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As usual too many really interesting contributions
Or why the job of a rapporteur is really tough

• 212 contributions in the Neutrinos and Muons Track 

• 7 Plenary contributions 

• 11 discussion sessions 

• Many excellent posters, pre-recorded talks, … 

• Everything recorded and viewable at any time 

design ©preschool-printable-activities.com      

Cross out the picture in each row that does not belong.

What does not belong?

design ©preschool-printable-activities.com      

Circle the two pictures in each row that match.

Find the Matches

The excuse: “Sorry I couldn’t attend this session, because it 

was double-booked!” no longer holds.

The discussion sessions already provide a sorting of topics — but using the same here would be unfair towards those not selected there

If I highlight something: “Ok, otherwise I would have complained.” 

If I don’t highlight something: “…” 
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Bottom-line up front
Just so that you can immediately disagree with the message of my talk

• We have exciting results with neutrinos (in particular MM), but really we don’t 
have enough (high energy) neutrinos (yet) 

• What is my evidence for this observation? 

• A flurry of ideas for new telescopes/arrays/satellites/balloons/… 

• Everyone mentions neutrinos -> even if an experiment primarily targets 
UHCRs, neutrinos are always mentioned too 

• Detector calibration is a serious business now, systematics become relevant 

• An incredible amount of contributions dealing with reconstructions, 
simulations, global frameworks, specific analyses, machine learning, source 
studies, transient analysis, time-integrated analyses, …

The community is doing their homework to get ready for many more neutrinos, 
which the broader community is excited about



Ideas
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Current players and their upgrades

Neutrino Signatures in IceCube

<L>=50m x Eτ / PeV

Electron neutrinos: 
isolated cascades 

Tau neutrinos: 
“double bang”

Muon neutrinos: 
track-like events

 The first decade of discoveries
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Neutrino Signatures in IceCube

<L>=50m x Eτ / PeV

Electron neutrinos: 
isolated cascades 

Tau neutrinos: 
“double bang”

Muon neutrinos: 
track-like events

 The first decade of discoveries
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Highlight: Kowalski PoS(ICRC2021)022 

IceCube

The IceCube Gen2 facility at the South Pole
Wide-band observatory: Optimizing scales for leading sensitivity from 109 to 1020 eV 

under construction completed in 2010 IceCube-Gen2 planed construction: 2024-2032 

Gen2 white paper: 2008.04323

Sensitivity optimization for build-up phase (PoS ID 1186), full 
optical array (1184), radio array (1183) and surface array for 
cosmic ray science and atmospheric veto (407,411)

18

For more ideas: Discussion session 38: Future of neutrino telescopes

10 years after completion still scratching 
the surface of neutrino astronomy 

IceCube Upgrade funded and optical 
modules are currently being produced 

IceCube-Gen2 proposed for 
construction after completion of the 
Upgrade 

https://pos.sissa.it/395/022/
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Multi-site, deep-sea infrastructure
Selected for ESFRI roadmap 
Single collaboration, Single technology 

ORCA

ARCA

Oscillation Research
with Cosmics In the Abyss

Astroparticle Research
with Cosmics In the Abyss

KM3NeT 2.0: Letter of Intent
http://dx.doi.org/10.1088/0954-3899/43/8/084001

J. Phys. G: Nucl. Part. Phys. 43 (2016) 084001

2440m

3400m

KM3NeT

Montpellier

6

Current players under construction
Review: Coyle  PoS(ICRC2021)042 

12 KM3NeT detection units now operational 
Downgoing muons from cosmic ray showers
in ARCA6 

Upgoing muons from atmospheric neutrinos
in ORCA6 

16

Planned: 
Completion 
of ORCA115 
array in 
2025 and 
ARCA230 in 
2027  

Highlight: Dzhilkibaev PoS(ICRC2021)002 
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Shore DAQ center Cluster: 288 OMs
z 24 Sections on 8 strings, 
z Cluster DAQ center
z Shore cable: 6 - 7 km
z Depths from 750 to 1275 m
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Cluster DAQ
• Trigger: 1.5 & 4 pe of adjacent channels.
• Maximum trigger rate: ~200 Hz. 
• Data transferring: shDSL Ethernet extenders: 5.7 Mbit. 
• Inter-section synchronization by common trigger: ~2 ns accuracy.

C
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Cluster
center

Shore hybrid cable, 
6 optical fibers, 
6 - 7 km length

Distribution on ∆ t between 
channels of two sections: 
RMS = 2.2 ns 
(expected: 2.04 ns)
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Baikal-GVD optical module
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Baikal-GVD construction status and schedule

Year Number of 
clusters

Number of 
OMs

2016 1 288

2017 2 576

2018 3 864

2019 5 1440

2020 7 2016

2021 8 2304

2022 10 2880

2023 12 3456

2024 14 4032

Effective volume 2021: 0.40 km3 (cascade mode)
7

Status 2021:  8 clusters, 3 laser stations, experimental 
strings

Deployment schedule

10

Baikal-GVD 

Effective 
volume 2021: 

0.40 km3 

(cascade 
mode) 

still out there,10 years of data 

https://pos.sissa.it/395/042
https://pos.sissa.it/395/002
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Fig. 1 Layout of one of the 35 detector stations that will
make up the Radio Neutrino Observatory Greenland (RNO-
G). From [10]

shower, and cause a more irregular shower development
[32,33,34]. This change also a↵ects the radio signal, as
signals from di↵erent parts of the shower interfere with
each other [35,36]. The result is a reduction of the radio
emission and an irregular electric field spectrum with
multiple maxima.

1.2 The Radio Neutrino Observatory Greenland

The Radio Neutrino Observatory Greenland (RNO-G)
[10] is a detector for neutrinos with energies above 10PeV,
currently under construction near Summit Station on
top of the ice sheet of Greenland . RNO-G is scheduled
to be completed with 35 detector stations in 2023, mak-
ing it the first discovery-scale detector for neutrinos at
these energies.

The stations are positioned on a square grid with a
spacing of 1.25 km between stations. With this spacing,
many neutrino events will only be detected by a single
station, which maximizes the e↵ective volume of the de-
tector, but presents a challenge for the reconstruction.
In this paper, we will assume that only data from a sin-
gle station is available, e↵ectively turning each station
into an independent detector.

An RNO-G station (see Fig. 1) can be seen as con-
sisting of two sections: A shallow component with an-
tennas buried about 2m below the snow surface and
a deep component with antennas placed in holes at a
depth of up to 100m. Both are centered around a DAQ
box housing the station electronics and a small tower
for communication antennas and solar panels.

The shallow component consists of three sets of three
logarithmic-periodic dipole antennas (LPDAs) each, in-
stalled 2m below the ice surface at a distance of 11m
from the station center. One LPDA in each set is pointed
upwards, to detect air showers, while the others are
pointed downwards at a 60 � angle, making them sen-
sitive to neutrino signals from below. The LPDAs have
the advantage of being very sensitive, but they can only
be deployed close to the surface because of their size.
At these shallow depths, the observable ice volume is
smaller because of shielding e↵ects from the changing
index of refraction in the upper 100m of the ice, so
that only about 20% of triggered neutrino events are
expected to be visible in the shallow component [10].

The deep component consists of three vertical ca-
bles, called strings, in boreholes going down to a depth
of 100m below the snow surface. One of the strings,
called power string, holds a phased array consisting of
four vertically polarized (Vpol) antennas. A phased ar-
ray works by overlaying the signals from all four chan-
nels to reduce the noise, which was tested on the ARA
detector [37] and will allow RNO-G to trigger on radio
signals with a signal-to-noise ratio (SNR)1 as low as 2.
Directly above the phased array are two horizontally
polarized (Hpol) antennas. Further up the string are
three more Vpol antennas with a spacing of 20m from
each other.

The other two strings, called helper strings, are more
sparsely instrumented, with two Vpol and one Hpol an-
tenna on each string. Additionally, each string holds a
radio pulser that can be used to calibrate the detector.

The Vpol antenna uses a fat dipole design which
is sensitive in the ⇠50MHz to 600MHz band and has
an antenna response that is symmetric in azimuth. For
the horizontal polarization, quadslot antennas are used,
whose design is mostly limited by the diameter of the
borehole. Because of this constraint, the Hpol antennas
have a smaller overall sensitivity and are only sensitive
in the ⇠200MHz to 400MHz range. Combined with
the tendency of the neutrino-induced radio signals to
be more vertically polarized and stronger at lower fre-
quencies, this means only a small signal will be visible
in the Hpol channels, if at all, for most events.

1We define the SNR as half the peak-to-peak voltage ampli-
tude divided by the root mean square of the noise.
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New players under construction

Highlight: Wissel PoS(ICRC2021)001 

PUEO

Balloon payload 
with radio 
antennas. 
 
Successor of 
ANITA, but with 
improved 
energy 
threshold and 
improved 
sensitivity (x10) 

Scheduled to fly 
from McMurdo 
in 12/2024

PoS(ICRC2021)1029 

First large scale 
implementation of 
a radio neutrino 
array  

35 stations 
planned and fully-
funded, 1st 
deployment 
currently on-going

The radio crowd, PT 1 
~ 100 PeV - 100 EeV

https://pos.sissa.it/395/001
https://pos.sissa.it/395/1029
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Scientific goal:	
• Validate	the	attenuation length alreadymeasured by	STRAW	
• Characterise the	light	background	spectrum(bioluminescence and	40K)

Where:
Cascadia Basin site,	2600	m	depth off	the	shore of		Vancouver	Island	à Ocean	Networks	Canada	
infrastructure

The basic concept:
Pacific	Ocean	Neutrino	Experiment	(P-ONE)	collaboration is focusing on	building	 a	new	large-scale	
neutrino	 telescope in	the	Pacific	Ocean:	first	pathfinder STRAW	(STRing for	Absorption length in	
Water)	deployed in	2018,	the	second pathfinder named STRAW-b	deployed in	summer 2020.

**I.C.	Rea,	ICRC	2021
2
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New players in pathfinder mode

PoS(ICRC2021)1179

Trinity: an dedicated IACT to observe UHE neutrinos Anthony M. Brown

Figure 1: Not-to-scale cartoon of the detection technique employed by Trinity. A UHE tau neutrino
interacts inside the Earth, resulting in the creation of an energetic tau particle emerging from the ground
before decaying and initialing an air shower of billions of Cherenkov radiation emitting particles. Trinity’s
telescopes observe the Cherenkov radiation and use it to infer the energy of the original neutrino.

design, individual Trinity telescopes will have a 60� wide FoV, a spherical primary mirror, a curved
camera focal plane housing ⇠ 3300 SiPM pixels and will be sensitive to neutrinos in the 1 � �104

PeV energy range. Here we outline key components of Trinity.

3.1 Camera

The design philosophy of Trinity’s camera will be a conceptual copy of the camera being
developed for the EUSO-SPB2 balloon mission [3, 13]. Each camera will have a modular design,
consisting of 13 detector modules, with each module having 256 pixels. A CAD drawing of one of
these modules can be seen in Figure 2.

