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Cosmic Rays

The production of 
cosmic rays should also 
lead to the production 
of gamma-rays and 
neutrinos.

J. Beatty and S. Westerhoff, Ann. Rev. Nucl. Par. Sci. 59 (2009)
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Figure 1
Overview of the cosmic ray spectrum. Approximate energies of the breaks in the spectrum commonly
referred to as the knee and the ankle are indicated by arrows. Data are from LEAP (4), Proton (5), AKENO
(6), KASCADE (7), Auger surface detector (SD) (8), Auger hybrid (9), AGASA (10), HiRes-I monocular
(11), and HiRes-II monocular (11). Scaling of LEAP proton-only data to the all-particle spectrum follows
(12).
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Messenger Particles
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• Cosmic Rays are 
charged, and so don’t 
travel in straight paths

• Gamma Rays have 
straight paths, but can be 
easily attenuated

• Neutrinos have straight 
paths and pass through 
nearly everything

Source

Matter
(and radiation)

Magnetic
Fields

Image courtesy NASA Johnson Space Center
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Air Showers

• Many high energy 
neutrinos come from 
our own atmosphere

• Muons are produced at 
the same time

• These form a 
background when one 
tries to study 
astrophysical neutrinos 
(or gamma rays)
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Figure 2. The Atmospheric- 
Neutrino Source
Collisions between cosmic rays and 
nuclei in the upper atmosphere can 
create high-energy pions (⇤). In the 
collision shown on the right, a ⇤�, ⇤ 0,
and other heavy particles (the hadronic
shower) are created. The ⇤ 0 decays
and produces gamma rays and leptons
the electromagnetic shower) but no

neutrinos. The ⇤� produces two muon
neutrinos (blue) and an electron 
neutrino (red). The collision shown on
he left produces a ⇤⇥, leading to the

production of two muon neutrinos and
an electron antineutrino. 

(The neutrino interaction cross sections, and hence the neutrino detection probability,
increases dramatically with energy.) Depending on the energy of the incident cosmic
ray and how its energy is shared among the fragments of the initial reaction, neutrino
energies can range from hundreds of millions of electron volts to about 
100 giga-electron-volts (GeV). (In comparison, the highest-energy solar neutrino
comes from the 8B reaction, with a maximum energy of about 15 MeV.) 

Muon neutrinos produce muons in the detector, and electron neutrinos produce
electrons, so that the detector signals can be analyzed to distinguish muon events
from electron events. Because the sensitivity of the detectors to electrons and muons
varies over the observed energy range, the experiments depend on a Monte Carlo
simulation to determine the relative detection efficiencies. Experimental results, 
therefore, are reported as a “ratio of ratios”—the ratio of observed muon neutrino to
electron neutrino events divided by the ratio of muon neutrino to electron neutrino
events as derived from a simulation:

R = 

If the measured results agree with the theoretical predictions, R = 1.
A recent summary of the experimental data is given by Gaisser and Goodman

(1994) and shown in Table II. For most of the experiments, R is significantly less
than 1: the mean value is about 0.65. (In the table, the Kamiokande and IMB III 
experiments identify muons in two ways. The first involves identification of the
Cerenkov ring, which is significantly different for electrons and muons. The second
involves searching for the energetic electron that is the signature for muons that have
stopped in the water detector and decayed. A consistent value of R is obtained using
either method.) Despite lingering questions concerning the simulations and some 
systematic effects, the experimenters and many other physicists believe that the 
observed values for R are suppressed by about 35 percent.

The Kamiokande group has also reported what is known as a zenith-angle depen-
dence to the apparent atmospheric-neutrino deficit. Restricting the data to neutrinos
that come from directly over the detector (a zenith angle of 0 degrees and a distance of
about 30 kilometers) yields R < 1.3 (that is, more muon to electron neutrino events are
observed than predicted by theory). Neutrinos that are born closer to the horizon (a
zenith angle of 90 degrees) and have to travel a greater distance to reach the detector
result in R < 0.5. Finally, neutrinos that have to travel through the earth to reach the
detector (roughly 12,000 kilometers) result in an even lower value for R. The apparent

(⇧⌅ ⇧e) observed
��
(⇧⌅ ⇧e) simulation

Table II. Results from the Atmospheric Neutrino Experiments

Experiment Exposure R
(kiloton-year)

IMB I 3.8 0.68 ⌃ 0.08
Kamiokande Ring 7.7 0.60 ⌃ 0.06
Kamiokande Decay – 0.69 ⌃ 0.06
IMB III Ring 7.7 0.54 ⌃ 0.05
IMB III Decay – 0.64 ⌃ 0.07
Frejus Contained 2.0 0.87 ⌃ 0.13
Soudan 1.0 0.64 ⌃ 0.19
NUSEX 0.5 0.99 ⌃ 0.29

.

The result of the Kamiokande experiment will be tested in the near future by
super-Kamiokande, which will have significantly better statistical precision. Also,
the neutrino oscillation hypothesis and the MSW solution will be tested by the
Sudbury Neutrino Observatory (SNO) experiment, which will measure both
charged- and neutral-current solar-neutrino interactions.

Evidence from Atmospheric Neutrinos. Upon reaching the earth, high-energy
cosmic rays collide violently with nuclei present in the rarefied gas of the earth’s
upper atmosphere. As a result, a large number of pions—⇤⇥, ⇤0, and ⇤�—are
produced (see Figure 2). These particles eventually decay into either electrons or
positrons and various types of neutrinos and antineutrinos. (A large number of
kaons are also produced by cosmic rays in the upper atmosphere, and these 
particles also eventually decay into various leptons.)  As seen in Figure 2, the
decay of either positive or negative pions results in the eventual production of 
two muon neutrinos (⇧⌅ and ⇧�⌅) but only one electron neutrino (either ⇧e or ⇧�e).
Experimenters, therefore, expect to measure two muon neutrinos for each 
electron neutrino. 

