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Detecting supernova v, is essential for testing supernova and neutrino physics, but the yields are
small and the backgrounds from other channels large, e.g., ~10? and ~ 10* events, respectively, in
Super-Kamiokande. We develop a new way to isolate supernova v,, using gadolinium-loaded water
Cherenkov detectors. The forward-peaked nature of v, + ¢~ — v, + ¢~ allows an angular cut that contains
the majority of events. Even in a narrow cone, near-isotropic inverse beta events, 7, + p — ¢ + n, are a
large background. With neutron detection by radiative capture on gadolinium, these background events can be
individually identified with high efficiency. The remaining backgrounds are smaller and can be measured
separately, so they can be statistically subtracted. Super-Kamiokande with gadolinium could measure the total
and average energy of supernova v, with ~20% precision or better each (90% C.L.). Hyper-Kamiokande
with gadolinium could improve this by a factor of ~ 5. This precision will allow powerful tests of supernova
neutrino emission, neutrino mixing, and exotic physics. Unless very large liquid argon or liquid scintillator

detectors are built, this is the only way to guarantee precise measurements of supernova v,.
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I. INTRODUCTION

Supernovae are some of the most spectacular electro-
magnetic displays in the Universe. Understanding them
is essential for many areas of physics and astrophysics.
Core-collapse supernovae are massive stars (2 8M ) that,
at the end of their burning cycles, collapse under gravity to
form a neutron star or black hole [1-8]. These collapses are
potential sites for gravitational-wave production [9—11],
gamma-ray bursts [12], heavy-element nucleosynthesis
[13,14], and cosmic-ray acceleration [15].

It is difficult to learn about the core properties and
collapse mechanism using electromagnetic light curves, as
the surface of last scattering of photons is in the outer
envelope. Neutrinos, on the other hand, being weakly
interacting, have their surface of last scattering much
deeper inside, within the core. Neutrinos carry about
~99% of the binding energy released during the collapse
of the star. Precise measurements of all flavors of neutrinos
can provide much information about a supernova [16-34].

The only supernova neutrinos ever detected were from
SN 1987A [35,36]. Even this modest data has been
invaluable for understanding neutrinos and supernovae.
Only 7, were detected, through the inverse beta channel,
U, + p — e" + n, leading to, e.g., constraints on the total
and average energy in this flavor [37-40]. (We assume that
the first event was not due to neutrino-electron elastic
scattering, which has a very small probability.)
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Computer simulations of supernova explosions have
detailed predictions about the neutrino emission, but, due
to the lack of a high-statistics Galactic supernova, it is not
possible to adequately test these [41-49]. It is important to
detect all flavors of neutrinos to measure the total and
average energy in each. Because the differences between
flavors may be modest, large numbers of events must be
detected to ensure adequate precision.

Galactic supernovae occur only once every ~ 30 years.
It is essential that a variety of detectors be ready to detect
all flavors of neutrinos well to understand the physics and
astrophysics of core-collapse supernovae. Using present
detectors, it will be easy to measure supernova 7, and v,,
via inverse beta and elastic scattering on protons, respec-
tively [50-53]. Unless very large liquid argon [54,55] or
liquid scintillator detectors [56,57] are built, or other
techniques become experimentally viable [58-63], there
will be no way to guarantee the clean detection of super-
nova v, in adequate numbers. The difficulties of measuring
the v, spectrum well enough have long been known; e.g.,
see Refs. [64-72].

Here we show how this problem could be solved by
using gadolinium (Gd) in Super-Kamiokande (Super-K)
and other large water Cherenkov detectors. The addition of
Gd to Super-K was proposed to improve the detection of 7.
Ironically, this would also improve the detection of v,.
We add new ideas to those briefly noted in Ref. [73] and
perform the first detailed calculations, showing how
supernova v, could be measured precisely.
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The principal technique is to use neutrino-electron
scattering, v, + e~ — v, + ¢~. These events are forward
peaked, so a narrow cone contains the majority of them.
The largest background is from inverse beta events. The
use of Gd to detect neutrons will help in individually
detecting and removing these events with high efficiency.
The spectrum of 7, will be measured precisely so that the
remaining inverse beta and 7, 4 e~ scattering events can
be statistically subtracted from the forward cone. Liquid
scintillator detectors can detect v, (=v, +v,) well
enough through v+ p — v+ p scattering, so the v, +
e~ scattering events can be statistically subtracted.