Each module will house 4 SiPM in a 2x2 matrix. To limit the abberation associated with
the spherical optical system design, these SiPMs will coupled to an array of solid light guides
made from PMMA, which will preferentially select Cherenkov light from a small range of incident
angles. The electrical signal created by the SiPM when a photon is detected, will first be passed,
via micro-coaxial1 cables to two 8-channel Multipurpose Integrated Circuit (MUSIC) chips which
amplify and then shape the signal from the SiPMs. The MUSIC chip is a low-power Application
Specific Integrated Circuit (ASIC) which will provide a 9-bit Digital to Analog Converter (DAC)
to adjust the SiPM bias voltage and a current-monitor output for each SiPM channel. The signal
is then passed from the MUSIC ASICs to a 256-channel AGET digitizer board. The key features
of the AGET board include low power consumption per channel (< 10 mW), 100 MS/s sampling
rate, 12-bit resolution, 5.12 `s bu�er depth, and negligible deadtime. The AGET board implements
the event trigger, and passes all information to the camera backplane. This modular, low-cost,
low-power design a�ords Trinity’s camera to be scaleable, which is a necessity to meet the large
FoV requirement of the IACT approach.

3.2 Telescope Optical Structure

Trinity’s optical system can be seen in Figure 3; the inspiration this design is the spherical
geometry proposed for the MACHETE gamma-ray survey telescope [7]. The primary driver for

1The flexible micro-coaxial cables allow for the curvature of the focal plane to be removed.
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Concept: “Many times MAGIC” 
Demonstrator telescope funded by NSF 

Cherenkov techniques has the potential to bridge the 
energy region between in-ice / in-water optical arrays 
and radio technique

PoS(ICRC2021)1179
PoS(ICRC2021)1234 
 

Recipe for Trinity

• Array of 6 wide FoV
telescopes 

• Place on a mountain peak 
• Arranged in a circle 
• Covering the entire 

horizon
• Operate at night 

(1200 h/y)
• Operate remotely
• Goal to have 3 Trinity site 

(the first of which will be 
Fresno peak, Utah)

14th July 2021 A.M.Brown | 'The Trinity Observatory' | ICRC 2021  5

PoS(ICRC2021)404

EUSO-SPB2 J. Eser

1. Introduction

With a record energy of more than 100 EeV, Ultra High Energy Cosmic Rays (UHECRs) are the
most energetic particles known to exist. Although ground-based observatories have observed these
energetic particles for decades, their source and acceleration mechanisms remain largely unknown
due to their extremely low flux at Earth’s surface (see [1] and references therein).

Very High Energy (VHE) neutrinos (E>10 PeV) can also help to explain the most energetic
processes in the universe as well as the evolution of astrophysical sources. Few of these VHE
neutrinos have been detected so far due to their minuscule interaction cross sections, requiring very
large amounts of target material to allow for observation.

A space-based experiment such as the proposed Probe for Multi Messenger Astrophysics
(POEMMA) [2] could overcome the shortcomings of ground-based observation (by observing the
Earth and its atmosphere from above, allowing for gargantuan increase in acceptance at the highest
energies), thereby representing the next frontier in UHECR and VHE neutrino physics. Before such
a detector can be built and launched, it is highly advantageous to develop pathfinder missions to
raise the technological readiness and to verify the targeted detection techniques. A stratospheric
balloon allows for such an investigation in a near space environment without the risk and cost of a
fully realized space mission.

The Extreme Universe Space Observatory on a Super Pressure Balloon 2 (EUSO-SPB2) is the
third (and most advanced) balloon mission undertaken by the EUSO collaboration and will build on
the experiences of previous missions [3, 4]. The timeline of the evolution of the EUSO ballooning
missions is shown in Fig. 1.

Figure 1: Evolution of the EUSO ballooning program towards a space based mission, starting from the first
proof of concept of the technology with EUSO-Balloon in 2014 and updated payload in EUSO-SPB1 in
2017. EUSO-SPB2 will launch in 2023 and is the next step towards a space based mission like K-EUSO or
POEMMA.

EUSO-SPB2 has three main scientific objectives:

1. Observing the first extensive air showers via the fluorescence technique from suborbital space.

2. Observing Cherenkov light from upwards going extensive air showers initiated by cosmic
rays.

2

EUSO-SPB2 targets the observation of 
UHECRs, works as technology 
demonstrator for the proposed 
POEMMA mission targeting (also) 
transient neutrinos  PoS(ICRC2021)404

PoS(ICRC2021)976  

Pacific: coast of 
Vancouver 
Potential for third 
large water array 
Second 
pathfinder string 
deployed in 2020 
First attenuation 
length 
measurements 
Data is public 
https://data.oceannetworks.ca 

Presented at “ICRC	2021”	

** Immacolata	Carmen	Rea	(imma.rea@tum.de)		
Kilian Holzapfel (kilian.holzapfel@tum.de)

for	the	P-ONE	collaboration

**	speaker1

Combination 
of 
Fluorescence  
and 
Cherenkov 
techniques

Highlight: Resconi PoS(ICRC2021)024 

https://pos.sissa.it/395/1179/
https://pos.sissa.it/395/1234/
https://pos.sissa.it/395/404/
https://pos.sissa.it/395/976/
https://pos.sissa.it/395/024
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New players in pathfinder mode

300M€ in total

• 200,000 antennas  
over 200,000 km2 

• 20 sub-arrays of 10k antennas 
• on different continents

to be divided between 
participating countries

GRANDProto300 GRAND200k

G
oa

ls

2021 2025 203X

GRAND10k

Se
tu

p
Bu

dg
et

2 M€  
100 antennas already paid 
(China)

• 300 HorizonAntennas over 
200 km² 

• Particle detectors  
(a la HAWC/Auger) 

• Qinhai Province, China

cosmic rays 1016.5-18 eV 
• Galactic/extragalactic transition 
• muon problem 
• radio transients

autonomous radio detection 
of very inclined air-showers

• 10,000 radio antennas over 
10,000 km2 

• in China

13 M€  
confident for large 
contribution from China

A staged approach with self-standing pathfinders

7

• discovery of EeV neutrinos 
for optimistic fluxes 

• radio transients (FRBs!)

1st EeV neutrino detection 
and/or neutrino astronomy!

1st GRAND sub-array

500€/unit 1500€/unit

sensitive all-sky detector

ν

τ

geomagnetic e!ect: 
radio signal 

few 100 MHz

few 
kms

>30 km

~400 m~400 m

~10 km

Xmax

vertical shower

UHECR

Radio detection of ultra-high-energy air-showers

radio detection: a mature technique
AERA, LOFAR, CODALEMA, Tunka-Rex, TREND

radio antennas: scalable, cheap, robust 
ideal for giant arrays

2

PoS(ICRC2021)1181
PoS(ICRC2021)1035 

Technique
Methodology  
• 𝜈𝜏 → 𝜏 → 𝑎𝑖𝑟 𝑠ℎ𝑜𝑤𝑒𝑟 → detected by 

radio array

• Sensitive to only 𝜈𝜏

• High-Elevation sites (> 2 km 
prominence) are selected for large 
visible area for near horizon events

• Multiple stations in various locations 
for broad sky coverage

• Trigger array uses phasing to reject 
anthropogenic noise

4

              
         

        

              

         

              

             

       

          

            

BEACON

PoS(ICRC2021)1072
PoS(ICRC2021)1084 

GRAND

Targeting tau neutrinos emerging 
from the Earth using radio 

Same detection channel, but 
different geometry ideas 

Up on a mountain vs. covering 
the mountain 

Implications for discovery Veff 
vs. angular resolution

Prototype 
operational 
using 
phased array 
approach

TAROGE PoS(ICRC2021)1173

PoS(ICRC2021)1173

TAROGE-M: Radio Observatory on Antarctic Mountain for Detecting UHE Air Showers Shih-Hao Wang

(a) (b)

Figure 1: Left: TAROGE-M station on the top of Mt. Melbourne in Antarctica. Hpol antennas are mounted
on 3 m tower, pointing to northern horizon, with ⇠ 8.5 m separation between lower three towers, and ⇠ 19 m
between top (with veto antenna) and bottom ones, whereas the Vpol one is placed under the east Hpol.
Right: Markers and error bars indicate the mean and the error of mean, respectively, of the distribution of
received power at 190–240 MHz band for each channel, with total 21, 919 forced-trigger events, as function
of local sidereal time. Curves are the simulated Galactic noise with a fitting of receiver noise power for
constant o�set. The distribution of veto channel is out of phase from others because of its opposite pointing
to the back side.

noise amplifiers (LNA) with total 64 dB gain. The receiver bandwidth is chosen based on previous
RF background survey in 2019 for suppressing narrow-band noise. The data acquisition (DAQ)
is done by a 8-channel SST board [8] same as those used in ARIANNA experiment [9], which
performance has been proven with years of operation at Ross Ice Shelf and South Pole. The SST
board is set to 1 GHz sampling rate, and storing 256 samples with 12-bits dynamic range for each
channel. A trigger is formed by two stages: the channel-level trigger requires that the received
waveform passes both positive and negative thresholds within 5 ns, and then the station-level one
requires 3-out-of-4 coincidence of Hpol channel triggers within 32 ns for the signals to be digitized
and recorded. An additional real-time narrow-band noise rejection is applied by computing the
ratio of the peak magnitude of the FFT spectrum to the sum of the rest of spectrum, and an event
is discarded if the ratio exceeds a given threshold of 0.3 at any non-veto channel. A single-board
computer (BeagleBone Black) is added for online filtering (more details in Sec. 4.2) SST data to
prioritize Hpol-dominant impulsive events to be transferred back to the server at northern hemisphere
via Inmarsat satellite communication with limited data size. The computer also monitors the entire
system, and can be remotely accessed and configured.

The system, with total power consumption less than 20 W, is powered by eight 30 W solar
photo-voltaic panels and 150 Ah sealed lead-acid batteries, designed for operation throughout
austral summer from August to April, and a wind turbine was also installed for investigating the
feasibility of extended operation in winter. All electronics devices are contained in RF shielding
boxes inside a thermally insulated enclosure on the ground, which keeps the internal temperature
at 10–30 °C during operation, roughly 50 °C higher than the ambient temperature.

The station was continuously operating since the deployment on Jan 25, and the battery charging
was stopped after Feb 21, probably due to sunlight got blocked by icing accumulated on solar panels
during snow storm, causing the system ran out of power on Feb 24. However, the system failed in

3

The radio crowd, PT 2. 

First set-up in Antarctic 
mountains

https://pos.sissa.it/395/1181/
https://pos.sissa.it/395/1035/
https://pos.sissa.it/395/1072/
https://pos.sissa.it/395/1084/
https://pos.sissa.it/395/1173/
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Players in the low energy regime

PoS(ICRC2021)1192
Construction status and prospects of the Hyper-Kamiokande project Yoshitaka Itow for
Hyper-Kamiokande Collaboration

Figure 3: The time line of construction.

2. Current status of construction works

In 2020, construction of the entrance yard and intensive geological survey were performed.
We found the rock quality at the Hyper-K main cavity location is quite excellent. Basic design of
underground facility has been decided. As one of major milestones, the access tunnel excavation
started. The entrance to the Hyper-K underground facility is now being constructed.

Figure 4 left illustrates the possible photodetectors arrangement of Inner Detector (ID) and
Outer Detector (OD). The ID volume is about 64m diameter and 66m height, and designed to be
viewed by photodetectors with 40% photo-coverage.

