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Core-collapse supernovae emit of order®Iifeutrinos and antineutrinos of all flavors over several seconds,
with average energies of 10—25 MeV. In the Sudbury Neutrino Observé&)®), which begins operation
this year, neutrinos and antineutrinos of all flavors can be detected by reactions which break up the deuteron.
For a future Galactic supernova at a distance of 10 kpc, several hundred events will be observed in SNO. The
v, and v, neutrinos and antineutrinos are of particular interest, as a test of the supernova mechanism. In
addition, it is possible to measure or limit their masses by their deletermined from neutral-current events
relative to the?e neutrinos(determined from charged-current eventsumerical results are presented for such
a future supernova as seen in SNO. Under reasonable assumptions, and in the presence of the expected
counting statistics, @, or ». mass down to about 30 eV can be simply and robustly determined. If zero delay
is measured, then the mass limitirdependenof the distanceD. At present, this seems to be the best
possibility for direct determination of &, or v, mass within the cosmologically interesting range. We also
show how to separately study the supernova and neutrino physics, and how changes in the assumed supernova
parameters would affect the mass sensitiVi§0556-282(98)00821-7

PACS numbe(s): 14.60.Pq, 25.30.Pt, 95.55.Vj, 97.60.Bw

[. INTRODUCTION the large distance to a supernova will cause a measurable
delay in the arrival time. A neutrino with a mass (in eV)

As emphasized by Weinberdl] and many others, and energ)E (in MeV) will experience an energy-dependent
whether or not neutrinos have masses or other propertiegelay(in s) relative to a massless neutrino in traveling over a
beyond the standard model are questions which addresistance D(in 10 kpg of
some of the deepest issues in particle physics. Yet almost
seventy years after they were proposed by Pauli, most of the
properties of neutrinos are defined only by limits. In particu-
lar their masses, if any, are unknown. Results from several
experiments strongly suggest that neutrino flavor mixingwhere only the lowest order in the small mass has been kept.
occurs in solar, atmospheric, and accelerator neutrinogor av, or v, mass near the cosmological bound, the delay

and proof of mixing would be a proof of mass. Direct for a single neutrino is of order seconds. Because of the limit

searches for neutrino mass yield only the following limits: the v, mass, this delay can be measured from the arrival
m, < < < . . — .
=0V (2], M, 170 keV[3], and m, <24 MeV [3] of the v, and v, events relative to the, events. With the

With current techniques, it will be very difficult to signifi- - gatistical power of many events, it is possible to detect an

cantly_ improve these limits. In fact, t_he_ interesting MasSyyerage delay of order 0.1 s. Since one expects a type-ll

scale is much lower than the latter two limits, and is given bysupernova about every 30 years in our Galgsly and since

the requirement that neutrinos do not overclose the universg,nernova neutrino detectors are currently operating, there is
(see[4] and references thergin a good chance that this technique can be used to dramatically
improve the limits on thes,, and v, masses.

In a previous papdi6], we considered a future supernova
at 10 kpc(approximately the distance to the Galactic center
as seen by the SuperKamiokan@®K) detector. Such a su-
Neutrino masses exceeding this bound are allowed for un?grnova will cause about .710 T‘e“tfa""“”e”t excitations of
stable neutrinos. O by v, andv, (apd .thelr anupg_rucle)s followed by de-

The most promising technique for direct determination 0ftectable gamma emission. In addition, about 8300 events are

