino astronomy with the discoveries of distant astrophysical neutrino sources

* As of now, two IceCube-identified point sources: TXS 0506+056 and NGC 1068

* [t allows novel approaches to study the BSM physics with the sources and neutrinos from them

e Searching for neutrino rare interaction signal with distant point sources

The vast distances to the sources make the neutrino flux susceptible to rare interactions that might occur
on the long journeys of the neutrinos from source to Earth

Constraining the cross-section of neutrino - DM interaction with one IceCube neutrino event by a neutrino
from TXS 0506+056 (IC170922A)

Developing analysis for generic point sources and various interaction models

e 1 - DM interaction with Z’ mediator as a benchmark case
e Several contributions to signal from different DM distributions

* Analysis sensitivity to the benchmark model will come out soon!

20
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* The objective of the analysis is to search for the BSM interactions of neutrino from the lceCube high-
energy astrophysical neutrino data and their source information

* This experimental DM study has never been done, and IceCube is the ideal detector so far

* Various interaction models can be applied and tested

 Resonant suppression (early cutoff or dip-shape) at a specific £, in the neutrino flux from the
events on extended energy range following the given models are expected.

. U — g=01(estfl) |
- 107 --=- ¢ =003
' 4 IceCube HESE 6 years
1 H. Davi 4 4. Silk. arXiv-1505.01843 S. Pandey et al, NDM2020 proceeding ‘?E —_p .
(T avIS andd, St arAlv: 1oue. (DOI: 10.31526/ACP.NDM-2020.11) : N\ -
. S——— ' , —— ' > X . g I
Effect on neutrino spectra due to T S 2 O = \ ," o~
—_ i scattering with DM o =1e-10cm” | e 1077 \! S
N — g, =1e-17 cm* mMpm = 0.3 eV ‘\-i ‘.|; >~
¢ bhad 1 [wm No scattering || f=58x10"3 o8 5 ;
T -9+« IceCube data g "F;:.‘ 10 \ |
v < ‘n 1
o1 (S a) ‘!
£ - 5 10-11 x'
2O N . A i T o = 14.26 MeV 50 Me\
= I =* = || | e, S = (best fit) ‘
,,,,,,,,,, ; 5 10-12
= % | AN e : e S 107!
= : -—0—-/—\\ <
, N —
-z | - Y -13 o poyyerell g o pppedllE v cpepyeppall g peninegy
o] . A~ 10
o | | 104 10° 106 107 108
& Neutrino energy E, [GeV]
10'1’014 ‘ ‘10'15 ‘ — g NI SUTE B P M. Bustamante et al,

Neutrino energy [eV]

10 10° Phys. Rev. D 101, 123024 (2020)
E (GeV) for ‘secret’ neutrino interaction I-I.
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* A new approach to study the propagation of the high-energy astrophysical
neutrino through the cosmological DM as well as the DM in the Milky Way from
the observation of IC170922A and the identification of its origin with a known
path and distance.

By assuming the attenuation-dominant case, 90% flux suppression gives bounds:

1398 ) SUNG KYUN KWAN UNIVERSITY(SKKU)

Model of simple power-law.

15 , , , , ‘ ,
eXp< — ‘[I’ld dl) — 0.1 —> J GDMVZDM dl S 2.3 _ZOE_M"'“=1 GeV ol IceCube .
[.o.s o -255—
g i __ 01007
< -30f S ] >
f NN T | SO O \
] S -3s5f Y P 5 = 0.001 1
V o -~ l) A‘\/ I/ V %.5. ; Lyman—a ,/// E \
7 \ / o ’ |
-45F
 Model of | . » : ey
. vf I s f o 0o o - g = U ge - -~ “n§ -~ " " 10 1070 105 104 0.001 0010  0.100 1
light scalar DM ¥ ol x LogiE GeV ManfG)
il // R Model of complex scalar DM mediated by a fermion.
/Y —.\[ DM —15_M TR T T . - ‘ AR — — — —_—
DM~ % EIN ev Msm=1 KeV 2| i
; -20 FtMy=1 MeV ===~ y /
S ‘My=1GeV  ------ ¥ o v of -'
: 59 SN198ZA =z IceCube ; : |
Neutrino energy  6/M gy, [cm?/GeV] Exp. [Ref.] 8 | eatm @0 Ll -
£ o —30_- ~~~~~~~~~~ 20
~100 eV 6 x 10-3! CMB [13-15 Y | O Tl T =
~100 eV 0= Lyman-a [11] # | Ayian-a 9 ~ thal I8y
¥ -40 [,»* - [ N= e
10 MeV 10_22 SN1987A [9 Lin = —gxNv + H.c. j " Scalar DM Mn=1 GeV |
290 TeV 5.1 %1074 IceCube-170922A [1] 10 -5 0 5 10 T -6 -4 -2 0
Log,(E/[GeV] Log,Mam[GeV]

