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Detection Principle of the Neutrino Telescopes

An array of photo sensors + dark and transparent material (ice and water)

w, YV

T
e
hadronic
shower

Number of detectable events scales
Charged with volume of detectors

Particles N,E) ~ ¢,(E) x 0,(E) x
Number of target

oyp(1 PeV)  10733cm?
a,,(10GeV) ~ 10737cm?2
o (1 PeV)

H(10 GeV)
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In an array of 78 strings
(HE main array)
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Flavor Identifications

Up-going muon track event

—>

~100TeV

Cascade events

All except v, CC

PRL 111 (2013) 1103

Phys. Rev. D 84, 072001 (2011)

Run 108682 Event 6298338 [Ons, 40000ns]




lceCube Construction and Runs
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First important multi-messenger result

IceCube

* Results based on the first (40strings and 59strings) 2 years of data
“ature bscribe Synchrotron A Resonance
¢ the journal ¥ publish with us v Subsc _ Radiation " et
Explore content v Abou o B \_’e
’<'\ vy Vi
nature ? letters > article
ublished: 18 April 2012 . . . h cosmic-l‘ay |
Pﬁm absence of neutrinos associated wit
accelerationiny-ray bursts This implies
\ceCube Collaboration that GRBs are not the only sources of cosmic rays
s o2 | Citethisartide e With energies > 10'8 eV or that the efficiency of

Nature 484,351

e

neutrino production is much lower than has been
predicted.



First observations of cosmic neutrinos

First Observation of PeV-Energy Neutrinos
with IceCube

M. G. Aartsen et al. (IceCube Collaboration)
Phys. Rev. Lett. 111, 021103 (2013)
Published July 8, 2013

Science

2013

Current Issue First release papers

Archive

About v

HOME > SCIENCE > VOL.342 NO.6161 > EVIDENCE FOR HIGH-ENERGY EXTRATERRESTRIAL NEUTRINOS AT THE ICECUBE DETECTOR
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Evidence for High-Energy Extraterrestrial Neutrinos at

in @ %

IceCube

Evidence for Astrophysical Muon
Neutrinos from the Northern Sky with
IceCube

M. G. Aartsen et al. (IceCube Collaboration)
Phys. Rev. Lett. 115, 081102 (2015)
Published August 20, 2015

2015

agthens its claim that it has detected
y.

Search for neutrino-induced particle showers with lceCube-40

M. G. Aartsen et al. (lceCube Collaboration)
Phys. Rev. D 89, 102001 - Published 1 May 2014
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A big question on the background/diffuse neutrino flux

Neutrino energy density matches gamma rays and cosmic rays
Neutrinos in all directions (isotropic). What is producing them?

E2x ® [GeVs~lsr—lcm™2]

1074 -
: IceCube cascades (PRL 2020) ¢ Diffuse y (Fermi LAT)
- IceCube tracks (arxiv 2021) ¢ Cosmic rays (Auger)
102 E IceCube cascades (PRL 2020) h  Cosmic rays (TA)
1 5~ IceCube Glashow (Nature 2021)
1076 E
3
e
107 - 00004, ﬁ _
- 1
% = T3
107° - . T T
jviv= 1:1
1 all flavours
-10
10 3I 1 1 1 I I I 1 I I I I -
109 1'% I~ 10~ 1~ 1+ I~ J6* 10 1 36 I 04

E [eV]



lceCube Realtime Alert System to trigger
multimessager observations

IceCube

10 {710 < cosizen] < 1.0 (all-sky) |
High energy starting track (HESE) and Extremely high 2l
energy (EHE) alert channels has started since 2016 A
§ 10°
&
g 10!
E 1: E % 10-2 2 = HESE Idantified tracks. lv,: 4w, +u, assuming 1:1:1)
S s : —  EHE anlina selection {y, }
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Science 361, eaat1378 (2018)

lceCube-170922A event
e 2017/9/22 20:54:30.43 UTC 20 1 8

*  5th and the most cosmic neutrino signal like EHE alert
 automated alert was distributed to observers just 43 seconds later

