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A little about me

• Research scientist at the University of Maryland

• Active in neutrino and particle-astrophysics 
experiments my entire career

• Super-Kamiokande - Japan

• Milagro - New Mexico

• IceCube Neutrino Observatory - 
South Pole

• Deep Underground Neutrino Experiment
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What is a neutrino?

• Proposed by Wolfgang Pauli in 1930 to save 
energy conservation in beta-decay

• Name neutrino (“little neutral one”)  by 
Enrico Fermi 

• 1934 Theory of beta decay

http://t2k-experiment.org/
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• Standard Model very 
successful in describing 
particle interactions

• Neutrinos produced and 
interact via the Weak force

• But we know it is not the 
complete picture.

• Neutrino masses and 
mixing

• Matter-antimatter 
asymmetry
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• Neutrinos have mass

• Quantum mechanics

• Flavor of neutrino 
changes as neutrino 
propagates from source

• Long baseline neutrino 
experiments

• Astrophysical neutrinos 
are fully oscillated

2.2 Neutrino Three-Flavor Mixing, CP Violation and the Mass Hierarchy 21

Results from the last decade, indicating that the three known types of neutrinos have nonzero
mass, mix with one another and oscillate between generations, imply physics beyond the
Standard Model [42]. Each of the three flavors of neutrinos, ‹e, ‹µ and ‹· (Figure 2.1),
is known to be a different mix of three mass eigenstates ‹1, ‹2 and ‹3 (Figure 2.2). In the
Standard Model, the simple Higgs mechanism, which has now been confirmed by the obser-
vation of the Higgs boson [43,44], is responsible for both quark and lepton masses, mixing
and charge-parity (CP) violation (the mechanism responsible for matter-antimatter asym-
metries). However, the small size of neutrino masses and their relatively large mixing bears
little resemblance to quark masses and mixing, suggesting that different physics — and pos-
sibly different mass scales — in the two sectors may be present, and motivating precision
study of mixing and CP violation in the lepton sector.
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Figure 2.2: The neutrino mass eigenstate components of the known flavor eigenstates.

Neutrino oscillation arises from mixing between the flavor and mass eigenstates of neutrinos, corre-
sponding to the weak and gravitational interactions, respectively. This three-flavor-mixing scenario
can be described by a rotation between the weak-interaction eigenstate basis (‹e, ‹µ, ‹· ) and the
basis of states of definite mass (‹1, ‹2, ‹3). In direct correspondence with mixing in the quark sec-
tor, the transformations between basis states is expressed in the form of a complex unitary matrix,
known as the PMNS matrix :
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The Long-Baseline Neutrino Experiment
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In the years 1911-1912, 
Austrian physicist Victor 
Hess made a series of 
balloon flights with an 
electroscope on board, 
expecting that radiation 
levels would decrease 
with altitude.  The rate 
increased with altitude. 

Source was not the 
Earth’s radioactivity but 
particles from space.

Victor Hess and 
Cosmic Rays
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Pierre Auger and  
extensive air showers

1938:  Pierre Auger noticed that two 
particle detectors placed high in the Alps 
many meters apart registered hits at the 
same time. He had discovered extensive 
air showers with a parent particle energy 
of 1015 eV.
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http://www.physics.utah.edu/

 8



http://www.physics.utah.edu/

A 100 year old mystery: 

◇ The source locations 
and acceleration 

mechanisms 

◇ The composition (iron, 
vs. protons) 

◇ Where the transition is 
from galactic to extra 

galactic
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Why neutrinos?

Accelerated electrons can produce gamma rays, but 
neutrinos are a unique signature and probe of   

Cosmic Ray (proton/ion) acceleration.  9



Why use neutrinos?

Katz
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?

opticalmicrowave X-rays gamma-rays  neutrinos       cosmic rays

terra incognita: 
only revealed by 

neutrinos 
  
 

Gravitational waves - ripples in space-time

Multi-Messenger Astronomy

20% of the Universe is opaque to the EM spectrum  11



IceCube uses neutrinos as a cosmic messenger
To understand the high-energy Universe and

Find the sources of the highest energy cosmic rays

The IceCube  Laboratory at South Pole

IceCube Neutrino Observatory
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Neutrino Detection  Footprints of a ghost…

Weak interactions: small chance of 
interacting. 

Most neutrinos will travel through the 
Earth unperturbed!

neutron

proton

time

Charged, relativistic lepton emerges 
and creates unique patterns of light.