neutrino mass below the cosmological bound seems to bexpected fromve+p—e*+n. A v, or v. mass would cause
from time-of-flight measurements over astrophysical dis2 delay of the average arrival time of the neutral-current
tances. With the present generation of detectors, neutrinasvents as compared to thg events. We have shown how to
and antineutrinos of all flavors from a Galactic supernovatest the statistical significance of the difference in average
will be readily detectable. Even a tiny mass will make thearrival times and how to extract the allowed neutrino mass
velocity slightly less than for a massless neutrino, and overange. Taking into account the finite statistics, we concluded
that with this signal at SK, one can reach a mass sensitivity
down to about 45 eV for the, or v, mass.
*Electronic address: beacom@citnp.caltech.edu In this paper, we consider the capabilities of the Sudbury
"Electronic address: vogel@lamppost.caltech.edu Neutrino ObservatorySNO). For the same supernova, SNO
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will see in total about 400 events caused by the neutral,:25 MeV). The?e neutrinos have a temperature of about 5
current breakup of deuterons by, and v, (and their anti- Mev ((E)=16 MeV), and thev, neutrinos have a tempera-
particles. As |n.Ref._[6], the techn!que useq is to compare tyre of about 3.5 MeV (E)=11 MeV); see, e.g., Ref$19,
the average arrival time of thigossibly massiver, andv,  20]. These are the temperatures used in our analysis. While
events with the average arrival time of thg events. The there is some variation between models in the actual values
sensitivity of SNO for this measurement has been estimatedf the temperatures, all of the models have a temperature
previously[7—11], with the claimed minimal detectable mass hierarchy as above. This is important for separatingithe
ranging from 10 eV to 200 eV. Here, we present a detailetheytrinos from thev, and v, neutrinos. The energy distribu-
calculation of the mass sensitivity of SNO, taking the finitetions are taken here to be Fermi-Dirac distributions, charac-
statistics into account quantitatively. While the statistics areerized only by the temperatures given above. More elaborate
lower than for SK, the characteristic energy is low@nd so  models also introduce a chemical potential parameter to re-
the delay is larger leading to a sensitivity to a, or v. mass  duce the high-energy tail of the Fermi-Dirac distribution; the
down to about 30 eV. o effect of this is considered below.

The problem ofv,, or v. mass determination with super-  while some numerical supernova models have tempera-
nova neutrinos has been discussed for other neutrino detegyres decreasing with time, more recent moddig] have
tion reactions and using different_analysis techniquestemperatures increasing with time. This is a consequence of
Neutrino-electron scattering in wateef@nkov detectors the electron fraction and, hence, the opacities decreasing
(e.g., SK has been considered in Ref8~13. There have jth time. The real temperature variation is probably not
also been proposals to use neutral-current excitation of varigrge (see, e.g., Ref.19]). A well-motivated form for tem-
ous nuclei as a sign@l4-17. As shown below, some of the perature variation may eventually be obtained from the su-

previous estimates seem to be too op.tim_istic in ,that the)f)ernovaje data or from more-developed numerical models.
assuc;ntle a very sharp pulse of neutrinos in time, which makegy,o anaiysis of this paper could be easily modified to allow
amI/ Seay Irlnore g\ppar'gnt.th details of th Jof Varying temperature; until there is a compelling reason to
n Sec. 1, we describe the detalls of the supernova modey,ge 5 particular form, we simply use constant temperatures.
the detector properties, and the_neutrlno_ detection signals. In The neutrino luminosity rises quickly over a time of order
Sec.l ”lf’ weh review our a?z;%s(l)s techr;}que and show ourg 1 5 and then falls over a time of order several seconds. The
\r;\a/su tls or t e_geniltlwtyho to small, or v, Irgabsses. giluminosity used here is composed of two pieces. The first
Ne also consider how the mass sensitivity would be modiy; g 4 very short rise from zero to the full height over a time
fied if the actual supernova parameters differ from those a9 s using one side of a Gaussian with 0.03 s. The rise

sumed here. In Sec. IV, we discuss how the supernova pgs g, fast that the details of its shape are irrelevant. The
rameters and neutrino properties can be separately extractggcond piece is an exponential decay with time constant
from the same data. In Sec. V, we summarize our results. —3's. The luminosity then has a width of 10 s or so, consis-
tent with the SN 1987A observations. The detailed form of
the neutrino luminosity is less important than the general
shape features and their characteristic durations.
This description of a supernova is consistent with theoret-

A. Supernova neutrinos ical expectations, numerical supernova models, and the SN
1987A observations. With the next Galactic supernova, there
H/vill obviously be great improvements in the understanding
of the supernova neutrinos. In Sec. IV, we discuss how to
separately extract the supernova parameters and neutrino

roperties from the same data. Throughout the paper, we
gssume that the distance to the supernova=#s10 kpc.

