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• Multi-Messenger Astronomy
• The IceCube Neutrino Observatory
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• Low-Energy Searches
• Search for Clustering of Neutrino Candidate Events
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•What’s out there? Historically - Telescopes 
in the optical regime. 

•Now - Photons (radio-to-gamma), Cosmic-
Rays, Neutrinos.

•Future - gravitational waves.
•Combining these powerful tools enables us 

to further explore the Universe.

•Point Source: Object with localized 
radiation ➜ Neutrino ”Stars”

Multi-Messenger Astronomy
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Light in the Universe
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•Extraordinary particle 
accelerators needed. 

•Different mechanisms likely at 
work for different energies.

•What is the connection?
•Cosmic-rays interact with matter 

and photons near source:

•➜ 𝛾-rays, neutrinos

•Production/Acceleration
•Uncharted territory,
•Extremely dense regions,
•Dark Matter, etc.



Why Neutrinos?

•Cosmic rays directions scrambled,
•Photons absorbed above PeV,

•Neutrinos are the ideal messenger,
•electrically neutral,
•essentially massless,
•essentially unabsorbed,
•but extremely challenging to detect
•need very large detectors

5

IMB detector (USA):  ”In 1987, it gained fame for detecting 8 
of the roughly 1058 neutrinos emitted by Supernova 1987A”

1 TeV

1 PeV



Sources of High-Energy Cosmic Rays

Accelerator

Beam Dump
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• Production in jets and accretion disk of 
Active Galactic Nuclei, etc,

• Production at ”beam dump” sites, where 
accelerated material interact with gas, 
radiation,

• Hadronic or Leptonic?

74 5 Acceleration Mechanisms

Fig. 5.8
Acceleration model for relativistic
jets powered by a black hole or an
active galactic nucleus (the
reactions are only sketched)

assume that the majority of galactic cosmic rays is produced
by shock acceleration where the particles emitted from the
source are possibly further accelerated by the Fermi mecha-
nism of 2nd order. In contrast, it is likely that the extremely
energetic cosmic rays are predominantly accelerated in pul-
sars, binaries, or in jets emitted from black holes or active
galactic nuclei. For shock acceleration in supernova explo-
sions the shape of the energy spectrum of cosmic-ray parti-
cles can be derived from the acceleration mechanism.

Let E0 be the initial energy of a particle and εE0 theshock-acceleration model
energy gain per acceleration cycle. After the first cycle one
gets

E1 = E0 + εE0 = E0(1 + ε) (5.30)

while after the nth cycle (e.g., due to multiple reflection at
shock fronts) one has

Active Galactic Nuclei

Hadronic or Leptonic?



Hadronic Acceleration

SNR IC 443 ’Jellyfish Nebula’ (NH)
Embedded in a molecular cloud

Beam dump site

• Can we identify the source of the high-
energy cosmic-rays?

• Hadronic vs. Leptonic
• Fermi-LAT - Proof for hadronic 

acceleration in IC 443, etc. (point source),
• Potential site for neutrino production.
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Figure S2: The spectral energy distribution of IC 443 with a model in which electron bremsstrahlung
is the dominant radiation process in the gamma-ray band (dashed line and dash-dotted as in Figure
2). In the radio band the dominant radiation process is synchrotron emission. The parameters used
in the calculation for the dashed curve are s1 = 1.72, s2 = 3.2, pbr = 10 GeV c−1, B = 50 µG,
n = 300 cm−3, and We = 5 × 1047 erg (> 1 GeV c−1). The dash-dotted curve indicates the same
model but with an abrupt low-energy break in the electron spectrum at 300 MeVc−1. For comparison
the best-fit pion-decay model is shown as a solid line. The dotted line shows a combined bremsstrahlung
and pion-decay model in whichKep = 0.01 to demonstrate that such a model is consistent with the data.
Radio data are taken from (39)

.

