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SN neutrino-curve is an excellent 
probe of the bounce time. 

This can be used to great 
advantage for coincidence 

measurement with gravitational 
wave detectors  

Pagliaroni, Vissani, Coccia and Fulgione, arXiv:0903:1191 (PRL) 
Halzen and Raffelt, arXiv:0908.2317 (PRD) 
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2nd Shock Break-out 

Width = ~5ms 

Sagert, Fischer, Hempel, Pagliara, Schaffner-Bielich, Mezzacappa, Thielemann, and 
Liebendoerfer, arXiv:0809.4225 (PRL) 

Dasgupta, Fischer, Horiuchi, Liebendorfer, Mirizzi, Sagert and Schaffner-Bielich  

arXiv:0912.2568 (PRD) 
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Total E ~ E-density*d3 

Time for shock to cross the hadronic crust=d/cs 

dM/dr related to compressibility 
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FIG. 3. Critical radius rν = r0(τν = 1) as the function of ZAMS stellar mass and neutrino energy �ν for low-metallicity (left)
and Solar-metallicity (right) simulations by Woosley et al. [52], and Heger et al. [58]. The horizontal dashed lines show, for
each ZAMS mass, the energy for which the critical radius is equal to the pre-supernova helium core radius (if all neutrinos
with �ν < 106 GeV can escape the core, the horizontal dashed line lies above the shown parameter space; this is indicated with
arrows pointing upwards). Consequently, neutrinos with energies above the dashed lines cannot escape if produced inside the
helium core. Note that, as shown for an example in Figure 1, the presence of the hydrogen envelope has only small effect on
this threshold energy.
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FIG. 4. (left) Onset of observable HEN emission measured from the time when HEN production commences (te(�ν)− t0), as a
function of neutrino energy, for different stellar progenitors. (right) Time of jet breakout measured from the time of the onset
of observable HEN emission (tbr − te(�ν)), as a function of neutrino energy, for different stellar progenitors. The calculations
are carried out for the stellar models in Table I with jet energy Liso = 1052 erg s−1 and jet Lorentz factor Γj = 10.

the envelope at a later, energy-dependent “escape” time
te(�ν), where �ν is the energy of the neutrino. At te(�ν)
the jet has advanced far enough so the remaining enve-
lope and the jet itself is no longer opaque to neutrinos
with energy �ν . More specifically, we take te(�ν) to be
the time when the jet reached the critical radius rν for
which τν(�ν , rν) = 1.

In Figure 4 (left), we show te(�ν)− t0 (observer frame)

as a function of �ν for different stellar progenitors, which
we calculated assuming a mildly relativistic (Γj = 10)
jet with Liso = 1052 erg s−1 output. We can see that as
neutrinos with lower energies can easily escape through
the stellar envelope, one finds te(�ν � 100GeV)−t0 ≈ 0.
It is also interesting to compare the escape time te(�ν)

with the jet breakout time tbr from the stellar envelope.
The point of jet breakout was chosen to coincide with the

What can we say if we see only 1 or 2 events? 

Razzaque, Meszaros, Waxman (many papers) 
Bartos, Dasgupta, Marka, arXiv:1206.0764 (PRD) 
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Event displays for the two interesting events  

Results (2.8σ)

Appearance of ∼ 1 PeV neutrinos at lower energy threshold

“Bert” “Ernie”
∼ 1050 TeV ∼ 1150 TeV

arXiv:1304.5356

N. Whitehorn, UW Madison IPA 2013 - 16
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Ishihara, Neutrino 2012 



We have two cascade events with 
~1.04 PeV and ~1.14 PeV 
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The IceCube neutrino telescope recently detected two cascade events with energies near 1 PeV.
Without invoking new physics in the neutrino sector, we analyze the source of these neutrinos.
We show that atmospheric conventional neutrinos and cosmogenic neutrinos (those produced in
the propagation of ultra-high-energy cosmic rays) are strongly disfavored. For atmospheric prompt
neutrinos or a diffuse background of neutrinos produced in astrophysical objects, the situation is less
clear. We show that there are tensions with observed data, but that the details depend on the least-
known aspects of the IceCube analysis. Likely, prompt neutrinos are disfavored and astrophysical
neutrinos are plausible. We demonstrate that the fastest way to reveal the origin of the observed
PeV neutrinos is to search for neutrino cascades in the range below 1 PeV, for which dedicated
analyses with high sensitivity have yet to appear, and where many more events could be found.