II. PRODUCTION AND DETECTION OF SUPERNOVA
NEUTRINOS

When the core of a large staM(®=8Mg) runs out of
nuclear fuel, it collapses and forms a proto-neutron star wit
a central density well above the normal nuclear der{$itya
review of type-Il supernova theory, see Rgf8]). The total
energy released in the collapse, i.e., the gravitational bindin
energy of the coreE{B~GNMé/R with R~10 km), is about
3x 10°3 ergs; about 99% of that is carried away by neutrinos
and antineutrinos, the particles with the longest mean free
path. The proto-neutron star is dense enough that neutrinos Here we briefly summarize the notation of Riéf]. Under
diffuse outward over a time scale of several seconds, mairthe assumption that the neutrino energy spectra are time-
taining thermal equilibrium with the matter. When they areindependent, the double differential number distribution of
within about one mean free path of the edge, they escapgeutrinos of a given flavofone of v, ;e’,,ﬂ ;M,,,T ,v,) at
freely, with a thermal spectrum characteristic of the surfacene source can be written as
of last scattering. The luminosities of the different neutrino
flavors are approximately equal at all times; see, e.g., Ref. d?N, L(t;)
[19]. aeds B TEy

Those flavors which interact the most strongly with the
matter will decouple at the largest radius and thus the lowest
temperature. As explained in R¢6], the v, andv, neutri-  whereE is the neutrino energy angl is the emission time.
nos and their antiparticles, which we collectively callneu-  Here f(E) is the normalized thermal spectruin(t;) is the
trinos, have a temperature of about 8 Melr (E) the luminosity (energy flux per unit timg and(E) is the

B. General form of the neutrino scattering rate

()
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(time-independentaverage neutrino energy. The double in- C. The Sudbury Neutrino Observatory