K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99 (2019) 083018
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* Assuming maximum suppression of initial flux to be 90% from attenuation-only:

exp( — Jnadl) =0.1 - J opyfipy dl S 2.3

[.o.s

o, 23
L < (cm?/GeV)

M,  Lpp-Gal T ZDM:Cos T 2DM:Sou

> pv-Galactic = 1.116 X 10% [GeV/em?)

—

3 DM:Cosmological = 1-246 X 10°! [GeV/em?)
S pvt:Source = 8:728 X 10%° [GeV/em?]

GV
— <2.6343 X 107 cm?/GeV (@ E, =290 TeV) Theory Estimations

* pl.
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inale event (IC170922A

* With a scattering cross-section depending on an energy Iin single power law

Theory Estimations 0 = 0p
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Neutrinos are produced from a variety of sources across
a wide energy range.

With higher energies, much lower fluxes at the Earth but
much bigger electroweak cross sections.

E. Vitagliano, I. Tamborra and G. Raffelt, Rev. Mod. Phys. 92, 45006 (2020)
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Nature 591, 220-224 (2021)
J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)
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A lot of models for astrophysical neutrinos production have neutrinos as the byproducts of cosmic ray interactions
with gas and radiation via hadronic (pp, pn) and photohadronic (yp, yn) channels. (Fermi-acceleration)

 Dominant pp, yp interactions lead to producing the unstable mesons that subsequently decay into neutrinos

@ lceCube Collaboration, Eur. Phys. J. C 82, 1031 (2022)

pt+p— | n7 -

P+ X—>y+y+X

- Initial flavour ratio at a source is to be (v, (V) V) pee = (1122 0)
 Flavour ratio among the astrophysical neutrinos at the Earth is average Fraction of v,
outtobe (v, : v, : V)gy, = (1 1 1 1 1) due to the neutrino oscillation —— IS with trry tapoogy D, (3, 8 source — on Besth
. " . . Best fit: 0.20 : 0.39 : 0.42 s 17 - 045 0.
during propagation to the Earth over the cosmological baseline. Global Fit (loeCube, AP 2015) | 8 12:0 1 030 . 036 0.3

Inelasticity (IceCube, PRD 2019) A 1:.0:0—>0.55:0.17: 0.28

-------- 3v-mixing 3o allowed region ¢ 1:1.0—-036:0.31:0.33 !9
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lceCube Collaboration, Phys. Rev. D 104, 022002 (2021)

 Where do they came from?
10—6 N Gamma rays (Fermi 2017) -
T K1 Neutrinos (HESE 7.5yr, this work) - . .
’ #  Cosmic rays (Auger 2017) X :  Massive cosmic accelerator?
TCD 10_7_ =
T » Catastrophic astrophysical event?
~ 1075+ & ; i
3 T v 1 * How they are energised®
fa¥ v
i —9 _ -
w1 ; i+ How do they propagate?
1019 - | | | | | ﬁ -
10t 10 10° 10° 100 107 104
Energy |GeV] _
 [he cosmic messengers are connected
" o~

at their source; each could be a clue to
unveil the mystery of their origins and
the production mechanisms
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* High-energy astrophysical neutrinos
detected by the lceCube Neutrino
Observatory provide the opportunity
to explore the dense and energetic
environment of the universe in the

great distance
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* Astrophysical neutrino sources

lceCube-identified

I\ES 4151
+15° O * TXS 0506+056
PKS 14244240 XS 0686+056
+
/ e« NGC 1068
24h / O Q Oh
| / A S High significance from the
—15° yz recent lceCube searches
=
i = : PKS 14244240

