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Cosmic Rays and Particle Astrophysics

• Radiation of cosmic origin first 
established in 1912

• Hess carries electroscopes to 
5000 m altitude (!) in a balloon

• Where do they come from?
• Charged particles, so they don’t

point back to their sources

• Clues from spectrum, composition

• How are they accelerated?

• Can we learn new physics by
understanding their sources?

• What can we learn about the 
fundamental properties of the 
particles themselves?

Knee
1 particle/m2/yr

Ankle
1 particle/km2/yr

1 particle/m2/s

compilation
by T. Gaisser
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Outline

• Particle Astrophysics 101

• Probing Astrophysical Sources: Gamma Ray Bursts
– Recent Observations

– Prospects for HAWC

• Studying Astrophysical Particles: Atmospheric Neutrinos
– Observation of Electron Neutrinos with IceCube DeepCore

– Prospects for Measuring Tau Neutrino Appearance

– Future Prospects: PINGU and MICA
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A Slow, High Energy Emission Component?

energy flux. An additional power law function, described by the
expression APL[E(keV)/30MeV]g, was required to fit the higher-
energy g-ray excess at later times. In addition, a calibration factor of
0.45 was applied to the TASC data to normalize the flux relative to
LAD. This factor is similar to that required in other joint BATSE–
TASC fits of GRBs17, is consistent with the errors in the calculated
effective area as determined from the pre-flight calibration19, and
has little effect on the parameter values of the fit.
The data and spectral fits for five time intervals are shown in

Fig. 2, with the best-fit parameters given in Table 1. The last time
interval shown is the summation of three 32.768-s intervals. The
parameters of the BandGRB function and the temporal evolution of
the lower-energy emission component are consistent with many
other bursts observed by BATSE20. For example, Epeak generally
decreases with time and flux, in accord with the well-known hard-
to-soft evolution in GRB spectra21. The higher-energy component,
which is represented by a power law, remains bright and the spectral
index does not change within the statistical uncertainties. At the
highest energies, the flux remains constant throughout the GRB
within statistical uncertainties, while the flux at 300 keV decays by

about three orders of magnitude. The difference in the temporal
evolution of the low- and high-energy components can also be seen
in Table 1, which shows the energy flux in three different energy
intervals: 30 keV–2MeV, 2MeV–10MeV and 10MeV–200MeV for
the five time intervals. The additional high-energy component, with
its longer duration, results in a total .30 keV fluence of
6.5 £ 1024 erg cm22, which is more than three times that estimated
from the BATSE energy range alone. The high-energy power law
does not exhibit a cut-off, suggesting that even more energy is
emitted above 200MeV. The extension of the higher-energy com-
ponent to lower energies is also apparent in the LAD data at late
times.

GRBs are expected to exhibit a self-Compton component during
the prompt phase that extends to photon energies.g2

pk
Epeak, where

gpk is the electron Lorentz factor producing synchrotron emission
at Epeak. Because gpk .. 103 in the external shock of the relativistic

Figure 1 Count rates for GRB941017. a, From LAD; b, c, from TASC. The LAD data show

a weak precursor ,90 s before the trigger, which is not included in the background

estimation. The TASC background fit is shown as a line in b and c. In the time interval from
113 to 211 s, LAD flux is also still significantly detected with a 17j excess over the

background while TASC flux in the energy range of 1–200MeV is only 6j above the

background. However, the TASC flux corresponds to a much larger fraction of the TASC

detected emission than is seen in the LAD data. As shown in c, the TASC flux is also 6j

above the background in the energy range of 10–200MeV in this same time interval.

Figure 2 Energy fluxes from GRB941017. a–e, Data were obtained with LAD (crosses)

and TASC (filled circles) during five time intervals shown in Table 1 (with a and e being the
earliest and latest time intervals, respectively), which covers the period of significant

detection with LAD and TASC and shows the synchrotron and the new high-energy

components. For the purpose of the plot, but not for the spectral fit, the TASC data are

binned in energy to give at least 2j significance over background. Solid curves show

model fits to the data using the parameters given in Table 1 and the spectral model

described in the text. Upper limits are 2j. The two spectral components—the Band GRB

function at lower energies and the higher-energy power law (dashed lines)—are most

obvious at later times, but both components could be present in all the time intervals. Both

detectors independently observed the high-energy component at later times.

Furthermore, the fit to only TASC data is in agreement with the joint fit. The low-energy

(,10MeV) emission typically associated with synchrotron radiation decays more rapidly

than the 10–200MeV emission.

letters to nature

NATURE |VOL 424 | 14 AUGUST 2003 | www.nature.com/nature750 © 2003        Nature  Publishing Group

EGRET: González et al., Nature 2003
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energy flux. An additional power law function, described by the
expression APL[E(keV)/30MeV]g, was required to fit the higher-
energy g-ray excess at later times. In addition, a calibration factor of
0.45 was applied to the TASC data to normalize the flux relative to
LAD. This factor is similar to that required in other joint BATSE–
TASC fits of GRBs17, is consistent with the errors in the calculated
effective area as determined from the pre-flight calibration19, and
has little effect on the parameter values of the fit.
The data and spectral fits for five time intervals are shown in

Fig. 2, with the best-fit parameters given in Table 1. The last time
interval shown is the summation of three 32.768-s intervals. The
parameters of the BandGRB function and the temporal evolution of
the lower-energy emission component are consistent with many
other bursts observed by BATSE20. For example, Epeak generally
decreases with time and flux, in accord with the well-known hard-
to-soft evolution in GRB spectra21. The higher-energy component,
which is represented by a power law, remains bright and the spectral
index does not change within the statistical uncertainties. At the
highest energies, the flux remains constant throughout the GRB
within statistical uncertainties, while the flux at 300 keV decays by

about three orders of magnitude. The difference in the temporal
evolution of the low- and high-energy components can also be seen
in Table 1, which shows the energy flux in three different energy
intervals: 30 keV–2MeV, 2MeV–10MeV and 10MeV–200MeV for
the five time intervals. The additional high-energy component, with
its longer duration, results in a total .30 keV fluence of
6.5 £ 1024 erg cm22, which is more than three times that estimated
from the BATSE energy range alone. The high-energy power law
does not exhibit a cut-off, suggesting that even more energy is
emitted above 200MeV. The extension of the higher-energy com-
ponent to lower energies is also apparent in the LAD data at late
times.