tegral of this quantity is the total numbh, of emitted neu- When it begins operation this year, SNO will be the first
trinos of that flavor. _Th|s_ _form Is convenient since We as-yo yarjym-based detector for neutrino astrophysics. The
sume .that the luminosities qf the different flavors aregn O detector is described in Refd,21]. Here we give a
approximately equal at every tintg. As stated_ at_)ove, _the_ short summary of the properties relevant to our analysis.
energy spectrunﬁ(E)I IS a_ssumepl to be a Fermi-Dirac distri- Deuterium is an excellent target for neutrinos since both the
butlon,_and the IummosnjL(y) IS assumed to have a very charged- and neutral-current cross sections are reasonably
sharp rse and_an exponenth_sll decline. . large. The active part of the detector is 1 kton of pug®©D
The arrival time of a neutrino of mass at the detector is ggnarated by an acrylic vessel from 1.7 kton of light water.
t=t;+D+At(E), whereD is the distance to the source, and g entire volume is viewed by f@hototubes which can
the engrgy-dependent time delay is given by E2). For see about 1.4 kton of the light water with good efficiency
convenience, we drop the constdht Then the double dif- [22]. We assume that events in the@ can be separated
ferential flux of neutrinos at the detector is given by from events in the bD.
d2N The proposed threshold for solar neutrino studies is 5
f dt; dEdV S(t—t;— At(E)) MeV (the physics potential of the SNO solar neutrino studies
§ is treated in Ref[23] and references thergimt this energy,
the contribution from the time-independent background is
_ 1 L{t—At(E)) (4) expected to be small21]. For a Galactic supernova, one
47D? (E) ’ expects several hundred events over about 10 s, and a much
o higher background rate can be tolerated, allowing a lower
Note that because of the mass effects, this is no longer th@eshold. For a threshold of 5 MeV, the solar neutrino rate
product of a function of energy alone and a function of timeqf gpout 104 s tis a background for supernova neutrinos.
alone.l The scattering rate for a given neutrino reaction inggjow 5 MeV, the background rate increases very steeply.
SNO is From Ref.[21], we estimate that the threshold for the super-
dN 1 2N nova analysis can be _Iow_ered by la.few Me_V while keeping
——Np onf dEG(E) g —0, the background contribution negligible. This would ensure
dt 2 47D° dEdt that almost all low-energy gammas from neutron captures as
. . well as electrons and positrons from charged-current events
whereNDZO is the number of heavy-water molecules in theare detected.
detector,o(E) the cross section for a neutrino of enerfgy Electrons and positrons will be detected by thearéh-
on the target particle, and the number of targets per mol- kov radiation, and gammas via secondary electrons and pos-
ecule for the given reaction. Using the results above, therons. It is not possible for SNO to distinguish between elec-
scattering ratdin s™*) can be written tron, positrons, and gammas of comparable energy. The only
way to detect the neutral-current breakup of the deuteron is
o(E) )(L(t—At(E)) 6) to detect the final neutron. There are three neutron detection
10 % cn? Eg/6 techniques proposed for SNOn,(y) on deuterons in pure
, D,0, giving a gamma of energy 6.25 Me\h,(y) on **Cl in
C_g2 Eg s) 1 MeV) 10 kpc ©( det. mas . D,O with MgCl, salt added, giving a gamma cascade of
110 erg T D 1 kton energy 8.6 MeV; and direat detection in®He proportional
counter tubes suspended into thglD If either of the latter
) two techniques are used, there will still be some contribution
In the above,T is the spectrum temperatut@here we as-  from neutron captures on deuterons. In this paper, as in all
sume(E)=3.15T, as appropriate for a Fermi-Dirac spec- previous studies of the supernova capabilities of SNO, we
trum), andf(E) is in MeV~". For a light-water detector, the assume that the neutron detection efficiency is nearly 100%.
initial coefficient in C is 9.21 instead of 8.28. For equal In Sec. |||, we show that a reduced neutron detection effi-
luminosities in each flavor, the total binding energy releasediency has only a small effect on the mass sensitivity. It
in a given flavor isEg/6. Note that we ignore the prompt therefore makes very little difference which neutron detec-
burst of v, neutrinos, since these carry only of order 1% oftion technique or techniques are in place when the supernova
the total energy. When an integral over all arrival times isgccurs.
made, the luminosity term in E¢6) integrates to one, giving

1 dN, 1
47D? dEdt 4#D?

dt

dN
SC:CJ dEf(E)

for the total number of scattering events: D. Neutrino signals in SNO
o(E) Neutrinos and antineutrinos of all flavors cause the
Nscch dEf(B)| 15722 o2 (8 neutral-current breakup of the deuteron:
For massless neutrinoAt(E) =0, and in Eq.(6) the lumi- v+d—vtp+n, ©)
nosity can be taken outside of the integral, so that the time
dependence of the scattering rate depends only on the time L .
dependence of the luminosity. v+d—v+p+n, (10
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TABLE I. Calculated numbers of events expected in SNO fora In order to estimate the delay, E(R) can be evaluated
supernova at 10 kpc. The other parameterg., neutrino spectrum  with a characteristie’, energy. However, one should not use
temperaturgsare given in the text. In rows with two reactions the average energ{E), but rather a characteristic energy
listed, the number of events is the total for both. The notation that takes into account the weighting with the cross section
indicates the sum ofe, v, , andv., though they do not contribute  as well. For the neutral-current neutrino-deuteron reactions,
equally to a given reaction, and indicates eithem+*°0 or p this is shown later to be about 32 MeV. In addition, the fact

+1N. that the neutrinos have a spectrum of energies means that
different values ofE contribute to the time delay, causing
Events in 1 kton D,0 dispersion of the neutrino pulse as it travels from the super-
v+d—v+p+n 485 nova. It turns out that for the small masses we are primarily
S+d—Ttptn mter_ested in, these dlsperswe_ effects are minimal.
Since the neutron capture time may be as large as several
v, +d—e +p+p 160 ms, and the event rates may be high, concerns were raised in
V,+d—e*+n+n Refs.[10, 1] that events would overlap in time and that it

would therefore be difficult to distinguish charged-current
and neutral-current events. Only during the first second or so
are the rates likely to be high enough that this can occur. In