Fermi Telescope

- \ Bamma-rays

neutrinos
)

...and many more telescope

Follow-up Observations of IceCube Alert IC170922

Magic telescope



Multiwavelength Campaign with v

l . . !

radio

optical X-ray y-ray
log(v [Hz])
8 10 12 14 16 18 20 22 24 26 28 30
T T T T T T I T T I I
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- 2=0.3365 " = I+ T
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] = VLA s+ Swit UVOT  HH  Fermi-LAT —— HAWC (UL)
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E v Kiso/KWFC 4 NuSTAR H.ES5. (UL) 3
L 1 1 1 ! . | | L 1 !
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Energy [eV]

lceCube

upward going neutrino induced muon track
23.7*£2.8 TeV muon energy loss in the detector

N1 0 HHTHAN

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A

— |C170922A 50% - area: 0.15 square degrees
m— |G170922A 90% - area: 0.97 square degrees

6.6°
HE gamma-ray observations .

*  Fermi-LAT(20MeV - 300 GeV) reported
gamma-ray flaring blazer TXS
0506+056 (ATel#10791)

Declination
o
%
3

o
]
Fermi Counts > 1 GeV

78.4°

78.0° 77.6° 77.2° 76.8° 76.4°

Right Ascension

VHE gamma-ray observations

* Furthermore TXS 0506+056
was observed VHE gamma-ray
Magic telescope (E > 100GeV)
with >6.20 (ATel#10817)

Declination
MAGIC significance [#]

AN
R
| MAGIC PsE

7.6°
Right Ascension

T2t TH.8°
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2014/2015 Neutrino Flare

S L ]
SCIENCE - 13Jul2018 - Vol 361, Issue 6398 - pp. 147-151 - DOL: 10.1126/sci
lceCube evaluated 9.5 years of archival data in the direction of TXS 0506+056 YN 1
I1C40 IC59 ICTO [CEGa ICEGh ICRGe
men JeeCube-1709224 .
4 m Caussian Analysis - :
=, . mmmm Box-zshaped Analvsis :
5 :
__l_,,—Jf:
' T ' T '
2009 2010 2011 2012 2013 2014 2015 2016 2017

neutrino only time dependent search around the blazar TXS 0506-056
—Inconsistent with bkg-only hypothesis at the 3.5c level

(In addition and independently of the previous 36 when looking in this specific direction)

However, stacking blazer search limits total contribution from Blazar and limited 1 2



A ' |
fter 10 yrs: Neutrino Source Searches

|
T'\me—\ntegrated Neutrino Source Searches With 10 Years of

\ceCube Data

M. G. Aartsen etal
Phys. ReV. Leti. 124, 051103 - published 6 February 2020

Possible Neutrino Sources peek out of ceCube Data

e
PhYSlCS See Synopsis:

x: NGC 1068
(star burst AGN)

-0.30°

Declination

Equatonal

P

28T 087
. 87° -
Right Ascension .

= 3. g = T
y 2 and g = 50.4 : 1 : 3 4
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Science —Nov.4, 2022

RESEARCH

RESEARCH ARTICLE

NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068 global significance

IceCube Collaboration™ 4‘ 2 ()

Declination

Right Ascension 2011 and 2020.



Neutrinos from Obscured Cores of AGN

[ A | - |

3

Murase et al v, + v, o IceCube vy, + v, . Archival data ICECUBE
Inoue et al v, + v, <+  4FGL-DR2 MAGIC
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. e
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: §roe
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+ v
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o
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Energy [GeV]



Not jets, but cores?