I. INTRODUCTION

Neutrino astronomy has long promised to reveal the

astrophysical sites of particle acceleration and the na-

ture of cosmic rays; for reviews, see Refs. [1–9]. The

lack of adequately-sized neutrino detectors has been a

deterrent in turning this dream into reality. The recent

completion of the IceCube detector has raised hope of ad-

dressing these long-standing problems [10]. Encouraging

this hope, an analysis of very high energy neutrino events

in the IceCube detector during 2010–2012, as construc-

tion was finishing, found two candidate neutrino cascade

events with energies near 1 PeV [11, 12].

These are the highest energy neutrinos ever detected –

they are 10
6
times more energetic than typical GeV at-

mospheric neutrinos. They signal the entry of neutrino

astronomy into the PeV era, made possible by the huge

size of IceCube. However, these events have led to sev-

eral mysteries. Where did they come from? Although we

expect νµ to be more detectable than νe due to the long

range of the muons, why are there two cascade events and

zero muon track events? Why are the two event energies

so close to each other and to the analysis threshold? Is

the neutrino flux required to explain these events consis-

tent with previous limits and with other data?

These PeV neutrino events have spurred a flurry of

activity, due to the importance of the potential first

discovery of high-energy astrophysical neutrinos. Some

explanations focus on the lack of track events relative

to cascade events, and some invoke interactions via the

Glashow resonance at 6.3 PeV [13–15]. Cosmogenic neu-

trinos – those produced in the propagation of ultra-high-

energy cosmic rays – have been considered [16–23]. As-

trophysical neutrinos – those produced inside distant

sources – have also been considered [15, 24–29]. Some

papers have proposed dark matter decay or exotica like

neutrino decays, Pseudo-Dirac neutrinos, new neutrino

interactions, or Lorentz violation [14, 30–33].

We provide a new general analysis of the source of these

two events, focusing on the simplest and most straight-

forward scenarios. We assume that both events were

neutrino-induced and that neutrinos have only standard

properties and interactions. We assess which scenarios

are compatible with the present data and the implica-

tions of this discovery. Importantly, we then detail how

these scenarios can be tested by new analyses.

The flux of atmospheric conventional neutrinos at PeV

energies is much too low to give rise to these two cascade

events. Due to the lack of higher-energy events, cosmo-

genic neutrinos are also very unlikely to be the source.

Atmospheric prompt neutrinos do not appear to be a

plausible source, but they should not be dismissed lightly.

A diffuse background of neutrinos from astrophysical ob-

jects can reasonably explain the observed data, though

there are strong constraints on the spectrum. A full as-

sessment of these models will require more details about

the IceCube search strategies.

New analyses optimized for energies near and below

1 PeV are urgently needed. The cascade or shower chan-

nel for electron neutrinos is especially important, as first

shown by Beacom and Candia in 2004 [34], because its

atmospheric conventional neutrino background is much

lower than for the muon track channel. There are great

opportunities to better exploit this detection channel.

