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Why do a diffuse search?

• It may be hard to resolve point sources

• So, we can try to look for a total signal 
over the whole sky



Backgrounds

• When do you get a neutrino?



Backgrounds

• When do you get a neutrino?

• Any time you create or destroy a charged 
lepton (including changing one into another)

• Heavy leptons decay into lighter ones

• Any time you have enough energy around, 
you might be able to make a heavy lepton



Cosmic Ray Air Showers
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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
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��
(����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.
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‘Prompt’ Neutrinos
• The ‘usual’ hadronic components of 

showers only extend to involving the first 
three kinds of quarks (u,d,s)

• At higher energies heavier quarks can be 
produced ~1.9 GeV gives access to the 
lightest charmed mesons: 

• D± (cd̅/c̅d), D0 (cu ̅/c̅u), Ds± (cs̅/c̅s)

• The decays of these particles give more 
ways to arrive at pions, kaons, and 
eventually heavy leptons, with different 
energy spectra



Expected Energy Spectra

Plots from Sean Grullon

Spectrum in true energy Spectrum in energy proxy
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Figure 10.1: Simulated νµ + ν̄µ energy distribution of the final event sample assuming

the Honda input spectrum for conventional atmospheric νµ, the Sarcevic Standard

model for prompt atmospheric νµ, and an astrophysical E−2
flux with a normalization

of N = 1.0−7 GeV
cm2 s sr .
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Figure 10.2: Simulated Reconstructed muon energy loss distribution of the final event

sample assuming the Honda input spectrum for conventional atmospheric νµ, the

Sarcevic Standard model for prompt atmospheric νµ, and an astrophysical E−2
flux

with a normalization of N = 1.0−7 GeV
cm2 s sr .
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Event Selection



Cut Development Example

• Before we can start inspecting energy 
spectra, we need a nice, pure sample of 
neutrinos

• Let’s look at the logic behind a series of 
cuts (developed by Sean)



Zenith Angle

• Muons from cosmic ray air-showers 
disappear rapidly below the horizon

• So, make a cut zen>90°
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.1: cos(θMPE) distribution comparing data to simulation for one day of Ice-
Cube data at filter level. Shown is the total sum of Corsika atmospheric muon simu-
lation from single and coincident atmospheric muons, simulated atmospheric νµ, and
a hypothetical astrophysical E−2 νµ flux. A selection of θMPE > 90◦ is made.



Reconstruction Likelihood

• We want good reconstructions, not bad 
reconstructions that came out up-going
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Figure A.2: A two-dimensional cut is made on two different definitions of the reduced
log likelihood value of the MPE reconstruction for the IceCube burn sample, which is

thirty days of data taken during June 2008. The y-axis shows the redefined reduced

log likelihood and the x-axis shows the standard reduced log-likelihood. The selection

shown is
log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1



Reconstruction Angular Quality

• Let’s also make sure that the reconstruction had 
reasonable angular resolution, pick σMPE<3
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Figure A.3: A cut is made on the paraboloid sigma error estimate of the MPE recon-
struction to select well-reconstructed muon tracks. The cut chosen is σMPE < 3



Bayesian Likelihood

• The hypotheses that the event does not come from 
the angular distribution of down-going muons should 
be more likely than the hypothesis that it does
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Figure A.4: A two-dimensional cut is made on the Bayesian likelihood ratio test statis-
tic and the zenith angle. A tighter cut on the Bayesian likelihood ratio is needed
to reject mis-reconstructed down-going muons near the horizon. The cut chosen
is log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2 and log(LBayesian/LSPE32) >
(75 cos(θMPE) + 40) for cos(θMPE) > −0.2
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Split Bayesian Likelihood

• The hypothesis that the event is a single track, not 
drawn from the angular distribution of down-going 
muons should also be more likely than the 
hypothesis that it consists of two tracks which are
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shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.5: A cut is made on the split Bayesian likelihood ratio test statistic. This cut
is necessary to reject the mis-reconstructed coincident down-going muon background.
The cut chosen is log(LBayesian1+LBayesian2