For ID, a new 20-inch PMT (Hamamatsu R12860) has been developed with high QE photo-
cathode and with a large Box & Line (B&L) type dynode as shown in Fig.5 left [4]. So far 20,000
new B&L 20-inch PMTs are planned to be installed giving 20 % photo-coverage. Compared to the
Super-K 20-inch PMT, the performance is much improved; double the photo-detection e�ciency
while similar dark rate (⇠4 kHz), better charge and timing resolution, and almost double the water-
pressure tolerance (1.25 MPa). During the last refurbish work in 2018 summer, 136 prototype
PMTs were installed and operated in the super-K tank for long term stability check. So far no
serious problem has been identified. In 2021, initial mass production of PMTs started and the first
1,000 PMTs are going to be delivered to Kamioka. Detail inspection is on-going. To prevent chain
implosion, 20-inch PMTs are needed to be cased in protective covers. So far 3 di�erent prototypes
are designed and final test and design choice will be soon.

Multi-PMT (mPMT) modules are planned to be added for giving additional photo-coverage
as well as for bringing new information of Cherenkov photons. The mPMT module consists of
19 3-inch PMTs assembled in a pressure vessel with in-case frontend electronics and high voltage
supply as shown in Fig. 5 middle and right [5]. Each hits at mPMT will be digitized in-case
front-end electronics and sent to the read-put computers. Thanks to good transit-time-spread
and small dark rate of 3-inch PMTs, and new features of high granularity of photo-coverage and

4

Hyper-K(aminokande) 
Next generation Water-Cherenkov detector 
T2K -> Kamioka approved in 2020

PoS(ICRC2021)1192 

Super-K + Gd 
Water-Cherenkov detector 
25 years since it started taking data 
Gadoliniumsulfate now being released for 
better neutrino anti-neutrino distinction

Highlight: Fernandez Menendez PoS(ICRC2021)008  

  

The Super-Kamiokande Experiment

● Water-Cherenkov detector

● Located in Kamioka, Japan

● Under Mt. Ikenoyama, overburden 1km of rock

● Total of 50 kton of ultra-pure water

➔ Currently doped with Gd sulfate

● Optically divided into inner (ID) and outer (OD) 
detectors, instrumented with 
 ID: ~11000 20”-PMTs → 40% photo-coverage
 OD: ~1900 8”-PMTs primarily used as veto

4
1

.4
 m

39 m

25 years since its start and 
still has a lot to teach!

https://pos.sissa.it/395/1192/
https://pos.sissa.it/395/008/
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Players in the low(er) energy regime

PoS(ICRC2021)1194

JUNO Physics Prospects João Pedro Athayde Marcondes de André

Jiangmen Underground Neutrino Observatory

2

Huge mass: ~20 kton Liquid Scintillator (LS)
Underground: ~700 m overburden
Unprecedented energy resolution: 3% / √E (MeV)
Energy scale precision: < 1%

arXiv:2104.02565
JPG 43 (2016) 030401
arXiv:1508.07166

Main physics goal:
ν Mass Ordering determination

↳ rich physics possibilities

Top Tracker (TT)

Water Cherenkov Detector (WCD)

Central Detector (CD)

Figure 1: The JUNO detector.

is made of 3 layers of plastic scintillator used to precisely track some of the atmospheric muons
entering the detector. The TT covers about 60% of the surface above the WCD.

In JUNO, reactor electron anti-neutrinos will be detected using the inverse beta decay (IBD)
reaction: āe + p ! n + e+. The positron produced in this reaction, which will keep most of the
electron anti-neutrino energy, will quickly deposit most of its energy and annihilate with electrons
in the medium producing a pair of 511 keV gamma-rays. The neutron produced in this reaction,
will be captured by a proton after a mean time of about 200 µs, and its de-excitation will produce
a 2.2 MeV gamma-ray. The temporal and spatial coincidence signature created by these prompt
(positron) and delayed (neutron) signals is characteristic of the IBD and is essential to suppress a
large fraction of the background. Given in the IBD the positron keeps most of the neutrino energy,
the reconstructed prompt energy is used to determine the electron anti-neutrino energy required for
oscillation studies.

Due to the lack of a reference reactor electron anti-neutrino spectrum with a similar resolution
to the JUNO detector, the JUNO-TAO detector [12], shown in Fig. 2, was added to the project. The
JUNO-TAO detector is located 30 m from one of the Taishan NPP reactor cores. With a surface
10 m2 of silicon photomultipliers panels operated at -50�C monitoring a 1 ton fiducial volume
containing Gd-loaded liquid scintillator, JUNO-TAO will provide an energy spectrum for reactor
neutrinos with an energy resolution of less than 2% at 1 MeV which is better than that of JUNO.
This reference spectrum will e�ectively reduce the impact of possible unknown fine-structures in
this spectrum [13] on the measurement of neutrino oscillations.

3. Measuring the Neutrino Mass Ordering

The neutrino flux from the Taishan and Yangjiang NPPs will be detected in the JUNO detector
as shown in Fig. 3, as a function of the true neutrino energy. In this figure the di�erent oscillation
patterns, arising from the �<2

21 and �<2
32 oscillation frequencies, can be clearly identified. The

slow oscillation, tied to �<2
21, shows a single large deficit in the spectrum with a maximum around

3 MeV, but that spans the entire energy range. The fast oscillation, tied to �<2
32, produces wiggles

in the spectrum over the entire range, but with a much smaller amplitude. The position of these
wiggles depends on the neutrino mass ordering and it is trough their measurement that JUNO
determines the NMO. It is worth noting that in Fig. 3 the true neutrino energy spectra are shown.
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JUNO 
Reactor neutrino experiment 
under construction in China 
Interesting sensitivities if combined with 
ORCA (or the IceCube-Upgrade)

PoS(ICRC2021)1194
PoS(ICRC2021)1229 
PoS(ICRC2021)1076 
PoS(ICRC2021)1187 

• Neutrino Beam from Protvino to ORCA
• Baseline 2590 km
• First oscillation maximum 5.1 GeV
• Sensitivity to mass hierarchy and CPV
• LoI published: arXiv:1902.06083
• Huge detector -> relax beam power
• New idea - ν tagging at source:

New idea: Tagged Protvino to ORCA
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10 yr
40*1020 POT

A. V. Akindinov et al., 
“Letter of Interest for a Neutrino Beam from Protvino to KM3NeT/ORCA"
https://arxiv.org/abs/1902.06083

1245 M. Perrin-Terrin

Idea: Protvino -> Km3Net  
2590km baseline 

Review: Coyle  PoS(ICRC2021)042 
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A new Baksan Large Neutrino Telescope: the project’s status Nikita Ushakov

use of light concentrators and a muon veto system. Figure 4 shows a 3D-model of the 5-t detector
prototype.

T lwe ve 8-inch P TM s

Hamamatsu R5 291 -100 WA-70S

fo mu n y te er o s s m v to

S l atee water t nk

with a volume of 50 m
3

Fo tr y-two 10-inch P TM s

Hamamatsu R7 108 -100 WA-70S

Carbon light concentrators

with chrome-p dlate inner surface

Acrylic spheres

with a volume of 5.575 m
3

c eover d with a ma! e film

Figure 4: The 3D-model of the 5-t detector prototype.

The concentrators are designed to increase the light collection of the PMTs. The concentrator
profile was calculated by the "string method" [4] as it was done for the Borexino [5]. The length
of the light concentrator is 30 cm, and the diameter of its base is 40.5 cm. The simulation results
show that when the developed concentrator profile is used, the improvement in the light collection
of the PMT increases by about 3 times. The figure 5 shows the simulation of the light collection
of the concentrator. The concentrators are made of carbon-fiber-reinforced polymer. They are
chrome-plated on the inside to reflect light and covered with black matte paint on the outside.
Finally, to protect against ultrapure water, the concentrators are covered with a special varnish.

Muons flying through water emit Cherenkov radiation. Twelve 8-inch PMTs Hamamatsu
R5912-100, installed on the bottom and lid of the water tank, are used to register this radiation.
According to the results of evaluating these photomultipliers, they have a single photoelectron
resolution of 0.67 ± 0.04, peak-to-valley ratio of 4.54 ± 0.52, transit time spread of 2.08 ± 0.04 ns
and anode dark count rate of 847 ± 42 Hz; the quantum e�ciency exceeds 30% in the wavelength

6
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Current R&D at 
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geoneutrinos 
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NA61/SHINE experiment
~13 m
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• Large-acceptance, �xed target experiment at CERN SPS,
• Studies �nal states of collisions in a range of beam momenta (from 13A to
150A GeV/c) and variety of systems (from p+p through p+C or Ar+Sc to
Pb+Pb).
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Other exciting experimental endeavors

Concept study to use radar echo on 
particle showers in ice,  indications 
for energy threshold lower than radio 
neutrino detection

PoS(ICRC2021)1025

Short Title for header Akitaka Ariga

Figure 2: LHC’s “Neutrino beamline” layout

FASERa [4] comes here. FASERa is going to study neutrinos from the LHC. As neutrinos
at FASERa have implications for di�erent meson flavor productions, namely c,  and charm
particles, as discussed in next section. FASERa will provide important and complementary inputs
to the hadron production models and to the cosmic-ray community.

2. Neutrino beam at the LHC

Figure 2 shows the LHC’s “neutrino beamline”. This was actually not designed as a neutrino
beamline, but it functions as a high energy neutrino beamline. At the proton-proton interaction
point, an intense beam of mesons is created in the forward direction. Some of them decay into
neutrinos before the LHC magnet. Then, charged particles are deflected away by the magnets and
neutral hadrons stop in the rock. Only neutrinos can go straight through 100 m of rock. By chance
there is a disused service tunnel, where we will put FASERa detector. In this way, we can exploit
neutrinos from the LHC with negligible cost for infrastructure. FASER experiment [5], which is
originally designed for new particle searches, and also FASER neutrino experiment [4, 6] were both
approved by CERN in 2019.

This shows the neutrino spectra at FASERa. As you can see, we can get neutrinos at the TeV
energy scale where there is no data available. We can measure neutrinos at the highest energy for a4
and ag , and for a` we will fill the gap between IceCube measurement and accelerator data. FASERa
is the first experiment using a collider as a neutrino source. We are at the high energy frontier
of the man-made neutrino sources. Using these neutrinos, we can study production, propagation
and interactions of high energy neutrinos at the completely new kinematical regime. The physics
potential in general is described in [4].

It is worth stressing that FASERa can study di�erent hadron flavor productions by measuring
neutrinos energy spectra and neutrino flavors. Figure 4 shows the neutrino flux contributions from
di�erent hadrons [7]. For muon neutrinos, low energy part is due to c decays, on the other hand,
the high energy part is due to  decays. Furthermore, their contributions depend on neutrino
flavors. For electron neutrinos, c contribution is negligible, but high energy part is made of
charmed meson decays. Tau neutrinos are exclusively from charmed meson (mostly ⇡B) decays.
Therefore, by measuring the neutrino energy spectrum, we can unfold the parental meson spectra.