In Sec. II, we discuss the information we have about

these two PeV cascade events. In Sec. III, we test

whether various neutrino fluxes can be the source of these

two events. In Sec. IV, we detail how searches for cas-

cades and tracks in the energy range below 1 PeV will

robustly distinguish between various sources. We con-

clude in Sec. V, including commenting on preliminary

new IceCube events below 1 PeV.

arXiv:1306.2309 (submitted to PRD) 
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II. WHAT IS KNOWN ABOUT THE EVENTS

These two events were detected as PeV cascades dur-
ing the 2010–2012 runs. They were identified in the ex-
tremely high energy (EHE) search, which is optimized
for the detection of EeV = 103 PeV cosmogenic neutri-
nos [12]. This search has strong cuts to decisively reject
detector backgrounds, and these cuts greatly affect the
acceptance for signal events, especially the in PeV range,
which is the edge of the considered energy range, because
relatively few cosmogenic events are expected there. Our
analysis focuses on the PeV range and below.

The reconstructed event energies are 1.04 ± 0.16 PeV
and 1.14±0.17 PeV [12]. This disfavors neutrino interac-
tions at the Glashow resonance at 6.3 PeV, for which the
cascade energy should generally be the same; we discuss
exceptions below. The absence of higher-energy events
disfavors cosmogenic neutrinos, as their detection prob-
ability is largest in the EeV range [35–42].

The values of the energies, and especially their prox-
imity to each other, are crucial. We assume that the
detected energies are probable values in the distribution
of possible values; this is reinforced by there being two
similar events. The minimal explanation of the two ener-
gies is that this distribution is peaked at ∼ 1 PeV, due to
a drop in detector acceptance at lower energies and de-
creasing neutrino spectra at higher energies. The analysis
threshold for this search is ∼ 1 PeV [12], which makes it
remarkable that both events were detected there. Very
likely, there are already many additional signal events to
be found at lower energies, but isolating them will re-
quire new searches with cuts optimized for cascades in
the PeV range. Events will likely also be found at higher
energies, but this will take additional exposure time.

The types of events – two cascades, zero muon tracks,
and zero tau-lepton events – also arise from the nature of
the search criteria, which are primarily based on the total
number of detected photoelectrons. The effective area
curves for different flavors show that this search strategy
gives the maximum exposure in the energy range 1–10
PeV to νe + ν̄e [12]. The efficiency for νµ + ν̄µ, which
should be more detectable due to the long range of the
muons, is strongly suppressed, because the muons do not
deposit their full energy in the detector. This explains
the lack of track events. The efficiency for ντ + ν̄τ is
also strongly suppressed [12], and we discuss this further
below. Future searches can also be optimized to find
muon and tau-lepton events.

The most likely scenario is that both cascade events
arise from charged current (CC) interactions of νe + ν̄e,
in which case the detectable cascade energy is nearly the
full neutrino energy. Because of the above-mentioned
suppressions, we neglect the rare cases in which νµ + ν̄µ
or ντ + ν̄τ CC events resemble νe + ν̄e cascades, due to
the muon getting a small fraction of the neutrino energy
or the tau lepton decaying quickly. Neutral current (NC)
interactions of all flavors of neutrinos also give cascades.
However, NC interactions are unlikely to be the source of
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FIG. 1. Neutrino fluxes as a function of neutrino energy. The

atmospheric conventional νµ+ ν̄µ and νe+ ν̄e spectra are from

Ref. [48]. The atmospheric prompt νµ+ν̄µ spectrum (the νe+
ν̄e flux is the same) is the Enberg (std.) model [49]. Example

cosmogenic EHE neutrino fluxes (ν+ν̄ for one flavor) are from

Refs. [35, 36]. An E−2
astrophysical neutrino spectrum for

one flavor of ν + ν̄, normalized as discussed below, is shown,

along with current upper limits from IceCube [46, 48].