Recoiling nucleus 
creates a particle 

shower and 
detectable Cherenkov 

light.

Incoming neutrino.
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Cherenkov radiation
• These relativistic leptons produce optical light in our 

detector

• Cherenkov light emitted by charged particles moving 
faster than the speed of light in the medium….

• Similar to a sonic boom but with light 

• These particles leave distinct tracks in our detector
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Cherenkov radiation
• These relativistic leptons produce optical light in our 

detector

• Cherenkov light emitted by charged particles moving 
faster than the speed of light in the medium….

• Similar to a sonic boom but with light 

• These particles leave distinct tracks in our detector

Advanced Test Reactor - Idaho National Lab 14



Digital optical modules 
(phototubes and data 

acquisition)  

Clear ice serves as both a 
target medium and a 
Cherenkov radiator

Cable for power, 
communication 

and support

νµ

µ
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1 km3 of natural clear (ice) radiator! 
! The South Pole glacial icecap

NSF McMurdo Station

NSF South Pole 
Station
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Completed and taking data since Dec 2010 17



~98% of DOMs still returning 
high quality data in 2019

The IceCube Digital Optical
Module (DOM)
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~98% of DOMs still returning 
high quality data in 2019

The IceCube Digital Optical
Module (DOM)
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125 m

27

IceCube at South Pole
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IceCube construction - Seasonal drill camp 20
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Drilling and deployment

~3 days to drill and deploy a string of DOMs
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“One in a billion”
• IceCube is the largest physics experiment every built

• We have a large and multiple background signals

• Collect ~2,800 events per second collected                      
~100 billion events (350 TB/yr)

• Mostly down-going muons from air showers

• “Background neutrinos” = ~100,000/year

• Neutrinos from extensive air showers

• “Signal neutrinos” = ~100s /year

• Neutrinos from astrophysical sources

• Lots of effort required to find our signal neutrinos. 

• Astrophysical sources produce higher energy neutrinos

• Astrophysical sources don’t arrive from random directions
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Neutrinos are detected by looking for Cherenkov radiation from 
secondary particles (muons, particle showers)

The IceCube Neutrino Observatory

time delay 
vs. direct light

“on time” delayed

!24



Neutrinos are detected by looking for Cherenkov radiation from 
secondary particles (muons, particle showers)

The IceCube Neutrino Observatory

time delay 
vs. direct light

“on time” delayed

!24



IceCube Events

 25



 26



total energy measurement 
 all flavors, all sky

Isolated neutrinos interacting  
inside the detector 

Up-going muon-neutrino tracks 

astronomy: angular resolution 
superior (<0.5o)
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Isolated starting events
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The PeV Scale

feet
meters

2000
600

~600m
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• 7.5 years of exposure


• Updated calibrations and modeled ice properties


• Small changes to RA, Dec, energy


• 103 events, with 60 events >60 TeV 
	 	 Changes to RA, Dec, energy
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High-Energy  
Starting Events

Phys. Rev. Lett. 113, (2014) 101101

Updated: Neutrino 2018

(down going)

(up going)



Up-going neutrino tracks 
~ 550 cosmic neutrinos in a background of ~340,000 atmospheric neutrinos
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The Highest Energy Neutrino Event Ever 
Observed

 32



2.6+/-0.3 PeV deposited 
inside the detector! 

The event is not contained 
thus: 
• It did not appear in the 

starting event analysis 
• Much of the energy was 

most likely deposited 
outside the instrumented 
volume 

Potentially a ~10 PeV neutrino

The Highest Energy Neutrino Event Ever 
Observed
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High-Energy  
Starting Events  

Spectrum
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High-Energy  
Starting Events  

Spectrum
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5.9 PeV shower 
event

Potential hadronic nature of this event is being investigated

Work in progress

Event identified in a partially-contained PeV 
search (PEPE)

Deposited energy: 5.9±0.18 PeV (stat only)

ICRC 2017 arXiv:1710.01191

Resonance: Eν = 6.3 PeV 
Typical visible energy is 93%



First Light for Astrophysical neutrinos

• Strong evidence we are 
seeing astrophysical 
neutrinos

• Many questions remain

• What are their sources?

• Are they generated in 
cosmic ray accelerators? 
Other exotic phenomena?

• Data is less clear here…
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Where do they come from?