IceCube’ Collab. “A search for neutrino emission from ' N
cores of Active Galactic Nuclei,” arXiv:i2111.10169

Consistent with a contribution of AGN core neutrines of mofe than =~
27% to the total observed extragalactic neutrino flux at100 TeV = -

Ultra hot-gas

Accretion disk

Superméssive
Black Hole

IceCube Collab. “An:
lceCube data,” arxiv:

A comparison of the neutrinos with's
Upper bounds ~30% as the maximum contribt

Credit: NASA/JPL-Caltech

of a correlation
0 the dlffuse astrophysical neutrino flux below 100 TeV



What can we do for the neutrino astronomy after
the first 10 years of the full operation?

3

IcECUBE
GENZ2

 High energy events for the high energy (>10' eV) CR production mechanism
 Low threshold sample for the understanding of soft sources
* Better reconstruction, better calibration

More and better in all the energy regions!



Designs of the Deep-ice Optical Sensor Array
for IceCube-Gen2

IcCECUBE
GENZ2

lceCube Lab (ICL)

lceCube-Upgrade Optical Modules

dia 36cm  dia 30cm

3"x24ch 8'x2ch

- lceCube-Upgrade array




How large Gen2 must be? ‘

arxiv.org/2107.08527 \

o IoECyBE
3000 3000 3000 - -
-+ .For given number of strings (or cost)
2000 2000 = 2000 1 s S 10
; [° ) Aesr, Ey= 1 PeV
. . e we T < — 150m 220m 260m — 300m
100 2060 o 1000 [N S 81 — 200m — 240m — 280m — 350m
. T IceCube-Gen2 Preliminary
01 o ] ol * =
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i v
g , £
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Event rates

Table 5: Rate of upgoing tracks in the lceCube-Gen2 optical array [yr~']

astrophysical-i/ atmospheric-v
Deposited energy | lceCube IceCube-Gen2 | lceCube IceCube-Gen2
>1 TeV 1.2x10°  4.0x 107 29x10° 34x10°
>10 TeV 16 59 2.4 x 10 5.3 % 10°
>100 TeV 1.4 3.8 0.67 0.99

Table 6: Rate of astrophysical neutrinos of various event categories (optical array only) [yr ']

shower-type events | double cascades starting tracks
Deposited energy | lceCube 1C-Gen2 | lceCube IC-Gen2 | lceCube IC-Gen2

>10 TeV | 6.0 50 ‘ 0.36 2.4 ‘ 1.4 21

> 100 TeV 3.6 32 0.3 1.9 0.81 13

A factor of ~3.5 event rate increase for track events
A factor of ~8.5 event rate increase for cascade events

[

o
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i

107 4
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A

Angular resolution improvement with larger detector

N

ICECUBE
GENZ2

Highest energy event to date,

an upward-going track.

* Deposited energy 2.6+0.3 PeV

* Median neutrino energy 8.7 PeV

+ Observed photoelectrons 130,000 pe

IceCube onl

s

P . 43—
- £
e | T B A AT 2 s B

3
o
'
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Systematlc iIn Low Energy (<TeV) Region

Individual (CC) I Category (CC)
-|- Individual (NC+CC) | Category (NC+CC)
Am2, "'“| Oscillation
023 T I
v/V Ratio - 21 v Flux
ﬂvu T

Effective Livetime 4% 4=

Ve/Vy, Ratio I-
Ve Up/Hor. Ratio

wNE Norm. -

Ma (RES) - %

Ma (QE) ¥

Head-On Eff.
Scattering -
Absorption -

L

Overall Eff. |3
Lateral Eff. 1%
Atm. p Fraction %
v/u Coin. Frac. 1%

Ay, ¥

o

Atmospheric d

0%

10% 20% 30% 40%
Impact on 1o Range

50%

Phys. Rev. D 99, 032007 (2019)

41% systematic uncertainty from detector calibration
(detector parameters are correlated)

» ice absorption sets viewing distance

 ice scattering differs arrival direction of photons

Calibration of refrozen-ice

Calibration of bulk ice
» Anisotropy of photon
propagation in ice
along glacial flow

Major systematics
for oscillation
analysis

Major systematics
for high energy
cascade/tau analysis
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Optical Signal