these events, especially both of them. The cross section
is 2.4 times smaller near 1 PeV, though three neutrino
flavors may contribute. The more important point is that
the average cascade energy in a NC interaction is only
∼ 0.25 of the neutrino energy in the PeV range, which
makes the event much less detectable [12]. Because both
events are very near threshold, it is unlikely that they
are coming from higher-energy neutrinos.
So far, these events are consistent with a steady,

isotropic diffuse source, and we assume this throughout,
though other possibilities are not excluded. The events
were separated temporally by 5 months, with one in each
year of operation. It is difficult to measure the directions
of cascade events, as the signal regions in the detector are
large and spherelike. No event directions are reported in
the IceCube paper [12], and preliminary IceCube results
from conferences vary significantly [43, 44]. Future anal-
yses are expected to have an angular resolution of ∼ 10
degrees for cascades near 1 PeV (and worse at lower ener-
gies) [43]. For upgoing events that pass through Earth’s
core, with a zenith angle greater than ∼ 150◦ (∼ 7%
of the full sky), there would be especially significant at-
tenuation due to interactions in Earth [45, 46]. Prompt
neutrinos that are sufficiently downgoing will be accom-
panied by muons that trigger the IceTop surface detec-
tor [47]; this was not seen, and studies of the efficiency
are ongoing.
Figure 1 shows some relevant neutrino spectra.
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FIG. 3. EdN/dE for neutrino-induced cascades. The left panel is for the ideal case or “theorist’s approach,” and the right is
for the realistic case using the effective area from Ref. [12]. These results are for the 615.9 days of exposure that included the
two PeV events. The power-law fluxes are normalized in Fig. 2. The thin vertical line denotes the boundary between our two
bins. The y-axis has a large logarithmic range to show several spectra. The number of events in a region is proportional to the
integrated area, i.e., to the height times the logarithmic energy range, so curves with low heights have very few events.

C. Atmospheric conventional fluxes: unlikely

Because atmospheric conventional neutrinos definitely

exist, it is important to ask if they could produce these

events. We show the νµ + ν̄µ and νe + ν̄e fluxes from

Ref. [48] in Fig. 1. The ντ + ν̄τ flux is much smaller,

because both direct production and neutrino oscillations

at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-

tional νµ + ν̄µ flux is a significant background to new

TABLE I. Expected numbers of cascade events in the two
energy bins, obtained by integrating the curves in the right
panel (the realistic approach using the effective area) of Fig. 3.
These numbers are typically a factor of ∼ 10 below those for
the left panel (the ideal case or “theorist’s approach”).

Possible Source N(1− 2 PeV) N(2− 10 PeV)

Atm. Conv. [48] 0.0002 0.0002

Cosmogenic–Takami [36] 0.007 0.07

Cosmogenic–Ahlers [35] 0.001 0.03

Atm. Prompt [49] 0.01 0.01

Astrophysical E−2
0.1 0.5

Astrophysical E−2.5
0.04 0.13

Astrophysical E−3
0.02 0.03

signals even at high energies. However, as shown in

Ref. [34], the atmospheric conventional backgrounds for

νe+ν̄e are significantly less, which means that new signals

can emerge at lower energies. To see this, it is necessary

to plot predicted event spectra in terms of detectable cas-

cade energy instead of neutrino energy. For νe + ν̄e CC

events, these are the same. For NC νµ+ ν̄µ events, which

have a small energy deposition, it is a big effect. Going

from Fig. 1 to the left panel of Fig. 3, the importance

of atmospheric conventional neutrinos relative to other

sources (e.g., the E−2
spectrum) is greatly reduced. This

is what makes cascade searches so powerful [34].

The complete (CC + NC) νe + ν̄e cascade spectrum

from atmospheric conventional neutrinos is shown in

Fig. 3, with the integrated numbers of events for the

realistic case given in Table I. If we also include muon

tracks (see below), the total number of events above 1

PeV increases to 0.006, which agrees with the 0.012 of

Ref. [12] within their systematic uncertainties. As these

expected numbers are negligible, it is very unlikely that

they can yield the PeV events.