LSPE32
) > 35
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



Angle of Time Split Reconstruction

• If we split the event in half in time, neither half 
should be down-going: min(time split zeniths)>80°
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.6: A cut is made on θsplittime, the minimum zenith angle of a split two muon
reconstruction using time splitting . The cut chosen is θsplittime > 80◦
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



Angle of Geo Split Reconstruction

• If we split the event in half in space, neither half 
should be down-going: min(time split zeniths)>80°
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.7: A cut is made on θsplitgeo, the minimum zenith angle of a split two muon
reconstruction using geometry splitting . The cut chosen is θsplitgeo > 80◦

161

Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



Number of Direct Hits

• Good events should have more direct light from the 
reconstructed track
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.8: A cut is made on NDir, the number of direct hits. The cut chosen is
NDir > 5
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



‘Direct Length’

• Good events should have a longer tracks with direct 
hits distributed more widely along them

161

Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.9: A cut is made on LDir, the direct length. The cut chosen is LDir > 240
meters.
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



‘Direct Smoothness’

• Good events should direct hits even distributed 
along the reconstructed track

161

Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.
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Figure A.10: A cut is made on SDir, the smoothness parameter. The cut chosen is
|SDir| < 0.52



Summary of Cuts
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Observable and Selection Criteria

θMPE > 90◦

log(LMPE)
(Nch−5) < 8 OR

log(LMPE)
(Nch−2.5) < 7.1

σMPE < 3◦

log(LBayesian/LSPE32) > 25 for cos(θMPE) < −0.2
log(LBayesian/LSPE32) > (75 cos(θMPE) + 40) for cos(θMPE) > −0.2

log(
LBayesian1+LBayesian2

LSPE32
) > 35

θsplittime > 80◦

θsplitgeo > 80◦

NDir > 5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive

the final event sample for the analysis.

Quality Parameter Data Total Atm. µ Coincident µ Atm. νµ E−2 νµ

θMPE > 90◦ 19211340 24557460 14318580 7290 100.0%

log(LMPE) 675820 365570 89283 3473 69%

σMPE 114305 83913 32615 2985 50%

log(LBayes/LSPE32) 22981 21842 18920 2195 48.7%

log(
LBayes1+LBayes2

LSPE32
) 3550 1925 1436 1490 46.0%

θsplittime 1794 253 188 1284 41.1%

θsplitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,

atmospheric neutrino monte carlo, and a hypothetical astrophysical E−2 νµ flux after

successive applications of purity cuts. The quality parameter for the purity cut is

shown; the cut for each quality parameter is defined in Table 9.2. The passing rate

for E−2 νµ is quoted as a percentage. Adhering to the blindness procedure, the cuts

were derived from the 30 day burn sample as discussed in the text.



Spectrum Analysis



Maximum Likelihood

• What we measure is a single energy 
spectrum, which should be some 
combination of signal and background 
spectra

• We need to unpack this, and a good way is 
to use a Maximum Likelihood technique



Maximum Likelihood cont’d

• Basically, we can write down a probability for 
measuring the observed data, given a 
particular set of parameters

• In this case our parameters describe the 
combination of input spectra

• Since the data is fixed and the values of the 
parameters are unknown to us, we call this a 
likelihood for the model parameters

• Vary the parameters until the likelihood is as 
large as possible—this is the best estimate



Likelihood Function
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nos, prompt atmospheric neutrinos, and astrophysical neutrinos. A reliable analysis

method is needed to determine the contributions from these respective components

while incorporating the various sources of systematic uncertainty described in the next

chapter. This method should also allow us to construct confidence intervals to deter-

mine if a background only hypothesis of atmospheric neutrinos is favored or if the data

demonstrates evidence of astrophysical neutrinos.

This chapter describes a frequentist method of using a likelihood function to

define central confidence intervals that incorporates systematic errors. This method is

an extension of the frequentist approach described by G. Feldman and R. Cousins in

[64] and is currently being applied to a wide variety of physics analyses, an example

of which is the study of neutrino oscillations [65].

10.1.1 Likelihood Function

A test statistic is needed in order to compare the observed dE/dX distribution

for different combinations of the various hypotheses discussed above which are de-

scribed by physics parameters θr. The two physics parameters in this analysis are the

absolute normalization of the prompt atmospheric νµ flux (since the prompt flux has

yet to be measured) and the normalization of a hypothetical astrophysical E−2 νµ flux.