Bulk ice calibrations

Measurement of South Pole ice transparency with the IceCube

LED calibration system
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http://arxiv.org/abs/1301.5361 - Nucl. Instr. Meth. A711 (2013) 73
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http://arxiv.org/abs/1301.5361

Anisotropy of ice Flasher Charge Ratl
py 1.6 _ S
Recent improvements! s 14l med | hsl 4 o 8
InS|tu estlmatlon of ce crystal properties at the South Pole using LED cali ij 1T 4 ! 4 « gl ‘;
lceCube Neutrino Observatory g e i J N ; =
In-situ estimation of ice crystal properties at the E 1.0} ' 1 ' i : i P ..|' : 0
South Pole using LED calibration data from the o b, ! ' ‘ L ' " " -
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Refrozen ice calibration in IceCube

(1) Every OM includes 12 LEDs

| gpward pointing ‘e‘

. LEDs 012 D’D}’ _
Horizontal LEDs Y D&
Flasher board y
]
w3D11 D2 |
-(‘DS D'é‘
D,Lo 09?\':"
o 19

But no down looking LEDs

(2) Camera at one deep location

(a) Camera looking side- (b) Camera looking down-

ways into the bulk ice ward into the hole ice

Relative acceptance of photons versus photon arrival angle

relative sensitivity
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What we want to with Upgrade?

» Concrete understanding of glacial ice below 1300m

* Do we really know 3000m deep ice?
* Yes. we know quite well
» but we are the first experiment reaches and uses that depth of ice. Can not be perfect

 |ce is still the largest systematic — in high energy astrophysical neutrino analyses and
In low energy neutrino physics

 New understanding of ice is applicable to >10 years worth of archived IceCube data

* Physics with 5-100 GeV neutrinos

* Low energy / small volume compared to IceCube but high energy + high statistics
(large volume) opportunity compared to the many other

* Prove new technigues and improvements from the hardware side
» 3 types of new optical sensors (plus two R&D designs for Gen2)
« Technical challenges: New drill, cleaner ice, controlling various calibration modules...



lceCube-Gen2 Phasel

7 strings of 100 each optical sensors (incl veto region) + calibration devices
Total: ~300 D-Egg (Chiba) + ~400 mDOM (Germany) + ~20 PDOM (Madison)

Pencil beam
(beaming light source)

1000m

POCAM
(isotropic light source)
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Densely Instrumented and Improved Optical Sensors

@ |ceCube
© DeepCore
| A IC Upgrade

Precision ice calibration with
>10 times more effective
photocathode area per volume
compared to DeepCore

~ -100-50 0 50 100 150 200
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Low Energy Event Reconstruction

Energy resolution

Ereco [GeV]
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Gen2 Phasel Optical Array 1400- B
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Optical Module calibration parameters and implementation 2700-

into simulation for the latest analysis of the old data
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High energy cascade "

reconstruction

e Cascade reconstruction (incl.
tau neutrinos) Is systematic
sensitive

e Good understanding of ice
allows angular error of 5
degrees

 Re-analysis of >12 years of
lceCube data

Median angular error
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15

10

— = Expected (stat. only)
-9~ - Observed (sys. + stat.)
o
- i
l-?'f“'!l‘l"'li'!,
=0 0" i 51'1-*!" .
u_ -
@
v ad o
o\ rondR .
- ) e i
\
\.l-
A 4 o
| targefapgular error 5
Oh — o
ideal angular error 3 o Em Em em -
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experienced developer from IceCube era IceCube Lab (ICL)

Enhanced Hot Water Drill f .
(EHWD) / Surface Junction

Box (SJB)

white rabbit (C+T)

—— station power distr. (P) '
DSeep Jes Breakout Cable
€NSOT1 | Assembly (BCA)
Modules | .~

Main Cable

Assembly
(MCA)

Upgrade Strings Northern Test

| ~ System (NTS) at

Michigan State

@ University
technical scope
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Reminder: Drill