Most downgoing atmospheric muons are easily identi-

fied as such. In some rare cases, which are important

because the muon flux is large, these initiate events that

look like neutrino-induced cascades. The expected num-

ber of such events is 0.04 [12], larger than the background

from neutrinos. All together, these conventional back-

grounds have a ∼ 10
−3

probability of producing at least

two observed events. These backgrounds can be probed

at lower energies, where they are larger.
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C. Atmospheric conventional fluxes: unlikely

Because atmospheric conventional neutrinos definitely

exist, it is important to ask if they could produce these

events. We show the νµ + ν̄µ and νe + ν̄e fluxes from

Ref. [48] in Fig. 1. The ντ + ν̄τ flux is much smaller,

because both direct production and neutrino oscillations

at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-

tional νµ + ν̄µ flux is a significant background to new

TABLE I. Expected numbers of cascade events in the two
energy bins, obtained by integrating the curves in the right
panel (the realistic approach using the effective area) of Fig. 3.
These numbers are typically a factor of ∼ 10 below those for
the left panel (the ideal case or “theorist’s approach”).

Possible Source N(1− 2 PeV) N(2− 10 PeV)

Atm. Conv. [48] 0.0002 0.0002

Cosmogenic–Takami [36] 0.007 0.07

Cosmogenic–Ahlers [35] 0.001 0.03

Atm. Prompt [49] 0.01 0.01

Astrophysical E−2
0.1 0.5

Astrophysical E−2.5
0.04 0.13

Astrophysical E−3
0.02 0.03

signals even at high energies. However, as shown in

Ref. [34], the atmospheric conventional backgrounds for

νe+ν̄e are significantly less, which means that new signals

can emerge at lower energies. To see this, it is necessary

to plot predicted event spectra in terms of detectable cas-

cade energy instead of neutrino energy. For νe + ν̄e CC

events, these are the same. For NC νµ+ ν̄µ events, which

have a small energy deposition, it is a big effect. Going

from Fig. 1 to the left panel of Fig. 3, the importance

of atmospheric conventional neutrinos relative to other

sources (e.g., the E−2
spectrum) is greatly reduced. This

is what makes cascade searches so powerful [34].

The complete (CC + NC) νe + ν̄e cascade spectrum

from atmospheric conventional neutrinos is shown in

Fig. 3, with the integrated numbers of events for the

realistic case given in Table I. If we also include muon

tracks (see below), the total number of events above 1

PeV increases to 0.006, which agrees with the 0.012 of

Ref. [12] within their systematic uncertainties. As these

expected numbers are negligible, it is very unlikely that

they can yield the PeV events.

Most downgoing atmospheric muons are easily identi-

fied as such. In some rare cases, which are important

because the muon flux is large, these initiate events that

look like neutrino-induced cascades. The expected num-

ber of such events is 0.04 [12], larger than the background

from neutrinos. All together, these conventional back-

grounds have a ∼ 10
−3

probability of producing at least

two observed events. These backgrounds can be probed

at lower energies, where they are larger.
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G. What conclusions can we draw now?

None of the sources above provides a good fit to the key
observed properties of the data: two cascade events, very
close in energy to each other and the analysis threshold,
no cascades at higher energies, and no other types of
events. How can this be? (We focus on steady diffuse
fluxes here and then mention other possibilities below.)

One possibility is improbable fluctuations. These two
events might be astrophysical neutrinos, but perhaps
what was seen was a lucky fluctuation in detecting a sig-
nal flux. As shown above, reconciling what was and was
not seen may be challenging. These two events might
also be background events caused by atmospheric muons,
and what was seen was an unlucky fluctuation of these
conspiring to look like neutrino-induced events. Further
study of such backgrounds is needed.

Another possibility is that the effective area or the
relation between the number of detected photoelectrons
and cascade energy is not completely understood. The
search strategy was optimized for cosmogenic neutrinos
in the EeV range, and perhaps there are subtleties or in-
adequate Monte Carlo statistics near 1 PeV, the edge of
their range [12]. The IceCube Collaboration takes great
care in their analyses and papers, but the possibility of
some revisions being needed must be considered because
of the seeming paradox of detecting two events very near
threshold, where the efficiency is only ∼ 10%.