GRBs are expected to exhibit a self-Compton component during
the prompt phase that extends to photon energies.g2

pk
Epeak, where

gpk is the electron Lorentz factor producing synchrotron emission
at Epeak. Because gpk .. 103 in the external shock of the relativistic

Figure 1 Count rates for GRB941017. a, From LAD; b, c, from TASC. The LAD data show

a weak precursor ,90 s before the trigger, which is not included in the background

estimation. The TASC background fit is shown as a line in b and c. In the time interval from
113 to 211 s, LAD flux is also still significantly detected with a 17j excess over the

background while TASC flux in the energy range of 1–200MeV is only 6j above the

background. However, the TASC flux corresponds to a much larger fraction of the TASC

detected emission than is seen in the LAD data. As shown in c, the TASC flux is also 6j

above the background in the energy range of 10–200MeV in this same time interval.

Figure 2 Energy fluxes from GRB941017. a–e, Data were obtained with LAD (crosses)

and TASC (filled circles) during five time intervals shown in Table 1 (with a and e being the
earliest and latest time intervals, respectively), which covers the period of significant

detection with LAD and TASC and shows the synchrotron and the new high-energy

components. For the purpose of the plot, but not for the spectral fit, the TASC data are

binned in energy to give at least 2j significance over background. Solid curves show

model fits to the data using the parameters given in Table 1 and the spectral model

described in the text. Upper limits are 2j. The two spectral components—the Band GRB

function at lower energies and the higher-energy power law (dashed lines)—are most

obvious at later times, but both components could be present in all the time intervals. Both

detectors independently observed the high-energy component at later times.

Furthermore, the fit to only TASC data is in agreement with the joint fit. The low-energy

(,10MeV) emission typically associated with synchrotron radiation decays more rapidly

than the 10–200MeV emission.

letters to nature

NATURE |VOL 424 | 14 AUGUST 2003 | www.nature.com/nature750 © 2003        Nature  Publishing Group
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Fermi LAT Observations of GRB 080916C

17 

 

Figure 1. Panel (a): energy vs. arrival time w.r.t the GBM trigger time for the 

160 LAT photons that passed the transient off-line event selection (red) and the 

Fermi LAT Observations of GRB 090510
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energy flux. An additional power law function, described by the
expression APL[E(keV)/30MeV]g, was required to fit the higher-
energy g-ray excess at later times. In addition, a calibration factor of
0.45 was applied to the TASC data to normalize the flux relative to
LAD. This factor is similar to that required in other joint BATSE–
TASC fits of GRBs17, is consistent with the errors in the calculated
effective area as determined from the pre-flight calibration19, and
has little effect on the parameter values of the fit.
The data and spectral fits for five time intervals are shown in

Fig. 2, with the best-fit parameters given in Table 1. The last time
interval shown is the summation of three 32.768-s intervals. The
parameters of the BandGRB function and the temporal evolution of
the lower-energy emission component are consistent with many
other bursts observed by BATSE20. For example, Epeak generally
decreases with time and flux, in accord with the well-known hard-
to-soft evolution in GRB spectra21. The higher-energy component,
which is represented by a power law, remains bright and the spectral
index does not change within the statistical uncertainties. At the
highest energies, the flux remains constant throughout the GRB
within statistical uncertainties, while the flux at 300 keV decays by

about three orders of magnitude. The difference in the temporal
evolution of the low- and high-energy components can also be seen
in Table 1, which shows the energy flux in three different energy
intervals: 30 keV–2MeV, 2MeV–10MeV and 10MeV–200MeV for
the five time intervals. The additional high-energy component, with
its longer duration, results in a total .30 keV fluence of
6.5 £ 1024 erg cm22, which is more than three times that estimated
from the BATSE energy range alone. The high-energy power law
does not exhibit a cut-off, suggesting that even more energy is
emitted above 200MeV. The extension of the higher-energy com-
ponent to lower energies is also apparent in the LAD data at late
times.

GRBs are expected to exhibit a self-Compton component during
the prompt phase that extends to photon energies.g2

pk
Epeak, where

gpk is the electron Lorentz factor producing synchrotron emission
at Epeak. Because gpk .. 103 in the external shock of the relativistic

Figure 1 Count rates for GRB941017. a, From LAD; b, c, from TASC. The LAD data show

a weak precursor ,90 s before the trigger, which is not included in the background

estimation. The TASC background fit is shown as a line in b and c. In the time interval from
113 to 211 s, LAD flux is also still significantly detected with a 17j excess over the

background while TASC flux in the energy range of 1–200MeV is only 6j above the

background. However, the TASC flux corresponds to a much larger fraction of the TASC

detected emission than is seen in the LAD data. As shown in c, the TASC flux is also 6j

above the background in the energy range of 10–200MeV in this same time interval.