Radio
Synchrotron emission

Fermi-LAT

Inverse Compton 
or 

𝛑0-decay?

IACT



The IceCube Neutrino Observatory
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•IceCube is a cubic-kilometer sized 
detector,

•Located in the ice cap at the South 
Pole, Antarctica,

•Monitors over 1 billion tons of ultra-
clear glacial ice,

•Operates in 4𝝿 mode,

•Detects Cherenkov radiation of 
neutrino induced charged particles 
traversing the ice.

IceTop

In-Ice IceCube

DeepCore

IceCube Lab

5160 optical 
sensors

Burj Khalifa
World’s tallest 

building ~828 m

ct/n
vt

ct/n
vt



Optical Sensor - Digital Optical Module
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SLC HLC

HLC (Hard Local 
Coincidence) hit: two 
(next-to- ) neighboring 
optical sensors both over 
threshold within 1 µs.

•DOM - Digital Optical Module,
•PMT, digitizing electronics, calibration LEDs,
•13 mm pressure-resistant glass sphere,
•25 cm HAMAMATSU PMT,
•Amplification of 107,
•Noise rate ~650 Hz,
•Trigger based on local coincidence.

(a) The IceCube Digital Optical Module (DOM).

Conservative engineering practices dictate that the PMT
photocathode be operated at ground potential with respect to
the DOM MB. With capacitive coupling, the signal droop
limitation would require an impractically large value (!1mF for
a 50O termination). Furthermore, leakage currents in faulty/
degraded high-voltage ceramic capacitors can produce noise
resembling PMT pulses. An analysis of the signal and power
supply loops reveals that, with transformer coupling, HV power
supply noise couples much more weakly into the DOM MB input
than with capacitor coupling.

A wide-band high-voltage pulse transformer satisfies the
engineering requirements. The 30pF of anode to front-end
capacitance reduces the risk of damage to the DOM MB by
discharge in the PMT base because the available energy is small.

The transformer exceeds the pulse rise-time requirements for
short pulses (o8ns FWHM). Good performance depends on
shunting the primary winding with a 100O resistor, which also
provides back-termination for the DOM MB input circuit and
damps ringing in the PMT anode circuit. It is important to note
that long time-constants can be employed in the DOM because
the average pulse rate is very low; otherwise, field build-up in the
core would cause a significant baseline shift.

The time constants of the transformer pass the high-frequency
components of the signals with negligible loss, but lead to a droop
after large amplitude signals. The DOM MB digitizer pedestals are
set at !10% of the maximum scale, to permit the capture of
waveforms with below-baseline excursions.

2.4.2. Analog input amplifiers
The amplifiers for the trigger subsystem tap into the decoupled

PMT signal right at the DOM MB input coax connector. Also from
this input, the signal is passed through a serpentine 75ns delay
line, embedded in a custom printed circuit board made with
superior signal propagation materials. The delayed signal is split
to three separate wide-band amplifiers ("16, "2, and "0.25),
which preserve the PMT analog waveform with only minor
bandwidth losses. Each amplifier sends its output to separate
inputs of the ATWD. The amplifiers have a 100MHz bandwidth,
which is roughly matched to the 300 MSPS ATWD sampling rate.

The circuitry confines the ATWD input signal within a 0 to 3V
range. If the input voltage were below #0.5V, then the ATWD
could be driven into latch-up; an input signal above 3.3V would
drive the ATWD into an operating condition from which it would
recover slowly. Resistor-diode networks protect the inputs of the
amplifiers from spikes, which might be produced by the PMT, or
from static discharge.

2.4.3. ATWD
The ATWD, which is a custom designed ASIC, is the waveform

digitizer for four analog inputs. Its analog memory stores 128
samples for each input until it digitized or discarded. Three
amplified PMT signals provide the input to the first three ATWD
channels. In addition, two 4-channel analog multiplexer chips,
which can be individually selected, are the fourth input channel.
The ATWD is normally quiescent, dissipating little power, and
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Fig. 5. Block diagram of the DOM MB. The triangle with an arrow in the upper left is a comparator with a variable threshold. A photon hits the photomultiplier, which is in
the upper left. This signal from the photomultiplier is delayed and split to the ATWD and PMT ADC. The FPGA controls the readout. Full details of the operation of the
components are described in the text.