The last possibility is that these are astrophysical neu-
trinos, but that the spectrum is peaked. If the flavor ra-
tios are near unity, as expected, this would require some
fine-tuning of the spectrum. Figure 2 shows that there
are strong upper limits on the flux at a few hundred TeV
to avoid conflict with atmospheric conventional neutri-
nos, and Fig. 3 shows that should also be strong upper
limits on the flux at several PeV to avoid conflict with the
non-observation of events where the detection efficiency
is favorable. In the decade in energy in between, the flux
should be large enough to make it probable to detect two
events despite the low efficiency near 1 PeV. Some exam-
ples of peaked spectra include gamma-ray bursts [24, 25],
very heavy dark matter decay [32, 105], and cosmic ray
proton line-of-sight interactions [26, 106].

We highlight these constraints on astrophysical neu-
trino spectra in Fig. 4, which focuses on the most impor-
tant region of Fig. 2. We show the normalizations of an
E−2 spectrum in the three energy ranges separately, set
by Fig. 2, the observation (and hence expectation) of two
events in the first bin, and the observation of zero events
in the second bin, respectively. (We always quote neu-
trino fluxes for one flavor of ν + ν̄, assuming equal flavor
ratios, whereas some authors quote the sum of all three
flavors.) These results suggest a break in the spectrum
at several hundred TeV and another break or cutoff at
about 2 PeV. For a different spectrum shape or choice
of bins, these constraints would change. Still, the nomi-
nal conflicts between fluxes in different energy ranges are
startling, and indicate tensions that need to be resolved.
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FIG. 4. Example neutrino fluxes, as in Fig. 2, for one flavor
of ν + ν̄, assuming equal flavor ratios. In the 1–2 PeV and
2–10 PeV bins, we show our estimates of the flux normaliza-
tion required to match the observations of two events and zero
events, respectively, for an E−2 spectrum in each bin sepa-
rately. We show the 68% confidence-level uncertainty range
for the first bin and the 90% confidence-level upper limit for
the second [107]. The “Real” case uses the right panel of
Fig. 3, while the “Ideal” case uses the left.

The dominant uncertainties are those shown in Fig. 4.
We fix the power-law normalizations in Fig. 2 by de-
manding that they not exceed the measured points. This
leaves no room for the expected atmospheric conventional
neutrinos, but the uncertainties are large, probably even
larger than the quoted factors of a few up or down. The
Poisson uncertainties on the fluxes in our two bins are
significant. Our calculations of the expected numbers of
events are reasonably precise, though we make approxi-
mations throughout at the level of a few tens of percent.
These include the form of the event rate equations, ap-
proximating the dσ/dy distributions and Earth attenua-
tion, and neglecting the small numbers of expected events
below 1 PeV and above 10 PeV.

If the true spectrum is not peaked, then the most likely
scenario is that there should be an excess in the low-
energy muon neutrino data (now seen in Ref. [76]), that
the observation of the two PeV events was a fortunate
upward fluctuation, and that there should be a cutoff at
about 2 PeV. In this case, our results show that the pre-
ferred power-law spectrum is around E−2. The strong
constraint on an astrophysical neutrino flux shown in
Fig. 1, E2dΦ/dE < 0.9× 10−8 GeV cm−2 s−1 sr−1 [46],
would apply to an E−2 spectrum that held over the full
energy range shown there. See also the preliminary dif-
ferential constraints shown in Ref. [11].
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FIG. 5. Predictions for measurable spectra in two years of the full IceCube for various neutrino spectra considered above.
(Left Panel) EdN/dE for neutrino-induced muons (upgoing only), where the muon energy is measured as it first appears in
the detector, whether as a contained-vertex or through-going event. (Right Panel) EdN/dE for neutrino-induced cascades
(all directions), where the cascade energy is measured as deposited in the detector, whether as a CC or NC event. As above,
the number of events in a region is proportional to the integrated area, i.e., to the height times the logarithmic energy range.