3

Targeting the muon excess problems 
in air showers and predictions for 
prompt neutrinos (through forward 
charm meson production), starting 
data taking 2022

PoS(ICRC2021)416
PoS(ICRC2021)1082 
PoS(ICRC2021)1195 
PoS(ICRC2021)1211  

PoS(ICRC2021)1025 
PoS(ICRC2021)1218

NA61/SHINE

CERN fixed-target experiment, 
delivering input to cosmic-ray 
predictions, planned detector 
upgrades and heavy particle 
fragmentation

PoS(ICRC2021)102 
PoS(ICRC2021)535 
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Ideas about what things to look for:
Multi-messenger astronomy was covered by Irene

• Discussion session on Fundamental Physics with neutrinos (Session 31) 
• Theoretical modeling of sources, searches for neutrinos using these models 
• Big picture introduction by Spencer Klein  
• Some (provocative) questions: 

• What comes first: new physics or secondary corrections to our models? 
• Can one use the astrophysical flux as given?  
• Do systematic uncertainties dominate all potential searches?

• Discussion session on Astrophysical neutrinos (Session 39) 
• Many ideas for searches and searches themselves 
• Big picture introduction by Markus Ahlers 
• Some (provocative) questions: 

• Too risky to assume identical sources for searches, while they are not? 
• Do we have too many fudge factors in our models, tuned to data? 
• Are we clear enough about assumptions when ruling out sources? 
• Are there enough precautions against over-interpreting correlations and bias?W
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Development of photo(n) detectors

PoS(ICRC2021)1038
WOM

PoS(ICRC2021)1041
PoS(ICRC2021)1041

Studies for an optical sensor for IceCube-Gen2

(a) Gen1 DOM (b) mDOM (c) D-Egg (d) mEgg (e) LOM�18

Figure 1: Schematic view of the optical modules. Gen-1 DOMs are used for the IceCube array, and mDOM
and D-Eggs will be deployed in the IceCube-Upgrade holes. mEgg and LOM�18 are two designs for IceCube
Gen2 studied here.

the maximum pressure of 70 MPa during the hole refreezing period, and 13-30 MPa will be the
typical pressure after re-freezing. Modules need to be sound against the thermal gradient of 20 �C
water during deployment to -9 �C to -40 �C expected during operating conditions. Simulations
indicate that optical modules with a three times higher e�ective area compoared to Gen1 DOM and
less than ± 20% variation in sensitivity across the angle of photon incidence, will allow us to meet
our science goals.

Figure 1 shows the schematic view of the optical modules deployed as IceCube array (a), the
modules to be installed in the Upgrade array (b,c) and the modules under investigation for the Gen2
array (d,e). The Gen1 DOM is a highly reliable optical sensor running for more than ten years with
an extremely small ( 0.5%) post-deployment failure rate. A Gen1 DOM implements a single
downward-facing 10 inch photomultiplier tube (PMT), the Hamamatsu R7081-2-MOD, and signals
from the PMT are digitized in the readout board placed in the upper hemisphere of the module.

The mDOM for the IceCube Upgrade includes twenty-four 3.15 inch PMTs (Hamamatsu
R15458-02) oriented in all directions, providing homogeneous sensitivity to photons. The side of
the entrance window of the PMT is covered by an aluminum-coated reflector which improves the
e�ective area by a factor of 20% [1].

The D-Egg, also being used in the IceCube Upgrade, implements two high-quantum e�ciency
(QE) 8 inch PMTs, the Hamamatsu R5912-100, in an elliptical glass vessel, facing both upward
and downward. Because the top and bottom parts of the housing glass curvature are designed to
be matched precisely with the R5912 PMT surface curvature of q131 mm, the actual photocathode
area is 20% more than when a flat disk of the same diameter is assumed.

The Long Optical Module (LOM) for Gen2 [5] is designed to fit into the smaller Gen2 holes
while maximizing the e�ective photon sensitive area. The Gen2 hole diameter limits the diameter
of the pressure vessel. The height of the housing is limited by the total weight of the module to
be less than 26 kg. The optimized LOM modules include sixteen or eighteen 4 inch PMTs1. The
mEgg is another model of the optical module for Gen2 and uses fourteen 4 inch PMTs in the same
glass housing as the D-Egg.

1Currently, both sixteen and eighteen-PMT designs (LOM�16 and LOM�18) are under investigation.

3

PoS(ICRC2021)1043
SiPMs

PoS(ICRC2021)1062  

D-Egg

PoS(ICRC2021)1070
mDOM

PoS(ICRC2021)1101 

Large area PMTs
PoS(ICRC2021)1104

Large vs small PMTs

See also discussion session 33: Photodetection in Cherenkov Detectors

PoS(ICRC2021)1097 

Light concentrators

PoS(ICRC2021)1039  

Photon traps

Trend towards more complex and segmented photodetectors

Extensive discussions about timing requirements, needs 
for calibration, suitability for mass-production of more 
complex sensors, standardization needs, cost efficiency 
of more complex modules, … 

PoS(ICRC2021)1092 
STRAW-b

Discussion of scalability shows that the community is 
really gearing up with the next experiments
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Hardware development
The nuts and bolts you usually only find on posters and there the experts find it
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Programmable logic  
for trigger
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PoS(ICRC2021)1217 

Radio trigger  
improvements
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System hardwarePoS(ICRC2021)1066

Fibre optics Baikal-GVD

PoS(ICRC2021)1067 

Time Sync Baikal-GVD

PoS(ICRC2021)1079

Fibre optics IceCube

PoS(ICRC2021)1108 

Km3Net electronics

PoS(ICRC2021)1103 

Antennas

With no neutrino (yet) the radio field 
is a bit more into nuts and bolts still 

Fibre optics for data 
transmission are here to stay

Fibre optics RNO-G
PoS(ICRC2021)1058

PoS(ICRC2021)1058

Hardware Development for the Radio Neutrino Observatory in Greenland (RNO-G)

Figure 5: Pictures from construction and deployment of the first stations in the 2021 season.
Left, Top: Finished borehole. Left, Bottom: ASIG borehole drill in operation.
Middle, Top: All VPol antennas before deployment.
Middle, Bottom: Deployment shake being transported into position over borehole.
Right: Nearly complete DAQ box, with A surface amplifiers, B deep amplifiers and RFoF reciever, C

low-threshold trigger, D digitizer, E power regulation board, F Controller board with single board computer,
GPS unit and calibration pulser source daughter boards.

A horizontally polarized (Hpol) antenna inside of a borehole is a challenge to construct since
the 11.2" diameter is much smaller than the wavelengths of interest, O(m). RNO-G iterated on
the ARA collaboration design and designed a quadslot antenna, e�ectively a loop antenna with
four feeds to improve azimuth symmetry and extended in the direction of the borehole to improve
bandwidth. The four feeds are phased together and passed through a matching network to increase
bandwidth. The antenna’s usable band is 250 - 500 MHz with a VSWR < 10 in band. In-situ
calibration is ongoing as well as studies of other Hpol designs, including a turnstile antenna.

7. Deployment

The first season of deployment started in May 2021 with the arrival of the drilling team and will
continue until the last flight departs in August 2021. Deployment consists of three teams arriving
at the station at di�erent times. In order, they are the drilling (arrived in May), deployment (arrived
in June) and calibration (arriving in July) teams, with deployment and drilling teams operating in
tandem in June. To date, on-base infrastructure has been constructed (including the LTE network,
LoRAWAN network, station data server and o�-station telemetry), borehole drilling continues, and
the first station has been deployed. We project the first five stations will be deployed by the end
of the season in August 2021, a great accomplishment in the context of complications due to the
ongoing COVID pandemic.

7
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KM3NeT Acquisition Electronics D. Real

Figure 1: Open view of a DOM.

Figure 2: Pre-series CLBv4.

the optical transceiver with a higher reliability model; and a hardware watchdog to protect the CLB
from losing access due to reconfiguration errors.

2.1.1 Clock Generation System

The CLBv4 incorporates two di�erent clock generator systems. The first system is identical
to the system used in the previous version of the board. A clock of 25 MHz generated in a quartz
oscillator is used by a Digital Clock Manager (DCM) to increase the frequency to 125 MHz. The
124.992 MHz is synthesized similarly. Both frequencies are used by White Rabbit to measure the
phase using the Dual Mixer Time Di�erence (DMTD) technique.

3

Only few hardware talks
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Optic data acquisition system for Baikal-GVD V.M. Aynutdinov 
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5.  Underwater cable network 
 There are two types of fiber-optic (FO) cable lines used for the experimental string (see 

Fig. 5.1). Most of the connections are made by commercial cable assemblies manufactured by 
DWTEK Co., Ltd, Taiwan. The Bulkhead Connector Receptacle (BCR) MSS-OP-BCR were 
used in combination with the cable connectors MSS-OP-CCP, installed on a radially sealed 
underwater FO cable manufactured by the same company (DWTEK MO1-
I01590/OPY402 900um). The permissible immersion depth of the assembled cable line, 
according to the specification, is 6000 m, the insertion loss in the connector does not exceed 0.5 
dB. Experimental string comprises of 5 such cable lines with different lengths from 3 to 750 m. 
To install the BCR in the openings of the glass sphere of the underwater modules, special 
stainless adapters were used to securely fix the connector and reduce the local pressure on the 
glass surface. One of the three sections (upper section #3) is connected to the string using the 
experimental development of the Russian enterprise NPP "Starlink". The connectors are 
designed to meet the technical requirements of the Baikal neutrino telescope. A deep-water 
radially sealed armored FO cable of the original design with length of 95 m was used.   

Fig. 5.1. Cable connector assemblies mounted on the glass body of the deep-water module of 
the experimental string: DWTEK (left), Starlink (right). 

The main condition for reliable optical communication is a low level of signal 
attenuation in fiber optic lines. To monitor this parameter, the power measurement function of 
transmitters and receivers built into the SFP modules was used. The threshold power of the NS-
SFP 1.25 G CWDM optical transceivers used in the experimental string is -23 dBm (a signal 
with a power of 1 mW corresponds to 0 dBm). Fig. 5.2 shows the time dependence of power of 
transmitters and receivers of the SFP modules of the trigger and synchronization channels for 
two sections of the string during one month of operation. The trigger and synchronization 
channels connect the sections to the cluster center without intermediate electronic amplification, 
and their attenuation is most essential for the reliable operation of the DAQ. The sources of 
power loss in these channels are 4 serially connected CWDM multiplexers and 6 underwater 
optical connectors. The power attenuation in these channels is about 10 dB. The signal power 
exceeds the threshold value of the receivers by more than 10 dB. At the same time, there are 
fluctuations in the power of the received signals, and the study of the causes of the increasing 
loss is one of the priority tasks of the testing of the experimental set-up. 
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Positioning system for Baikal-GVD A.D. Avrorin

(a) Coordinate scans (b) Planar coordinates

Figure 7: Beacon #306 drift between May 1 and May 12 2020, during a regular drift period.

beacons 3 and 4. These beacons are the most mobile due to their relatively shallow position.
The string segment between beacons 3 and 4 also exhibits greater curvature compared to lower
string segments, compounding linear interpolation error. In order to obtain experimental bounds
on this worst-case error, two calibration beacons were installed in the middle of the string segment
between regular beacons 3 and 4. Calibration beacon #1 was installed on the central string of
cluster 3 in 2018, and calibration beacon #2 was installed on a peripheral string of cluster 5 in 2019.
Calibration beacon coordinates were then linearly interpolated from the coordinates of beacons 3
and 4. The distance between calibration beacon positions obtained with linear interpolation and
acoustic trilateration then provides an upper bound on OM positioning error. The distributions of
these di�erences are provided on Figure 8. As can be seen from this analysis, the mean upper bound
on OM positioning error is below 15 cm (note that the photocathode diameter is 25 cm). This
bound is possible because GVD strings are largely nearly vertical. This is consistent with the results
of a previous study, done over the course of season 2018 [3] and corresponds to a subnanosecond
time calibration error. While the mean error over three years is comparable to the positioning error
in similar detectors [4], the immediate interpolation error during active drift periods can reach 0.5
meters due to high beacon mobility and string curvature. This can only be ameliorated by applying
beacon coordinates to a physical, rather then piecewise-linear string model.