In addition, we show how gadolinium will improve the
prospects for measuring v, charged-current interactions
with oxygen. This channel is only important if the average
energy of v, is large, either intrinsically or due to efficient
mixing with sufficiently hot v,. Recent supernova simu-
lations suggest that none of the flavors has a large average
energy, and that the differences between flavors are modest,
so that these interactions with oxygen may not be impor-
tant. In contrast, the neutrino-electron scattering events
would be measured well in all scenarios if Gd is used to
reduce backgrounds.

Detecting supernova v, will be helpful in constructing
the initial spectrum of these neutrinos, testing neutrino
mixing scenarios, and probing exotic physics. We concen-
trate on detecting the v, emitted during the full duration of
the burst; however, this technique could also help in
detecting the short neutronization burst v, in Mton water
Cherenkov detectors [74].

The outline for this article is as follows. In Sec. II, we
discuss the various theoretical and experimental inputs
required to isolate supernova v,. In Sec. III, we discuss how
this can constrain the v, spectrum parameters, and we
conclude in Sec. IV.

II. CALCULATION INPUTS

We first discuss the neutrino spectra from a supernova,
followed by the various detection channels in a water
Cherenkov detector. We then outline the detection strategy
that we propose to use to detect supernova v, in a water
Cherenkov detector with gadolinium.

A. Supernova neutrino spectra

A supernova neutrino burst lasts for ~ 10 sec and
includes all flavors of neutrinos. The total binding energy
released in the explosion is ~ 3 x 107 erg. We assume that
the total energy is equipartitioned between the six species
so that the total energy carried by each v (or 7) flavor
is ~5 x 10°? erg. The supernova is assumed to be at a
distance of 10 kpc, the median distance of core collapse
progenitor stars in our Galaxy, which is slightly farther than
the distance to the Galactic center [75].
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Supernova neutrinos are emitted in a quasithermal
distribution. For concreteness, we take a particular modi-
fied Maxwell-Boltzmann spectrum [76,77],
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where this is normalized to unity. Using a regular Maxwell—
Boltzmann or a Fermi-Dirac spectrum with the same
average energy gives more neutrinos at high energies.
For the electron-scattering and inverse-beta channels, the
increased number of events is <5%. For the oxygen
channel, which depends very sensitively on neutrino
energy, the number of events can increase by ~50%.
Our choice of spectrum is conservative, and our results
can only improve if other neutrino spectra are appropriate.

For the average energies of the initial spectra, we take
(E, ) = 11-12 MeV, (E; )~ 14-15MeV, and (E, ) =
15-18 MeV; the hierarchy follows from the different
strengths of interaction in the supernova core. Neutrino
mixing effects in the supernova [78-87] or on Earth
[67,88,89] can have a dramatic effect on the final spectra,
even exchanging them. Then the v, (or 7,) spectrum could
have an average energy of ~ 15-18 MeV, increasing the
yields of charged-current detection channels. (The yields of
neutral-current detection channels do not change for active-
flavor mixing.) To tell how efficient the mixing is, we need
to measure the v, detection spectra precisely.

A model independent neutrino signal from a supernova is
the neutronization burst, which consists of a short pulse
(~25 msec) of initially pure v, before the ~ 10 sec emis-
sion of neutrinos of all flavors [74]. Depending on the
neutrino mixing scenario, the number of neutronization v,
detected in a Mton water Cherenkov detector for a Galactic
supernova is ~ 30-100 [74,90]. Our detection strategy will
also be useful in this case. In Super-Kamiokande (fiducial
volume 32 kton), the number of events due to neutronization
v, is only ~O(1).

B. Neutrino detection interactions

All flavors of neutrinos and antineutrinos can be detected
with the v+ e~ - v+ e~ channel. The recoil kinetic
energy of the scattered electron varies between 0 and
2E?/(m, + 2E,). The forward-scattered electron makes
an angle a with the incoming neutrino given by
cosa =+/T,/(T, +2m,)(E, +m,)/E,, where T, is the
kinetic energy of the recoil electron.