v+1%0— v+ y+X 20
+1%0- v+ y+X

v+1%0—v+n+150 15 the first second, there are about 150 neutral-current events
P+ 190 3+n+150 and only about 45 charged-current events. Further, if the
neutron mean free path is less than the diameter of the
vte —vte” 10 acrylic vessel, then it will be possible to use spatial informa-
vte —ovte” tion to distinguish events. In any case, the possible contami-
Events in 1.4 kton H,0 natio_n_ o_f the_ neutral-cqrre_n_t rate is very small, and the mass
sensitivity will not be significantly affected.
V.+p—et+tn 365 For the solar neutrino studies, the electron from the

charged-curren, reaction has a low energy and can be
confused with a gamma from a neutron-capture event. Since
the supernova, energy is much higher, the electron energy
v+e —vte” 15 in a charged-current reaction is high enough that only rarely
Vte —vte” can it be confused with a gamma. Thus neutrons can almost
always be identified, either by direct detection with a propor-

_ tional counter, or by the energy of the subsequent gamma.
with thresholds of 2.22 MeV. There are about @5  pgsitrons from charged-current events withcan be iden-
110v,, and 110v. events from the first reaction, and fieq by their high energy and coincidence with two neu-
50 ve, 90v,, and 90v, events from the second reaction. trons. The spectra of electron and positron energies will be
Electron neutrinos and antineutrinos in addition cause th@road, peaking at about 15 and 20 MeV, respectively.

v+1%0- v+ y+X 30
v+1%0- v+ y+X

charged-current breakup of the deuteron: So far, we have discussed only the neutrino-deuteron re-
actions. As noted in Ref26], the neutral-current excitation
vetd—e +p+p, (1) of %0 into the continuum, followed by neutron or proton
. emission, can also be detected. About 30% of the time, the
ve+d—e"+n+n, (12 A=15nucleus is left in an excited state which decays by

gamma emission, with gamma energies between 5 and 10
with thresholds of 1.44 and 4.03 MeV, respectively. ThereMeV. These gammas are detectable, as is the neutron. The
are about 80 events each from these two reactions. The nurmemaining 70% of the time, the A15 nucleus is left in the
bers of events are summarized in Table I. The cross sectiongound state. In these cases, only the final states with a neu-
for all these reactions have an energy dependence roughly abon are detectable. All of the outgoing particles are emitted
the form o(E) ~ (E—Ey,)?. There have been many calcula- approximately isotropically. Including th&O events only
tions of the neutrino-deuteron cross sectifit$,25 and they  has a small effect on our final results.
are now rather well-determined. In this paper, we use the There are also events from neutrino-electron scattering,
tabulated cross sections of RE25]; the quoted uncertainty which we ignore. These are forward-peaked, and we assume
is 5% or less at the relevant energies. All of the outgoingthat they have been removed with an angular cut. A forward
particles in the deuteron breakup reactions are emitted ajgone of half-angle 25 degrees would contain almost all
proximately isotropically. neutrino-electron scattering events, while removing only 5%

The neutral-current reactions are flavor-blind. However of the isotropic events.
since neutrinos and antineutrinos from a supernova have
spectra with a hierarchy of temperatures, the energy depen- Ill. SIGNATURE OF A SMALL NEUTRINO MASS
dence of the rates favors the higher-temperature flavors. In
particular, mostabout 82% of the events will be fromv, o
neutrinos.(Previous studies which indicated a percentage of For a massless neutrinedor v,) the time dependence of
about 90% used a highes, temperature. the scattering rate is simply the time dependence of the lu-

A. General description of the data
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minosity of that flavor. For a possibly massive neutrimg)( 175 L e e S B
the time dependence of the scattering rate depends not only
on the time dependence of the luminosity of that flavor, but
also on the delaying effects of a mass. Since the luminosities
of the different flavors are expected to be equal at all times,
then if the v, is massive, we can compare thg and v, 125
scattering rates to search forra mass; see Eq6). In Ref.