NGC 4151

—60°

* Allin the northern sky, yet




I Backup

Declination

Woosik Kang »
70th APCTP GWNR Workshop

A-I_:I.T.I.l-EHUI'J__II_

O L— L. —
SUNG KYUN KWAN UNIVERSITY(SKKU)

R ICECUBE

NEUTRINO OBSERVATORY

XS 0506+(

 BL-Lac blazar: multi-messenger observations for IC170922A + archival data
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M. G. Aartsen et al. (lceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S., M. G. Aartsen et al.; Science 361, 147-151 (2018).

INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift NUSTAR, VERITAS, 3 3

and VLA//17B-403 Collaborations); Science 361, eaat1378 (2018).
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NGC 106¢

Seyfert || galaxy with AGN: highest significance among the candidate sources

R. Abbasi et al.; Science 378, 538-543 (2022).
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Observer sees blazar

A

[VE

Observer sees
radio loud quaser
< J Observer sees
radio galaxy
Gas clouds in narrow P
line region e . =
.0, e . o Observer sees
/ A IR Seyfert 2 galaxy
Jet o . ' .. : . > l é'/

Broad line region
Observer sees

e Seyfert 1 galaxy
SO -
S
- % A0 ‘\\0\\

Credit: Fermi Gamma-ray Telescope, NASA
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¥ benchmark case
Neutrino - Dark Matter(DM) Neutrino - Neutrino(CvrB)

e J. Barranco, O. G. Miranda, C. A. Moura, T. |. Rashba  K.C.Y.NgandJ.F. Beacom, Phys. Rev. D 90 no. 6,

and F. Rossi-Torres, JCAP 10, 007 (2011) (2014) 065035 [Erratum: Phys.Rev.D 90, 089904 (2014)]
M. M. Reynoso and O. A. Sampayo, Astropart. Phys. e A. DiFranzo and D. Hooper, Phys. Rev. D 92 no. 9,

82, 10 (2016) 095007 (2015)
e K. J. Kelly and P. A. N. Machado, JCAP 10, 048 (2018) * T. Araki, F. Kaneko, T. Ota, J. Sato, and T. Shimomura,
e S. Pandey, S. Karmakar and S. Rakshit, JHEP 01, 095 Phys. Rev. D 93 no. 1, 013014 (20106)

(2019) [Erratum: JHEP 11, 215 (2021)] K. J. Kelly and P. A. N. Machado, JCAP 10 048 (2018)
* J. B. G. Alvey and M. Fairbairn, JCAP 07 041 (2019) M. Bustamante, C. Rosenstrom, S. Shalgar, and |.
e K.-Y. Choi, E. J. Chun and J. Kim, Phys.Dark Univ. 30, Tamborra, Phys. Rev. D 101 no. 12, 123024 (2020)

100606 (2020) |. Esteban, S. Pandey, V. Brdar, and J. F. Beacom, Phys.
Rev. D 104 no. 12, 123014 (2021)

* D. Hooper, J. Iguaz Juan, and P. D. Serpico,

e C. A. Arglelles, A. Kheirandish and A. C. Vincent, arXiv:2302.03571
Phys. Rev. Lett. 119 no. 20, 201801 (2017)
e K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99, 083018

 F Ferrer, G. Herrera, and A. Ibarra, arXiv:2209.06339
e J. M. Cline and M. Puel, arXiv:2301.08756
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Zpc : background-only %, : BSM hyp. (SPL+attenuation)

| CECUBE ’“;‘E*EHQ.*E

NEUTRINO OBSERVATORY 1398 B o UNG KYUNK

< nuiz null hyp. (single power-law)