With the dE/dX distribution binned in N bins, we first define a Poisson likelihood

function analogous to eq. 8.9:

L({ni}|{µi(θr)}) =
N�

i=1

e−µi

ni!
µni
i (10.1)

where ni is the observed event count in the ith bin and µi is the expected
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event count in the ith bin. The expectation µi is the sum of the contributions from

conventional atmospheric neutrinos, prompt atmospheric neutrinos, and astrophysical

neutrinos. Neglecting sources of systematic uncertainty for the moment, µi is defined

as:

µi = µc,i + µp,i + µa,i (10.2)

µi = µcpc,i + µppp,i + µapa,i

where the subscripts c, p, and a stand for conventional atmospheric neutrinos, prompt

atmospheric neutrinos, and astrophysical neutrinos respectively. The expected event

count in the ith bin for the atmospheric and astrophysical neutrinos is a multiplication

of the total expected event count by the PDF of the physics parameter in question.

As an example, the term µapa,i multiplies the total expected number of astrophysical

neutrino events by the PDF in the ith bin giving µa,i. Taking the negative logarithm

of eq. 10.1 gives:

− 2 logL({ni}|{θr}) = 2
N�

i=1

(µi − ni log µi + log ni!) (10.3)

The likelihood ratio of two hypothesesH0 andH1 is a test statistic that compares

the probability that the two hypotheses would give rise to the observed data. Using

eq. 10.3 to take the likelihood ratio of hypothesis H0 to hypothesis H1 gives:

− 2 log
L0

L1
= 2

N�

i=1

�
µ0,i − µ1,i + ni log

µ1,i

µ0,i

�
(10.4)

where µ1,i is the expected event count from the hypothesis H1 in the ith bin and
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five nuisance parameters:

L(θr, θs) = L (Na, 1 + αp, 1 + αc,∆γ, �, be(405), a(405)) (11.4)

The profile likelihood construction can also be used to determine the conventional

atmospheric neutrino flux. This analysis promotes the deviation in the conventional

atmospheric flux and the uncertainty in the primary cosmic ray spectral slope to

physics parameters, giving a likelihood with two main physics parameters and four

nuisance parameters:

L(θr, θs) = L (1 + αc,∆γ, 1 + αp, �, be(405), a(405)) (11.5)

The likelihood function depends on the total expected number events defined in

eq. 10.2. The total expected number of events from atmospheric and astrophysical

neutrinos is a convolution of the neutrino fluxes with the effective area defined in eq.

9.1:

µc =

�
dEν dΩ dt Aeff (E, θ,φ) (1 + αc)

�
E

1.17 TeV

�∆γ

ΦHonda(Eν , θ,φ)

µp =

�
dEν dΩ dt Aeff (E, θ,φ) (1 + αp)

�
E

7.24 TeV

�∆γ

ΦSarcevic(Eν , θ,φ) (11.6)

µa =

�
dEν dΩ dt Aeff (E, θ,φ) NaE

−2

These components are scaled by the uncertainty in the detector efficiency, �,

which linearly changes the event expectation. During the minimization, the physics
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can be used. The sources of systematic uncertainty and their corresponding nuisance

parameters are summarized in Table 11.1.

Table 11.1: Summary of Nuisance Parameters

Systematic Uncertainty Nuisance Parameter Magnitude

Conventional Atmospheric νµ Normalization 1 + αc ±25%

Prompt Atmospheric νµ Normalization 1 + αp −44%,+25%

Cosmic Ray Spectral Slope ∆γ ±0.03
Detector Efficiency � ±8.3%

Scattering Coefficient b(405) ±10%

Absorption Coefficient a(405) ±10%

The conventional and prompt atmospheric neutrino fluxes are parametrized as:

Φc = (1 + αc)

�
E

Emedian

�∆γ

ΦHonda (11.1)

Φp = (1 + αp)

�
E

Emedian

�∆γ

ΦSarcevic (11.2)

