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Neutrinos as astrophysical messengers

2

Neutrino from atmospheric air
showers often accompanied by

muons



Astrophysical neutrinos

• IceCube

• 1 km3 neutrino detector 
located at South Pole

• In full operation since 
2011

• Observed astrophysical 
neutrinos

• Several independent 
analyses

• First light in field of 
neutrino astronomy
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High Energy Starting Events

• Designed search to look for 
contained neutrino events

• Use outer layers of IceCube 
as a veto

• Require 6000 p.e.

• 400 MTon fiducial mass

• Sensitive to all flavor neutrino 
with energies above 30 TeV

• Use next interior layer to 
test veto efficiency and 
measure muon background
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Many questions

• So far, observed astrophysical flux is 
consistent with a isotropic flux of 
equal amounts of all neutrino flavors

• No evidence for a point source in 
several analyses

• Where are the point sources?

• What is the spectrum? Cutoff?

• What is the flavor composition?

• Multi-messenger physics?

• GZK neutrinos?
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IceCube: Gen2

• While able to deliver amazing discoveries, IceCube is 
limited by the small numbers of astrophysical neutrinos

• ~few 10’s of astrophysical neutrinos per year

• The IceCube-Gen2 High Energy Array will instrument a 
significantly larger volume (~10 km3)

• Deliver significantly larger samples of astrophysical 
neutrinos

• Gains in sensitivity can grow rapidly, especially for 
transient events.

• Detection of multiple events more likely

• Sensitive to wider classes of transient phenomena
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Antarctic Ice

• Construction of IceCube has 
yielded a wealth of data on the 
optical properties of glacial ice.

• Absorption length for 
Cherenkov light is large

• We can extend instrumented 
length above and below 
current instrumented volume

• 25% gain in instrumented 
volume
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Gen2 High Energy Array: Realization

• Benchmark detector designs have been 
simulated that:

• Add strings around the IceCube 
instrumented volume

• Add ~120 strings

• Vary string spacing uniformly (200m, 
240m and 300m)

• Edge-weighted geometry to evaluate 
the impact on veto techniques Spacing: 240 m

Volume: 8.0 km3
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Spacing: 200 m
Volume: 6.0 km3

Spacing: 300 m
Volume: 11.9 km3

Spacing: 125 / 240 m
Volume: 6.2 km3
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Gen2 HEA Gallery

Spacing: 240 m
Volume: 8.0 km3
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Gen2 HEA Gallery

Spacing: 300 m
Volume: 11.9 km3
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Angular resolutions

• Gen2 geometries show promising angular resolutions

• Using IceCube reconstructions: 0.3-0.5 degree

• Selecting highest quality track events(~10%): 0.1 degree

• Expect improvements as reconstructions improve for Gen2 geometries
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Point source sensitivity

• Evaluation of point source 
sensitivity is a work in 
progress for Gen2

• Improved Gen2 specific 
event selections, 
reconstructions and methods 
will increase sensitivity.

• 10 years of observation with 
Gen2 HEA is equivalent to   
>200 yrs of IC86

• Gains in southern 
hemisphere are strong.
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Contained events

• Contained cascades arise from charge 
current interactions of e/𝛕 neutrinos and 
neutral current interactions of all flavors.

• Observation of these events is important

• Observed energies are directly relatable 
to neutrino energies

• Can probe source mechanisms by flavor 
and neutrino-antineutrino ratios

• Glashow resonance key tag for anti-νe
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TABLE I. Expected number of contained neutrino-induced cascades per year with 5 PeV < Evis < 7 PeV in IceCube in its
current 86-string configuration and in an extended detector with a string spacing of 240 m (360 m shown for comparison)
assuming a source dominated by p-p interactions. For every event Cherenkov light is required to be detected by optical
modules on at least 3 strings.

FIG. 11. Tau Neutrino induced double bang rate per year
as a function of neutrino energy in IceCube (“IC”, dashed),
the benchmark extended volume with 240 m string spacing
(“HEX”, solid) and in both volumes (“HEX+IC”, dotted).

ing background of muons from cosmic ray air showers.
This background can be greatly suppressed by dedicat-
ing parts of the in-ice instrumentation in order to tag
incoming muon tracks. This method has been used in a
growing number of analyses, including the first observa-
tion of an astrophysical neutrino flux [1].

In addition to in-ice veto strategies, cosmic-ray showers
can be directly vetoed on the ice surface. A surface veto
detector, possibly based on technology similar to IceTop
(or a simplified version of it), and extended to large ar-
eas of several km2 can be used to detect CR air showers,
and veto the in-ice muons and neutrinos they produce.
Such a surface veto is not considered in the scope of the
benchmark designs presented here, but preliminary stud-
ies have shown that it has the power to greatly increase
the sensitivity to sources in the southern sky.

