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Potential for supernova neutrino detection in MiniBooNE
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The MiniBooNE detector at Fermilab is designed to search fornm→ne oscillation appearance atEn

;1 GeV and to make a decisive test of the LSND signal. The main detector~inside a veto shield! is a
spherical volume containing 0.680 ktons of mineral oil. This inner volume, viewed by 1280 phototubes, is
primarily a Čerenkov medium, as the scintillation yield is low. The entire detector is under a 3 m earth
overburden. Though the detector is not optimized for low-energy~tens of MeV! events, and the cosmic-ray
muon rate is high~10 kHz!, we show that MiniBooNE can function as a useful supernova neutrino detector.
Simple trigger-level cuts can greatly reduce the backgrounds due to cosmic-ray muons. For a canonical

Galactic supernova at 10 kpc, about 190 supernovan̄e1p→e11n events would be detected. By adding
MiniBooNE to the international network of supernova detectors, the possibility of a supernova being missed
would be reduced. Additionally, the paths of the supernova neutrinos through Earth will be different for
MiniBooNE and other detectors, thus allowing tests of matter-affected mixing effects on the neutrino signal.

DOI: 10.1103/PhysRevD.66.013012 PACS number~s!: 14.60.Lm, 95.55.Vj, 97.60.Bw
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I. INTRODUCTION

As is well known, about two dozen neutrinos in total we
detected from SN 1987A in the Kamiokande II, IMB, an
Baksan detectors@1#. Even these very limited observation
despite some of their puzzling features, did provide a ba
confirmation of the core-collapse supernova mechanism
well as interesting limits on the properties of neutrinos@2#.
The Galactic supernova rate is about (361)/century~most
would be obscured optically by dust! @3#, so it is very impor-
tant that a supernova neutrino signal not be missed bec
of detectors being down for upgrades or calibrations. T
can be accomplished by having as many independent su
nova neutrino detectors as possible. Since different detec
use different targets and techniques, having results from
eral detectors is also very useful for making cross-check
the data and theory. Additionally, the neutrino paths throu
Earth will be different, and matter-affected mixing effects
the signal can be significant~see, e.g., Ref.@4#!.

The supernova neutrino detection capabilities of vario
present or near-term detectors are documented elsew
Super-Kamiokande~SK! @5#, the Sudbury Neutrino Observa
tory ~SNO! @6#, Borexino@7#, KamLAND @8#, the Large Vol-
ume Detector~LVD ! @9#, and the Antarctic Muon and Neu
trino Detector Array~AMANDA ! @10#. SK, once repaired
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would expect about 104 identified supernova events. The ot
ers would expect between a few and several hundred ide
fied events.~The number of identified events in AMANDA is
more difficult to quantify since the supernova is seen only
a statistically significant increase in the noise rate.! The
yields are expected to be larger than from SN 1987A in p
because the assumed distance is smaller. SN 1987A was
distance of about 50 kpc, in the Large Magellanic Cloud
small companion of the Milky Way Galaxy. The next supe
nova will more likely be in our Galaxy proper, and conve
tionally, a distance of 10 kpc is assumed, approximately
median distance of Galactic stars from Earth. In the case
SK, it is approximately 16 times larger than its predeces
Kamiokande II.

The MiniBooNE detector at Fermilab is designed
search fornm→ne oscillation appearance, using a beam
;1 GeV nm produced byp1/K1 decay in flight. These
mesons are produced when a proton beam from the Ferm
Booster hits a beryllium target about 500 m away from t
detector. The mesons are focused by a magnetic horn sy
that will allow charge selection and hence running with a
tineutrinos instead of neutrinos. The beam will operate w
the very low duty cycle of 5 Hz of 1.6ms spills, so only
modest shielding from cosmic-ray muons is required. This
provided by a 3 mearth overburden, which nearly eliminate
the hadronic component of the cosmic rays~the hadronic
interaction length is about 1 m water equivalent!. The Mini-
BooNE experiment will decisively confirm or refute the Liq
uid Scintillator Neutrino Detector~LSND! @11# neutrino os-
cillation signal; full operations begin in Summer 2002.