B. Predicted spectra below 1 PeV

Figure 5 shows our predicted track and cascade spec-

tra for two years of the full IceCube; the numbers of

events are given in Table II. It is likely that much of

this exposure time can be obtained from existing data

with new analyses targeted to this energy range. All in-

put neutrino fluxes are normalized as in previous figures.

To avoid over-extrapolating the power-law astrophysical

fluxes and to focus on the energy range with the best

ratio of signal to background, we show results only down

to 0.1 PeV, though IceCube should go to lower energies.

The left panel shows that analyses with muon tracks

are limited by the large atmospheric conventional back-

ground, so that the astrophysical signals will only emerge

above a few hundred TeV, especially once the smearing

effects of energy resolution are taken into account. Even

if just contained-vertex muons are selected, the back-

ground due to atmospheric conventional νµ + ν̄µ will be

dominant until high energies, where the statistics are low.

There is now some excess at the highest energies in the

IceCube neutrino-induced muon data [89]. However, it is

difficult to judge the significance when the results have

been processed by unfolding to estimate the spectrum in

terms of neutrino energy, which mixes different ranges

of measurable muon energy and gives strongly correlated

uncertainties. When spectra are shown in terms of muon

energy, there is better separation of signal and back-

ground and then even a small number of signal events

at high energy can be quite significant [123].

The right panel shows that the prospects for cas-

cades are extremely promising, because the atmospheric

conventional background is strongly suppressed, as first

shown in Ref. [39]. The difference in cascade rates at 1

PeV seen between the left panel of Fig. 3 and the right

panel of Fig. 5 is due to the latter including ντ + ν̄τ
events (factor of 2), the slightly different exposure times,

and the former including energy resolution smearing.

Even if the efficiency is reduced from that shown in

Fig. 5, it should still be possible to detect potentially

large numbers of cascade events with minimal back-

grounds. This could quickly discover an astrophysical

flux. The atmospheric conventional neutrinos and even

the atmospheric prompt neutrinos are negligible back-

TABLE II. Expected numbers of track and cascade events
(ideal case or “theorist’s approach”), obtained by integrating
the curves in each panel of Fig. 5 over the range 0.1–1 PeV.

Possible Source Ntrack Ncasc

Atm. Conv. [45] 11 1

Atm. Prompt [46] 3 4

Astrophysical E−2
11 19

Astrophysical E−2.5
10 20

Astrophysical E−3
9 20
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Results of Contained Vertex Event Search (4.3σ)
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Showers
TracksIceCube Preliminary

28 events (7 with visible muons, 21 without) on background of
10.6+4.5

−3.9 (12.1± 3.4 with reference charm model)

N. Whitehorn, UW Madison IPA 2013 - 28

IceCube Talk at IPA 
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Energy Spectrum

� Harder than

any expected

atmospheric

background

� Merges well

into expected

backgrounds at

low energies

� Potential cutoff

at 1.6+1.5
−0.4 PeV

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 32IceCube Talk at IPA 
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Zenith Distribution

� Compatible
with Isotropic
Flux

� Events from
North absorbed
in Earth

� Minor excess in
south
compared to
isotropic, but
not significant

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 33

IceCube Talk at IPA 
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Source	
   Mechanism	
   Comments	
  

AGN	
  Jets	
   Proton-­‐gamma	
   Peaks	
  at	
  10-­‐1000	
  PeV.	
  

AGN	
  Core	
   Proton-­‐gamma	
   OK	
  

GRB	
  prompt	
   Proton-­‐gamma	
   OK,	
  but	
  violates	
  IC	
  limit	
  

GRB	
  aUerglow	
   Proton-­‐gamma	
   Peaks	
  at	
  10-­‐1000	
  PeV	
  

Starburst	
  Galaxies	
   Proton-­‐Proton	
   OK.	
  Cutoff	
  possible	
  

Galaxy	
  Clusters	
   Proton-­‐Proton	
   OK.	
  Break	
  possible	
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