4. Conclusion

The Baikal-GVD acoustic positioning system is currently in operation. Following an improve-
ment in the polling algorithm in May 2020, the median polling interval in 2021 is 180 seconds.
Short-term and long-term beacon drifts were presented. The mean positioning error has been
estimated with three years of data to be below 15 cm, which corresponds to a subnanosecond hit
time uncertainty and is in agreement with previous work.
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Detector calibration
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See also discussion: 32 Cherenkov Media and Detector Calibration 

The field has grown 
up, calibration is 
serious business now
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High-throughput testing

PoS(ICRC2021)1059
The Acoustic Module for the IceCube Upgrade

(a) (b)

Figure 2: (a) Illustration of the acoustic module showing its internal components. (b) Block diagram of the
acoustic module components.

which increases the transmission coe�cient for the transition from piezo ceramic to ice.
The AMs contain an acoustic receiver board that can digitize electric signals from the transducer

at a sampling rate of up to 100 kHz (see [9] for more details). This circuit also is used for the acoustic
sensors in the pDOMs.

3. Analysis Method and expected Performance

3.1 Propagation Time Measurement

Two methods are common to determine the propagation time of acoustic signals in ice or water,
the 5f-threshold [10] and the cross-correlation method [11]. The former analyzes the receiver
output signal in the time domain to detect first time when the signal is above a certain threshold,
i.e. a level of 5 times the standard deviation f of the background noise. The latter calculates the
cross-correlation product of emitter input signal with receiver output signal to determine the point
in time when this product is at its maximum. A drawback of the threshold method is its sensitivity
against any signal event rising above the threshold while the cross-correlation method needs a
special signal type (e.g. chirp) as emitter input to guarantee unambiguous results. Both procedures
have to be synchronized with the starting point in time, when the acoustic signal is generated.

3.1.1 Phase Response Method

In this paper we introduce a new robust and precise measurement procedure to determine the
propagation time of acoustic signals in a media, called the phase response method. The method is
based on aspects of system theory of linear time-invariant systems (LTI systems).

Two aspects are important for the application of the phase response method. The first one is
the property of a subclass of LTI systems, namely the minimum-phase systems. These systems are

4
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KM3NeT Detection Unit Line Fit Chiara Poirè

Figure 4: Detection Line Fit position reconstruction with top-view for each line with respect to their position
on the sea bed

Figure 5: Detection Line Fit position reconstruction with top-view in three di�erent moments: at the
beginning of the considered period (left plot), in the middle (plot in the middle), at the end (plot on the right).

7. Conclusions

The results presented here show that the developed DU line fit model looks promising using
AHRS data with the position method (Figure 1) and point out where we plan to improve treatment
of compass value uncertainties. Another important aspect is that the model can be used on periods
where there is a strong sea current that can displace the DUs a few meters from the vertical posi-
tion. These results show the possibility to reconstruct the positions of the main components of the
detector independently of the acoustic positioning system.
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Media properties

PoS(ICRC2021)1093

PoS(ICRC2021)1160 Attenuation length P-ONE

PoS(ICRC2021)1057 
PoS(ICRC2021)1023
PoS(ICRC2021)1119 

Optical Ice Properties

See also discussion: 32 Cherenkov Media and Detector Calibration 

Radio Ice Modeling
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Luminescence of water and ice Anna Pollmann

Figure 6: Left: Light yield of di�erent emissions for magnetic monopoles carrying one Dirac charge and
Q-balls with a charge of 1020 in comparison to a bare muon passing through ice. Right: Event signature of
a Q-ball simulated with luminescence emission. The Q-ball has a speed of 10�3 2, a charge of 1020, and an
electric charge of 137 4. (original pictures of this composed picture are taken from Ref. [6]).

which hides the track in noise which can be removed in the analysis [6].
Another particle, which can be searched for using luminescence, is a magnetic monopole.

These are predicted by Grand-Unified theories and others to be particles carrying at least one
isolated magnetic charge [10]. Similar to the Q-balls these Big Bang relics are assumed to be very
massive, however monopoles can be accelerated to relativistic speeds by inter-galactic magnetic
fields. At low and high speeds detection channels are the model dependent catalysis of nucleon
decay via the Rubakov-Callan e�ect and (in-) direct Cherenkov light. However, at intermediate
speeds as well as low speeds no (model in-dependent) light emission was known before.

The first search ever using luminescence light as detection channel for Magnetic Monopoles
passing through the IceCube detector at low relativistic speeds has been finalised [7]. The sensitivity
of this analysis exceeds previous limits in this region by approximately two orders of magnitude.
The exclusion limit therefore catches up with the IceCube limits at other speed ranges which are
currently World leading.

Luminescence light also contributes to the total light emission of Standard Model particles,
especially the interaction products of ultra high energy neutrinos. This has consequences for the
energy, signature topology or particle ID reconstruction because taking luminescence into account
could improve accuracy of these by uo to 10%.

5. Summary and outlook

In this work various measurents of luminescence of water and ice in laboratory and in-situ are
presented and compared. A clear indication of the influence of the radiation type as well as the ice
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Optical characterization of the P-ONE site Christian Fruck

PRELIMINARY
Figure 1: Attenuation length vs. wavelength from the simultaneous multi-wavelength fit of all available
STRAW data. Measurements from various other neutrino telescope sites are shown shown as well [4–6].
Also the results from a study of attenuation lengths in the clearest ocean waters are shown for comparison
[7].

2. Attenuation Length Measurements

The optical properties of the water at the P-ONE site are critical for the success of the ex-
periment. One of the fundamental quantities that strongly influence the design of P-ONE is the
attenuation length, this property sets the scale for how far the optical modules will be set on the
mooring lines as well as the distance between the lines. The attenuation measurement is performed
using the POCAM flashers and locking into the pulse frequency signal in the sDOM data.

The DAQ system of the sDOM records timestamps of the pulse trigger times and time-over-
threshold (TOT), this level of information is not well suited for resolving multiple photon pulses.
The flasher intensities used for the attenuation length analysis are adjusted such that the average
number of photons recorded in an sDOM PMT is < 1. From Poisson statistics it can be derived that
for an average intensity in terms of photons hitting and being detected by the photo sensor, per flash
#ph, the average fraction of flashes that cause the detector to record a photon hitfraction ⌘ can be
expressed as follows.

⌘ = 1 � %#ph
(0) = 4

�#ph
. (1)

This number is an easily accessible and reliably measurable observable for the STRAW setup and
has therefore been used for deriving the attenuation length.

For the analysis of STRAW data, a Bayesian approach has been chosen because it facilitates
the consideration of systematic uncertainties as nuisance parameters. Using this approach, the
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High-energy reconstruction of single and double cascades 
using the KM3NeT detector Thijs Juan van Eeden*, Jordan Seneca*,  Aart Heijboer, on the behalf of the KM3NeT collaboration

ντ-CC
<1 deg 
median 
above 
25 m tau 
decay 
length

KM3NeT
Two neutrino 
detectors
under construction
on the bottom of
the Mediterranean sea. [1]

ORCA: 1-100 GeV 
atmospheric
ν-oscillations studies.
ARCA
>1 TeV cosmic-ν 
telescope
Two building blocks,
1 km3 grids of 4000 
optical modules, which 
observe light from 
neutrino interactions.

νe-CC and
neutral current interactions
� particle cascade.

Hit - PMT recording
a photon time.

White Rabbit 
infrastructure
� O(1 ns) hit time 
accuracy.

Acoustic calibration
� 50 cm PMT position 
accuracy. [2]

Single cascade model
electromagnetic (EM) 
cascade Cherenkov light 
model sampled along 
energy deposition profile.

Double cascade model
2 colinear elongated
EM cascade models.

Improvement in direction resolution

KM3NeT preliminary

3.17 m
τ-decay 
length 
resolution 

1. S.  Adrián-Martínez  et  al.  (KM3NeT  Collaboration), Journal of Physics G43(8) (2016).DOI 
10.1088/0954-3899/43/8/084001
2. Aiello, S. et al. (2021). Architecture and performance of the KM3NeT front-end �rmware. Journal of 
Astronomical Telescopes, Instruments, and Systems, 7(1), 016001.  
3. Bormuth, R. (2017). Chasing cosmic tau neutrinos in the abyss (Doctoral dissertation, Leiden 
University).

High granularity

� good handle on light 
intensity and arrival time.

Previous reconstruction �ts 
Cherenkov light cone 
geometry
using hit positions [1]

New reconstruction also �ts 
light-emitting structure of 
event using hit times

Study on E-2 neutrino �ux  simulations

New reconstruction with time of PMT hits 
and cascade elongation modelling

Long γ-scattering 
length in water
� little smear in
γ-arrival position
and time.

Can we improve the direction resolution
of the current cascade reconstruction?

New reconstruction exploits more of the data 
received by the DOMs, yielding excellent angular 
resolution for both single and double cascades.

Bands show 68% of distribution
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Neutrino pointing
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Direction Reconstruction for RNO-G Ilse Plaisier

Figure 2: Left: Schematic of regions on-sky obtained by restricting the direction of the neutrino due to signal
direction, viewing angle and polarization. A measure for the polarization is needed to limit the direction of
the neutrino from a full cone to a small region. Right: Schematic of a neutrino interaction. The interaction
point is referred to as the vertex position. The viewing angle, which is the angle between the shower axis and
the radio signal propagating to a RNO-G station, takes values ± 7 � around the Cherenkov angle (56�).

within the ice. Therefore the reconstruction in this work is focussed on the deep component. Also,
the performance of LPDA based stations has been shown previously by the ARIANNA experiment
[4] and is applicable to RNO-G stations.

The deep component consists of three strings with a horizontal spacing of 20 m from the
mid-point with a maximum depth of 100 m. The horizontal spacing of the strings is optimized
such that all three the strings need to see high enough SNR (signal-to-noise ratio) in order to get an
azimuth reconstruction. The e�ciency for each string to record a signal of SNR>2.5 is shown in
Figure 7, right. One string is referred to as the power string and contains the trigger and is mainly
used for vertex reconstruction. There are 7 antennas for vertical polarized electric-field (Vpols)
and 2 for horizontal (Hpols). The other two strings have 2 Vpols, 1 Hpol and 1 calibration pulser.
These antennas are mainly for azimuthal reconstruction.

The antennas were optimized such that the geometry matches with the size of the borehole,
which is 5.7 inches in radius. For the Hpol, a vertically oriented quadslot antenna design has been
chosen. Figure 1 shows the antenna response of the Vpol and Hpol for the horizontal in terms of
vector e�ective length �e�. The �e� is the immediate conversion factor between the electric-field
and the voltage response in the antennas [5]. Clearly visible is the lower gain and smaller frequency
bandwidth of the Hpol with respect to the Vpol. A contribution in the Vpol as well as Hpol is
needed for a full polarization reconstruction.

