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The energy frontier in astronomy
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Universe opaque to photons for 4 of the spectrum



10 yrs of lceCube - a first view on the PeV Universe

Multimessenger spectroscopy First sky map of cosmic neutrinos
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Some highlights:
2013: Discovery of cosmic PeV neutrino flux

2018: Evidence for Blazars as neutrino sources
~ 2019: Observation of first tau neutrino




Scientific objectives: building on 10 yrs of lceCube -

1. Resolving the high-energy sky
from TeV to EeV energies

Earth
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What are the sources of IlceCube’s high energy neutrinos?
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Scientific objectives: building on 10 yrs of lceCube

2. Understanding cosmic particle
acceleration through
multimessenger observation
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Completing the multi-wavelength view of the Universe
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Scientific objectives: building on 10 yrs of lceCube -

3. Revealing the sources and
propagation of the highest
energy particles in the universe

E2® [GeV cm~2 s 1sr 1]

72 Gen2 pathfinder (5 years)
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Probing source populations and composition of

highest energy cosmic rays
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Requirements for
lceCube-Gen2

1. Increase the neutrino point source
sensitivity at least 5 times over the
current IlceCube array

Sensitivity to all realistic source

populations (steady and transient)
explaining the diffuse flux

E? dN/JE [TeV cm™ s7]
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Requirements for en2 semeitivity to NSNS mere
lceCube-Gen?2 ’

10° } 1i5()() sec time-window | 1
102}
: : E 101} ]
. 2. Enable multimessenger astronomy with >
. fl) 0
O 10}
o individual, high-energy neutrinos = e, _
= o 1071}
- = P et N
. 1 B [ceCube-Gen?2
- 107K 0 : _-— — —-—..Kimura et alj
" ” ! /:}/ jj;'«;______ 0 prompt
’ Transient events, example: ”1’0;, | e i
) Neutrino alert _, 107} ,
J. IC170922A =
_ . 5 100 —— :
pointing to >
TXS 0506+056 —> next slide S 100} ;
o 107! }
= lceCube-(GGen? J
N Fang &
L4 Metzger ]
14 day time-window B
l() AAAAA

102 10° 10° 10° 10° 107 10° 10° 10 1oM
E/GeV




IceCube alert “1C170922a
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IceCube alert “1C1709223”

September 22, 2017

- Neutrino Energy: 290 TeV
(very high, likely cosmic origin)

- Direction well reconstructed

(less than square degree)

Alert was sent 43 seconds after
interaction
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Requirements for IceCube-Gen2

3. Collect 10 times more neutrinos )
Projected spectral

per year than the current IceCube measurement uncertainties

array in the energy range 100 TeV to 107° 5
; ¢ Gen2-Inlce+Radio (15 years)

10 PeV : lceCube (Ap) 2015)
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Requirements for IceCube-Gen2

4. Expand energy range to beyond 1018 eV

with sensitivity improved by two orders of
magnitude

Uniform sensitivity over large energy
range over more than 6 orders of mag
energies.
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Observable volume, L =10 erg [Mpc®]
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Neutrino
oroduction NEUTRINO BEAMS:

and flavor
ratio

S T | proton
0 accelerator |
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raenae €| Fermi Acceleration
fields Predicts E-2 Spectrum

sketch: f. halzen



Requirements for
lceCube-Gen2

5. Enhanced sensitivity to neutrino

flavors and the ability for flavor

.
: identification.
.
3 Neutrino flavor at the source:
.
- key information about production
)
hd mechanism
-
)
. Reminder of basic neutrino
~ production
po— NN+ pions  py — pr°,nr’ Fraction of ve

Tt = ut+ v, —— High-energy starting tracks Ve : vy . Vy at source — on Earth:
% Best-fit: 0.29 : 0.50: 0.21
Global fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)
ICECUBE

-------- 3v-mixing 30 allowed region

0:1:0 —» 0.17 : 0.45 : 0.37
1:2:0 - 0.30: 0.36 : 0.34
1:0:0 - 0.55: 0.17 : 0.28
1:1:.0 - 0.36 : 0.31 : 0.33

+ 5 =
U — € +v,+V,

¢ » o n




.
»
-
.
i
-
.
)
-
-
J
4
J,
]
-
‘

Requirements for IceCube-Gen2

Neutrino flavor at the source:
key information about production
mechanism.

Example:

po— NN+ pions, py — pr°, ne*
Tt U+,

+ 5 =
U — € +v, +Vv,

In a strong magnetic field
the decay of muons could be
effectively suppressed.
Muons may loose energy
before they can decay.

v, fraction at source

Q‘Q

Flavor ratio at source
o 1.0 e 1:2:0
B m 0:1:0
A 1:0:0
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lceCube-Gen2
preliminary

1.0

0.8 -

0.6 -

104 10° 10° 10’ 108
E, (GeV)

Measuring energy dependent neutrino flavor
ratios (—BSM physics and nature of source)
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Types of events and interactions

Charged-current v, Neutral-current / ve Charged-current v,

(simulation)

(data)

. m. ¢ .".