1 + αc and 1 + αp describe the deviation in the absolute normalization of the

conventional and prompt atmospheric neutrino fluxes respectively from the reference

atmospheric neutrino models. The models from Honda et al and Sarcevic et al are

used as the reference models for the conventional and prompt atmospheric neutrino

fluxes. The uncertainty in the primary cosmic ray slope, ∆γ, changes the shape of

the predicted atmospheric neutrino flux. This is modeled by introducing an energy

dependent weight (E/Emedian)
∆γ

where Emedian is the median neutrino energy at final

cut level. The median energy is 1.17 TeV for the conventional atmospheric neutrino

prediction and 7.24 TeV for the prompt atmospheric neutrino prediction.

Na

Parameters:

Astrophysical E-2 
Normalization



Recent Results

• Diffuse Analysis by Sean Grullon (νμ only)

• EHE Analysis by Aya Ishihara (all flavor)
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TABLE V. Likelihood fit results and associated errors reported by the fit. Errors are quoted as 1σ unless otherwise noted. The
allowed range of the nuisance parameters are also given as 1σ Gaussian constraints.

Parameter Best Fit Error Constrained Range

Na 0 8.9× 10−9 GeV
cm2 s sr

(90% U.L.) N/A

1 + αp 0 0.73 (90% U.L.) N/A

1 + αc 0.96 ±0.096 ±0.25

∆γ −0.032 ±0.014 ±0.03

� +2% ±8.3% ±8.3%

be(λ = 405nm) Nominal ±10% ±10%

a(λ = 405nm) Nominal ±10% ±10%
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FIG. 10. Upper limits on an astrophysical νµ flux with an E−2 spectrum are shown along with theoretical model predictions of
diffuse astrophysical muon neutrinos from different sources. The astrophysical E−2 νµ upper limits shown are from AMANDA-
II [40], ANTARES [41], and the current work. The atmospheric νµ measurements shown are from AMANDA-II [42, 43], the
IceCube 40-string unfolding measurement [44] and the current work.

distribution was interpreted as a flux of atmospheric938

muon neutrinos. The profile construction method was939

used to measure the atmospheric neutrino flux in order940

to determine the normalization and any change in shape941

from the reference atmospheric neutrino flux model con-942

sidered. The best fit result of the atmospheric neutrino943

flux is of the form:944

ΦBestFit = (0.96)

�
E

1.17 TeV

�−0.032

ΦHonda (9)

where the normalization of the atmospheric neutrino flux945

was found to be 4% lower than the nominal prediction946
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Something New We 
Want to Use



Including the Whole Sky

• Diffuse and Extremely High Energy 
Analyses are closely related

• Both would like to look at the whole sky 
(and so would people doing other analyses)

• For the highest energy neutrinos the Earth 
becomes opaque, so the horizon region is 
where the data is

• Unfortunately, the horizon and above is 
also where the background gets really big



Angular Distribution of Bright 
Events
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FIG. 1. Event observables in the quality bright sample that are used for the final selection criteria. Distributions of (a) NPE
and (b) cosine of the reconstructed zenith angle for shallow events, and (c) NPE and (d) ∆tLN−E for deep events in a livetime
of 333.5 days. The black circles represent experimental data and the solid and dashed lines are corsika-sibyll with iron
and proton primaries, respectively. The expected signal distributions from simulations of the GZK 1 model (sum of all three
neutrino flavors) are shown as long-dashed histograms. Systematic uncertainties are not included.