R. Abbasi et al. / Nuclear Instruments and Methods in Physics Research A 601 (2009) 294–316 299

(b) A block diagram of the DOM motherboard.

Figure 8: The IceCube DOM and DOM motherboard from [16].
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Cherenkov light 
detected by PMTs
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Muon Neutrino 
Charge Current (CC)

Track

Light Picture - Event Topology

All Neutral Current/
CC Electron Neutrino

Cascade

Charge Current 
Tau Neutrino

Simulated ∼1 PeV

Double-Bang

10
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Light Picture - Event Topology

10 TeV νμ

Showing every 10 000th Cherenkov photon, Time ~ red ➟ purple

100 GeV νμ
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IceCube - Ready for Christmas?

10 ms of simulated events!

Events per year :
• Atmospheric muons ~1011

• Atmospheric neutrinos ~ 105

• Astrophysical neutrinos ~ 10 (diffuse)

(a) The IceCube Digital Optical Module (DOM).

Conservative engineering practices dictate that the PMT
photocathode be operated at ground potential with respect to
the DOM MB. With capacitive coupling, the signal droop
limitation would require an impractically large value (!1mF for
a 50O termination). Furthermore, leakage currents in faulty/
degraded high-voltage ceramic capacitors can produce noise
resembling PMT pulses. An analysis of the signal and power
supply loops reveals that, with transformer coupling, HV power
supply noise couples much more weakly into the DOM MB input
than with capacitor coupling.

A wide-band high-voltage pulse transformer satisfies the
engineering requirements. The 30pF of anode to front-end
capacitance reduces the risk of damage to the DOM MB by
discharge in the PMT base because the available energy is small.

The transformer exceeds the pulse rise-time requirements for
short pulses (o8ns FWHM). Good performance depends on
shunting the primary winding with a 100O resistor, which also
provides back-termination for the DOM MB input circuit and
damps ringing in the PMT anode circuit. It is important to note
that long time-constants can be employed in the DOM because
the average pulse rate is very low; otherwise, field build-up in the
core would cause a significant baseline shift.

The time constants of the transformer pass the high-frequency
components of the signals with negligible loss, but lead to a droop
after large amplitude signals. The DOM MB digitizer pedestals are
set at !10% of the maximum scale, to permit the capture of
waveforms with below-baseline excursions.

2.4.2. Analog input amplifiers
The amplifiers for the trigger subsystem tap into the decoupled

PMT signal right at the DOM MB input coax connector. Also from
this input, the signal is passed through a serpentine 75ns delay
line, embedded in a custom printed circuit board made with
superior signal propagation materials. The delayed signal is split
to three separate wide-band amplifiers ("16, "2, and "0.25),
which preserve the PMT analog waveform with only minor
bandwidth losses. Each amplifier sends its output to separate
inputs of the ATWD. The amplifiers have a 100MHz bandwidth,
which is roughly matched to the 300 MSPS ATWD sampling rate.

The circuitry confines the ATWD input signal within a 0 to 3V
range. If the input voltage were below #0.5V, then the ATWD
could be driven into latch-up; an input signal above 3.3V would
drive the ATWD into an operating condition from which it would
recover slowly. Resistor-diode networks protect the inputs of the
amplifiers from spikes, which might be produced by the PMT, or
from static discharge.