Appear relatively uniform in direction.
 36



Where do they come from?

Appear relatively uniform in direction.
 36

7 yr point source search



Other potential sources?

Scientific American, Dec ‘02

Gamma ray bursts?Active Galactic Nuclei?

Urry and Padovani (1995)

Known catalogs of these objects can not
explain the observed flux levels.
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Mysteries still remain

• No clear point(s) in the sky seen as a source

• All appear Isotropic

• How is this possible?

• Many sources, maybe transient phenomena?

• How to resolve this?

• Work more closely with other astronomical 
observatories

• Trigger followup observations

• Build large neutrino telescopes.

 38



Source Searches 
Multi-messenger 

alerts

Realtime alerts from IceCube 

Issued immediately upon the detection of an 
astrophysical neutrino candidate

• Select well reconstructed track-like events

• Since April 2016

• ~8 alerts per year

• Latency from detection to alert typically less 

than 1 minute

• Rapid northern hemisphere follow-up program 

after each alert


Alerts usually receive wide followup across the

electromagnetic spectrum


First public ν Alert: IceCube-160427

Alert followup from IceCube 

IceCube has broad followup program in 
place to respond to community alerts

• Followup ATel/GCNs, focusing on high-

energy transient sources

• Realtime searches for neutrinos from GW 

candidates

• Rapid public notification in the event of 

detection

•

Extensive real-time and offline follow up: 
PTF, ZTF, HAWC, VERITAS, MAGIC, HESS, 

Fermi LAT, Fermi GBM, Swift, …
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 Multi-messenger 
alerts: TXS 0506+056

TITLE:   GCN CIRCULAR 
NUMBER:  21916 
SUBJECT: IceCube-170922A - IceCube observation of a 
high-energy neutrino candidate event 
DATE:    17/09/23 01:09:26 GMT 
FROM:    Erik Blaufuss at U. Maryland/IceCube  <blaufuss@icecube.umd.edu> 

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of  
Maryland) report on behalf of the IceCube Collaboration (http://
icecube.wisc.edu/). 

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a 
high probability of being of astrophysical origin. The event was identified by 
the  Extremely High Energy (EHE) track event selection. The IceCube detector 
was in a normal operating state. EHE events typically have a neutrino 
interaction vertex that is outside the detector, produce a muon that traverses 
the detector volume, and have a high light level (a proxy for energy). 

On September 22, 2017, IceCube issued a 
neutrino alert:

• A muon neutrino track event created by a 

~290 TeV neutrino (IceCube-170922A)

• Found to be spatially coincident with a known 

blazar (TXS 0506+056) that was in a flaring 
state


• Blazar was also detected by the MAGIC air-
Cherenkov telescope in the days after the 
alert, with γ-rays up to 400 GeV.


• This launched a very active multi-messenger 
follow-up campaign that included 
observations from radio to γ-rays.


Recently published in Science: 
IceCube Coll. et al., Science 361 (2018)
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 Multi-messenger 
alerts: TXS 0506+056

Neutrino direction was well reconstructed

• Uncertainty of less than 1 sq. deg at 90% CL

• Positionally consistent with blazar TXS 0506+056

• ~290 TeV estimated neutrino energy

side view
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More than 2000 known
Blazars from Fermi catalogs

Just be chance?  Unlikely
probability of chance overlap

is < 0.2%
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More than 2000 known
Blazars from Fermi catalogs

Just be chance?  Unlikely
probability of chance overlap

is < 0.2%

n-g Correlation Analysis

2D Gaussian from n ang resol.
from light curve𝜃-dependent acceptance

no correlation vs correlation → 4.1𝜎→ Corrections for all 10 alerts issued 
previously and the 41 archival events

① flux variability

𝑊𝑡𝑒𝑚𝑝𝑟𝑎𝑙 ∝
𝐼𝛾 𝑡

< 𝐼𝛾 𝑡 >
② energy flux

𝑊𝑡𝑒𝑚𝑝𝑟𝑎𝑙 ∝  
1𝐺𝑒𝑉

100𝐺𝑒𝑉
𝐸𝛾
𝑑𝐼𝛾 𝑡
𝑑𝐸𝛾

𝑑𝐸𝛾

IceCube 170922A

9 years

6 times brighter than the baseline 
Fermi-LAT:  >1GeV light curve
4-week bin (9.2 years)

Both cases:

2017 April

41

• 𝑃𝑆 = 𝑃𝑠𝑝𝑎𝑡𝑖𝑎𝑙  𝑥 ∙ Wenergy Ereco, sin 𝜃 ∙𝑊𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑡

• 𝐿 =  𝑖𝑁
𝑛𝑠
𝑁
𝑃𝑆 +

𝑛𝑏
𝑁
𝑃𝐵 → 𝑇𝑆(𝑁 = 1) ∝ log 𝑃𝑆

𝑃𝐵

→ ≈3σ



 IceCube point 
source search:     
TXS 0506+056

Based on the neutrino alert - flaring blazar 
correlation, IceCube performed a search for 
evidence of a neutrino flux from TXS 0506+056 in 
archival point source data samples

• Is it a constant neutrino source?

• Does is exhibit time dependent emission?

• Apply standard unbinned likelihood analysis


Evidence of time-dependent emissions is 
observed:

• September 2014 - March 2015


• Independent of, and prior to neutrino alert

• 3.5σ excess over expected background


• Background only rejected at < 0.05% 

• 13 ± 5 events over background

Recently published in Science: 
IceCube Coll. Science 361 (2018) 147
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 IceCube point 
source search:     
TXS 0506+056
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 Multi-messenger 
source: TXS 0506+056

Two analyses provide evidence that TXS 0506+056 is the first of the   
long-sought sources of astrophysical neutrinos.


When both results are considered together, this provides evidence that 
blazars, especially TXS 0506+056, is a site of high-energy cosmic ray 
acceleration, and blazars are a potential source of a sizable fraction of 
the IceCube diffuse neutrino flux.


Many question still remain:

• Why TXS 0506+056?

• A distant (4 Bly) and very luminous blazar

• Why not closer blazars?


• What other objects are out there like TXS 0506+056?

• Ongoing investigations with partners to resolve

• Continued alerts


• What about the highest energy cosmic rays?

• O(10 PeV) cosmic rays explain neutrinos and a gamma-rays
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Multi-messenger Astronomy! 
Gravity waves, Gamma-rays, Neutrinos
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Future prospects

Near Term

• Add 7 strings with > 800 advanced DOMs

• Advanced calibration devices

• Improved measurement of neutrino oscillations

• Improved angular resolution for neutrino 

astronomy

Long Term

• ~8-10 larger volume than IceCube

• Larger samples of astrophysical neutrinos

• Radio neutrino detection and air shower 

detection/veto all under consideration

IceCube Gen2

NSF funding secured, 2022-23 deployment !46

IceCube Upgrade



New instrumentation
• Several new optical sensors 

planned for Upgrade


• pDOM - refurbished DOMs


• mDOM - 24 x 3” PMTs


• DEgg - 2 x 8” PMTs


• New electronic designs


• New Calibration devices


• Built-in Flashers


• Dedicated light sources

 47

Advertisement

• Travel supports available for >1month stay in 
Japan for production and testing in 2019 and 
2020 for graduate students and postdocs

• Need to apply before 2019 March for stay 
between April 2019 and March 2020

27

-

Institute for Nuclear Physics

Alexander Kappes

mDOM Design

IceCube Collaboration Meeting 
Stockholm, 22.—28. Sep. 2018

▪ Self-calibrated, isotropic, nanosecond light pulses in
detector medium

➢ Improvement of optical medium systematics and
individual sensor calibration

➢ Verification of detector energy scale

▪ Variable intensity, pulse length and wavelength for
absorption and scattering studies

➢ Local optical medium properties at different wave-
bands

➢ Hole ice studies (M. Rongen)

▪ Current version (v1) was iterated for the STRAW
experiment

POCAM Motivation

26.09.2018 5Plots Top Right: J. Veenkamp M.Sc. Thesis (2016), Bottom Right: M. Rongen



Upgrade Physics Goals
• Improved understanding of glacial 

optical properties


• Far from statistical limits on 
angular resolution at high energies


• O(0.1) deg for tracks and O(3) 
deg for showers


• Cleaner identification of Tau 
events


• Ice is stable:  Able to reprocess 
decade of neutrinos with better 
understanding