- How to get 15,,,, for a given n;,,
1. Setting two trials; one for Null hyp. and
= =2 - sign(n) - [In Ly~ In Ly the other for BSM hyp. from multiple

pseudo-experiments (n,,,,,>1000) with

“ i=—2 - sign(n) - ln[ Null]
W Z sm

=—2 - sign(n,) - [(mgNu”_lngBG)—(an psv ~ 1N Z'sc) ] f h h th
given n, . for each hypothesis

gNull] _ln[gBSM]

= -2 - sign(ng) - ln[
Zso g |

2. Calculate the value of T.Sy,,;; (T'Sy,11-max)
from a scan of n, and y that maximise

B . Z'pG Z'pg

=—-2 - Slgn(ns) ) _IHIQCZNM”] +1H[°CZBSM] gNull

-2 - signtny -] EZBG] |22 - signe ln[o%c;] 3. Get ATS = TSggp1 — TSNui-max
gBSM ‘S/pNull

=\ TS5y — TSy = ATS |

5/
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o Spatial background PDFs
Spatial background PDFs: TXS 05064056
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o Spatial signal PDFs
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Spatial signal PDFs: TXS 05064056
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 Energy signal PDF ~ormaiised PoFs)

Signal Energy PDF: TXS 0506+056
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» 1st detection of astrophysical flux in 2013
Science 342, 1242856
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Evidence for High-Energy
Extraterrestrial Neutrinos at the
IceCube Detector

IceCube Collaboration*

IVIVIA

READ THE FULL ARTICLE ONLINE

http://dx.doi.org/10.1126/science.1242856

Science 342, 1242856 (2013).
DOL: 10.1126/science. 1242856

Cite this article as IceCube Collaboration,

FIGURES IN THE FULL ARTICLE

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-

nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated,
they interact with gas and background light near the source to produce subatomic particles such as
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky

energies and declinations.

from each event in the final sample.

search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-

Fig. 1. Drawing of the IceCube array.
Fig. 2. Distribution of best-fit deposited

Fig. 3. Coordinates of the first detected light

ICECUBE

NEUTRINO OBSERVATORY

1398

N1

O L L.

$ vatory between May 2010 and May 2012, Fig. 4. Distributions of the deposited energies
i ) ) - ~ and declination angles of the observed events
b1 Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray  compared to model predictions. RESEARCH
showers in the atmosphere, selecting only those neutrino candidates that are first observed in the
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri- ~ Fig. 5. Sky map in equatorial coordinates of
g E nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos ~ the TS value from the maximum likelihood tion of TXS 0506+056 and coincident with a
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were ~ Point source analysis. RESEARCH LE state of epmnwd gamma-ray activity observed
AR ] evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-  Fig, 6, istribution of deposited PMT charges since April 2017 (23) by the Large Area Telescope
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> 1st astrophysical source in 2018: TXS 0506+056

Science 361, 147-151

retical modeling and

Results: We observed 28 neutrino candidate events (two previously reported), substantially more

fous |
from previous 9

(Qu)-

than the 10.6 *32 expected from atmospheric backgrounds, and ranging in energy from 30 to 1200

TeV. With the current level of statistics, we did not observe significant clustering of these events in

time or space, preventing the identification of their sources at this time.

Discussion: The data contain a mixture of neutrino flavors compatible with flavor equipartition,
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators.
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible
with expectations for terrestrial processes, deviating at
the 4c level from standard assumptions for the atmo-
spheric background. These properties, in particular
the north-south asymmetry, generically disfavor any
purely atmospheric explanation for the data. Although

not ible with an

the

data do match expectations for an origin in uniden-
tified high-energy galactic o extragalactic neutrino

accelerators.

A 250 TeV neutrino interaction in IceCube. At the neutrino
interaction point (bottom), a large particle shower is visible,
with a muon produced in the interaction leaving up and to the
left. The direction of the muon indicates the direction of the

original neutrino.