Figure 2 Energy fluxes from GRB941017. a–e, Data were obtained with LAD (crosses)

and TASC (filled circles) during five time intervals shown in Table 1 (with a and e being the
earliest and latest time intervals, respectively), which covers the period of significant

detection with LAD and TASC and shows the synchrotron and the new high-energy

components. For the purpose of the plot, but not for the spectral fit, the TASC data are

binned in energy to give at least 2j significance over background. Solid curves show

model fits to the data using the parameters given in Table 1 and the spectral model

described in the text. Upper limits are 2j. The two spectral components—the Band GRB

function at lower energies and the higher-energy power law (dashed lines)—are most

obvious at later times, but both components could be present in all the time intervals. Both

detectors independently observed the high-energy component at later times.

Furthermore, the fit to only TASC data is in agreement with the joint fit. The low-energy

(,10MeV) emission typically associated with synchrotron radiation decays more rapidly

than the 10–200MeV emission.
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Fermi LAT Observations of GRB 090510
Fermi LAT Spectra of GRB 090926AThe Astrophysical Journal, 729:114 (12pp), 2011 March 10 Ackermann et al.
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Figure 5. Top: the best-fit (Band+CUTPL) model for the time-integrated data plotted as a νFν spectrum. The two components are plotted separately as the dashed
lines, and the sum is plotted as the heavy line. The ±1σ error contours derived from the errors on the fit parameters are also shown. Bottom: the νFν model spectra
(and ±1σ error contours) plotted for each of the time bins considered in the time-resolved spectroscopy.
(A color version of this figure is available in the online journal.)

freedom. However, certain assumptions are required for the va-
lidity of this calculation. For the highest reliability, we studied
the distribution of ∆(C-STAT) values via simulations, creating
2 × 104 random realizations of the null hypothesis (the
(Band+PL) model with parameters set at the best-fit values)
and fit the data for each trial with both models. In the result-
ing distribution of ∆(C-STAT) values, the largest difference we
found was 16.7, much smaller than the value of 40.5 for the ac-
tual data (see Table 1). We therefore place a firm upper limit on
the probability that our fit of the exponential cutoff occurred by
chance of 5 × 10−5. This corresponds to a Gaussian equivalent
significance of 4.05σ .

Our distribution of ∆(C-STAT) values shows a slight excess
over the χ2 distribution at large values indicating that perhaps
the asymptotic distribution has not been reached for this number
of trials. To be conservative, we do not evaluate the significance
according to the conventional procedure of using the observed
∆(C-STAT) value of 40.5 and the χ2 distribution. Unfortunately,
the number of simulations that would be required to determine
the significance of the observed cutoff is prohibitive. Nonethe-
less, the sizeable gap between the largest ∆(C-STAT) value ob-
tained in the simulations, 16.7, and the observed value of 40.5
suggests that the significance is much larger than 4σ . For the
four different sets of instrument response functions that we used
in our study of the systematic uncertainties, we always found
∆(C-STAT) ! 32. The significance of the spectral cutoff will be
hereafter quoted as >4σ .

Using the fit results for the best model (Band+CUTPL), we
estimate a fluence of 2.07 ± 0.04 × 10−4 erg cm−2 (10 keV–
10 GeV) from T0 + 3.3 s to T0 + 21.6 s. These data give an
isotropic energy Eγ ,iso = 2.24 ± 0.04 × 1054 erg, comparable to
that of GRB 090902B (Abdo et al. 2009a).

We then performed a time-resolved spectral analysis of the
prompt phase in the four time intervals a, b, c, and d. The
spectra are shown in Figure 5, and the results are summarized
in Table 2, where the best-fit parameters are given for the
statistically preferred model, and the C-STAT values are given
for the various models. The extra power-law component is found
to be very significant in intervals c and d, but not at the beginning
of the prompt phase in intervals a and b. The spectral cutoff is
significant at the >4σ level only in the common sharp peak
(time interval c), where the GeV flux is highest, but is only
marginally significant (∼4σ ) in time bin d.

In time interval b, the improvement in the fit statistics
when adding the extra power-law component is only ∆(C-
STAT) = 11.6. As a consequence, the parameters of the power
law are not very well constrained, yielding a normalization
B = 2.9+6.4

−1.0 10−10 photons cm−2 s−1 keV−1 and a power-law
index λ = 1.7+0.2

−0.1. In time interval c, we found the cutoff energy
to be EF = 0.40+0.13

−0.06 stat. ± 0.05 syst. GeV (Table 2). Note
that we fixed the pivot energy at Epiv = 1 MeV for time inter-
val c, since this is the only interval where the extra power-law
component is dominant over the Band component at very low
energies, and setting Epiv = 1 GeV resulted in very asymmetric
and very large uncertainties, especially for the normalization
B of the extra power-law component. We also tried to fit time
interval c with a broken power-law model, see Equation (2); but
again the fit significance was close to that of the (Band+CUTPL)
model, so that we cannot distinguish between the two models.
The fit with a broken power law gave a break energy Ebreak =
264+233

−75 MeV and a photon index above Ebreak of λh =
−3.55+0.63

−3.28. In time interval d, the improvement in the fit statis-
tics when adding a cutoff to the extra power-law component

7
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energy flux. An additional power law function, described by the
expression APL[E(keV)/30MeV]g, was required to fit the higher-
energy g-ray excess at later times. In addition, a calibration factor of
0.45 was applied to the TASC data to normalize the flux relative to
LAD. This factor is similar to that required in other joint BATSE–
TASC fits of GRBs17, is consistent with the errors in the calculated
effective area as determined from the pre-flight calibration19, and
has little effect on the parameter values of the fit.
The data and spectral fits for five time intervals are shown in