The differential cross section for neutrino-electron elastic
scattering is [91]
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where G is the Fermi coupling constant; g, = 2 sin’@y, &
1/2 for v, and v,, respectively; and g4 = +1/2 for v,
and v,, respectively. For antineutrinos, g4 — —g4. When
integrated over T, the total cross section ¢(E,) x m,E,.

Only 7, were detected from SN 1987A, via the inverse
beta reaction, 7, + p — ¢* + n, where p denotes free
hydrogen (protons) in water and the positrons are emitted
almost isotropically. The cross section for this process is
o(E,) = 0.0952 x 107*(E, — 1.3)*(1 = 7E,/m,,) cm?
where m,, is the proton mass, the energies are in MeV, the
threshold of the reaction is £, > 1.8 MeV,and T, = E, —
1.8 MeV [50,51].

The neutron thermalizes by elastic collisions and is
captured on protons as n+ p — d +y in about 200 pus.
The emitted gamma ray has an energy of 2.2 MeV, which
cannot be reliably detected in Super-K due to low-energy
detector backgrounds [92]. To unambiguously detect the
emitted neutron, it has been proposed to add Gd to large
water Cherenkov detectors. Then the neutron will be
thermalized and captured on Gd in about 20 us, leading
to 3—4 gamma rays with a total energy of about 8§ MeV,
which is easily detectable in Super-K [73].

Electron neutrinos can also be detected in water
Cherenkov detectors by v, + 10 — e~ 4 1F* [64], where
most of the final-state decay products of the excited '°F*
nucleus are not detectable. The threshold for this reaction
is ~ 15 MeV, and the electron kinetic energy is T, ~
E,~15MeV. In the energy range 25 MeV <E, <
100 MeV, the cross section is given by o(E,) ~
4.7 x 10740(E9%-15925)6 ¢cm?, for energies in MeV
[64,93]. The angular distribution of the electrons is slightly
backward tilted. The steep energy dependence of the cross
section means that v, can only be detected well if the
average energy is large, say, due to mixing.

We neglect other neutrino interactions with oxygen
(v, charged-current [64] and all-flavor neutral-current
[94]), as they are not our focus and their yields are small
compared to that from the inverse-beta channel.

The time-integrated flux for single neutrino flavor is

dF 1 E

dE,  4zd (E,)

f(E). 3)

where E'* denotes the total energy in that v flavor and d is
the distance to the supernova. The observed event spectrum
in the detector is

dN o0 dF do
- = E—(E)—(E,,T 4
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where N7 is the appropriate number of targets. For a larger
average energy, the thermally averaged cross section is
larger, but the flux is smaller (because the total energy is
taken to be fixed). For neutrino-electron scattering, these
effects nearly cancel, making the total number of events
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TABLE 1. Expected numbers of events in Super-K for a
Galactic supernova at a distance of 10 kpc for different values
of the neutrino average energy (we do not round the numbers so
that small differences remain visible). The total energy of the
supernova is assumed to be 3 x 10°3 erg, equipartitioned among
all flavors (here v, = v, + v;). The detection threshold during a
burst is assumed to be 7, =3 MeV. Other interactions with
oxygen are neglected because their yields are small compared to
that of inverse-beta decay.

Detection channel 12 MeV 15 MeV 18 MeV
vV,+e —-v,+e 188 203 212
v,+e -, +e 56 64 70
vote —uv.te 60 64 68
vote —ouU te 48 54 56
v, + 100 — e~ 4 10F* 16 70 202
U,+p—et+n 5662 7071 8345

almost insensitive to the average energy. The shape of
the electron recoil spectrum does change, which provides
sensitivity to the average energy.

Table I shows the expected number of events in Super-K
for these reactions under different assumptions about the
neutrino average energy. For additional details about the
detection of neutrinos from a Galactic supernova in water
Cherenkov detectors, see the references already cited as
well as Refs. [95-97].