of events, we utilize the time interval, ∆tLN−E, between
the earliest detected photon in an event and tLN to ob-
tain the best S/B subsample. The vertical atmospheric
muon bundle events with the largest p.e. near the bot-
tom of IceCube are often associated with a small number
of p.e. in the shallow detector region much earlier than
tLN. This contrasts to the EHE neutrino signal events.
The main contributions to a detectable EHE signal in
IceCube come from neutrino-induced horizontal muons
and taus [23]. These produce the largest p.e. signals
shortly after the first recorded photo-electrons. Con-
tained cascade-like events induced by neutrino interac-
tions [26] inside the IceCube detector volume also exhibit
a similar trend. Figure 1 (d) shows the distributions in
the deep quality bright sample. The best S/B is achieved
in the bin ∆tLN−E ∼ 0 ns. The high rate in the experi-
mental data for ∆tLN−E ≥ 3600 ns is due to random noise
in the DOMs and remaining coincident muons that were
underestimated by the simulations. The slightly higher
rate for the data in the bin ∆tLN−E ∼ 0 ns may reflect
the fact that the ice is cleaner than what was simulated in
the deep region. Figure 2 presents the event distributions
in the planes of cos θ vs. NPE for the shallow events and
∆tLN−E vs. NPE for the deep events. Optimization is
performed by differentiating the NPE threshold numbers
in the region cos θ ≤ 0.3 or ∆tLN−E ≤ 0.5 µs for shallow
and deep quality bright sample respectively. The NPE
threshold of the other region (cos θ ≥ 0.3 or ∆tLN−E ≥

0.5 µs) is conservatively determined such that the num-
ber of background events above the threshold is less than
10−4 of the full livetime for each bin of cos θ with width
0.2 or 1 µs for ∆tLN−E. This improves the detection sen-
sitivity without sacrificing discovery potential. The solid
lines in Fig. 2 are the final level selection criteria deter-
mined from the background (corsika-sibyll, iron) and
signal (GZK 1 [3]) Monte Carlo simulations following a
blind analysis strategy. The minimum NPE threshold
value is 2.5 × 104. Events with NPE above the thresh-
old value in each bin are considered to be signal event
candidates. No events above the threshold are found in

the 10% subset of the experimental sample. Monte Carlo
simulations indicate that a cosmic-ray primary energy of
at least ∼2 ×109 GeV is required for a muon bundle to
be selected as the final sample. Table I summarizes the
number of events retained in each level of analysis.
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FIG. 2. Event number distributions of the shallow (upper
panels) and deep (lower panels) quality bright sample in
333.5 days are shown for the background (left panels) and
signal (right panels) simulations. The signal distributions are
from GZK 1 model [3] adding all three flavors of neutrinos.
The background distributions are from corsika-sibyll with
iron primaries. The series of thick lines in each panel indicate
the final sample selection criteria.

IV. THE SYSTEMATICS

Table II summarizes the sources of statistical and sys-
tematics errors in signal and background. The systematic

Simulated CR Background (Iron Primaries) Simulated Neutrino Signal (All Flavors)

Figure from Aya Ishihara



Vetoing with IceTop

• IceTop has been used as a 
veto before, but mostly in 
an ad hoc fashion

• IceTop subtends only a 
small fraction of the 
angular space above 
IceCube: ~.2 of the sky

• A more thorough 
approach is needed to do 
vetoing with highly 
inclined events

35°

IceCube

IceTop
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A Real Event
Highest energy event in diffuse GZK neutrino 

search very close to signal region
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Extensive Air Showers

http://www.auger.org/observatory/animation.html

H. Drescher, Universität Frankfurt http://th.physik.uni-frankfurt.de/~drescher/CASSIM/ 31

http://www.auger.org/observatory/animation.html
http://www.auger.org/observatory/animation.html
http://th.physik.uni-frankfurt.de/~drescher/CASSIM/
http://th.physik.uni-frankfurt.de/~drescher/CASSIM/


Veto Cartoon

IceTop

IceCube

32



Veto Cartoon (cont’d)

IceTop

IceCube

Shower Core Track

IceTop hit, time ti
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Veto Cartoon (cont’d)

IceTop

IceCube

Shower Core Track

Shower Front, time ti

IceTop hit, time ti
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Outlying Muon Distributions

M.T. Dova, L.N. Epele, A.G. Mariazzi arXiv:astro-ph/0110237v2

Radial Distribution of muons 
from a 1019 eV proton shower
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FIG. 8.

Fig. 8: Projections of two-dimension muon distributions r-φ at different slant depths for

a 1019eV proton shower at 60◦ and 70◦ zenith angles.
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• Even highly inclined air 
showers have substantial 
numbers of muons at large 
distances from the core

• Large numbers of muons 
combined with substantial 
numbers of IceTop tanks 
gives a good probability for 
detection even at high 
inclination

35