Fig. 2, with the best-fit parameters given in Table 1. The last time
interval shown is the summation of three 32.768-s intervals. The
parameters of the BandGRB function and the temporal evolution of
the lower-energy emission component are consistent with many
other bursts observed by BATSE20. For example, Epeak generally
decreases with time and flux, in accord with the well-known hard-
to-soft evolution in GRB spectra21. The higher-energy component,
which is represented by a power law, remains bright and the spectral
index does not change within the statistical uncertainties. At the
highest energies, the flux remains constant throughout the GRB
within statistical uncertainties, while the flux at 300 keV decays by

about three orders of magnitude. The difference in the temporal
evolution of the low- and high-energy components can also be seen
in Table 1, which shows the energy flux in three different energy
intervals: 30 keV–2MeV, 2MeV–10MeV and 10MeV–200MeV for
the five time intervals. The additional high-energy component, with
its longer duration, results in a total .30 keV fluence of
6.5 £ 1024 erg cm22, which is more than three times that estimated
from the BATSE energy range alone. The high-energy power law
does not exhibit a cut-off, suggesting that even more energy is
emitted above 200MeV. The extension of the higher-energy com-
ponent to lower energies is also apparent in the LAD data at late
times.

GRBs are expected to exhibit a self-Compton component during
the prompt phase that extends to photon energies.g2

pk
Epeak, where

gpk is the electron Lorentz factor producing synchrotron emission
at Epeak. Because gpk .. 103 in the external shock of the relativistic

Figure 1 Count rates for GRB941017. a, From LAD; b, c, from TASC. The LAD data show

a weak precursor ,90 s before the trigger, which is not included in the background

estimation. The TASC background fit is shown as a line in b and c. In the time interval from
113 to 211 s, LAD flux is also still significantly detected with a 17j excess over the

background while TASC flux in the energy range of 1–200MeV is only 6j above the

background. However, the TASC flux corresponds to a much larger fraction of the TASC

detected emission than is seen in the LAD data. As shown in c, the TASC flux is also 6j

above the background in the energy range of 10–200MeV in this same time interval.

Figure 2 Energy fluxes from GRB941017. a–e, Data were obtained with LAD (crosses)

and TASC (filled circles) during five time intervals shown in Table 1 (with a and e being the
earliest and latest time intervals, respectively), which covers the period of significant

detection with LAD and TASC and shows the synchrotron and the new high-energy

components. For the purpose of the plot, but not for the spectral fit, the TASC data are

binned in energy to give at least 2j significance over background. Solid curves show

model fits to the data using the parameters given in Table 1 and the spectral model

described in the text. Upper limits are 2j. The two spectral components—the Band GRB

function at lower energies and the higher-energy power law (dashed lines)—are most

obvious at later times, but both components could be present in all the time intervals. Both

detectors independently observed the high-energy component at later times.

Furthermore, the fit to only TASC data is in agreement with the joint fit. The low-energy

(,10MeV) emission typically associated with synchrotron radiation decays more rapidly

than the 10–200MeV emission.
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freedom. However, certain assumptions are required for the va-
lidity of this calculation. For the highest reliability, we studied
the distribution of ∆(C-STAT) values via simulations, creating
2 × 104 random realizations of the null hypothesis (the
(Band+PL) model with parameters set at the best-fit values)
and fit the data for each trial with both models. In the result-
ing distribution of ∆(C-STAT) values, the largest difference we
found was 16.7, much smaller than the value of 40.5 for the ac-
tual data (see Table 1). We therefore place a firm upper limit on
the probability that our fit of the exponential cutoff occurred by
chance of 5 × 10−5. This corresponds to a Gaussian equivalent
significance of 4.05σ .

Our distribution of ∆(C-STAT) values shows a slight excess
over the χ2 distribution at large values indicating that perhaps
the asymptotic distribution has not been reached for this number
of trials. To be conservative, we do not evaluate the significance
according to the conventional procedure of using the observed
∆(C-STAT) value of 40.5 and the χ2 distribution. Unfortunately,
the number of simulations that would be required to determine
the significance of the observed cutoff is prohibitive. Nonethe-
less, the sizeable gap between the largest ∆(C-STAT) value ob-
tained in the simulations, 16.7, and the observed value of 40.5
suggests that the significance is much larger than 4σ . For the
four different sets of instrument response functions that we used
in our study of the systematic uncertainties, we always found
∆(C-STAT) ! 32. The significance of the spectral cutoff will be
hereafter quoted as >4σ .

Using the fit results for the best model (Band+CUTPL), we
estimate a fluence of 2.07 ± 0.04 × 10−4 erg cm−2 (10 keV–
10 GeV) from T0 + 3.3 s to T0 + 21.6 s. These data give an
isotropic energy Eγ ,iso = 2.24 ± 0.04 × 1054 erg, comparable to
that of GRB 090902B (Abdo et al. 2009a).

We then performed a time-resolved spectral analysis of the
prompt phase in the four time intervals a, b, c, and d. The
spectra are shown in Figure 5, and the results are summarized
in Table 2, where the best-fit parameters are given for the
statistically preferred model, and the C-STAT values are given
for the various models. The extra power-law component is found
to be very significant in intervals c and d, but not at the beginning
of the prompt phase in intervals a and b. The spectral cutoff is
significant at the >4σ level only in the common sharp peak
(time interval c), where the GeV flux is highest, but is only
marginally significant (∼4σ ) in time bin d.