"l‘.."
‘.'.r

al

| Seasonal Eqmpment Site (SES) -

A = = = e - 3
e .bal'“ oy L ,..l" ¥ = ,-T" W= 1 ,I'
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The IceCube-Upgrade Schedule

e The IceCube Upgrade Rebaseline has been officially confirmed by NSF

Cable Production

EHWD Refurb Cargo FS1 FS2 FS3

Recon Season only

Season #1 -

PYS IceCube ME&O

Proposal

10/18 10/19 10/20 10/21

Drill hose  Surface D-Egg
Purchased  cables production
8/20 produced  completed
9/21 11/21

FS1: Drill repair
FS2: IVT & Firn drilling / surface
FS3: Deep drilling & installation

PY1 PY2 PY3 PY4 PY5 PY6 PY7 PY3
18/19 19/20 20/21 21/22 22/23 23/24 24/25 25/26
Original Integrate & .
Recon Eval & Retro  Upgrades Test Drill

PY4 Re-Baseline Recon Eval & Retro X X X Upgrades Intei:: e Drill
ICECUBE

&



lceCube-Gen2 @Astro2020 Decadal

Upgrade rebaseline set and updating Gen2 schedule/proposal

Existing/planned projects

|Mu|ti-Messenger Astronomy Must be Coordinated

Missing capabilities

cndorsed projects
2020 2025 2030 2035
2040

Decadal report: Gen2 VHE
construction start in 2025 L p——
UHE |_D|5rw?_r1runci'r‘lﬂln

. Impending gap in
HE maonitoring capabilities

VHE

VHE o
Cosmic Rave pportunities needing
' UHE technology development

HE: MeV-GeaV, VHE: TeVi-PeV, UHE: EeV-ZaV

« ICECUBE
' GENZ2
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Gen2 Schedule

Rebaseline now reality,

but it was a hard piece of work!

‘IceCube-GenZ

Now produce TDR,
a self-set goal to set stage for CDR

20314F: IceCube 20 %

20344 [ZIceCube30FE 5 T—4

20394 [ZIceCube705E 5 T—4

YEAR (calendar year) 31132|33]|34|35| 35
IceCube-Gen2 TDR

Upgrade Rebaselining

Conceptual design

Preliminary design

Final design n
NSF Fundin Construction 60
'DOMs and Cable§ ‘ 2200| 800[ 0O >
On ice construction: Strings 50 I 51 1 21 I 21' 14 40
Radio Deep stations: deploy 24 | 24 1 24 221 0 ¥
Radio Shallow stations: deploy 28 | 28 , 28 . 26 | O ?

Upgrade Field seasons

Gen2 ramp-up
(ideal world)

10

0

80 x IceCube-year of data

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036




A

Intermediate sensitivities :

E‘®, ,p (TeV cm™s™1)

cEQymE
1 yr Discovery Potential, E™-2.0 TXS-like flare
) o=~ - Cub 175
1074 - — celupe ~=- IceCube
- —— Season 1 15.0 1 — Season 1
Season 3 Season 3
-.\ —— Season 5 1254 — Season5
lceCube-Gen?2 _ — lceCube-Gen2
&)
w 10.0 1
L=
. %
10* A
: — & 7.5-
o ——— |
o
M504
2.5
@ .
107 4 lceCube-Gen2 Preliminary 0.0 1 3 cecube-Gen? Preliminary
~1.00 -0.75 -0.50 -0.25 0.00 025 0.50 0.75 1.00 50 100 150 200 250 300
sindG Flare duration (days)

» Full sensitivity and good exposure is required for the detection of dimmer neutrino sources

* However for time-dependent flares such as TXS-like flare, deployment of first year or two, Gen2 becomes
large enough to achieve 5¢ level of observation
 Partial construction is still valuable for time dependent neutrino emissions!
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Optical Module Production Sites