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
Event Displays 1 to 28
Neutrino Effective Areas
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NEUTRINO ASTROPHYSICS

Neutrino emission

from the direction

of the blazar TXS 0506+056 prior to
the IceCube-170922A alert

IceCube Collaboration*t

A high-energy neutrino event detected by Ic:

eCube on 22 September 2017 was coincident in

direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino

events, with respect to atmospheric backgrol
and March 2015. Allowing for time-variable fl

unds, at that position between September 2014
ux, this constitutes 3.5¢ evidence for neutrino

emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical

neutrino flux.

he origin of the highest-energy cosmic rays

is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when
cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
by i providing a mean:

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).

IceCube discovered the existence of a diffuse
flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several

(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 2

TeeCube-1709224 and the electromagnetic obse
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3o level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission
IeeCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two modek-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
datacollected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
N to cha

tor configurations, data-taking conditions, and
improved event selections (Table 1).

The northern sky, where TXS 0506+056 is
located, is observed through Earth by IceCube.

PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high neutrinos (12, 18). This

to identify and study the extreme environments
producing cosmic rays (2). of activ
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4-9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a
‘high-energy neutrino detector occupying an in-

suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.

Recently, the detection of a high-energy neutri-
no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS 0506+056, located at right ascen-
sion (RA) 77.3582° and declination (Dec) +5.69314°
(72000 equinox) (19) may be an indivi iden-

¥ 70,000 duced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
‘majority are background events caused by neu-
trinos of median energy ~1TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
‘muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E"% the distribution of muon energies is different
than for the atmospheric neutrino

Published by AAAS strumented volume of 1km® within the Antarctic | tifiable source of high-energy neutrinos (20). The | flux, which scales as ~£~7 (17). This allows for
ice sheet at the Amundsen-Scott South Pole Sta- didate event, TceCubx was | further discriminating power in point source
tion. The detector consists of an array of 86 | detected on 22 September 2017, selected by the | searches besides directional-only excesses.
vertical strings, nominally spaced 125 m apart | Extremely High Energy (EHE) onli filter igh-signi point source detection

RESEARCH

NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearhy

active galaxy NGC 1068

IceCube Collaboration*{

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79°%
neutrinos at tera-electron volt energies, with a global significance of 4.2c, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an

order of limit

with ambient matter or light, in or near the

tera-electron volt

(close to the speed of light) secondary particles

The measured flux of astrophysical neutrinos
(16 is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta-electron volt energies
(17,18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20-22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3 (23). The individual sources that

fewer strings going back to 2008 and the full

and descending to a depth of approximately
2450 m in the ice. The bottom 1km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
‘muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

“IceCube Collaboration authors and afiiations are lsted in the
supplementary materials
tEmail: analysis@icecube.visc.edu

IceCube Collaboration, Science 361, 147-151 (2018)

(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77.43"( Dec
+5.72"339 (degrees, 72000, 90% containment
region). The most probable neutrino energy was
estimated to be 200 TeV, with a 90% confidence
level lower limit of 183 TeV (20).

It was soon determined that the direction of
TceCube-170922A was consistent with the loca-

13 July 2018

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (26) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
‘maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E 7, with the spectral index y

1of5
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of even rapidly fading sources.

” " | made the largest contribution to the total sig-
nificance of that catalog were the active gal-
bservations of high-energy cosmic rays | of sight, the AGN is observed as a blazar (10). | axyNGC1068 and the blazars TXS 0506+056, &
(protons and atomic nuclei from space), | AGN are potential neutrino emitters (17, 12); if | PKS 1424+240, and GB6 J1542+6129. The signif- =
up 1010 to 10% eV (1-3), have demon- | a plasma jet is present, it might dominate the | icance of the neutrino excess from the direc- &
strated that powerful cosmic particle | emission (I3, 14). tion of NGC 1068 was reported as 290, which &
accelerators must exist, but their nature | The IeeCube Neutrino Observatory (15) is | is insufficient to claim a detection (23). g
| | [ | and location remain unknown. Interstellar mag- | based at the Amundsen-Scott South Pole Sta- B o B o
netic fields change the direction of charged | tion in Antarctica and has been operating since | Searching for point-like neutrino emission El RESEARCH
| | cosmic particles during their propagation to | 2010. The observatory uses 1 km® of optically | We analyzed data collected with IceCube be- 5
Earth, concealing their sources. High-energy | transparent glacial ice as a detection medium | tween 13 May 2011 and 20 May 2020. This period R A )
photons and neutrinos are not deflected, so | to measure Cherenkov light—ultraviolet and | begins with the installation of the full 86-string RESEAR E SUMMARY trinos, IceCube provides real-time triggers for
n they could be used to locate the cosmic accel- | blue photons emitted by charged secondary | detector configuration. Previous searches for & observatories around the world measuring
erators. Both travel along straight paths and | particles traveling at a speed above the phase | cosmic neutrino sources (23) included data & Y-Tays, X-Tays, optical, radio, and gravitational
. N : o H N N B RN ‘waves, allowing for the potential identification
are produced wherever cosmic rays interact | velocity of light in the ice. These relativistic | collected with the incomplete detector with 42 NEUTRINO ASTROPHYSICS
P
¢
£
2