In time interval b, the improvement in the fit statistics
when adding the extra power-law component is only ∆(C-
STAT) = 11.6. As a consequence, the parameters of the power
law are not very well constrained, yielding a normalization
B = 2.9+6.4

−1.0 10−10 photons cm−2 s−1 keV−1 and a power-law
index λ = 1.7+0.2

−0.1. In time interval c, we found the cutoff energy
to be EF = 0.40+0.13

−0.06 stat. ± 0.05 syst. GeV (Table 2). Note
that we fixed the pivot energy at Epiv = 1 MeV for time inter-
val c, since this is the only interval where the extra power-law
component is dominant over the Band component at very low
energies, and setting Epiv = 1 GeV resulted in very asymmetric
and very large uncertainties, especially for the normalization
B of the extra power-law component. We also tried to fit time
interval c with a broken power-law model, see Equation (2); but
again the fit significance was close to that of the (Band+CUTPL)
model, so that we cannot distinguish between the two models.
The fit with a broken power law gave a break energy Ebreak =
264+233

−75 MeV and a photon index above Ebreak of λh =
−3.55+0.63

−3.28. In time interval d, the improvement in the fit statis-
tics when adding a cutoff to the extra power-law component
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GRB 970417a

One of 54 GRBs observed by Milagrito
18 events seen on a background of 3.3

chance probability (post-trials) of 1.7x10-3 (2.9σ)
if real, TeV fluence > 10x keV fluence Milagro: Atkins et al., 2000



HAWC
Pico de Orizaba, altitude 4100 m, latitude 18º 59’ N
Two hours drive from Puebla, four from Mexico City
Site of Large Millimeter Telescope (existing infrastructure)

HAWC
(photoshop version)

Large Millimeter Telescope



The HAWC Gamma 
Ray Observatory

• Gamma ray interacts in the 
atmosphere, forms a particle 
cascade

• Particles produce Cherenkov 
light in water at ground level

• Reconstruct direction from timing 
of PMT hits across the detector

• Views the entire overhead sky, day 
and night, in all weather

• Field of view ~2 sr, typical duty 
factor >95% 

• Most triggers come from cosmic 
rays, gamma rays a small minority 

A. Simmonet
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300 Water Cherenkov Detectors
7.2 m diameter x 4.3 m tall, containing 4 PMTs
20,000 m2 area, 60% active Cherenkov volume

VAMOS
engineering array Future site of HAWC
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HAWC Sensitivity to GRBs

• HAWC will probe GRB emission above Fermi LAT energies
• Effective area a rising function of gamma ray energy

• Extragalactic background light
absorbs high energy γ rays, 
depending on source redshift

• Detection depends on GRB
spectrum, cutoff energy
(intrinsic or due to EBL)

• Brightest GRBs likely 
observable, based on high
energy LAT photons
• A 4th PMT added to each tank,

will further increase sensitivity
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Figure 2: Sensitivity of HAWC using the main DAQ as a function of zenith angle. The sensitivity is defined as the
flux detectable at 5σ significance with 50% probability. Results are given for the baseline trigger (nHit > 70) and a reduced
threshold trigger (nHit > 30) for a range of zenith angles of an astrophysical source. The simulated burst has a duration of
20 s, a spectral index of −2 and a redshift of 0.5. EBL attenuation is modeled following Gilmore et al. [29].

assuming that the burst occurs at a zenith angle of 20◦ and lasts 1 second. We consider a range of spectral
indices for spectra of the type dN/dE ∝ Eγ with various high-energy cutoffs. The effect of EBL is not
directly considered because it can be simplistically simulated as a sharp cutoff. As an example, for a
redshift of z = 1, Gilmore et al. [29] predict a cutoff at about 125GeV. This choice of spectra is motivated
by Fermi LAT observation of GRBs at high-energy [17, 18]. Data for GRBs 090510 and 090902b, extracted
from [18] and [17], are shown for comparison. The reported fluxes of those bursts were scaled by T 0.7, where
T is 0.5 and 30 (seconds) for GRB 090510 and GRB 090902b respectively, to account for the dependence of
HAWC’s sensitivity on burst duration as explained previously. HAWC will be able to detect bursts such as
GRB 090510 or GRB 090902b with high significance if the high-energy cutoff is above ≈ 100GeV. In the
configuration with the low trigger threshold (nHit > 30) cutoff values down to ≈ 60GeV would be reachable.
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Figure 3: Sensitivity using the main DAQ as a function of spectral index for two different trigger thresholds.
The 5σ discovery potential is shown as a function of spectral index for various values of a sharp high-energy spectral cutoff.
The left plot is for the baseline trigger (nHit > 70). The right plot is for an alternative low threshold trigger (nHit > 30). The
duration of the burst is fixed to 1 s and the zenith angle is fixed to 20◦. Data from 2 different GRBs are corrected for duration
and inserted for comparison [18, 17].

The present estimates of HAWC sensitivity are based on a simple event counting approach that does not
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A. U. Abeysekara et al. (HAWC Collaboration), 
arXiv:1108.603, submitted to Astropart. Phys.

D. Zaborov, K. Sparks



Simulated HAWC 
GRB Light Curve

• GRB 090510 (z = 0.9) observed 
by Fermi in GBM and LAT

• Simulated HAWC response 
assuming extension of 
spectrum with LAT index

• EBL absorption and cosmic 
ray background included

• Expect ~200 events above 30 
GeV if spectrum extends to EBL

• Around 10 events observed by 
HAWC even if cut off at energy of 
highest photon observed by 
Fermi

GOODMAN est al. THE HAWC OBSERVATORY

Figure 5: Observation of GRB 090510 by Fermi [9] (top
5 panels) at z=0.9, and simulated response of HAWC to a
GRB with a similar flux 25◦ from zenith, assuming a cut off
at 125 GeV, for the HAWC TDC DAQ (second panel from
bottom) and HAWC scaler DAQ assuming a Fano factor of
4 (bottom panel).

HAWC will additionally produce light curves at TeV ener-
gies for AGN within a declination band of -20◦–60◦ and
alert the community when flaring is observed, triggering
multiwavelength and multimessenger observations. Extra-
galactic TeV photons are attenuated at high energies by pair
production against the extragalactic infrared background
light (EBL). Measurements of AGN spectra above 10 TeV
by HAWC are expected to constrain EBL models [28].