3. Direction Reconstruction

Loosely, there are three ingredients needed to reconstruct the direction of the incoming neutrino:
the radio signal direction, the polarization and the viewing angle. The viewing angle is the angle
between the radio signal and the shower axis, as shown in Figure 2. The radio signal adds coherently
on the Cherenkov angle (56� in ice). Higher frequencies fall o� for viewing angles a few degrees
o� of the Cherenkov angle, and the signal becomes less pronounced. Therefore, the slope of the
frequency spectrum can be used to determine the viewing angle.
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Antares Moon Shadow
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Radio + Optical

See also discussion session 36: Shower reconstruction and pointing
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Muontracks Baikal
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IceCube Uncertainties
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skyLLH for IceCube

Multi-messenger observations are helped by accurate 
pointing both for finding counterparts and calculating 
coincidences 

Observation: Lots of ongoing work to develop new 
ideas, improve pointing, understand pointing, 
understand uncertainties and input for searches

PoS(ICRC2021)1087

Cosmic-Ray Moon Shadow

Figure 2: Source significance landscapes (left) shown exemplary only for SplineMPE compared to Seg-
mentedSplineReco, and contours of the pointing significance for both SegmentedSplineReco (middle) and
CRNN-Reco (right) comparisons. Crosses mark the points of maximum likelihood (�q,�\). Shown is the
combined data set with intersection cuts.

significance landscape with a clearly visible moon shadow and surrounding background fluctuations.
These are similarly distributed between the compared reconstructions, which indicates that they
come from the data itself and not from reconstruction di�erences. The pointing significance
fluctuates strongly between reconstructions on single moon cycles, but is a reliable result on the
combined data set as shown in figure 2. All reconstructions are compatible within their 1f contours,
and show a systematic shift of up to 0.2° to smaller azimuth values, which might be attributed to
the geomagnetic field or other systematic e�ects.

Using the intersection method, the source significance for CRNN-Reco is smaller than for
SplineMPE for all single cycles and for the combined data set. When using individual cuts, the
picture does not change much, which supports this result. The precision of the reconstruction, as
indicated by the size of the pointing significance contours, is smaller than SplineMPE. Overall,
this indicates that CRNN-Reco is performing worse than SplineMPE on cosmic-ray-induced muon
events. As these consist of bundles of several muons, instead of the single muons CRNN-Reco
is intended to reconstruct and which it was trained on, the performance is likely worse than it
potentially could be. Therefore, this result cannot be generalized to muon neutrinos. However, it
proves that a machine-learning-based direction reconstruction works well when subjected to real
data instead of Monte Carlo simulations.

The di�erences in source significance between SegmentedSplineReco and SplineMPE are
smaller and without a clear tendency across moon cycles as in the previous comparison, and there is
no large di�erence on the combined data set. Individual cuts again do not substantially di�er from
this observation. The size and position of the pointing contours are very similar to SplineMPE.
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Combining Maximum-Likelihood with Deep Learning

Figure 5: The pulse arrival time PDF, approximated by the generative model, is shown for three di�erent
DOMs of the same event. The left panel shows the e�ect of modifying the z-coordinate of the cascade
interaction vertex, while the right panel illustrates the change due to the varying zenith angle.

Figure 6: The angular resolution of charged-current NuE interactions for a typical cascade event selection
is compared between IceCube’s default reconstruction (MLE) [1], a CNN based method [4] and the newly
developed hybrid method. The hybrid method leads to a significantly improved angular resolution over the
whole energy range. The plateau towards higher energies is induced by systematic uncertainties.
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Reconstruction techniques

PoS(ICRC2021)1044 
IceCube GNN

PoS(ICRC2021)1048

KM3Net GNN

PoS(ICRC2021)1051
PoS(ICRC2021)1055 
PoS(ICRC2021)1157

Radio NN

PoS(ICRC2021)1053
PoS(ICRC2021)1054  

IceCube CNN

PoS(ICRC2021)1063

Hit finding Baikal
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Background suppression
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See also discussion session 37: Reconstruction and Analysis Techniques 
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MM framework IceCube

combining 
both worlds

Observation: Many, many excellent contributions in the bowels of 
the experiments in event reconstruction and simulations

Trend towards modern machine 
learning techniques, however, 
established techniques still going strong
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Radio reconstruction
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Air shower  
background in ice

PoS(ICRC2021)1033
Energy Reconstruction for RNO-G Christoph Welling

Figure 2: Histogram of the ratio between reconstructed and actual shower energy for all events (left), those
that only produce a hadronic shower (middle) and those where electron neutrinos undergo a charged current
interaction (right).

So far, no quantitative study has been conducted on how to identify the neutrino flavor with
radio detectors, so we assume that the probability that a given event produces a hadronic and an
electromagnetic shower is %(4) = 1

3 · 0.71, the probability of the flavor being a4, assuming equal
mixing, times the probability for it to undergo charged-current interactions [8].

While this describes the energy distribution of showers produced in the detection volume,
showers with higher energies have a much better chance of being detected. To account for this, we
need to include the probability ?) (lg(⇢B)) for a shower with a given energy to be detected:

?(lg(⇢B) | lg(⇢a)) = ?) (lg(⇢B)) · ?(lg(⇢B/⇢a)) (5)

which shifts the energy distribution towards events with a higher ⇢B/⇢a .

2.3 Shower Energy Reconstruction

We have developed a method to reconstruct the shower energy by first reconstructing the
position of the neutrino interaction using the arrival times of the radio signal at di�erent antennas.
Then the radio signal is reconstructed using a novel method based on Information Field Theory.
After the spectrum of the radio signal has been corrected for propagation e�ects, its shape and
magnitude are used as an estimator for the shower energy. More details of this method are described
it [9, 10].

The resulting energy resolution is shown in Fig.2. Events where only a hadronic shower is
created have a better energy resolution because interference between the radio signals from the
hadronic and the electromagnetic shower do not obey all assumptions made for the reconstruction
method. The shower energy resolution is also energy-dependent, but we simplify this by assuming
the same resolution for all energies and both event types. Over all events, the 68% quantile of the
lg(⇢A42

B /⇢ B8<
B ) distribution is [�0.13, 0.12].
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Low-Threshold ARA Analysis Kaeli Hughes

(a) E�ciency vs. Energy. (b) E�ciency vs. SNR.

Figure 5: Analysis e�ciency of this analysis compared to the most recent ARA Station 2 e�ciency, scaled to
have equal definitions. The blue curve is the e�ciency on neutrinos in the deep region; the red curve assumes
no shallow region neutrinos are recoverable, a conservative estimate that causes a 21% loss in e�ciency over
all energies. This analysis is e�cient on events with low SNR that the traditional ARA trigger is not sensitive
to.

allowed. The boundary for the deep region was set to 57 degrees, a conservative boundary from
considering Snell’s law at a depth of 20 m below the surface. This was chosen to avoid impacting
cosmic ray events, which are expected to penetrate to 20 m maximally [6].

The second variable is the ratio of the correlation within 10 m of the surface and the global
maximum correlation. This also strongly correlates with surface events in the 10% sample. True
surface events may correlate to both the surface and the deep region (as shown in the rooftop pulser
correlation map in Figure 2b) but the maximum within 10 m of the surface should be equal or
comparable to the global maximum. The boundary on this ratio for the deep region was set to 0.5,
corresponding to signals in which the global maximum was more than twice that of the correlation
within 10 m of the surface. All candidate surface events in the 10%, as well as a population of
surface calibration events, fall comfortably into the shallow region using this method.

3.2 Designing Cuts
There are two types of events that are universally removed from the analysis: calibration pulser

events and software trigger events. ARA Station 5 is equipped with a local calibration pulser on its
own string about 20 m away, which pulses on the GPS second, and thus can be easily removed with
a trigger time cut, which is 99.984% e�cient. Occasionally, the calibration pulser is operated in a
mode that is not tied to the GPS time; these runs were tagged as calibration runs and removed from
the livetime. In total, there were 13 of these calibration runs for a total of 1.6 days of livetime and
all were removed. Software trigger events, which occur once per second and are not RF triggered,
were also removed from the analysis. For each run, the software triggers were only used to calculate
the expected RMS of each channel.
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Polarization  
ARIANNA
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Flavor in radio

see also discussion session 34: Radio detection of neutrinos

ARA
Highlight: Hoffman PoS(ICRC2021)014  

Encouraging development: radio is now also grouped with “mainstream” analysis 
discussion 
However, some challenges remain unique to radio, lots of progress:

PoS(ICRC2021)1151

ARIANNA direction reconstruction Steven W. Barwick

Figure 2: Di�erence between measured and expected arrival directions (top plots:zenith angle, bottom plots:
azimuth angle). Left plots show the depth dependence; histogram projections are shown on the right. The
expected direction includes the known geometry of the hole. Light blue triangles show the residuals using
the four LPDAs along with a 10 m average shown in a darker blue color. Red squares show the residuals using
the four dipoles along with a 10 m average shown in a darker red color. The red vertical line corresponds to
a reflection coe�cient from the snow surface of 0.1, while the blue vertical line corresponds to a reflection
coe�cient of 0.5. The gray shaded area indicates the periods where station 51 was in communication mode
and thus not taking data. The projected histograms (LPDAs:blue dash, dipoles:solid red) present the residuals
on an event-by-event basis (i.e. without the averaging).

the detector station, which in turn results in a systematic uncertainty in the predicted signal arrival
direction. The depth dependence has flattened for depths greater than 1 km, leading to improved
zenith and azimuth resolutions by roughly 0.05° for each antenna type. This demonstrates that the
angular reconstruction by an ARIANNA station is sensitive to typical variation in the geometry of
cored boreholes.

The linear polarization of the arriving radio pulse was determined as a function of depth and
compared to expectation based on laboratory measurements of the transmitting pulser (Fig. 3,
right). There is a slowly varying systematic error as a function of depth of 2.7 degrees. Statistical
error in the polarization measurement is smaller than 1 degree, but the excellent precision is partly a
consequence of the large signal to noise. Neither the direction nor polarization measurement show
a significant o�set as a function of depth relative to expectation. The right panel of Fig.3 shows
the depth dependence of both polarization components. The relatively flat response of the theta
component indicates good understanding of ice e�ects during propagation. Only the subdominant
phi component shows a variation with depth which causes the variation in the polarization angle
measurement. Laboratory calibration studies of the SPice transmitter show strong di�erences
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Tau neutrinos

The field of upward going tau neutrinos is booming 
(see also the experimental ideas) 

Discussion session: Currently 7 independent codes to 
calculate the tau propagation through the Earth  
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TauRunner
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ANITA tau
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Upward Tau Auger
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Cherenkov for tau
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nupyProp
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nuSpaceSim
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Upward tau 
and moon shadow

see also discussion session 35 Upgoing Tau Neutrinos: Present and Future

Flavor physics and UHE simulations
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UHE IceCube
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Horizontal tracks 
HAWC
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ZHAireS for tau
Not a lot of discussion about the 
ANITA mystery events, but interesting 
follow up and limits from Auger

Geometry & Propagation

Geometry of Tau 
Neutrino Induced Air 
Shower

Code Flowchart
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Muons
The category is called “Neutrinos AND MUONS” 
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Km3NeT Muons
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Atm. neutrino predictions
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Seasonal variations
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2d muons sims
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Uncertainty of  
muon energy loss
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Underground muons
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Hadronic interaction  
uncertainties
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Analytic calculations

No dedicated muon session, natural overlap to air showers

Muon related- problems: 
(as background for neutrino detectors) 
- too many in air showers (as compared to simulations) 
- prompt neutrino production (and related muons) 

uncertain, lacking solid quantitative predictions

Different simulations, all geared toward upgrading 
more seasoned models: 
- MCEq widely used for flux predictions and keeps being 

improved 
- CORSIKA 8 anticipated for comparison 
- PROPOSAL for lepton propagation widely used 
- small flux differences may be observable for neutrino 

telescopes, but need a dedicated effort, not a by-
product of neutrino analyses 

- Input from experiments at accelerators like FASER-nu 
and NA61/SHINE eagerly anticipated
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Global and combined analyses
Joining forces? 