!48
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IceCube Gen2
• Looking forward, to get larger and better samples of 

astrophysical neutrinos, a larger detector is needed


• Envision a wide-band neutrino observatory


• 8-10 x larger optical Cherenkov detector


• Neutrino astronomy and multi-messenger 
astrophysics


• Additional strings in densely instrumented region of 
DeepCore


• Probe neutrino mass hierarchy


• Askaryan radio detector array


• Probe neutrinos beyond EeV energies


• Surface particle detector


• Detailed cosmic ray spectrum and composition 
measurements and veto capabilities

!49



| IceCube Upgrade and Gen2 | Marek Kowalski | NOW 2018 "5

Sensitivity to point sources
Example: TXS0506+056-like source observed with Gen2

• Order of magnitude increase of # TXS0506+056-like flares observable with Gen2

Searches with Gen2

!50

PoS(ICRC2017)991

IceCube-Gen2 sensitivity studies J. van Santen

Figure 4: Measurement of a muon-damping break at 1 PeV with IceCube-Gen2. The left panels show the
constraints on the flavor ratio at Earth below and above 1 PeV, respectively. The points show the expected
ratios at Earth from muon-damped pion decay ([ne : nµ : nt ]source = 0 : 1 : 0) and complete pion decay (1:2:0).
The dotted contours give the 68% CL allowed region, while the solid lines correspond to 90% CL. The error
bars in the right panel show the 68% CL constraints on the muon-neutrino fraction at the source assuming
standard oscillations over long baselines [20], while the line shows the injected flavor composition at the
source.

Figure 5: Integrated sensitivity for an E
�2 flux

from a single source after 15 years of IceCube
operation followed by 15 years of IceCube-Gen2.
The sensitivity and trials-corrected upper limit of
the all-sky point source search with 7 years of Ice-
Cube data [6] are shown for comparison. The dis-
covery potential is typically 2.5 times larger than
the sensitivity. The surface veto improves both dis-
covery potential and sensitivity by a factor & 3 for
sind .�0.5.

2.4 Point sources

While the quasi-diffuse astrophysical neutrino flux has been observed, its sources have re-
mained too faint to detect. The significantly larger instrumented area of IceCube-Gen2 will, how-
ever, allow sensitivity to fluxes from individual sources that are fainter than current limits.

Figure 5 shows integrated sensitivities and discovery potentials to an E
�2 flux from a single

source, using only through-going track events Neutrino absorption in the Earth reduces the sensi-
tivity towards the North Pole. In the Southern sky, overall sensitivity is reduced due to the energy
threshold imposed by the surface veto and the limited target mass for neutrino interactions between
the surface and the detector. Like IceCube, IceCube-Gen2’s best sensitivity is at the local hori-
zon (d = 0), where the projected density of the instrumentation and the range of neutrino-induced
muons is greatest.

3. Outlook: improved sensor designs

The performance estimates shown above were obtained with the PINGU DOM (PDOM) [21],
an updated version of the IceCube DOM that uses the same 10-inch, high-quantum-efficiency PMT

6

PoS (ICRC 2017) 991

After 15 years of Gen2…
Order of magnitude increase in observing 

 neutrino flares like TXS0506+056



Life in Antarctica
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Thank you!
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IceCube at the South Pole

Dark sector

IceCube

Skiway

South Pole 
Station

Geographic
South Pole
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Large radius

Large magnetic field
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Hillas 
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The “Real” DOM
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Flash Flash
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Figure 3.9: Block diagram of the DOM mainboard. The PMT, FADC and
ATWDs, CPU and FPGA, 20 MHz clock, flasher board, and supporting elec-
tronics are shown. Figure from [74].

The three data-taking channels on the ATWD have decreasing gains of 16, 2 and

0.25. When a readout is performed, all saturated channels and the highest-gain

non-saturated channel are recorded. A fourth channel on the ATWD can receive

various calibration signals.

Each DOM sends data to the data acquisition system at the surface any

time the FADC detects a signal above 0.25 PE. This is referred to as a launch.

To reduce the noise data rate and the ATWD dead time, full FADC and ATWD

waveforms are only recorded if one of the launching DOM’s four nearest neighbors

also has a launch within 1 µs. This condition, observed locally using inter-DOM

communication, is referred to as Hard Local Coincidence (HLC). When a DOM

launches but HLC does not occur, it is referred to as Soft Local Coincidence

(SLC). In this case, the DOM sends only the three FADC samples corresponding

to the highest amplitude 75 ns of the waveform.
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A complicated digitizer, calibration system
and control computer on a large network 68
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http://www.dunescience.org/ 70



Drilling and deployment

 71