3.3 GRBs

Fermi LAT recorded photons with energies above ∼30
GeV from GRB 090510 [9] and GRB 090902B [10]. This
is well above the low energy threshold of HAWC; with an
effective area of ∼30m2 at 30 GeV (figure 1), HAWC will
observe a factor ∼30 more events at this energy than Fermi.
If spectra continue well above 30 GeV, HAWC will do even
better. High energy photons produced in the GRB jet are
attenuated by pair production at energies determined by the
bulk Lorentz factor of the jet. By measuring GRB spectra at
high energies, HAWC will constrain the Lorentz boost fac-
tor of the jets, search for violation of Lorentz invariance,
constrain EBL models, and constrain models on the mech-
anisms of the VHE gamma-ray production. HAWC will
operate with a continuous duty cycle and monitor 15% of

the sky with zenith angle less than 45◦. About 40 GRBs de-
tected by Fermi GBM each year will be within this field of
view, with ∼1.5 GRB yearly in coincidence with the LAT.
Simulated HAWC observations to an event similar to GRB
090510 are shown in figure 5, assuming a cut off energy
of 125 GeV and zenith angle less than 25◦. HAWC would
observe ∼200 events in the first second from such a burst.
Even with a cut off at 50 GeV, HAWC would observe 5σ

from such a burst. The HAWC scaler DAQ will be sensitive
to events too small to trigger the TDC DAQ; such events in-
crease counting rates and provide an additional channel to
detect GRBs, shown in figure 5. HAWC will perform an in-
dependent online data analysis to look for GRBs and issue
GCN notices when one is observed.

—

This work has been supported by the National Science
Foundation, the U.S. Department of Energy, and Mexico
Conacyt.

References

[1] TeVCat, http://tevcat.uchicago.edu/.
[2] A. Abdo et al., Astrophys. J. Lett. 664, L91 (2007).
[3] A. A. Abdo et al., Astrophys. J. 688, 1078 (2008).
[4] M. Tavani et al., Science 331, 736 (2011).
[5] A. A. Abdo et al., Science 331, 739 (2011).
[6] G. Aielli et al., The Astronomer’s Telegram #2921.
[7] M. Mariotti et al., The Astronomer’s Telegram #2967.
[8] R. Ong et al., The Astronomer’s Telegram #2968.
[9] M. Ackermann et al., Astrophys. J. 716, 1178 (2010).

[10] A. A. Abdo et al., Astrophys. J. Lett. 706, L138
(2009).

[11] I. Torres et al. (HAWC Coll.), these proc.
[12] M. Longo et al. (HAWC Coll.), these proc.
[13] M. DuVernois et al. (HAWC Coll.), these proc.
[14] J. Pretz et al. (HAWC Coll.), these proc.
[15] A. Sandoval et al. (HAWC Coll.), these proc.
[16] D. Heck et al., Forschungszentrum Karlsruhe, Tech.

Rep. FZKA 6019 (1998).
[17] S. Agostinelli et al., Nucl. Instr. Meth. A 506, 250

(2003)
[18] P. Huentemeyer et al. (HAWC Coll.), these proc.
[19] B. Baughman et al. (HAWC Coll.), these proc.
[20] A. A. Abdo et al., Astrophys. J. 698, 2121 (2009).
[21] R. Abbasi et al., Astrophys. J. 718, L194 (2010).
[22] V. Grabski et al. (HAWC Coll.), these proc.
[23] A. A. Abdo et al., Astrophys. J. Lett. 700, L127

(2009).
[24] R. Abbasi et al., Phys. Rev. D 79, 062001 (2009).
[25] R. Abbasi et al., Astrophys. J. 732, 18 (2011).
[26] J. Galbraith-Frew et al. (HAWC Coll.), these proc.
[27] M. Su, T. R. Slatyer, and D. P. Finkbeiner, Astrophys.

J. 724, 1044 (2010).
[28] A. Imran et al. (HAWC Coll.), these proc.
[29] I. Taboada et al. (HAWC Coll.), these proc.



Tyce DeYoung Penn State Physics Department Colloquium November 3, 2011

HAWC  Construction Schedule

• Construction began February 2011

• Fall 2012: 30 Tanks
• Sensitivity comparable 

to Milagro

• Summer 2013: 
 100 Tanks
• Begin continuous

operations in Fall 2013

• Fall 2014: 300 Tanks 
(construction complete)
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High Energy Neutrino Telescopes

• Need a big piece of transparent 
material (cubic kilometers)

• Neutrinos interact in or near the 
detector

• Cherenkov radiation detected by
3D array of optical sensors (OMs)

• O(km) muon tracks from νμ CC

• O(few m) cascades from νe CC, 
low energy ντ CC, and νx NC

ν , ν
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shower

W, Z

ν

µ
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IceCube Search for 
Neutrinos from GRBs

• IceCube has searched for 
neutrinos in coincidence with 300 
GRBs recorded 2008 – 2010

• 40 and 59 string configurations

• No neutrinos observed in 
coincidence with these GRBs

• Upper limits at approximately 
20% the predicted flux, if GRBs 
are the (sole) sources of the 
observed UHE cosmic rays

• Somewhat dependent on modeling 
of GRBs, but limits are already 
constraining – and will improve 
over the next few years
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FIG. 3. Allowed parameter space for fluxes of the form �⌫ · {E�1/✏b, E < ✏b;E�2, E > ✏b}. �

is derived from the break energy assuming neutrino production at the � resonance from proton

interaction with a 1 MeV photon field at z = 1 [4, Eq. A7]. Vertical axes are related to the

accelerated proton flux by the model-dependent constant of proportionality f⇡. Error bars on

model predictions indicate uncertainties in f⇡ and in fits to the cosmic-ray spectrum [7]. Waxman-