C. Proposed detection strategy

We focus on Super-K, the largest detector with low
intrinsic backgrounds [98]. We assume that supernova
events can be detected in the full inner volume of 32 kton.
Super-K measures the energy, position, and direction of
charged particles with very high efficiency. During a
burst, detector backgrounds can be ignored. There is
extensive ongoing research on employing Gd in Super-K
[73,99,100]. The efficiency of neutron capture on Gd will
be known from calibration data.

We employ the v, + ¢~ — v, + e~ reaction to detect the
v, and look for the forward-scattered electrons. Knowing
the direction of the Galactic supernova, if we make an
angular cut of half-angle 40° (appropriate for the lowest
energy v, + e~ events [98]), then ~68% of the electron-
scattering events will be in that cone. The forward-scattered
electrons can also locate the supernova to within a few
degrees [75,93,101,102].

Figure 1 shows the recoil spectra for neutrino-electron
scattering for all flavors. (We use kinetic energy, but
Super-Kamiokande conventionally uses the total energy,
E, =T, + m,.) Because the energy range is so broad, the
effects of energy resolution smearing (~ 15% near 10 MeV)
were found to be modest and are not included. As can be
seen from the figure, v, has the largest number of events.
This is important, because the other flavors of neutrino-
electron scattering events are an irreducible background to
the v, + e~ events.
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FIG. 1 (color online). Electron spectra forthe v + e~ - v+ e~
detection channels for a supernova in Super-K. These are just the
events in the forward 40° cone (~68% of the total). We take
(E,) =12 MeV, (E; ) =15MeV, and (E, ) = 18 MeV; the
other assumptions are listed in Table I.

The largest number of events will be due to the inverse
beta reaction, which is almost isotropic. Neutron detection
on Gd will individually identify ~90% of these events. The
very large number of events will determine the v, parameters
precisely (~ 1% with ~ 10* events), which will be used to
statistically subtract the remaining inverse beta events.
Events from other detection channels can also be statistically
subtracted.

III. SUPERNOVA v, DETECTION
AND CONSTRAINTS

We first discuss the typically assumed range of super-
nova neutrino spectrum parameters and show spectra for
some representative neutrino mixing scenarios. We then
calculate fits for the neutrino spectrum parameters and
show the results for these and other cases.

A. Calculated detection spectra

Several cases can be considered for the initial spectra and
how they are changed by neutrino mixing. Our focus is on
testing the v, sector. We first note the two extreme cases that
we want to differentiate and then mention some other
possibilities. There are also cases intermediate between
the extremes we note. We do not try to identify these cases
in terms of active-flavor neutrino mixing scenarios, given the
large uncertainties in the problem, especially in the initial
neutrino spectra. Our focus on improving the measurements,
and the interpretation in terms of supernova emission and
neutrino mixing, will come once there is a detection.
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Case A has (E, ) ~ 12 MeV and (E, ) ~ 15-18 MeV;
i.e., there is a hierarchy of average energies between the
flavors initially, and neutrino mixing has not interchanged
them (other assumptions are as above).

Case B has (E, ) = 15-18 MeV, and one flavor of v,
has (E, ) ~ 12 MeV (the other flavors of v, have (E, )

15— 18 MeV) i.e., there is a hierarchy of average energies
between the flavors initially, and neutrino mixing has
interchanged them.

If the average energy of v, were large and mixing were
effective at exchanging the spectra of antineutrinos instead
of neutrinos, this would be evident in the o, + p spec-
trum; this is disfavored by the SN 1987A data. If all
flavors had a low average energy, this would be evident in
the v, + p and v + p spectra (because the v + p channel
is a neutral-current interaction, its yield is not changed by
active-flavor mixing). The yields of these and other
channels can decide everything except the differences
between cases A and B. That’s the open problem: What is
the v, spectrum?

When the v, average energy is high, v, + '°O is a good
detection channel; otherwise, it gives no useful signal
because the yields are too small to be detected in the
presence of backgrounds. Typical average energies from
supernova simulations are markedly lower than the values
assumed a decade or two ago, so v, + '°0 is now a much
less favorable channel. Besides v, + e~ in Super-K, there is
no other detection channel in any existing detector that
produces enough identifiable v, events when the average
energy is low. The yield of v, + e~ barely changes with
changes in the average energy. Another important
change from a decade or two ago is that much lower
energies can be detected, which improves the spectrum
shape tests.