“Double-bang”

Up-going (throughgoing) track Isolated energy deposition

(cascade) with no track
(none observed yet: t

decay length is 50 m/

15% deposited energy resolution

FaCtoor of ~2 energy re.solution 10-15° angular resolution (above 100 TeV) PeV)
~ 0.5° angular resolution Working on improving that. ID: above~ 100 TeV
0.3° above 100 TeV (two methods)

Early [ N - Late




Events with reconstructed energy > 200 TeV
(more than 50% of events are astrophysical)

Events from above event selections with energy cut.

Through-going tracks (>200 TeV)
1

Cascades

Starting tracks

Equatorial

6 years of data (ICRC 17)



A neutrino event near Glashow resonance?

Interesting event found in expanded search.

Charge: 200,000 photoelectrons First observation of this interaction

R R ————




lceCube-Gen2

18
A Vision for the Future of Neutrino Astronomy in Antarctica (arXiv:1412.5106)
Surface Area: ~6.5km2 (0.9) « * * o ° o
Instrumented depth: 1.26 km ¢« * e .,
(1.0)
Instrumented Volume: 8 km3 o ., e * % oo * * .
e o o, *° .0'...00.‘. ¢
Order of magnitude increase e *. %, °. .’.'.':::.‘.'.:
of contained event rate at high e %, ® . ,'.'..o 9%::..0
energies. °. *°. ,° ..o:".g..%::.'
. ® e 4 o 000 00
* . c o © * % '.:.

Artist’s conception
120 strings at 240 m spacing

The next-generation IceCube: from discovery to astronomy
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lceCube-Gen2 — scales and energies

IceCube and Gen2 on different scales reflecting different energies

v Gen2-Radio ® IceCube-Gen?2 ® IceCube

® 9
°
o 0 o ®
° °
e %0, 0 O °
. e ® o e ©®
* . e _o0o ° ®
- * *» e
. ° o o€ o

..... ° PRrY ° e ®
...... [} d (K ] o @

....... [ JPS s & L] e e ©° °
.......... ..009. o 00, e ® °® .

» *

.......... e 0 o°%0 %, %0 o °® o ®

....... 00 lee ° L]
™ - . e ® 0 g0 ,e°°F 50 L e L4
......... o @ ® ® e
....... o ©® o..:”_... o ° o

...... ° °, oo o« °, .
........... e "o, LA 0 e ©® L] o, @ e ©

. * [ J @ |e0®® g000 e Y
.....

............ Col e e ool o o ey, o
» L]
....... [ JPS PY ee® e © e ([ ]

. * . * L ®e0 L] )
....... L 2P e ® ® 9 ° ) e o ©
..... L4 ..\. L4 e
“ ®e00°® o o e ©® ° ¢ e @

o
oo ® o e ® ®
P L J e L]
—_—

1 TeV

e IceCube Upgrade

few GeV
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Architecture

Surface cables

FieldHub |— FieldHub FieldHub
IceCube Lab
240
* Power and T T >

» communications
= architecture:
. simplified
; requirements for Dt cbie
= cable hardware. s Assembly

™ \j@ i

- Main Cable

.

- \_,@ Breakout Cable

7 ;// Optical Module
Optical

2600
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Optical sensors

IceCube Upgrade (under construction)
primary sensors

Diameter 33 cm
10 inch PMT

Directional information 2 x 8 inch PMT

24 x 3 inch PMT Smaller diameter 30 cm
Diameter 36 cm

Gen2 sensor design studies:
MDOM with smaller diameter,

Development briefly discussed.

i/
4

27

-

12 x 4 inch PMT
Smaller diameter 30 cm

23



ICECUBE
GENZ2

4”7 PMTs Fitting in Vessels

* PMTs do fit with proposed (shorter) length
 Many arrangements require tilting PMT axis relative to normal vector, up to 30°

 Areas to be compared with 14” MDOM (24x 3”PMT), 1140 cm? if calculated in the same way
 Reflectors not shown here, detailed choices and shaping require GEANT study

A

12” Nautilus housing Redesign from DEgg,

A like DESY proposal Y only 71% glass weight
16x 4”PMTs, 1352cm? 14x 4”PMTs, 1183cm?
Glass Vessel 12kg X Glass Vessel 13kg

445 mm L 70 mm 544 mm : I?()
) mn
\
v — Vedant Basu @ UW-Mad h Satoshi Shimizu @ NME
) 305 mm > ! < Aya Ishihara @ Chiba Univ.

282 mm 24
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The Gen?2 radio array

- -
200 stations .’
*
~500 km"2 .t
= * .
- Y. .
A daunting scale! L " e
Impact on Gen2 " ., *
deployment. e Te e
o Yo “e
- Highly efficient Ste M
deployment will be * . " u
critical. .’ . *
L ..
LA * .
L 2
. * .