Bahcall [2] and Rachen et al. [3] lines use a cosmic ray density of 1044 erg Mpc�3 yr�1. Rachen

and Ahlers assume a neutron-decay origin for cosmic rays.

shown in the vertical axes of figure 3; each model prediction has been normalized to a value121

consistent with the observed ultra high-energy cosmic ray flux. It can also be expressed as a122

fraction of the observed burst energy, and used to directly limit the average proton content123

of the bursts in our catalog (Fig. 4).124

Another free parameter is the bulk Lorentz boost factor �. This is related to the neu-125

trino flux by setting the threshold energy for photopion production in the observer frame:126

increasing � has the e↵ect of reducing the neutrino flux by moving it to higher energies where127
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allowed region

FIG. 1. Results of the model-dependent analysis along with the result from IC40 [6]. The flux

lines from the predictions from individual spectra [4] and Waxman 2003 [10] are shown as well.

The Guetta et al. line is proportional to the ratio of energy in protons to that in electrons (✏p/✏e,

here the standard 10, chosen to match the cosmic ray density) and the Waxman line to the flux of

cosmic ray protons accelerated in GRBs. The left-hand vertical axis is a di↵use flux derived from

the right-hand axis assuming our catalog is a representative sample [8] of a total of 667 bursts/year.

flux predictions [7, 8].100

Limits from the model-independent analysis on fluxes of this type are shown in figure101

3 for |�t| = 28 seconds, the median burst duration. The spectra are represented there as102

broken power laws with a break energy corresponding to the � resonance for p� interactions103

in the frame of the shock. The upper break, due to synchrotron losses of ⇡+, has been104

neglected, as its presence or absence does not contribute significantly to the muon flux in105

IceCube and thus does not have a significant e↵ect on the presented limits.106

In combination with the earlier IceCube null results [6], this work excludes all tested107

models [4, 5, 10] with their standard parameters and uncertainties on those parameters108

(Figs. 1, 3). The models are di↵erent formulations of the same fireball phenomenology,109

5

flux predictions

upper limit
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IceCube DeepCore

• A more densely instrumented 
region at the bottom center of 
IceCube

• Eight special strings plus 12 
nearest standard strings

• High Q.E. PMTs

• ~5x higher effective 
photocathode density

• In the clearest ice, below 2100 m

• λatten ≈ 50 m

• IceCube provides an active veto 
against cosmic ray muon 
background (around 106 times 
atmospheric neutrino rate)

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

scattering
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Figure 11: Particle speed probabilities per event for simulated muons from cosmic-ray inter-
actions (black dashed line) and simulated muons from atmospheric neutrinos inside DeepCore
(red solid line). The speed is defined to be positive if the hit occurred before the COG time
(see text) and negative if it appeared after. Hits in the veto region are generally expected to
have a speed close to c ' +0.3 m/ns. Smaller speeds occur for light delayed by scattering.
Larger speeds are in principle acausal, but since the COG time represents the start of a Deep-
Core event, whereas the COG position defines its center, the particle speeds for early hits are
slightly overestimated. Events with a hit within a particle speed window between +0.25 and
+0.4 m/ns are rejected.
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Figure 12: Signal e�ciency as a function of background rejection for events having one or
more hits with a particle speed (see text) between +0.25 m/ns and a variety of upper values,
ranging from +0.35 m/ns to +1.0 m/ns, as indicated in the figure. Upper values higher
than about +0.4 m/ns result in greater signal loss without significant additional background
rejection.
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Vetoing Atmospheric Muons

• Look for hits in veto region consistent 
with speed-of-light travel time to hits in 
DeepCore
• Achieves 8 x 10-3 rejection of cosmic ray 

muon background with 99% efficiency for 
neutrinos interacting within DeepCore 

• More sophisticated versions used offline

neutrinos

cosmic ray 
muons

speed of light
 (inward)

light
diffusing
outward

D. Grant, L. Bradley
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Atmospheric Cascades with IceCube

• First detection of neutrino cascades 
(νe + νμ NC) in a neutrino telescope
• Previous searches have turned up a 

half-dozen candidates, consistent with 
cosmic ray muon background 

• Use DeepCore with IceCube veto to 
reduce background
• Reduced fiducial volume OK given high 

atmospheric flux

• Use machine learning tools, maximum 
likelihood fits to identify cascades

• Dominant background to cascades is 
atmospheric νμ CC with short μ tracks

C. H. Ha

12

Two Candidate Events

Run = 116020 
Event ID = 20788565
2010/06/06

Run = 116100 
Event ID = 13022869
2010/06/28

Chang Hyon Ha                                                                                                                            2011 TAUP Munich

Tuesday, August 30, 2011



Observation of Atmospheric Cascades

• Data set of 1029 events from 2010, ~60% real cascades
• Atmospheric muon background being assessed, but contribution small

• Potential to discriminate between leading atmospheric neutrino models

• Mean energy ~180 GeV, not sensitive to oscillations with this sample
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Energy Distribution (After Cut)

Preliminary

Harsh Cut MC True Energy

<NuE> ~180 GeV

Preliminary

Number of Hit Channels

Chang Hyon Ha                                                                                                                            2011 TAUP Munich

Tuesday, August 30, 2011

C. H. Ha
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Atmospheric Neutrinos in DeepCore

• DeepCore greatly expands IceCube’s sensitivity to low energy 
neutrinos (<100 GeV)
• The atmospheric neutrino 

spectrum follows
dN/dE ~ Eν–3.7 

• 30 MTon detector with 
~10 GeV threshold
• The lower threshold leads to

much higher neutrino event
rates than in IceCube

•  O(105) atmospheric 
neutrinos triggered / year

D. Jason Koskinen - Uppsala - Sept. 2011 GENIE Validation

• GENIE fixes• DeepCore Effective Volumes• Nugen comparisonBelow 10 GeV
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Neutrino Oscillations with DeepCore

• Energy threshold of first analysis high due to final particle ID cuts

• Alternate sample trades higher background for reduced threshold
• Measurement of tau neutrino appearance appears possible (a first!)
• Requires detailed understanding of systematics – work in progress

 C. H. Ha, J. Koskinen
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Measuring Tau Neutrino Appearance

• First step: measure neutrino rates, infer tau neutrino contribution
• Approximately 15σ statistical observation in 2010 data set (plus syst.)