As soon as positive indi_cation from NSF (PDR approval), need to start: -

Finlsnd Frussia

Carida Pt B4y :
Lobimdu Se i 1
g Kingdom : f e - Belary =
=L i S e T
i . Austria . Kozakhstan
" Frame, . o A i Mengalia
aln - e
i




keV MeV GeV TeV PeV EeV ZeV

,E-\ H ()II_‘JRCI‘\-'cI'lbIO Ulnix- ersle : } } I

‘Ej 25 E GZK horizon : Cpc

g L O | Mpc

8 - | - a
Summar = i RS

o C | i

S 15F L ) B D TR D

< r _ 1 Gen2-core Gen2-optical | Gen2-radio ! iix

3] 7 Solar I ! ] : in - AU

= 10F : P 2

= C S— I I ! L& R..

= | 1 1 ™ 1 he

—~ 5F : e - = . _____! |

%D I\uactnr. 4 km

= 1 1 1 | 1 . 1 . 1 . 1 . L

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

lceCube opened the field of the high energy neutrino astronomy

Extension is anticipated
o Statistical, calibration, reconstruction, and systematic improvements

Based on the [ceCube’s designs with many improvements, lceCube Upgrade and
lceCube-Gen?Z have been designed

Upgrade had some impact due to COVID — 3 years delay in projects, rebaseline
schedule/cost successfully approved in 2022, secured logistics at the South Pole
in 23/24, 24/25, 25/26 seasons

Astro2020 in 2021 and the Upgrade re-baseline review in 2022, GenZ2 official
review is now ramping up with TDR submission within a month to NSF! Meetings
with International financial agencies and NSF soon

e The IceCube-Gen? surface/radio array not covered in this talk



lceCube
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AUSTRALIA
University of Adelaide

[l BELGIUM
Université libre de Bruxelles
Universiteit Gent
Vrije Universiteit Brussel

[l cANADA
SNOLAB
University of Alberta~Edmonton

DENMARK
University of Copenhagen

== GERMANY —= UNITED STATES

Southern University

Deutsches Elektronen-Synchrotron Clark Atlanta University and A&M College
ECAP, Universitit Erlangen-Nirnberg Drexel University Stony Brook University
Humboldt-Universitat zu Berlin Georgia Institute of Technology University of Alabama
Ruhr-Universitat Bochum Lawrence Berkeley National Lab University of Alaska Anchorage
RWTH Aachen University T " Marquette University University of California, Berkeley
Technische Universitat Dortmund SWEDEN Massachusetts Institute of Technology University of California, Irvine
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lceCube-Gen2 Working group structure

- IOversi , ) International Oversight and IcCECUBE
Man.agementf Oversight National Science Finance Grou (Fuidin GEN2
———— Advisory Foundation P £
Agencies)
|U I
. . niversity of Wisconsing . i .
Gen?2 Project Steering Iga dison Wisconsin IceCube Particle
Committee Astrophysics Center (WIPAC)
IceCube Neutrino Observatory
IceCube Gen2 Phase 2 Project office (ICNO)
Gen2 Project Technical Principal Investigator: A Karle
Board Project Director: V. O'Dell ICNO Science and Project
Project Scientist: M. Ackerman ] A (i . Panel
Gen?2 Project Change Technical Coordinator: M. DuVermois ViSory tane

. Project Engineer: J. Cherwinka

Control and Risk Project Controls and Finance: C. Vakhnina
Management Board Safety. QA/QC: M. Zernick
Logistics and Production: TBD

———| IceCube Gen2 Collaboration

EIE;BS. l'tl WBS 1.2 WBS 13 WBS 14 WBS 1.5 D::';Bsi'sltfms C IE? L7 d
rojee Implementation Instrumentation- DAQ and Surface Instrumentation o ahbration an
Management . . G. Sullivan Commissioning
I T. Benson Deep Instrumentation Radio D. Willi
it A_Tshihara T. Kelley A Nelles - ihams

(IceCube Technical Design Review)
Figure 104: lceCube-Gen2 Project Organization Structure @
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