2.4.3. ATWD
The ATWD, which is a custom designed ASIC, is the waveform

digitizer for four analog inputs. Its analog memory stores 128
samples for each input until it digitized or discarded. Three
amplified PMT signals provide the input to the first three ATWD
channels. In addition, two 4-channel analog multiplexer chips,
which can be individually selected, are the fourth input channel.
The ATWD is normally quiescent, dissipating little power, and
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Fig. 5. Block diagram of the DOM MB. The triangle with an arrow in the upper left is a comparator with a variable threshold. A photon hits the photomultiplier, which is in
the upper left. This signal from the photomultiplier is delayed and split to the ATWD and PMT ADC. The FPGA controls the readout. Full details of the operation of the
components are described in the text.

R. Abbasi et al. / Nuclear Instruments and Methods in Physics Research A 601 (2009) 294–316 299

(b) A block diagram of the DOM motherboard.

Figure 8: The IceCube DOM and DOM motherboard from [16].
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Point Source Searches in IceCube
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•Standard point source searches mainly 
sensitive in the Northern Hemisphere,

•Studying clustering of through-going 
events.

•Previous Southern sky starting events 
analyses have focused on energies 
above 100 TeV,

•Many interesting sources in the 
Southern sky, potentially at low-
energies below 100 TeV,

•Using advanced veto techniques, i.e. 
starting events: Point source sensitivity 
down to 100 GeV.

Atmospheric
Shower

Detector

μ

νμ

Atmospheric
Shower

νμ

μ

Astrophysical 
Neutrino



Point Source Searches in IceCube
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– 13 –

Fig. 2.— Muon neutrino upper limits (90% C.L.) evaluated for 38 sources (dots), for the starting

track sample combined with the throughgoing muon sample. The solid black line is the median

90% C.L. upper limit or sensitivity for a point source emitting an unbroken E�2 spectrum. The

sensitivity to E�2 spectra ending (with a sharp cuto↵) at 1PeV and 100TeV are shown in the

black dashed and dash-dotted lines, respectively. The ANTARES upper limits and sensitivities in

two energy ranges are shown in red (Adrián-Mart́ınez et al. 2012).

Upper limits exist also for the
Northern sky

Absorption

Northern skySouthern sky

•High sensitivity at the Northern sky,
•But absorption at high energy,

•Very high atmospheric background 
in the Southern sky,

•At high energy, background is low.
•What can we do for even lower 

energies in the Southern sky?



LESE Analysis 
LESE = Low-Energy Starting Events

•Southern Hemisphere point source analysis,
•Focus on ”low-energies” 100 GeV - few TeV,
•Background of atmospheric muons ’leaking in’ 

mimicking starting events,
• Idea: using part of IceCube as a veto,
• I.e. identify starting events,
•Leads to a pure starting events sample,
•Search for clustering of events,
•Using 1 year of data from the completed 86-

string configuration.

Low-Energy Searches
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Simulated signal event distributions in final event samples:
(horizontal line in boxes ~90% energy containment)
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Low-Energy Searches
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Low-Energy Starting Events Sample

Eν



•Reject as much background as possible,
•Keep low-energy events
•”Good” pointing:  ~ 1°-2°
•Event selection optimized for :

•Rate(final)/Rate(trigger) < 1e-7 
•Starting signal retention ∼ 2-8 % (compared to 

filter)
•Angular Uncertainty (@final): 1.4° - 1.7°

• Result: 

• Rate(final)/Rate(trigger) < 1e-7  

• Starting signal retention ∼ 2-8 % (compared to 
filter)

•Angular Uncertainty (@final): 1.4° - 1.7°

Veto-Based Event Selection

Level 1
Trigger

Level 2
FSS Filter

Level 3
Quality Cuts

Level 4
Reconstruction Quality

Level 5
Advanced Vetoes

Level 6
Machine Learning

Level 7
Adv. Reconstructions

LE
SE

 E
ve

nt 
Se

lec
tio

n
Point Source

Likelihood

~6 billion events
(~190 Hz)

6191 events
(~0.2 mHz)

~80 billion events
(~2 500 Hz)

~80 billion events
(~2500 Hz)

~6 billion events
(~190 Hz)

6191 events
(~0.2 mHz)
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•Study causality of SLC hits in outer layers relative 
to first HLC (reference) in the fiducial volume. 