• Then work toward observing distortion of the cascade spectrum
• Improve precision and reduce background by adding reconstruction info

 C. H. Ha, J. Koskinen

preliminary



Tyce DeYoung Penn State Physics Department Colloquium November 3, 2011

Toward Precision Physics in Ice

• First stage: PINGU
• Add ~20 further infill strings to DeepCore, extend energy reach to ~1 GeV

• Improved sensitivity to DeepCore physics, and test bed for next stage

• Use mostly standard IceCube technology, include some R&D toward new 
types of photodetectors

• Include additional calibration devices with an eye toward few-% systematics

• Thinking big: MICA
• Using new photon detection technology, can we build a detector that can 

reconstruct Cherenkov rings for events well below 1 GeV?

• PINGU physics topics, plus proton decay, extragalactic supernova neutrinos

• At least comparable in scope to IceCube, but in a much smaller volume

 J. Koskinen, D. Grant
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PINGU Performance

• Increased effective volume for energies below ~15 GeV

• Several megatons effective volume at a few GeV

• Does not include analysis efficiencies, reconstruction precision
• Absolute scale lower, but larger relative improvement over DeepCore

Preliminary

 J. Koskinen, R. Wasserman
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PINGU Neutrino Physics

• Sensitivity to 2nd oscillation 
peak/trough, and lower?
• Measuring full minimum

and 2nd peak would 
improve extraction of 
Δm232 and sin2(2θ23) in a 
very large data set

• Limited by systematic 
uncertainties, not statistics
• Will include a robust 

calibration program to refine 
understanding of systematics

Mena, Mocioiu, Razzaque, arXiv:0803.3044
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FIG. 2: left (right panel): Oscillation probabilities for νe → νµ, νµ → νµ transitions for cν = −1.

channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.
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FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-
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Neutrino mass hierarchy - PINGU

We investigate the possibility of this measurement with a 20 string 
infill.    

Why?

At 10 GeV the neutrino/anti-
neutrino probabilities are flipped in 
their hierarchies and add = 
reduces the effective size of 
measured CC events

At 5 GeV there is a clear flip and 
shift in the probabilities which we 
may be able to exploit...

Probing the Neutrino 
Mass Hierarchy?

• Possible sensitivity to neutrino
mass hierarchy via matter 
effects if θ13 is large

• Exploit asymmetries in 
ν / ν̄ cross section, kinematics

• Effect is largest at energies of 
a few GeV (for neutrinos 
crossing the Earth’s core)

• Control of systematics crucial

• Recent results from T2K suggest 
that nature may have been kind 
to us by giving us a large θ13

sin2(2θ13) = 0.1
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Beyond PINGU: A Megaton Ice Cherenkov Array

• Underground detectors such as Super-K, SNO, et al. have made 
tremendous contributions to particle physics, but are approaching 
the limits of feasible detector size
• Physics reach determined by photocathode coverage, radiopurity, optical 

quality of the medium

• Costs driven primarily by photocathode coverage, purification, and civil 
engineering – and the latter is coming to dominate

• Ice offers one great advantage: the medium is the support structure
• Installation costs low (on the scale of a next-generation detector) 

• Deep ice has reasonably good optical quality, very high radiopurity

• But the maximum density of instrumentation is determined by installation 
procedure, and the optical properties must be assessed in situ



R&D: Multi-PMT Digital Optical Module

• Based on a KM3NeT design

• Glass cylinder containing 64 3” PMTs and associated electronics
• About 5x the photocathode area of a 

standard IceCube 10” PMT

• Module diameter similar to IceCube 
DOMs, single connector

• Might enable Cherenkov 
ring imaging in the ice 
• Feasible to build a multi-MTon 

detector in ice with an energy 
threshold of 10’s of MeV?

• R&D beginning now

Possible
design 

for future 
array:

64 x 3” 
PMTs



Possible
design 

for future 
array:

64 x 3” 
PMTs
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MICA Physics Goals

• Proton decay
• Studying sensitivity to p → π0 + e+ channel

• Requires energy threshold of ~100’s of MeV

• Background limited – depends on energy resolution, particle (ring) ID

• Supernova neutrinos
• Only 2±1 core collapse SNe per century in the Milky Way

• Need to reach well beyond our galaxy to get statistical sample of supernovae 
observed in neutrinos – requires multi-MTon effective volume

• Background levels may be too high for a ~10 MeV threshold for individual events, 
but still allow observations of a burst of neutrinos

• Plus improvements for dark matter, neutrino physics compared to PINGU 
and DeepCore
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Summary

• An exciting time in particle astrophysics!

• IceCube now complete, HAWC under construction
• DeepCore array in place, first results appearing

• We are learning a lot about gamma ray bursts
• Interesting things going on at high energy (how high?)

• But where are the neutrinos?

• IceCube with DeepCore has great potential as a laboratory for 
neutrino physics
• Studies of neutrino oscillations with world’s largest neutrino data sets

• How far can we go with this idea?