We briefly review the basic characteristics of the Min
BooNE detector. A more complete description can be fou

nd
.
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SHARP, BEACOM, AND FORMAGGIO PHYSICAL REVIEW D66, 013012 ~2002!
in Ref. @12#. The detector is a 6.1 m radius steel sphere, fil
with mineral oil. The oil has density 0.85 g/cm3 and its
chemical composition is CnH2n12, with n.30. At 5.75 m
radius, there is a phototube support structure that optic
isolates the inner volume from a veto region. The veto reg
is painted white to maximize light-gathering efficiency~Čer-
enkov imaging will thus not be possible!; it is viewed by 241
phototubes, and is expected to have greater than 99%
ciency for detecting cosmic-ray muons crossing the veto
gion once. The inner volume, containing 0.680 ktons of
is designed as an imaging Cˇ erenkov detector viewed by 128
phototubes providing 10% photocathode coverage. For
main oscillation experiment, a fiducial volume will be d
fined inside 5 m radius, and containing 0.445 ktons of
Though no scintillating compounds have been added to
oil, there is still some light from scintillation. We assume
photoelectrons per MeV, with a 3:1 ratio of Cˇ erenkov to
scintillation light. The total cosmic-ray muon rate in the d
tector is about 10 kHz, with about 8 kHz throughgoing and
kHz stopping. These rates were estimated directly using
known sea-level rates@13#, and are in agreement with pre
liminary measurements in the detector. In the very near
ture, as the detector is commissioned and calibrated, the
tector properties will be well-measured, and full Monte Ca
modeling of supernova neutrino detection will be done.

While the detector is clearly not optimized for detecti
supernova neutrinos, since;200n̄e1p→e11n events
would be expected, it is worth examining whether it c
indeed be used as a supernova neutrino detector. In this
per, we show that with just simple trigger-level cuts, Min
BooNE can efficiently operate as a supernova neutrino
tector without interfering with its main task of testing th
LSND @11# signal. This is despite the likely skepticism to th
idea that a surface-level detector could reduce its cosmic
muon backgrounds enough to function as a supernova
trino detector.

II. THE SUPERNOVA SIGNAL

In large stars~greater than about 8M (), nuclear fusion
reactions begin with protons and eventually proceed thro
heavier nuclei until iron is produced. Since iron is the m
tightly-bound nucleus, the energy generation rate in the c
falls as the fraction of iron increases. Once the iron core
reached about 1.5M ( , it can no longer be supported b
even electron degeneracy pressure, and it collapses. O
nuclear densities are reached, the core cannot be compre
further, and rebounds, with the subsequent outgoing sh
ejecting the stellar envelope. In this paper, we characte
the supernova neutrino signal in a very simple way, thou
consistently with numerical supernova models@14#. The
change in gravitational binding energy from the stellar c
and the proto-neutron star is about 331053 ergs, about 99%
of which is carried off by all flavors of neutrinos and a
tineutrinos over about 10 s. The emission time is mu
longer than the light-crossing time of the proto-neutron s
because the neutrinos are trapped and must diffuse out, e
tually escaping with approximately Fermi-Dirac spec
characteristic of the surface of last scattering. In the can
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cal model,nm ,nt and their antiparticles have a temperatu
T.8 MeV, n̄e hasT.5 MeV, andne hasT.3.5 MeV.
The temperatures differ from each other becausen̄e and ne
have charged-current opacities~in addition to the neutral-
current opacities common to all flavors!, and because the
proto-neutron star has more neutrons than protons. It is g
erally assumed that each of the six types of neutrino
antineutrino carries away about 1/6 of the total binding e
ergy, though this has an uncertainty of at least 50%@15#.

In this paper, we will focus on just then̄e signal. The
spectrum shape for the supernova events is given by
product of the cross section and a Fermi-Dirac distributi
i.e.,

dN

dEn
}s~En!

En
2

11exp~En /T!
. ~2.1!