Science 378, 538-543

acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
‘gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera-electron volt energies, gamma rays

are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of

are strongly absorbed over ical dis-
tances through interactions with the extragalac-

induced (charges) as a func-
tion of time.

detector up to the spring of 2018. We only used
the full detector data because our methods de-
pend on uniformly processed data. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A

RESULTS: A high-energy neutrino-induced
‘muon track was detected on 22 September 2017,
automatically generating an alert that was

distributed worldwide

ON OUR WEBSITE ‘within 1 min of detection

and prompted follow-up

he full article
doi searches by telescopes over

CHEtin

SUNG KYUN KWAN UNIVERSITY(SKKU)

=z ty
tic background light and the cosmic microwave g ‘The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S., /10.1126/ a broad range of wave-
background (6). Neutrinos are not affected by = INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, science.zatl378 lengths. On 28 September
intergalactic absorption, so they could poten- ] VERITAS, and VLA/17B-403 teams*{ 2017, the Fermi Large Area
tially be used to probe tera-electron volt cos- o Telescope Collaboration reported that the di-
mic accelerators. 3 2 rection of the neutrino was coincident witha. g
Active galaxies, those that host an active ga- 8 INTRODUCTION: Neutrinos are tracers of ys. The discovery of an extraterrestrial | cataloged y-ray source, 0.1° from the neutrino %
lactic nucleus (AGN) (7), are characterized by a cosmic-ray acceleration: electrically neutral | diffuse flux of high-energy neutrinos, announced | direction. The source, a blazar known as TXS
very bright central region powered by the ac- and traveling at nearly the speed of light, they | by IceCube in 2013, has characteristic prop- | 0506+056 at a measured redshift of 0.34, was &
cretion of material onto a supermassive black NC can escape the densest environments and may | erties that hint at contributions from extra- | in a flaring state at the time with enhanced =
hole (SMBH). The accretion flow of matter into ¢ be traced back to their source of origin. High- | galactic sources, although the individual sources | y-ray activity in the GeV range. Follow-up ob- §
the SMBH is usually surrounded by an obscur- energy neutrinos are expected to be produced | remain as yet unidentified. Continuously mon- | servations by imaging atmospheric Cherenkov 2
ing, dusty torus, causing the observable char- in blazars: intense extragalactic radio, optical, | itoring the entire sky for astrophysical neu- | telescopes, notably the Major Atmospheric
acteristics of an AGN to depend on the viewing x-Tay, and, in some cases, y-ray sources Gamma Imaging Cherenkov (MAGIC)
angle from Earth. For example, Seyfert I gal- characterized by relativistic jets of telescopes, revealed periods where
axies (8) are thought to be viewed edge on, with plasma pointing close to our line of + + + + - y-ray flux from the blazar %
the line of sight passing directly through the 1 3 5 7 sigllt}flzlazars are among the most 3 reached energies up to 400 GeV. Mea- 3
obscuring torus (9). In some cases, the AGN = powerful objects in the Universe and ) surements of the source have also §
can launcgh a su‘o(n;, narrow jet of accelerated > ! are widely speculated to be sources 65 B SRR . 5681 been completed at x-ray, optical, and %
plasma. If such a jet is oriented close to the line | Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the of high-energy cosmic rays. These cos- . radio wavelengths. We have inves- ¢,
logarithm of the local P value (Prca) obtained from our maximum likelinood analysis, evaluated (with the mic rays generate high-energy neutri- % seab = tigated models associating neutrino
| ] | | | | spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on nos and y-rays, which are produced e T TR el and yray ion and find that
("a"ms;am@m:m‘wmdu F. Halzen a H; projection. The black circles indicate the three most significant objects in the source list WhE_“ ﬂge cosmic Tays accelerated in = 604 " R . correlm.vi‘on‘of the neut‘rino v\_zith the
Hcebue Colaboration athors andl affitions ae sted n e | Search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern the jet interact with nearby gas or ' X flare of TXS 0506+056 is statistically
. re— Splamertary matorels Hemisphere. shown in higher resolution in Fig, 2A photons. On 22 September 2017, the £ ; significant at the level of 3 standard =
cubic-kilometer TceCube Neutrino < 2 B deviations (sigma). On the basis of the  Z
Observatory detected a ~200-TeV & . . redshift of TXS 0506+056, we derive 3
TeeCube Collaboration, Seience 378, 538-543 (2022) 4 November 2022 1of6 heatrine from a direction consistent 554~ p P e constraints for the muon-neutring &
with the flaring y-ray blazar TXS ; ) luminosity for this source and find S
0506+056. We report the details of E—_—— them to be similar to the luminosity &
" N lceCube (50%) <
this observation and the results of a 50|~ - feeCube G0%) 2 observed in y-rays. =
multiwavelength follow-up campaign. 1 : . 4
Ching o amumwiia | Time vcoed e e i, T sl ae e _— S ) PRI | comcuustoN: The energies of the g3
ccommy SIS A than o . 14 e RATIONALE: Multimessenger astron- y-rays and the neutrino indicate that
omy aims for globally i TXS 05064056 blazar jets may accelerate cosmic rays
° observations of cosmic rays, neutri- - - — — +—=) toatleast several PeV. The observed
nos, gravitational waves, and electro- 785 780 775 770 765 association of a high-energy neutrino
[ magnetic radiation across a broad Right Ascension [*] with a blazar during a period of en- &
e range of wavelengths. The combi- hanced y-ray emission suggests that =
nation is expected to vield crucial of blazar TXS . The  blazars may indeed be one of the long-
AV information on the mechanisms ~ 50% and 90% containment regions for the neutrino IceCube- sought sources of very-high-energy

energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of y-rays would elucidate the

170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy y-rays
detected by the MAGIC telescopes during the follow-up campaign

cosmic rays, and hence responsible for
asizable fraction of the cosmic neu-
trino flux observed by IceCube.

The lst of author afiiations is avaiable in the ful
artice onine.

“The ful lists of partiipating members for each
team and ther affiation are provded n the
supplementary merals.

tEmail: analysis@icecube.wisc.edu
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lceCube Collaboration, Eur. Phys. J. C 82, 1031 (2022)
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/ UPGRADE

» Lower energy threshold * Higher energy limit
e Better precisign from e More neutrino events from
the improved calibration the larger effective volume

| “Identifying more astrophysical neutrino sources”
“Advanced understanding on cosmic accelerators”

“Advanced understanding on Antarctic glacier” . C g ,
Progresses on scientific researches

and more... l.I. 8

| “More events from neutrino multi-messenger astronomy”
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Instrumented Depth

- Novel optical modules

mDOM

PoS(ICRC2019)1031, PoS(ICRC2021)1042, PoS(ICRC2021)1070

* Seven new strings: densely instrumented in the centre of active volume of the
lceCube detector

@) <Cube Detector

DeepCore

e * To enhance the capability to detect neutrinos in the GeV range for the

measurement of the unitarity of the PMNS matrix

* To reduce ice properties related systematic uncertainties in the lceCube analyses
by re-calibration of the IceCube detector

* Newly developed optical sensors with new calibration devices
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