• Future neutrino telescopes discussion session: Should we be 
like particle physics and have ONE BIG telescope only? 
 

• Reconstruction discussion session: Should we collaborate 
better to more sustainably write code and make analyses 
more reproducible across collaborations? 

• Do we give enough credit to those developing all our codes? 

• Do we educate future students well enough to become 
efficient physicists in the modern world (data analysis, 
simulations development) ?
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Plenum
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IceCube-Gen2

PoS(ICRC2021)1222  

End-to-end 
 forecasting

No result at this conference would have been possible without software;  
good software speeds up results, improves everyone’s work satisfaction, and 
simplifies cross-instrument verification and collaboration
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The world of neutrinos

This conference covers all known of these PoS(ICRC2021)1127 

Magnetic monopoles
PoS(ICRC2021)1152 
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Exotic neutrinos XMASS

Nuclearites KM3Net
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

And more

Vitagliano, Tamborra and Raffelt, 1910.11878, Rev. Mod. Phys. 92, 45006 (2020)

various DM contributions
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Solar neutrinos
Stuck somewhere between the neutrino and the solar session
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Solar ANTARES
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CNO Borexino

Solar flare search  
Kamland
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Solar atmospheric  
IceCube

PoS(ICRC2021)1229

JUNO Solar neutrinos

PoS(ICRC2021)1299 

Solar flares Super-K

PoS(ICRC2021)1109

First direct evidence of the CNO fusion cycle in the Sun with Borexino

1. Solar neutrinos

Solar neutrinos are produced copiously in the Sun due to the nuclear fusion processes that
happen in its core. While the photons take around 105 years to reach the Earth, the neutrinos only
take 8 minutes, and carry direct, unperturbed information about the Sun’s core. The main source
of energy powering the sun and sun-like stars is the pp fusion chain. The pp-chain reactions result
in the fusion of four protons into helium.

4? �!4 He + 24+ + 2a4 (1)

The process happens through di�erent alternative chains namely, pp-I, pp-II, and pp-III. Each
neutrino produced in the pp-chain is called by the name of the reaction it was produced in: ??, ?4?,
7
⌫4, 8B, and hep. The CNO cycle is hypothesised to be the main process in heavier stars [1], [2]. It

has two sub-cycles namely, CNO-I and CNO-II. The CNO-I sub-cycle is more dominant (99.95%)
and is simply referred to as the CNO-cycle. Neutrinos produced in this cycle originate from the
V- decays of 15O and 13N have continuous energy spectra with endpoints at around 1.5 MeV, and
1.7 MeV, respectively. The neutrinos are labeled according to the reactions they are produced in as:
13N, 15O, and 17F. The theoretical energy spectra of solar neutrinos is taken from [3] and shown in
Figure 1.

Figure 1: The theoretical energy spectra of solar neutrinos taken from [3]. The flux is given in units of
cm�2s�1MeV�1 for continuum sources and in cm�2s�1 for monoenergetic sources.

1.1 Standard solar model

The Standard Solar Model (SSM) is based on di�erent assumptions. It is assumed that the
solar energy is produced through the pp-chain, contributing to > 99% of the energy, while the
contribution of the CNO-cycle is yet unknown. The Sun is in a state of thermal and hydrostatic
equilibrium. The solar composition is defined by its initial elemental abundance. The energy
transport from the core to the surface occurs through radiation and convection. The model relies
on standard solar parameters namely, luminosity measured through irradiance (3.828 x 1026 W),

2
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Borexino sees first evidence for CNO neutrinos. 

All other searches at this point still compatible with 
background 

JUNO has the potential to resolve B8 
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Multi-Detector Analyses for Core-Collapse Supernova Neutrino Detection

geographic horizontal coordinate system from the CCSN right ascension, U, declination, X, and the
Greenwich mean sidereal time expressed as angle, W:

Æ= = (� cos(U-W) cos X,-sin(U-W) cos X,-sin X).
The position of the detector : can be inferred from its latitude, q: , and longitude, _: , angles, and
the Earth radius, '⇢0AC⌘:

ÆA: = '⇢0AC⌘ (2>B_:2>Bq: , B8=_:2>Bq: , B8=q:).
The probability that the scanned angles (U, X) coincide with the equatorial coordinates of the CCSN
is given by the following j2 function:

j2
8 9 (U, X) = ((C8 9 (U, X)-)<0C2⌘

0,8 9 )/XC8 9)2

with no systematic shift in the )<0C2⌘
0,8 9 determination. The best estimate for the angles (U, X) of

the searched CCSN location in the sky is given by the minimum of the function. The performance
depends on the uncertainty of the measured time delay XC8 9 of each detector pair.
To further develop this approach, we studied the impact of using a prior on the position of the
potential CCSN through a Bayesian approach. The tested prior was a map of GAIA showing the
star density distribution in the Milky Way. This approach allows us to reduce the 90% confidence
area of the source localization by more than 55%, depending on the combination of neutrino
telescopes which is used, as shown in Fig 1.

Figure 1: Comparison of the confidence areas obtained by the CCSN triangulation method [11] with and
without using the prior for a CCSN located at the Galactic Center.

4. Multi-detector approach for enhancing the scientific output

In this section, we describe the combination of the predicted light curves seen in KM3NeT,
DUNE, and DarkSide-20k. Each of these detectors is predominantly sensitive to a di�erent neutrino
flavor. The combination of the recorded light curves may provide a global view on the neutrino
emission during the di�erent phases of the CCSN. The goal of this study is to use variables such as
ratios or asymmetries between the number of events that would be detected in these three detectors

4
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Supernova neutrinos

Everyone is getting ready to see “the ONE” 

A supernova in our own Galaxy will certainly be a game 
changer for the field, so we better not miss it! 

Supernova Early Warning System will alert the astronomical 
community to what is coming, many neutrino telescopes are 
(in the process of) joining forces
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Atmospheric neutrinos
Background and signal
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Prompt neutrino  
predictions

Atmospheric spectra keep improving, a measurement of the 
prompt flux seems within reach, putting pressure on the 
models to increase precision as well

Results of oscillation physics and other neutrino properties 
keep improving

PoS(ICRC2021)1123
First neutrino oscillation measurement in KM3NeT/ORCA Lodewijk Nauta

3.2 Results

As a first step to find neutrino oscillations, the model < is fitted to the data set in terms of
reconstructed energy and incoming angle. The outcome of the fit is then transformed to !/⇢ and
normalised compared to the “no oscillations” hypothesis for visualisation purposes. The model
is also fitted against the data while constraining the oscillation parameters to either Nu-Fit 5.0 [1]
values or “no oscillations” values while only marginalising the nuisance parameters.
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Figure 3: L/E distribution for the ORCA6 data and expected number of events relative to the “no oscillation”
hypothesis. The binning is chosen such that similar statistics is present in each bin. The no oscillations and
nu-fit curves in this figure do not include systematic uncertainties as modelled for the ‘Fit’ curve.

Figure 3 shows the !/⇢ distribution of the ORCA6 data, where the excellent agreement can be
seen for oscillations. From the fit results the �j2 of the model is calculated and the significance of
no oscillations compared to oscillations is estimated at 5.9 f, while having a di�erence with Nu-Fit
of about 1.9 f.

The phase-space of oscillation parameters has also been scanned and profiled in terms of
the negative log-likelihood, to provide 1-dimensional scans and a 2-dimensional contour of the
sensitivity of the ORCA detector towards neutrino oscillations.

Figure 4 shows the 1-D scans of the profile likelihood with best fit values for the oscillation
parameters added at the bottom. This is done for parameters sin2 \23 and �<2

31. The best fit values
for the parameters are sin2 \23 = 0.50+0.10

�0.10 (stat.+syst.) and �<2
31 = 1.95+0.24

�0.22 (stat.+syst.), where
the statistical and systematic error is given in its entirety. This best fit value is also shown in the
contour in figure 5.

Finally the contour with the sensitivity to the oscillation parameters \23 and �<2
31 is shown

in figure 5, in terms of sin2 \23 for the former. At every point in the contour the log-likelihood is
minimized relative to all nuisance parameters including the priors from table 1, and the 90% CL
contour is drawn through the recovered likelihood landscape.

Figure 5 shows the contour of the analysis of ORCA6. The Nu-Fit best fit point is within the
confidence level of 90% for this result. With almost year of data for ORCA6 the result is in the same
order of magnitude as competing experiments, showing promise for future measurements with the
ORCA detector.
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Astrophysical neutrinos

Baikal-GVD and Antares/KM3NeT almost there 

IceCube increases effort to provide the community with one 
estimate and consistent reporting 

Spectrum is needed/used as input for many estimates for 
sources or BSM physics, so an important ingredient
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Figure 4: The single power law likelihood scans with the best fit point shown as a star. The confidence
intervals for this sensitivity measurement show the expected precision with this dataset assuming 9.5 years
of data. The CI are reduced in size as the spectrum becomes softer and as the normalization increase as a
result of the expected increase in astrophysical neutrino rates at TeV energies.

previous e�orts relied on high energy selection criteria resulting in significantly reduced rates in
the southern sky.

Given the excellent purity of astrophysical neutrinos at 10 TeV, we plan to release real time
alerts with a selection similar to what was presented here. Integrating over energies above 1 TeV
and zenith angles less than 90�, we estimate that there will be 6.7 alerts per year with at least 50%
astrophysical purity.

5. Summary and Discussion

We outlined a new event selection to identify starting track events in IceCube. Using bench-
mark atmospheric and astrophysical flux measurements from recent IceCube measurements, we
showed that there is good agreement with the data and the Monte Carlo. We outlined a proposed
measurement of the di�use neutrino flux and showed that the precision is competitive with recent
measurements with a unique event topology. This dataset was then used to estimate our sensitivity
to search for sources of neutrinos over the entire sky, showing that we expect to be competitive at
declinations less than -25°.

The treatment of the systematic uncertainties is close to completion with a measurement of
the di�use neutrino flux to follow. In parallel to these e�orts, we are preparing to perform our
search for neutrino clustering over the entire sky. These results will be followed by a real-time alert
stream to the multi-messenger community. The details of these searches are in development and
approaching release.

6

PoS(ICRC2021)1130 

The astrophysical spectrum
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Astrophysical neutrinos

Glashow resonance

New since last ICRC

First cosmic tau-neutrino event(s) candidate in IceCube

• First convincing “Double-Bang” event signature 
detected by IceCube 

• Tau-neutrinos smoking gun signature for 
astrophysical origin 

decay      
      

      
      

     c
reation

https://arxiv.org/abs/2011.03561 
Also @ ICRC 2021: PoS ID 1146

https://arxiv.org/abs/2011.03561

11

First identifiable tau neutrino
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background muon flux is further reduced to give an expectation rate 
of 1.1 × 10−7 events in 4.6 years. This allows an a posteriori rejection of 
the cosmic-ray muon background hypothesis by over 5σ.