This is the spectrum of neutrinos which interact. The det
tion reaction in MiniBooNE isn̄e1p→e11n, and the cor-
responding positron spectrum is immediately obtained if
assume thatEe5En21.3 MeV ~i.e., if neutron recoil is ne-
glected!. The cross section in this approximation@16# is

s~En!50.09523~En21.3!2, ~2.2!

where energies are in MeV and the cross section is in unit
10242 cm2. The full cross section, including the recoil, wea
magnetism, and radiative corrections is given by Vogel a
Beacom@16#. For a temperatureT, the positron spectrum
peaks at about 4T @6# ~for comparison, the average neutrin
energy before weighting by the cross section is 3.15T).

The expected number of events~assuming a hydrogen to
carbon ratio in the detector of 2:1! is

N511.8F EB

1053 erg
G F1 MeV

T G3F10 kpc

D G2F MD

1 ktonG
3F ^s&

10242 cm2G . ~2.3!

As noted, we will assumeEB5331053 ergs, T55 MeV,
andD510 kpc. We assume that all events within a radius
5.5 m can be used, corresponding to 0.595 ktons. Though
optical barrier is at 5.75 m radius, the phototubes faces ar
5.5 m radius. The positrons have very short range~they lose
about 2 MeV/g/cm2) and are nearly isotropically directed
For the thermally-averaged cross section per CH2 ‘‘mol-
ecule’’ ~2 protons! we use ^s&554310242 cm2 at T
55 MeV. Including the corrections of Ref.@16# would re-
duce the thermally-averaged cross section by about 20%
the present study, these corrections may be neglected.

Thus the total yield fromn̄e1p→e11n is expected to be
N.230. The positrons will be detected in MiniBooNE b
their Čerenkov~and scintillation! light. The neutrons will be
radiatively captured on protons, but we assume that the
sulting 2.2 MeV gamma rays will not be visible, due to low
energy radioactivity backgrounds.
2-2
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POTENTIAL FOR SUPERNOVA NEUTRINO DETECTION . . . PHYSICAL REVIEW D66, 013012 ~2002!
For n̄e1p→e11n, the yield is nearly proportional toT
~since^s&;T2), and as noted, the peak of the positron sp
trum is about 4T. The true temperature may be somewh
different ~see, e.g., Refs.@15,17#!, and it may be effectively
increased by mixing withn̄m / n̄t ~see, e.g., Ref.@18#!. We
neglect possible distortions in the tail characterized by
chemical potential, as their effects are minimal for this cro
section@6#.

The next-most important reaction in the detector will
the neutral-current nuclear excitation of12C, which yields a
15.11 MeV gamma, with.30 events expected~see, e.g.,
@7#!. These gammas will Compton-scatter multiple electro
to a variety of energies. In the present study, we neglect th
events. We also neglect the smaller numbers of events f
neutrino-electron scattering and charged-current react
on 12C.

To simulate the energy resolution of the detector, we fi
consider the minimum energy resolution that occurs beca
of the Poisson statistics of the number of photoelectrons.
a detector witha detectedphotoelectrons per MeV, the mini
mum energy resolution is

d~E!5
AE

Aa
, ~2.4!

where all energies are in MeV. Note thata varies from de-
tector to detector and depends on the number and efficie
of the phototubes, their distance from the fiducial volum
light absorption, the fraction of tubes that are multiply h
etc. It is therefore generally a function of position and dire
tion. In other Čerenkov detectors, e.g., SK and SNO, all
these effects and more are modeled in the Monte Carlo
culation, and energy resolution close to the Poisson limit
be obtained~only about 25% worse!. We assumea54 for
MiniBooNE ~SK and SNO havea56 and 9, respectively!,
and that similar event reconstruction techniques can be
ployed. At the energies of interest, the detector efficienc
taken to be unity.