Atmospheric neutrinos are orders of magnitude less abundant than solar 
neutrinos, but can be readily detected because they have very high energies. 

B. Louis et al., “The evidence for oscillations,” 
Los Alamos Science 25 (1997) 16.

⇡+ ⇡0

e+ e�
� �

� �
µ+

e+

⌫µ

⌫µ
⌫e

Primary
Cosmic Ray

4Chris Weaver—LLWI February 20, 2015





Haley Buffman & Jamie Yang. IceCube/NSF

Detector actually
~2 km below



Detector Hardware
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Detector Layout Digital Optical Module 
(DOM)
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Detection Principle
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• Energetic particles produce 
Cherenkov light in the ice

• Modules detect photons

• Good linearity from single 
photon to several hundred 
photon level 

• Absorption length for light is 
long (~90m) but scattering 
length is shorter (~25m)

Schematic of an IceCube ‘String’

Neutrino

Muon

Cable
(power and data)

Detector Module

Cherenkov
Photons
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Selecting Neutrinos

• Two approaches:

• Select events with an interaction vertex in the detector, 
and no visible entering particles (starting events)

• Select events which have passed through the Earth, but 
may enter the detector after interacting           
(through-going events)

9Chris Weaver—LLWI February 20, 2015



All-Flavor, All-Sky with Starting Events

• Phys. Rev. Lett. 113, 101101: Analysis of starting events depositing >60 TeV or 
more using 3 years of data, observes events up to ~2 PeV

• Mostly νe charged current and neutral current interactions, mostly sensitive in 
the southern sky

• Clear excess over background (5.7σ), no clear clustering on the sky
10Chris Weaver—LLWI February 20, 2015

p-value: 7%
p-value: 84%

http://www.dx.doi.org/10.1103/PhysRevLett.113.101101
http://www.dx.doi.org/10.1103/PhysRevLett.113.101101
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Northern Sky Through-going Events

• (Paper in internal review) Analysis of through-going events from the 
northern sky using 2 years of data—νµ charged current only, >1 TeV

• Excess over atmospheric background of 3.7σ
• Signal looks similar in different channels and different parts of the sky

11Chris Weaver—LLWI February 20, 2015
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Neutrino Oscillation
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• arXiv:1410.7227: Disappearance analysis of ~10 GeV-100 GeV 
atmospheric νμ with 3 years of data

• Obtains sin2(θ23) =               and |∆m232| =                        
for the normal hierarchy.

2.72+0.19
�0.20 ⇥ 10�3eV20.53+0.09

�0.12

Earth

Detector

Atmospheric
Neutrinos

http://arxiv.org/abs/1410.7227
http://arxiv.org/abs/1410.7227


Neutrino Oscillation
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• arXiv:1410.7227: Disappearance analysis of ~10 GeV-100 GeV 
atmospheric νμ with 3 years of data

• Obtains sin2(θ23) =               and |∆m232| =                        
for the normal hierarchy.

2.72+0.19
�0.20 ⇥ 10�3eV20.53+0.09

�0.12

http://arxiv.org/abs/1410.7227
http://arxiv.org/abs/1410.7227


WIMP Annihilation

• arXiv: 1406.6868: Analysis 
of arrival directions of νμ 
to look for correlation 
with the expected 
signature of WIMP 
annihilations in the 
Galactic halo

• Used 1 year of data, 
events with energies from 
~100 GeV to 10 TeV

14Chris Weaver—LLWI February 20, 2015

http://arxiv.org/abs/1406.6868
http://arxiv.org/abs/1406.6868


Summary
• For astrophysical neutrinos IceCube sees:

• A consistent diffuse flux in all detection channels

• No clear association with known sources

• Also lots of work in other areas:

• Neutrino oscillations

• Dark matter

• Supernovae

• Monopoles

15Chris Weaver—LLWI February 20, 2015



Questions?





Point Sources Muon Neutrinos

• arXiv:1406.6757: Analysis of through-going events from the whole sky—
νμ and μ using 4 years of data

• No significant features observed (post-trial p-values of 0.23 and 0.44 for 
the best points on the sky pre-trial)

18Chris Weaver—LLWI February 20, 2015

Equatorial Coordinates

-log10 pre-trial significance

http://arxiv.org/abs/1406.6757
http://arxiv.org/abs/1406.6757


Point Source Sensitivity/Limits
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All-Flavor, All-Sky with Starting Events

• Phys. Rev. D 91, 022001: Extends analysis of starting events down to ~1 TeV, 
using 2 years of data

• Astrophysical spectrum seems to continue down to a few TeV

20Chris Weaver—LLWI February 20, 2015

http://link.aps.org/doi/10.1103/PhysRevD.91.022001
http://link.aps.org/doi/10.1103/PhysRevD.91.022001
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• arXiv: 1502.03376: Used 3 years of starting events with energies >35 TeV

http://arxiv.org/abs/1502.03376
http://arxiv.org/abs/1502.03376
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• (Paper in internal review): Using 4 years of through-going 
νμ from the northern hemisphere



Angular Resolution for Muons
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Energy Resolution for Muons
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How a muon looks in IceCube

Early Late

Time


