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Production of High-Energy (HE) Neutrinos

p+ p ! ⇡± + · · ·

p+ � ! ⇡± + · · ·

⇡+ ! µ+ + ⌫µ, µ+ ! e+ + ⌫e + ⌫̄µ

⇡� ! µ� + ⌫̄µ, µ� ! e� + ⌫̄e + ⌫µ

n ! p+ e� + ⌫̄e

need HE protons!
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Flavor Evolution of AD Neutrinos

No Evolution (NE)

Adiabatic Evolution with Normal Mass Hierarchy (NH)

Adiabatic Evolution with Inverted Mass Hierarchy (IH)

Exotic Evolution (EE)
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Effects on Source Spectra and Flavor Composition
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particles produced when neutrinos interact with nuclei inside or near the detector (11). After a two-
decade-long effort, building the Deep Underwater Muon and Neutrino Detector (DUMAND) in
the sea off the main island of Hawaii unfortunately failed (12). However, DUMAND pioneered
many of the detector technologies in use today and inspired the deployment of a smaller instrument
in Lake Baikal (13), as well as efforts to commission neutrino telescopes in the Mediterranean
(14–16). These have paved the way toward the planned construction of KM3NeT (16).

The first telescope on the scale envisaged by the DUMAND Collaboration was realized instead
by transforming a large volume of deep Antarctic ice into a particle detector, the Antarctic Muon
and Neutrino Detector Array (AMANDA). In operation from 2000 to 2009 (17), AMANDA
represented the proof of concept for the kilometer-scale neutrino observatory IceCube (18, 19),
completed in 2010 (Figure 1). We write this review at the critical time when IceCube data taken
with the completed detector have revealed the first evidence for a flux of high-energy neutrinos
reaching us from beyond the solar system (20).

IceCube array
86 strings including 8 DeepCore strings
5,160 optical sensors

DeepCore
8 strings, spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m 

IceTop 
81 stations
324 optical sensors

AMANDA II array
(precursor to IceCube)

50 m

1,450 m

2,450 m

2,820 m

IceCube Lab

Bedrock

Figure 1
Artist’s drawing of IceCube at the National Science Foundation’s Amundsen–Scott South Pole Station. The former AMANDA
detector is shown in blue and the DeepCore subarray in green.
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⌫µ +A ! µ� +A0 + · · ·

⌫e +A ! e� +A0 + · · ·
⌫⌧ +A ! ⌧� +A0 + · · ·

⌫ +A ! ⌫0 +A0 + · · ·
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a b

Figure 4
(a) A neutrino-induced muon from below the horizon crossing the detector (59). (b) A cascade event starting
in the detector (58). The colors of the dots indicate arrival time, from early (red ) to late ( purple), following
the rainbow. The sizes of the dots indicate the number of photons detected.

muons produced by interactions of cosmic rays in the atmosphere above. The ratio of neutrino-
induced signal to atmospheric background is on the order of one per million. The neutrino rate is
dominated by atmospheric neutrinos produced around the globe. The first challenge is to select a
sufficiently pure sample of neutrinos, and the second is to identify the small fraction of astrophysical
neutrinos.

Neutrino events may be broadly classified into two groups, tracks and cascades, which reflect
the patterns of Cherenkov light emitted by the charged particles produced when the neutrinos in-
teract. Tracks are produced by charged-current interactions of νµs, whereas cascades are produced
by charged-current interactions of νe s and ντ s and neutral-current interactions of all neutrino fla-
vors. Figure 4 shows high-energy examples of each, discussed in Section 5 below. The νµ-induced
muons typically travel several kilometers, whereas the characteristic length scale for the electro-
magnetic showers that dominate the cascade events is tens of meters. A complementary way to
classify neutrino events is to distinguish events that start inside the detector from those in which
the neutrino interacts outside the detector. The largest neutrino sample consists of νµ-induced
muons entering the detector from zenith angles too large to be atmospheric muons (θ ≥ 85◦).
The rate of such events in the full IceCube detector is ∼100 per day or more, depending on how
the threshold for the analysis is set. The mean energy of this sample, dominated by atmospheric
neutrinos, is ∼1 TeV, of which only a fraction is deposited in the detector.

The starting event sample includes both tracklike and cascade events. At 2 PeV, the mean
decay length of a τ lepton is comparable to the 125-m spacing between the strings of IceCube.
Somewhere in the PeV range it should be possible to identify a ντ by its characteristic double-bang
signature (45). Such an event has not yet been identified. For Eν < 1 PeV, the interaction of a ντ

in IceCube will look much like that of a νe .
Reconstruction of events depends on accurate timing (<3 ns) and on the ability to measure the

amount of Cherenkov light generated along the tracks of charged particles produced by the neu-
trino interactions. Basically, the arrival time of photons at the DOMs determines the trajectory,
and the amount of light is a proxy for the deposited energy. The number of photons produced per
unit path length and their distribution in wavelength are well-known quantities (46, section 30.7).
An understanding of the properties of the ice (47) is crucial to relate light generated to light
observed in the DOM as a function of distance and orientation relative to the emission point.
Reconstruction of tracks in ice has been well studied (48). For typical kilometer tracks, the
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Science 2013



Neutrino Mixing in Vacuum

Neutrino Flavor Evolution in Matter

normal mass hierarchy inverted mass hierarchy

U�i = h⌫� |⌫ii, Ū�i = h⌫̄� |⌫̄ii



In the pre-shock and post-shock reference frames

I (a) Observer’s frame, (b) reference frame of shock,
(c) upstream frame, (d) downstream frame

I When crossing the shock from either side, the particle sees
plasma moving toward it at a velocity of V ⌘ 3

4U

first order Fermi Acceleration





Murase & Ioka 2013

Low-Power GRBs



Accretion Disk & Jets in Collapsars
MacFadyen & Woosley 1999