We conservatively assume that the energy resolution
MiniBooNE will be about 1.5 times the minimum given b
Poisson statistics above. In LSND, the energy resolution
about 2.5 times worse than Poisson for reasons that had
with the very high light yield due the scintillating com
pounds added to their mineral oil. Because of the large n
ber of multiply-hit phototubes, energy was estimated by
tegrated charge, rather than simply by the number of
phototubes. In those phototubes, the charge distribution
photoelectron is very broad, and has a long tail at h
charge. Though the same phototubes are being used in M
BooNE, we do not expect to have these problems. M
BooNE will not have such a high light yield~the ratio of
Čerenkov light to scintillation light should be 3:1 instead
1:4, anda54 instead of 30!, and approximately 300 new
phototubes with better charge resolution have been ad
Therefore, the energy resolution at low energies in Mi
BooNE should be rather good.
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III. BACKGROUNDS

We have shown that about 230n̄e1p→e11n events are
expected in MiniBooNE from a canonical Galactic supe
nova at 10 kpc, and that the positron spectrum peaks at a
20 MeV. If these events can be separated from backgrou
then this is a respectable yield of events, approximately
times more than were observed in total from SN 1987A.
we show below, the spectrum shape should be well-meas
too.

The key question, of course, is whether these sig
events can be separated from the large cosmic-ray rel
backgrounds expected in a surface-level detector~for com-
parison, SK and SNO are under about 1 and 2 km of ro
respectively!. As noted above, hadronic cosmic rays will b
reduced to a negligible rate by the 3 m earth overburden. Al
of the backgrounds that we consider are related to cosm
ray muons, and their total rate through the detector is ab
10 kHz~8 kHz throughgoing, 2 kHz stopping!. How then can
we see the 230/10 s. 20 Hz supernova signal undernea
the 10 kHz muon rate? In this section, we study the ba
ground rates in detail and show how they can be gre
reduced with simple trigger-level cuts.

A. Muon energy loss

We first consider direct energy deposition by muons.
the veto shield were perfectly efficient, then any muon in
main detector volume would be identified by its signal~s! in
the veto. If throughgoing and stopping muons can be ea
distinguished by their signals in the veto and main detec
then we would only have to consider possible Michel ele
trons from muon decays for the 2 kHz of stopping muo
and not the full muon rate of 10 kHz, thus minimizing th
detector deadtime~this is discussed below!.

However, since the muon rate is so high, an apprecia
rate (2 kHz30.01.20 Hz) of muons can evade one ve
layer and then stop in the detector. Sea-level muons h
average energies of about 4 GeV, and will lose about
GeV in the 3 m earth overburden~assuming 2 MeV/g/cm2

for a minimum-ionizing muon, and that the 3 m earth over-
burden is about 8 m water equivalent!. Therefore, a typical
muon might travel about 14 m in oil~density 0.85 g/cm3).
The spectrum of muon energies is falling only slowly in th
energy range, so a broad distribution of path lengths in
detector is expected. Therefore, very few muons will lo
less than 100 MeV or so, which would correspond to ab
60 cm for a minimum-ionizing muon. Therefore, direct e
ergy deposits by unvetoed stopped muons will always be
large as to be easily distinguishable from the supernova
nal. One might also consider corner-clipping throughgo
muons, to which similar considerations apply; such muo
will also have two chances to trigger the veto.

Therefore, we will define a muon event as any event
which the number of hit phototubes in the vetoor the main
detector is large. This is easy to implement as a trigger-le
cut, and it solves the problem of the veto inefficiency.
2-3
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SHARP, BEACOM, AND FORMAGGIO PHYSICAL REVIEW D66, 013012 ~2002!
B. Muon decays

Most of the stopped muons in the detector will decay, a
the Michel electrons and positrons from muon decay have
energy spectrum

dN

dEe
}Ee

2~120.013Ee!, ~3.1!

where all energies are in MeV and the kinematic end poin
the spectrum is 52.8 MeV. The normalization of the spectr
is set by the rate of stopped muons, namely 2 kHz. This
potentially very important background, since the event en
gies are similar to those of supernova events.

We can dramatically reduce the Michel background
imposing a holdoff of 15.2ms after every muon~the muon
lifetime is 2.2 ms). During this holdoff period, no data wil
be taken, which creates a detector deadtime fraction. In
ideal case, the holdoff would only be applied for stoppi
muons, so that the deadtime fraction would be 2 k
315.2 ms50.03, which would be negligible. However, be
cause the veto is not perfect, we have to apply this hold
after any muon event, as defined above, so the dead
fraction will be 10 kHz315.2 ms50.15, which is still
small. Most muon events are throughgoing, and so will
actually have a Michel decay electron. If true throughgo
events can be flagged at the trigger level, then the dead
fraction can be reduced. Similarly, if the positions of tr
stopping muons could be determined, then only eve
nearby in distance and time would be excluded, instead
making the whole detector dead~for example, SK uses this
technique to avoid large deadtime!. With the long holdoff of
15.2 ms, we will cut all but a fraction 1023 of Michel de-
cays, so that the true rate of surviving Michels will be
extremely small 2 Hz in the main detector volume. Note t
if the holdoff time is reduced, the deadtime fraction d
creases linearly, but the surviving Michel rate increases
ponentially.