With the addition of a cost-e↵ective atmospheric veto,
all-sky neutrino studies would be possible without having
to restrict samples to smaller detector volumes or neu-
trino energies above atmospheric muon backgrounds. As

the energy spectrum in the southern sky is not limited by
neutrino absorption in the Earth, the potential for sensi-
tivity gains is large, and further studies will consider the
inclusion of a surface veto component.

IV. INSTRUMENTATION & DEPLOYMENT

Important considerations in the construction of
IceCube-Gen2 are a robust design for the instrumenta-
tion that is deployed into the ice and improved perfor-
mance and reliability of the drilling equipment used to de-
ploy that instrumentation into the ice. The designs of the
digital optical module (DOM) and Enhanced Hot Water
Drill (EHWD) used in the IceCube MREFC construction
project have proven to be cost e↵ective and robust. With
almost 5 years of operation for the completed IceCube de-
tector (and more than 10 years of operation for the first
deployed DOMs), 98.5% of the IceCube DOMs are still
operating and collecting high-quality physics data. Less
than 1% were lost during deployment, very few during op-
eration. At the peak of IceCube construction, the EHWD
e�ciently allowed for the deployment of 20 strings in a
single season.
The instrumentation and drilling systems for IceCube-

Gen2 are designed closely following the demonstrated
IceCube technologies, with targeted improvements for
overall performance and new capabilities. While the
IceCube-Gen2 baseline DOM keeps the robust structural
elements of the IceCube DOM, we will introduce a mod-
ern, more powerful set of electronic components into its
design. The EHWD design focuses on a modular sys-
tem that will operate with higher e�ciency and require
less maintenance in routine operation. Based on the suc-
cesses of the IceCube project, the IceCube-Gen2 DOM
and EHWD systems can be developed with low levels of
cost and schedule risk. Additionally, given the digital na-
ture of the detector concept, the IceCube-Gen2 extension
to IceCube will be operated together with IceCube as a
single facility, and will be operated without a significant
increase in cost.
Both the instrumentation design (DOM, cable and

readout) and deployment (EHWD) are shared with the

Number of νe cascades between 5-7 PeV Evis
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Atmospheric neutrino surface veto

• Down-going atmospheric neutrino 
backgrounds will be accompanied by 
particles from parent shower

• Can be used a veto backgrounds in 
the Southern sky.

• Studies of detector designs and 
optimizations are ongoing.

Simulation of a Surface Veto Array at the South Pole S. Euler

(a) Lateral Distribution Functions (b) Simulated example shower

Figure 2: LDFs used in this study and the simulated footprint of a 300 TeV shower on the IceTop
array. The tank marked in blue has registered a muon, tanks in red have detected the electromag-
netic part of the shower. The orange star marks the surface position of the shower core.

For each shower, the whole array is considered “triggered” if at least one station has seen a hit. The
detection efficiency is then the ratio of triggered showers to all simulated showers.

2.3 Geometries

Figure 3: The IceVeto geometry.

Three example geometries are studied
in detail here. The first (Fig. 3) is an ex-
tension of the existing IceTop array, called
IceVeto [1]. It consists of IceTop in the cen-
ter and 943 additional detector stations, each
of the same size as one original IceTop tank.
The new detectors are arranged in concen-
tric rings around IceTop. In order to achieve
a detection efficiency that does not depend
strongly on the inclination of the air shower,
while using as few tanks as possible, the dis-
tance between the rings increases with ra-
dius, while the distance between tanks along
the same ring stays approximately the same.
The array has a maximum radius of 6.7 km,
corresponding to a zenith angle as seen from
IceCube of q ⇡ 75�, and thus covers the ele-
vation of the Galactic Center at q = 61�.

The other two geometries are simpler designs. In these cases, the array covers a square area
with a side of 14 km, such that for IceCube or a next-generation detector in the center, the array
is again large enough to cover the elevation of the Galactic Center. The individual stations are
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Figure 4: Detection efficiencies for IceVeto (left), the 125 m grid geometry (middle), and the
200 m grid geometry (right), separate for muons (top) and the electromagnetic shower component
(bottom). The lines indicate detection efficiencies of 99% (white, solid), 90% (gray, dashed), and
50% (black, dot-dashed).

arranged on a regular rectangular grid. Two different combinations of detector area and station
spacing are studied. The first variant has a dense grid with a spacing of 125 m, resulting in a
total number of roughly 12500 stations. Each station consists of a 5 m2 scintillator panel of 1 cm
thickness. An important parameter of a surface array is the fill factor, the ratio of sensitive area
to total surface area. This design achieves a fill factor of 3.2⇥10�4. The IceVeto geometry, for
comparison, has a total fill factor of about 2⇥10�5, albeit with a radially varying density. The
second grid variant has a larger spacing of 200 m, resulting in 4900 stations, but assumes extremely
large scintillator panels with an area of 40 m2 to achieve a fill factor of 1⇥10�3.