Similarly, the early pulse signature can be used to reject the atmos-
pheric neutrino background hypothesis. Above roughly 100 TeV, the 
atmospheric neutrino flux from the prompt decay of charmed mesons 
is expected to be greater than that from the decay of longer-lived pions 
and kaons. Charmed mesons can decay to electron (anti)neutrinos that 
are often accompanied by muons produced in other branches of the 
same air shower. These muons can be used to veto atmospheric neu-
trinos17,18. The expectation rate of atmospheric neutrinos passing the 
PEPE event selection with accompanying muon energy consistent with 
the observed early pulses is around 2 × 10−7 in 4.6 years. We conclude 
that the event is induced by an astrophysical neutrino.

Given the negligible atmospheric background rate, the remainder 
of this Article assumes that the event originated from a single 
high-energy astrophysical neutrino interaction. The major back-
grounds to the Glashow resonance are charged-current (CC) interac-
tions (mediated by the exchange of a virtual W±) of electron (anti)
neutrinos with nucleons. Neutral-current (NC) interactions (mediated 
by the exchange of a virtual Z0) from all three flavours are a secondary 
background. Figure 3b illustrates the expected rate from each interac-
tion channel. The posterior distribution of visible energy, reconstructed 
assuming a cascade hypothesis for different ice models, has a 68% 
highest-probability-density region of 6.05 ± 0.72 PeV and is shown in 
Fig. 3a. Assuming a single power-law astrophysical flux with ν ν: = 1 : 1, 
astrophysical spectral index γastro = 2.49 and normalization at 100 TeV 
of 2.33 × 10−18 GeV−1 cm−2 s−1 sr−1 (ref. 2), we expect to observe 1.55 Glashow 
resonance hadronic cascades in our data.

Assuming the best-fit flux in ref. 2, a likelihood-ratio test based on the 
visible energy rejects both CC and NC interactions in favour of Glashow 
resonance with a P value of 0.01, corresponding to a (one-sided) signifi-
cance of 2.3σ. Systematic uncertainties due to the ice modelling and 
the global energy scale, which affect the visible energy reconstruction, 
are included. The P value is also tested against spectral assumptions 
under a single power-law flux, and the results for other spectra are 

given in Methods. The test’s sensitivity is due to the fact that the visible 
energy distribution from Glashow resonance differs both in shape and 
in normalization from the background at these energies.

This is a conservative estimate that does not rely on early pulses. 
As muons are produced in meson decay, the energy of the hadronic 
shower is directly related to the leading muon energy. In electron neu-
trino CC interaction at these energies, on average only about 20% of 
the total neutrino energy is deposited hadronically. Thus, while the 
amount of early Cherenkov light is consistent with the leading muon 
energy expected from a hadronic shower at the Glashow resonance 
(6.3 PeV), it is an order of magnitude above that expected from a CC 
electron neutrino interaction at those energies. In NC interactions, the 
outgoing neutrino escapes undetected and carries away a large por-
tion of the total energy. Thus, while an NC shower is purely hadronic, a 
much higher incoming neutrino energy is required. The steeply falling 
power-law flux of astrophysical neutrinos results in a suppression of 
the NC background.

Although we would ideally incorporate early pulses for CC and 
NC background rejection, there are several technical challenges 
that this can pose, including full resimulations of the MC sets that 
include systematic uncertainties of the hadronic interaction models. 
Such studies are under way, and inclusion of this information will be 
especially important for IceCube-Gen219, which, owing to its much 
larger effective area, will record many more events at the Glashow 
resonance.

A segmented differential flux fit20 was also performed using three 
equal-width bins in the logarithm of the neutrino energy over the 
range 4 PeV to 10 PeV. The results, shown in Fig. 4 (red), complement 
other IceCube diffuse analyses21–24. The central energy bin extends the 
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Fig. 2 | Directional reconstructions under two hypotheses. The 90% 
contours from the cascade (red) and hybrid cascade+track (blue) directional 
reconstructions are shown in equatorial coordinates. The most-probable 
direction according to the hybrid reconstruction is shown as the purple star. 
Systematic uncertainties on the scattering and absorption of photons in ice 
have been included in both contours. The results are consistent and indicate a 
common origin. The hybrid reconstruction improves pointing, reducing the 
contour area by a factor of 5, and should be beneficial to the multi-messenger 
campaign for such events in the future. Effects of ice anisotropy are shown in 
the Methods section, and the combined best-fit direction is at right ascension 
(RA) 12 h 50 min 47.9 s and declination (dec.) −15.9°. The area within the 90% 
probability cascade+track contour is about 68 deg2.
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Fig. 3 | Reconstructed energy posterior probability density and expected 
distributions from MC simulations. a, Posterior probability density of the 
visible energy for this event. Systematic uncertainties due to the ice and global 
energy scale of the detector are included. b, Expected Monte Carlo (MC) event 
distributions in visible energy of hadrons from W− decay (GR h., blue), the 
electron from W− decay (GR e., orange), charged-current interactions (CC; red) 
and neutral-current interactions (NC; green) for a live-time of 4.6 years from 
the PEPE sample. We assume the ratio ν ν: = 1 : 1, a flavour ratio of 1:1:1 at Earth, 
an astrophysical spectrum measured from ref. 2, and cross-sections according 
to equation (1) and ref. 32. The effect of Doppler broadening on the Glashow 
resonance (GR)33 is also taken into account.
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measurement of the differential neutrino energy spectrum to 6.3 PeV, 
while 68% upper limits are shown for the lower and upper energy 
bins. Arguments based on energetics25 and astrophysical unification 
models26–30 suggest a common origin of diffuse γ-rays, high-energy 
neutrinos and ultra-high-energy cosmic rays. A precise measurement 
of the cosmic neutrino flux at the Glashow resonance energy would 
be able to test these predictions, and possibly uncover the origins of 
ultra-high-energy cosmic rays if the sources can be identified directly 
via multimessenger observations.

Although the present results focus on just one event, the techniques 
developed here have implications for the future direction of neutrino 
astrophysics. For example, the idealized pγ muon damped model of 
neutrino production is already inconsistent with the result presented 
here of a likely Glashow resonance because such sources produce no 
electron antineutrinos. With just one event, pp source models cannot be 
constrained, but the planned IceCube-Gen2 experiment19 will increase 
the instrumented volume by an order of magnitude. The statistics col-
lected by such a detector should allow us to differentiate between pp 
and idealized pγ models at a high significance level.

In more realistic source models31, multi-pion production in pγ sources 
generates antineutrinos and the ν ν:e e  ratio depends on the photon 
density, the mass composition of cosmic rays and also the magnetic 
field strength of the source. In such cases, a multi-messenger campaign 
to detect the sources of future Glashow resonance candidates could 
help determine their production mechanisms. Using the hybrid  
(early muon and cascade reconstruction) approach could reduce the 
angular uncertainty by a factor of about 5, and, as this technique shows, 
an uncertainty of about 68 deg2 at 90% containment is possible for 
hadronic cascades. In the near future, such techniques would greatly 
aid searches for multimessenger counterparts in real time.
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Fig. 4 | Measured flux of astrophysical neutrinos. Global picture of 
astrophysical neutrino flux measurements21,24, cosmogenic neutrino upper 
limits (UL)15,34,35 and the ultra-high-energy cosmic-ray spectrum36. The y axis is 
given in terms of the energy, E, squared times the flux, Φ. We assume the ratio 
ν ν: = 1 : 1, a flavour ratio of 1:1:1 at Earth, an astrophysical spectrum measured 

from ref. 2, and cross-sections according to equation (1) and ref. 32. This result 
extends the measured astrophysical flux to 6.3 PeV. The luminosity densities of 
high-energy neutrinos and extragalactic ultra-high-energy cosmic rays are 
found to be comparable.
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Astrophysical neutrinos
The theoretical community is giving it all

Modeling shocks
PoS(ICRC2021)1219  

PoS(ICRC2021)1214 
Modeling afterglows

PoS(ICRC2021)1212 
Modeling clusters

PoS(ICRC2021)1233 

Modeling GRB  
progenitors

PoS(ICRC2021)1223 

Modeling choked  
GRB

PoS(ICRC2021)1232 

MM Starburst Galaxies

PoS(ICRC2021)1215

Galactic sources

PoS(ICRC2021)1200 
UHE cross-section

Images: DESY, Sci comm lab

No shortage in ideas of what 
 to look for 

Models are being refined, data is 
combined from multiple 
observatories to predict interesting 
objects to look at 

No “knock-it-out-of the-park” 
suggestion

see also discussion session: 39 
Astrophysical Neutrinos – Theoretical 
and Experimental Results

https://pos.sissa.it/395/1219/
https://pos.sissa.it/395/1214/
https://pos.sissa.it/395/1212/
https://pos.sissa.it/395/1233/
https://pos.sissa.it/395/1223/
https://pos.sissa.it/395/1232/
https://pos.sissa.it/395/1215/
https://pos.sissa.it/395/1200/
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Astrophysical neutrinos

PoS(ICRC2021)1115
IceCube infrared Galaxies

PoS(ICRC2021)1118 

IceCube GRBs

PoS(ICRC2021)1121 
Antares vs Baikal

PoS(ICRC2021)1128 IceCube Transients < 1 TeV
IceCube transient search

PoS(ICRC2021)1131 

PoS(ICRC2021)1133 
IceCube Galaxy clusters

PoS(ICRC2021)1135 
IceCube Magnetars

PoS(ICRC2021)1136 
X-Binaries IceCube

PoS(ICRC2021)1138 
Point-source search IceCube

PoS(ICRC2021)1141 

Time-variability IceCube

PoS(ICRC2021)1142
Hard X-ray AGN IceCube

PoS(ICRC2021)1143 

Transients DeepCore

PoS(ICRC2021)1150 
IceCube Cascades for sources

PoS(ICRC2021)1161 
Point-sources ANTARES

PoS(ICRC2021)1164 

Radio-selected Blazars vs Antares

PoS(ICRC2021)1168 

Km3Net Starburst sensitivity

And so are the experimentalists
For “Signals” see the MM rapporteur talk

Many searches, nothing conclusive (yet)

Intriguing

“Stay-tuned”

https://pos.sissa.it/395/1115/
https://pos.sissa.it/395/1118/
https://pos.sissa.it/395/1121/
https://pos.sissa.it/395/1128/
https://pos.sissa.it/395/1131/
https://pos.sissa.it/395/1133/
https://pos.sissa.it/395/1135/
https://pos.sissa.it/395/1136/
https://pos.sissa.it/395/1138/
https://pos.sissa.it/395/1141/
https://pos.sissa.it/395/1142/
https://pos.sissa.it/395/1143/
https://pos.sissa.it/395/1150/
https://pos.sissa.it/395/1161/
https://pos.sissa.it/395/1164/
https://pos.sissa.it/395/1168/
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Bottom-line

We need more neutrinos



Ideas 
Calibration and detector 
             development 
Reconstruction  
             and simulations 
Cosmic Physics

Neutrinos

Looking forward to ICRC 2023