C. Beta decays of12B

Of the 2 kHz of stopped muons, about 44% arem2 @19#,
of which about 8% will be captured instead of decaying@20#.
Almost all of these captures are on12C nuclei, rather than
free protons, and all but about 16% will go to particl
unbound excited states of12B @21#. Note that low-energy
protons and alpha particles will be invisible in MiniBooN
because of the low scintillation yield and the effects of lig
quenching. The rate of captures to the ground state of12B is
thus about 11 Hz. This isotope is unstable tob2 decay, with
mean lifetime 20 ms and electron total energy end point 1
MeV. The shape of the electron total energy spectrum is

dN

dEe
}~13.92Ee!

2EeAEe
22me

2, ~3.2!

where all energies are in MeV and the normalization is se
the rate of 11 Hz. We have neglected the Fermi functi
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since it causes very little distortion at these high electr
energies. With the above considerations for the trigger
sign, the12B lifetime is so long that a holdoff time cannot b
used. However, most of the12B beta decays will produce
events well below the typical supernova event energ
~about 80% of the12B beta-decay electrons have energi
below 10 MeV!.

The LSND Collaboration observed about twice as ma
low-energy events that appeared to be12B beta decay as
expected@20#. These events were identified by their energ
not their lifetime, so other muon-induced radioactivitie
could also contribute. The origin of this discrepancy is u
known, but will be investigated further in MiniBooNE.

D. Other backgrounds

At energies below about 5 MeV, the background ra
from a wide variety of radioactive contaminants will ris
very quickly. These events do not overlap our superno
signal region, and can easily be removed at the trigger le
by requiring a minimum number of hit phototubes. The po
sibility of large backgrounds not considered here can be
cluded empirically by the results from the LSND detect
@20#, which was also located at very shallow depth and us
a similar trigger.

FIG. 1. Spectra of the supernova signal~solid line!, 12B decay
background~dashed line peaking at low energy!, and surviving
muon decay background~dashed line peaking at high energy! ver-
sus the true electron total energy, over a 10 s interval assume
contain the full supernova signal. A volume of 0.595 ktons is a
sumed, though all rates are reduced by 15% to account for
detector deadtime fraction imposed by applying a 15.2ms holdoff
after any muon event. Energy resolution is not included. Bel
about 5 MeV, backgrounds from ambient radioactivities will dom
nate over the spectra shown.
2-4
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IV. RESULTS

In Fig. 1 we show the theoretical shapes of the supern
neutrino events, as well as the12B decay and surviving muon
decay backgrounds, over a 10 s interval assumed to con
the full supernova signal. All three classes of events
nearly isotropic, and will be nearly uniformly distributed i
position.

The supernova signal is well above most radioact
backgrounds in energy, and reasonably above that from12B.
It is also well below the large energy depositions fro
muons. Michel decays from stopped muons do lie in t
same energy range as supernova neutrino events, and
rate is about 2 kHz. However, we have shown that th
background events can easily be reduced to a rate of abo
Hz.

In Fig. 2 we have taken the estimated energy resolut
~see above! of the detector into account. It is shown that th
has a relatively minor effect on the spectra.

We have assumed that muons can be identified with v
high efficiency by requiring either a large number of hit ph
totubes in the veto regionor the main detector volume. We
can then impose a 15.2ms holdoff after any such event
This is over-conservative in the sense that most of th
muons will not actually stop and decay in the detector, b
the penalty is minor, just a 15% deadtime. With a modest
at low energies, i.e., requiring a minimum number of h
phototubes, the low-energy radioactivities and a good dea
the 12B beta decays can be cut. In sum, the steady-state
should be about 4 Hz, easily manageable by the data ac
sition electronics.