2.4 Results

The detection efficiency is calculated at 6000 test points on a grid of primary energies be-
tween 1 PeV and 1 EeV (3.0 < log(Eprim/TeV) < 6.0) and zenith angles between 0� and 78�

(1.0 > cos(q) > 0.2). For each point in this parameter space, 10000 air showers were simulated.
Fig. 4 shows the resulting detection efficiency maps as function of zenith angle and primary proton
energy, together with the contour lines of 99%, 90%, and 50% detection efficiency.

For all geometries, the detection efficiencies for the electromagnetic part are larger than the
muonic ones for very vertical showers, but show the characteristic fall-off towards larger zenith
angles, where the large atmospheric depth causes the electromagnetic part of the shower to die out,
and only the muons remain. The kink visible in the muon distributions at cos(q) ⇡ 0.27 appears
because for larger zenith angles the shower core positions are outside the array and only the outer
parts of the showers hit the instrumented area. Similarly, the stripes in the IceVeto detection effi-
ciencies are caused by the shower positions coinciding with the concentric rings of detector stations.
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IceCube-Gen2 Facility
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IceCube-Gen2 Facility

• The IceCube-Gen2 collaboration intends to build an 
integrated particle-astrophysics science facility at SouthPole

• IceCube + Gen-2 HighEnergyArray - Neutrino astronomy 
at the highest energies

• DeepCore + PINGU - Neutrino oscillations and the mass 
heirarchy

• Surface detector - Cosmic ray physics and surface veto 
for atmospheric backgrounds

• Radio detector - Search for GZK neutrino signals

• Wider physics reach - WIMPs, Beyond standard model   
physics, … 
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IceCube-Gen2 Facility

• IceCube detector systems 
designs evolving for use in 
Gen 2

• Gen2 DOM

• New electronics

• Enhanced hot water drill

• Modular, efficient system

IceCube Gen2 DOM and DAQ M. A. DuVernois1
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Figure 2: Block diagram of the of the Gen2 DOM mainboard.

and subsystem reviews. The 10” High Quantum Efficiency (HQE) photomultiplier tube (PMT) is
readout through an analog front end that shapes the signal, performs anti-alias filtering, centers the
unipolar PMT pulse into the bipolar ADC window, and drives the input of the digitizer. The PMT
remains the same as used in IceCube ([6]), the Hamamatsu R7081-02. Alternate arrangements
of smaller PMTs ([7]), dual PMTs with high transparency windows ([8]), or custom-constructed
wavelength-shifting optical modules ([9]) are also under consideration, though they too would cou-
ple into a DAQ architecture similar to what is presented here.

The digitizer is an ADS4149 250MSaPS pipelined ADC drawing about 250mW of power
while continuously sampling the analog waveform with 14 bit (11.2 ENOB) resolution. This dy-
namic range is somewhat smaller than the 1/25 SPE to 425 SPE high-level requirement listed above.
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A dual-PMT optical module (D-Egg) for IceCube-Gen2 L. Lu

The high-energy extension of the IceCube experiment aims at improving the sensitivity for the
detection of neutrinos with few hundreds of TeVs and energies beyond. To achieve this, a larger
instrumented volume is needed and the spacing between strings will be increased [1]. To improve
the efficiency for detecting Cherenkov photons, one can use new types of glass-housings that are
more UV-transparent. In addition, the direction information of photons might help with vetoing
atmospheric muon backgrounds. The design of the new detector, D-Egg (Dual optical sensors
in an Ellipsoid Glass for Gen2), has been optimised to increase the detection efficiency for UV
photons and angular acceptance at a minimum additional cost. The advances of D-Egg make it
also an excellent candidate to be the light sensors of the low-energy upgrade, PINGU [2], which
focuses on precise measurements of low-energy neutrinos in the ice.

The concept of the D-Egg in more details is introduced in Section 1. In Section 2, the new
optical module is simulated using GEANT4 [3] and the angular sensitivity is compared to the current
IceCube. Measurements of the properties of D-Egg in the lab are also discussed. Next in Section
3, the gain of performance when using D-Egg is illustrated by simulating muons in the ice.