The main background for these reactions is the inverse-
beta events. Some of these numerous events can be
removed using an angular cut, but they still pose a
formidable background. This is shown in the left panel
in Fig. 2 for the same average energies as in Fig. 1. There
are ~ 128y, 4+ ¢~ events in the 40° cone, but this is
swamped by ~ 827 inverse-beta events. In the absence
of neutron tagging, it will be difficult to extract the v, signal
from this background.

However, adding Gd to Super-K has a dramatic effect.
Assuming that the efficiency of neutron detection in a Gd-
loaded Super-K is 90%, the inverse-beta background will
decrease to 83 events. This strongly improves the detection
prospects of v,. The U, spectrum will be well measured by
cleanly identified inverse-beta decay events using neutron
detection by Gd. This will allow statistical subtraction of
the backgrounds due to 7, + e~ and the remaining 7, + p
events. Liquid scintillator detectors will measure the
spectrum of v, from the v+ p channel, which is most
sensitive to the flavors with the highest average energies.
This will allow statistical subtraction of the backgrounds
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FIG. 2 (color online). Detectable electron (or positron) spectra in Super-K without or with Gd. The two panels consider different
cases for (E, ) after neutrino mixing. Other parameters, including (E; ) = 15 MeV, are as in Fig. 1. Left Panel: For case (A) with
(E,,) = 12 MeV, we focus on the v, + ¢~ signal (solid line) in the forward 40° cone. The dotted line shows the large inverse-beta
background without Gd, and the dashed lines show the most important backgrounds with Gd. Right panel: For case (B) with
(E,) = 18 MeV, we focus on the v, + 190 signal (solid line) in the region complementary to the forward 25° cone (note the different
angle). The inverse beta background without Gd is too large to show, and the dashed line shows this background with Gd. Here the signal
and background are both due to the Galactic supernova.
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FIG. 3 (color online). Detectable electron spectra in Super-K, ignoring backgrounds, for different assumed average energies for
v, (12, 15, and 18 MeV) to show variants of the signals in Fig. 2. All spectra scale linearly with changes in the assumed total energy in
v,. Other assumptions are as above. Note axis changes from Fig. 2. Left Panel: For the v, + ¢~ channel in the forward 40° cone.
Right Panel: For the v, + '°0 channel in the region complementary to the forward 25° cone.
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due to the v, + e~ channel. These subtractions only lead to
modest increases in the uncertainties of the spectrum shown
in the left panel of Fig. 2.

The v, + '0 channel is only useful if the v, average
energy is large, as otherwise the yield is too small. Even for
a v, average energy of 18 MeV, the backgrounds are still
important. There are ~200 signal events in the whole
detector. Excluding a forward cone of 25°, ~ 190 events
remain. (The different choice of angle for the forward cone
is because now we focus on higher energies, for which the
angular resolution is better.) In a detector without Gd, these
would be overwhelmed by the ~ 7071 inverse beta events,
but neutron tagging by Gd will dramatically reduce this
background. This situation is shown in the right panel in
Fig. 2. Again assuming an efficiency of 90% in neutron
tagging in a Gd-loaded Super-K, only ~ 707 of the inverse-
beta events will remain. This enormous reduction in
background will greatly help in isolating the v, + 'O
signal.

Figure 3 shows how the detection spectra for v, + e~
and v, + '90 change with different assumptions about the
v, average energy. The yield for v, 4+ e~ elastic scattering
depends only weakly on the average energy, but that for
the v, + 'O reaction changes dramatically. See also
Table I. Both channels also have characteristic spectrum
changes as the average energy changes, as shown
in Fig. 3.
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FIG. 4 (color online).
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B. Fits for neutrino spectrum parameters

The detection spectra in Fig. 2 show that adding Gd to
Super-K will greatly reduce backgrounds for supernova v,.
We quantify the improvement in the determination of the
v, spectrum parameters, (E, ) and E}', by constructing a y*
and performing fits. We use

) 0 tot,0y _ ot 2
){222(01(<Eve> ’El/ﬁ ) T1(<Eue>7E}/2)> i (5)

i %

where O;((E,,)°, EX**) are the numbers of events in each
bin assuming the fiducial values of the parameters,
Ti((E,,). E}') are the same allowing different values,
and o; are the uncertainties on the fiducial numbers.