Heritage:
RICE, ARA,; ARIANNA

RNO-G (Greenland) first deployment summer 2020



Optimization criteria

Effective area (volume): how many events?
Background rejection
Quality of events: (angular, energy resolution)

Particle ID? Very hard. may be not so important.

Cost

Other limitations?
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Risk?




Depth (meters)

A deeper detector can see more events!

-500

500

1000

[uny
(94
o
o

2000

2500 |

0 1000 2000 3000 4000 5000
X Displacement (meters)

A shallow detector can compensate
a little by using larger antennas which
may be of higher quality and more gain.

Trigger-Level
Effective Volumes [km?3 sr]

0.25
% 0.20
0 0.15-
O
o 0.10+
—

0.05

B lel6b.5 eV
o lel8.0 eV

0.00

Surface 15m 60m 100m 200m

A° 0'BTI°T



A shallow detector will more often see double pulses
(substantial information gain: vertex and energy)

Phased Array
= i Prototype Refracted R
B 40 _ efracted Ray
—“'; O;AW_VA,‘N W HUAVAVAVAVAVAVAVAVAVLVA"A\'ﬂ'AVA u[\v(\ {\VAV“\M[AVAVVH z=-180m
gaor | 1l
= [ ﬂ ' ' ' Direct Ray
§42 I (\\I[\VAVAV VVAU’\VAVV ah VI\VAV- WU’\UAV{\V'A\J/\VAVAV[\VA\’
%405 u E
0100 S0 200 250 Deep Pulser Direct + Refracted Events
il I S5km Z=140m Effective Volume [km?3 sr]
0.0301 -1.50
> 0.025 r1.25
©0.0201 1.00
) 0o
© 0.0151 -0.75 5
20.010- 0.50 2
0.005+ -0.25
0.000- -0.00

Surface 15m 60m 100m 200m



Number of events for a detector of 61 stations

- proposed Radio Neutrino O

oservatory in Greenland

50

40 -

Gen2 would be
3 to 5 times larger
30 -

20 -

Expected Number of Neutrinos

Biehl, TDE

--=- Boncioli, LLGRB
Fang, Pulsar [max]
Murase, AGN

—e— |ceCube Flux

—e+— Heinze CR Fit

Van Vliet 10% proton
Kotera SFR1

- —
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Construction

Production of DOMs

Drilling and deployment

South Pole logistics
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lceCube-Gen2 - Challenges:

Radio array deployment

Drilling

1. Drilling 600 holes for radio while a
challenge, is conceptually straightforward.

2.  Scalable solutions exist. ASIG drill is
current reference. Requires to people to
operate. can be turned on and off.

3.  For production, a conceptually similar but
more automated design of the British
Antarctic Survey may be employed..

Population: 2 - 3 people/hole/day

Deployment

1.

Deployment takes most of the labor.
about 2/3 of the population will be
needed for deployment.

Long distances require special safety
considerations.

Good equipment for transportation:
Field shelters, Arctic trucks.

ASIG drill
https://icedrill.org/equipment/agile-sub-ice-geological-drill.shtml




lceCube-Upgrade (Gen2 Phase 1)

* 7 new strings instrumented with more than

I 1000m
700 advanced sensors B .
: « Improvements to precision measurements of ) . L ,
: neutrino properties at low energies - O(10 . ° o U
. GeV); extensive calibration program is { S
: expected to more than double the current o .0 . R
. IceCube high-energy neutrino sample . ® o 0. e
~ | ‘e’ @ 'y
y: * Fully funded $36M project . . T ‘
) (~65% NSF/35% partner agencies and e Tl
- institution) e
T 3m
: |
« Deployment completion January 2023. IC;C~ube De.e;?Core U;?a de 1450m  2100m  2150m

2450m 2450m 2425m
Instrumented Depth
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. Mobile drill/deployment towers

EHWD heating plant: stationary

—> Gen2: mobile . o \




Gen2 hot water drill - changes in requirements

34

* Mobility: IceCube drill was stationary per season. Gen2 string
spacing requires a mobile drill. WDrill will be moved multiple
times per season.

* Improved efficiency and lower maintenance technology

e Aim for higher drill speed. (Gen1: 2.1 m/min, Gen2 target close
to 3 m/min)
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AMANDA

1st atmospheric
neutrinos in ice

2002

IcECUBE

lceCube-Gen2: From Discovery to Astronomy

35

...building the future of a new field

+75°

Equatorial =
0.0 65 13.0 % e T Ee
TS = —24In(£)
E < 300 TeV 300 TeV < E < 1Pe\ 1PeV < E Gen2 Phase 1 (Upgrade) drill camp; January 29, 2020
i First source
Discovery of ! oL
astrophysical identified

neutrino flux

(Upgrade)

First full Gen2 Gen2 full detector

deployment completion
season