1. The concept of D-Egg

The current Digital Optical Module (DOM) in IceCube carries one 1000 PMT (Hamamatsu
R7081-2) looking down to the ice [4]. It has been proven to be reliable and with satisfactory
performance. The D-Egg carries two 800 PMTs (Hamamatsu R5912-100) with one looking up and
one looking down as shown in Figure 1.

Figure 1: The shape of D-Egg. The
height of the glass is 534 mm and the
diameter at the equator is 300 mm.

One unique feature of D-Egg is that the depth of the
glass varies along the latitude, being thicker at its equator
and thinning at the pole. The design of the thickness were
carefully optimised for both requirements from optical per-
formance and mechanical strength, which are usually con-
tradicted to each other. The mechanical tolerance has been
verified in the pressure vessel with P = 70 MPa, which is
higher than the greatest pressure observed so far during the
freeze-in process of the current IceCube. The diameter of
D-Egg is 300 mm, which is 30.2 mm smaller than the cur-
rent IceCube DOM and will reduce the drilling cost. The
electronics and digital readout are modified based on the
designs of the Gen2 baseline DOM [5].

Another important characteristic of D-Egg is the en-
hancement of the efficiency for detecting UV photons. The
emission spectrum of the Cherenkov radiation can be de-
scribed by 1/l 2, therefore it is key for detectors to have
high acceptance in the UV range. The absorption length of
photons of different wavelengths varies with depth due to
different optical properties of the ice layers. In the deepest
clean ice, the absorption length of 380 nm photons is ⇠ 200 m while it is only ⇠ 40 m in the dust

2

IceCube-Gen2 Facility

• Alternative DOM designs with 
the aim to increase detector 
sensitivity

• Increased light collection

• Increased directional 
information

• Currently under study.
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Multi-PMT optical modules for IceCube-Gen2 Lew Classen

active base 

reflector 

main 
electronics 
board 

3 inch PMT 

support structure 

Figure 1: Left: Technical drawing of a mDOM hemisphere. Dimensions are given in mm. Right: Artist’s
impression of the planned mDOM highlighting the main components. The black holding structure in the
bottom hemisphere is omitted in the upper hemisphere to better illustrate the internal components and ar-
rangement.

each hemisphere will be able to house twelve 3-inch PMTs. A crucial requirement on the vessel
stability is imposed by the in-ice ambient pressure. IceCube measurements indicate that during re-
freezing of the water column the vessel has to sustain a pressure of up to 700 bar (⇠ 10,000psi). As
corresponding glass housings are currently not commercially available, negotiations with a glass
manufacturer (Nautilus GmbH) are under way to develop a suitable design for the project. For
positioning of the PMTs and auxiliary equipment inside the vessel a supporting structure has been
designed. First prototypes were produced from polyamide (type PA 2200 [11]) using laser sinter-
ing by a commercial company. For mass production, alternative, more cost-effective production
methods are also taken into consideration.

2.2 Photomultiplier tubes

At present two companies (Hamamatsu1, ET Enterprises2) provide 3-inch PMTs3 for KM3NeT
which are also considered for the use in the IceCube-Gen2 module. These were optimized to fit
predefined requirements (see [12]). An excerpt of the achieved performance is listed in Tab. 1. For
details on test procedures see [13] and [14]. For prototyping, R12199-02 PMTs by Hamamatsu
will be used. However, with its bigger photocathode diameter and shorter tube length, the type
D792KFL PMT supplied by ET Enterprises is also well suited for the use in the project. Further

1http://www.hamamatsu.com/us/en/index.html
2www.et-enterprises.com
3The diameters of the originally available 3-inch PMTs (⇠ 76mm) have been increased by the manufacturers: to

80 mm for the R12199-02 by Hamamatsu, and to 86 mm in the case of D792KFL by ET Enterprises.

3
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Timo Karg  |  mDOM & WOM Prototype Development  |  27 July 2015  |  Page  

WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective

3
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Gen2 at ICRC

• Several IceCube Gen2 specific contributions (talks 
and posters) here

• Surface veto design studies:  1070, 1156

• Calibration devices: 1133, 1145

• Hardware development: 1137, 1147, 1148

• PINGU science potential: 1174

• Cosmic ray science potential from an extended 
surface detector:  694
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Summary

• IceCube-Gen2 High Energy Array will deliver 
significantly larger samples of astrophysical 
neutrinos

• Understand these events and how they connect 
to the high-energy universe

• IceCube-Gen2 facility will provide samples of 
neutrinos from a few GeV to EeV energies.

• The IceCube-Gen2 collaboration are developing 
proposals in the US and worldwide to see this 
facility constructed.
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• Thanks!
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