•Are the hits consistent with particle traveling 
with speed of light through the detector?

•Causality is studied for all pulses in the veto 
regions: top and side.

Causality Veto - Level 6

19

Hits of a muon 
entering the detector

Early hits Late hits

Hits of a muon 
leaving the detector

µ

νµ
Top veto

Side veto



Causality Veto - Level 6
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Hits of a muon 
entering the detector

Early hits Late hits

Hits of a muon 
leaving the detector

Exp. data

Signal

•Study causality of SLC hits in outer layers relative 
to first HLC (reference) in the fiducial volume. 

•Are the hits consistent with particle traveling 
with speed of light through the detector?

•Causality is studied for all pulses in the veto 
regions: top and side.
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Southern Hemisphere - Horizontal Events
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•Boosted Decision Trees + Random Forest,
•Input: 14 variables with good separation,
•Atmospheric neutrinos @ event scores > 0.5 (horizontal events)



Search for Clustering of Neutrino Candidate Events
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Test Statistics:

Best fit:

Wilks’ theorem: 𝜒2 with 2 d.o.f. as 
sample approaches ∞

Spatial Calorimetric Spatial Calorimetric

• Unbinned maximum likelihood analysis using 3 observables:   
Angular reconstruction, Angular uncertainty estimate, Energy proxy

• Point Source Likelihood:

Signal Background



Likelihood Analysis - Spatial

Spatial - Background

23

Spatial - Signal
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• P-values are calculated for each declination 
using a fit to the test statistic distribution 
of the null hypothesis trials.



Searches:
• Southern sky scan

• Scan on a HEALPIX grid
• Report hottest spot (best p-value)

• Source scan
• Scan known sources of gamma-rays
• Report hottest source (best p-value)

26

Search for Clustering of Neutrino Candidate Events

HEALPIX Grid



Hottest spot:
• R.A. 305.2°, Dec. -8.5° (best-fit nS = 18.3, 𝛾 = 3.5), 
• pre-trial p-value 1.6e-4 (-log10 → 3.79),
• post-trial p-value 88%

Results - Southern Sky Scan
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Source list definition (total of 
96 sources): 
• All 84 Southern sky TeVCat 

sources in the stable catalogs  
’Default Catalog’ and ’Newly 
Announced’,

• 12 additional source 
traditionally investigated by 
IceCube,

• Known gamma-ray emitting 
sources as observed by ground-
based experiments such as 
VERITAS, MAGIC, and HESS. 

Source List of Known Gamma-Ray Emitters
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Southern Hemisphere

• Hottest source:
• LESE: QSO 2022-077 (FSRQ) (Dec: -7.6°, RA: 306.5°) (best-fit nS = 17.3, 𝛾 = 3.5),
• pre-trial p-value 2.5e-3 (-log10 → 2.61),
• post-trial p-value 14.8%
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Results - Source List
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• Neutrinos are an important piece in the multi-
messenger puzzle, AND a unique probe to extremely 
dense astrophysical objects, AND only probe from far 
away at high energies.

• I developed an event selection that for the first time 
with IceCube enables searches in the Southern sky at 
energies as low as 100 GeV (standard IceCube search: 
above 100 TeV),

• Event selection relies on veto techniques, 
• Searching for a clustering of starting events,
• No evidence for localized neutrino sources found yet 

(Southern sky search + a prior list),
• Results compatible with background fluctuations,
• Put limits on a number of sources.

• Improvement with a factor of 3-4 adding 4 more 
years.

Conclusions & Summary
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OUTLOOK: 
• TIME-DEPENDENT SEARCHES, 
• GALACTIC PLANE, 
• EXTENDED SOURCE SEARCHES.
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Point Source Sensitivity
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