Because all spectra except v, will be well measured
separately, here we only need to fit for the v, spectrum
parameters. That is, we fit spectra like those in Fig. 3 after
the remaining backgrounds shown in Fig. 2 have been
statistically subtracted. In the y? calculation, the numbers of
events in the numerator are only those of the signals; the
backgrounds affect the results by increasing the uncertain-
ties in the denominator, which depend on the numbers of
signal plus background events.

Put another way, if we set up a y? for the data before
the statistical subtractions (Fig. 2 instead Fig. 3), then the
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Allowed regions (90% C.L. Ay? contours) for the v, spectrum parameters determined from the v, + ¢~ and

v, + '°0 channels separately. The combined constraints (not shown) closely follow what would be expected visually. The two panels are
for different cases (fiducial parameters marked by an x), matching those of Fig. 2. Dashed lines indicate the contours when Gd is not
used, and solid lines show the improvements when Gd is used. Left Panel: When the v, average energy is small, here 12 MeV, the
v, + e~ channel gives a closed allowed region, but the v, + 'O channel only defines upper limits. Right Panel: When the v, average
energy is large, here 18 MeV, both channels give closed allowed regions.
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FIG. 5 (color online). Allowed regions (90% C.L. Ay? con-
tours) for the v, spectrum parameters determined from the v, +
e~ and v, + 'O channels jointly. Two examples of fiducial
parameters ((E, ) =11 MeV and (E, )° = 15 MeV) are each
marked with an x. The corresponding fit regions are shown
without and with Gd.

contributions from flavors besides v, would cancel in the
numerator but not the denominator. More precisely, those
cancelations would occur only on average if typical
statistical fluctuations were included.

To determine the allowed regions of parameters when a
supernova is detected, we calculate Ay relative to various
assumed best-fit cases (using Ay?> = 4.6 for two degrees of
freedom to obtain the 90% C.L. regions).

Our results indicate the likely size and shape of the
allowed regions once a supernova is detected. We make
some reasonable approximations. The uncertainties on the
initial spectra and the effects of neutrino mixing are large,
and the uncertainties on the neutrino cross sections are
moderate. In addition, we are considering only the time-
averaged emission, whereas the average energies may vary
during the burst. The widths of the bins were chosen to have
approximately equal numbers of v, + e~ events in each bin
(at least =10 events per bin). The numbers of events are
then large enough that the Poisson uncertainties can be
treated as Gaussian.

In case A from above, there is a hierarchy between the
average energies of different flavors, but their spectra are
not interchanged by mixing, so the average energy of v, is
low. We take (E, )° = 12 MeV and E{*"" =5 x 107 erg
as fiducial parameters for this case.

If these are the true parameters of the supernova, then the
left panel of Fig. 4 shows the likely precision with which
the parameters would be reconstructed from the measured
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data in Super-K without or with Gd. In this case, the
primary constraint comes from the v, + ¢~ channel. The
v, + 190 channel does not have enough events relative to
the backgrounds, though large values of (E, ) can be
excluded by the nonobservation of a significant number of
events. The presence of Gd reduces the size of the allowed
region significantly. With both channels together, the
allowed region would be centered on (E, ) = 12 MeV
and would range from roughly 9 to 14 MeV. Thus, with Gd,
it would be possible to say that (E, ) is different from (E; )
(which could be 15 MeV with ~ 1% precision). This would
not be possible without Gd, so this is an important
difference.

In case B from above, there is a hierarchy between the
average energies of different flavors, and their spectra are
interchanged by mixing, so the average energy of v, is
high. We take (E, ) = 18 MeV and E{** = 5 x 107 erg
as fiducial parameters for this case.