A candidate supernova can be flagged by a large incre

FIG. 2. The same as Fig. 1, except that energy resolution is n
implemented as described in the text. The thin solid line indica
the sum spectrum. The curves shown indicate the true spe
shapes. For an actual supernova, there will be Poisson fluctua
on the numbers of events shown in each of the~1 MeV wide! bins.
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in the data rate, as shown in Fig. 3. A circular buffer c
store data for offline evaluation, where it can be examined
see if it has reasonable characteristics~energy spectrum, du-
ration, event positions and directions, etc.!. Detailed discus-
sions of supernova trigger for offline evaluation system
were published for Kamiokande@22# and MACRO@23#.

V. DISCUSSION AND CONCLUSIONS

The MiniBooNE experiment@12# will decisively test the
neutrino oscillation signal reported by LSND@11#. If the sig-
nal is confirmed, it will have a big impact on all of neutrin
physics, since simple models with three active neutrinos
pear to be inadequate to explain all the data. In additi
several authors have shown that the required mixing par
eters would have interesting implications for various aspe
of core-collapse supernovae, including the explosion mec
nism, r-process production of the heavy elements, and
detected neutrino signal@24#.

Our results show that MiniBooNE could be quite usef
as a supernova neutrino detector, despite being optimized
much higher energies and being at a shallow depth of on
m. With very simple trigger-level cuts, the backgrounds a
sociated with the 10 kHz cosmic-ray muon rate can easily
reduced to a manageable level, as shown in Figs. 1 an
The approximately 230 events from a canonical Galactic
pernova at 10 kpc can thus be easily identified, with on
minimal background contamination. Only about 15%

w
s

ral
ns

FIG. 3. Total number of signal and background events, in 1
bins over 100 s, showing the Poisson fluctuations for one rand
simulated experiment with a supernova att550 s. The background
rates above 10 MeV from12B beta decays and muon decays a
each about 2 Hz. All rates have been multiplied by 0.85 to acco
for detector deadtime, as discussed in the text. The supernova s
was modeled as a sharp rise followed by an exponential decay
time constant 3 s.
2-5
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SHARP, BEACOM, AND FORMAGGIO PHYSICAL REVIEW D66, 013012 ~2002!
these events will be lost to detector deadtime as a resu
cuts to reduce the muon decay background. This leaves a
190 supernova events, and their spectrum should be w
measured. The steady-state data rate of about 4 Hz in
data acquisition electronics is also easy to handle. The de
of implementing a supernova trigger into the MiniBooN
data acquisition system are now being studied. Further, in
very near future, direct measurements of the detector pe
mance and backgrounds will be measured in detail.

What can MiniBooNE add to the worldwide effort to de
tect supernova neutrinos?First, it is highly desirable to have
as many different detectors as possible. This will allow i
portant cross checks of the results, both from a theoret
and an experimental point of view.Second, MiniBooNE may
be able to act as a node in the Supernova Early Warn
System~SNEWS! @25#. While triangulation of the supernov
direction by arrival-time differences in several detecto
likely remains very difficult@26#, having many independen
nodes in the network greatly reduces the false alarm r
Also, since neutrinos leave the proto-neutron star hours
fore light leaves the stellar envelope, detection of supern
neutrinos may allow for astronomical observations of
earliest stages of the supernova.Third, not all detectors are
live all the time, due to upgrades and calibrations. Until S
is repaired, then̄e1p→e11n yield in MiniBooNE would
be comparable to that from other detectors with hydrog
.
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targets.Fourth, the signal in MiniBooNE may be useful fo
studying matter-affected mixing effects on neutrino propa
tion in Earth, especially when compared to othern̄e1p
→e11n detectors at different locations. These matter
fects can significantly distort the spectrum of detected po
trons ~see, e.g., Ref.@4#!.

We have shown that MiniBooNE can function as a use
supernova neutrino detector, despite its high cosmic-ray
lated background rates. One immediate application of
technique is that other surface-level neutrino detectors m
also be useful for detecting supernova neutrinos.
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