If these are the true parameters of the supernova, then
the right panel of Fig. 4 shows the likely precision with
which the parameters would be reconstructed from the
measured data in Super-K without or with Gd. In this
case, both channels have enough events to define allowed
regions. The steep energy dependence of the v, + '°O
cross section gives a precise measurement of the average
energy, though the large backgrounds and uncertainties
mean that the total energy is not well determined. As
before, the presence of Gd improves the precision,
especially for the v, + ¢~ channel. With both channels
together, the allowed region would be very small. It
would be easy to distinguish case A and case B; Gd
would greatly improve the significance of this
comparison.

The presence of Gd is even more important when the
neutrino average energies are closer to each other. This is
seen in some simulations, e.g., Ref. [43], where (E, ) ~
11 MeV, and (E; ) = (E, ) ~ 15 MeV. Because of the less
pronounced hierarchy, it will be much harder to distinguish
scenarios like case A and case B.

Figure 5 shows our results (joint constraints using both
channels) for the allowed regions of the v, spectrum
parameters. In this case, the presence of Gd does not
completely separate the 90% C.L. contours, but it comes
very close. Without Gd, the two allowed regions cannot be
separated at all, which would significantly degrade the
ability to test the physics.

Recent long-term simulations show that the average
energy of the neutrinos can change during the ~ 10 sec
emission time [23,103,104]. The average energy of v,
typically changes from ~ 12 to ~6 MeV. For a detector
like Super-Kamiokande, it might be difficult to detect this
change of average energy. For a future detector like Hyper-
Kamiokande, which will have better precision for the
spectral paramaters (see later), such a difference could
be distinguished.
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IV. CONCLUSIONS

When the next Galactic supernova occurs, it is essential
that we have a collection of detectors that can measure all
neutrino flavors well. Without this, we will be unable to
fully address many important questions. What is the total
energy emitted in neutrinos, and how is it partitioned
among flavors? Are the average energies of the various
flavors different? What do these results say about neutrino
mixing and tests of exotic physics? What do the differences
between v, and v, emission tell us about the neutron-to-
proton ratio of the collapsing core?

At present, the only detector with a relatively large yield
of v, events is Super-K. Even so, this is only ~ 10 events
using the v, + e~ channel. If the average energy of v, is
large enough, then the v, + 'O channel will have a
comparable number of events. The problem is the back-
ground of ~10* events from the inverse-beta channel,
U, + p. This background can be reduced for v, + ¢~ using
an angular cut, but not enough.

We demonstrate in detail a new technique to reduce
backgrounds for both the v, + e~ and v, + '°O channels. If
Super-K adds Gd to improve the detection of 7, + p, then
~90% of these events will be individually identified
through detection of the neutron radiative capture on Gd
in close time and space coincidence with the positron. This
would dramatically reduce backgrounds for other channels.
The remaining backgrounds can be statistically subtracted
using independent measurements.

We show that the v, spectrum parameters, (E, ) (average
energy) and E}* (total energy), can be measured to ~20%
or better if Super-K adds Gd. This is a significant
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improvement over the capabilities of Super-K without
Gd. (For comparison, the precision for v, in existing
scintillator detectors is comparable, and the precision for
v, in Super-K will be ~ 1%.) Further, this improvement
could be the difference between being able to answer
essential questions or not. Unless very large liquid argon or
liquid scintillator detectors are built, then we have no other
way to adequately measure the v, spectrum.

Future extremely large water Cherenkov detectors like
Hyper-Kamiokande would have a dramatic impact on
detecting supernova v, using this technique. The ~25
times larger volume would reduce the uncertainty on the v,
parameters by factor of ~ /25 = 5. This requires using Gd
in Hyper-Kamiokande, the prospects of which are promi-
nently considered [105]. (This would also require a new
very large liquid scintillator detector [56,57] for improved
measurements of v, using the v+ p channel.)

This new method of determining supernova v, would
help improve our understanding of supernovae and neu-
trinos in many ways. It provides yet another motivation for
Super-K to add Gd. Given how infrequent Galactic super-
novae are, it is essential that the opportunity to measure v,
well not be missed.
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