[11], it was proposed that the effects of a mass could be i
determined from the time dependence of the neutral-current
rate divided by the total rate, which also has the effect of
removing the the time dependence of the luminosity from the
scattering rate. However, no quantitative technique for ex-
tracting the allowed mass range was given.

In order to implement the comparison of scattering rates,
we define two rates: a ReferenRét) containing only mass-
less events, and a Signg(t) containing some fraction of
possibly massive events, and some fraction of massless 25
events(the possibly massive events cannot be completely
separated from the massless eventge assume that only,
is massive(this cannot be distinguished from the case that O T T2 3 4 5 6 7 s o
only v, is massive. The analysis can easily be repeated for t [s]
the case that botlw, and v, are massive. Because of the ) )
guadratic dependence of the delay on the mass, this twg- FIG. 1. The eXpeCt.ed event rate for the Sighg) at SNO n

the absence of fluctuations for differemt masses, as follows: solid

mass case will look like a one-mass case with the larger ma: I%e, 0 eV: dashed lines, in order of decreasing height: 20, 40, 60,
unless the two masses are nearly equal.

The Referenc&(t) can be formed in various ways. The 80, 100 eV. Of 535 total events, 100 are masslegs-(v,), 217.5

) —  are masslessi,+v,), and 217.5 are massiver{+v,). These
largest sample of gseful massless events will be the 7800 totals count events at all times; in the figure, only those with
events from SK withEg+>10 MeV. Below 10 MeV, there  _g < are shown.
are gammas from the neutral-current excitatiot%¥ which
cannot be separated. We assume that SK and SNO will haye

X ) e . Imit. The total number of events i8(t) is 535, of which
synchronized clocks so that in principle, such a sharing or,. . i
still 41% are possibly massive.

data will be possible. One can also use the 34Gvents If the Signal S(t) contains some fraction of massive
with E¢+>10 MeV in the light water at SNO. Because of the gyents, the shape of the scattering rate will be delayed and
smaller number of counts, the statistical error is larger andy,o5dened. Relative to the RefereiR@), there is a deficit
hence, the mass sensitivity is slightly worse. This could b&y eyents at early times and an excess at late times. In the test
slightly improved by including the 160 charged-currentsy, 5 mass, we test for this characteristic distortion in the
events in the heavy watéa small fraction of the low-energy ghape. In Fig. 15(t) is shown under different assumptions
events would again have to be Eut about ther, mass. The shape &(t) is exactly that ofS(t)

The primary component of the Sign&(t) is the 485 \\henm =0, though the number of events R(t) will be

neutral-current events on deuterons. With the temperatures . ) . .
P greater than irg(t) if the SKR(t) is used and comparable if

asiumed here, thesE events are 18%+(ve), 41% (v, the SNOR(t) is used. For a very large, mass, the massless
+v,), and 41% ¢,+v,). The flavors of the neutral-current and massive components 8ft) would completely separate
events of course cannot be distinguished. Therefore, unde# time. In Fig. 1, note that fom=100 eV, almost all of the
our assumption that only, is massive, there is already some massive events are delayed beyond 1 s.

unavoidable dilution of the expected delaying effect of a The ratesR(t) andS(t) will be measured with finite sta-
mass. The Signab(t) should also contain all events below tjstics, so it is possible for statistical fluctuations to obscure
about 10 MeV which cannot otherwise be removed. Therghe effects of a mass when there is one, or to fake the effects
are 35 neutral-current events 670 in the heavy water. Be- when there is not. From Fig. 1, and Poisson statistics, one
cause of the high threshold for this reaction, these events agn easily get a rough idea of how finely the mass can be
50% each of ¢,+v,), and (v,+v,). Finally, low-energy determined from the difference betweR(t) andS(t). Note
charged-current events must also be included. Because of thigat if the SKR(t) is used, the fluctuations iR(t) when
high energies of supernova neutrinos, only a small numbescaled down to the number of eventsS(t) will be small,
(about 15 of electrons must be included in the Sigrsit). and that if the SNAQR(t) is used, the fluctuations iR(t) will

No positrons need be included since those events can bi#e comparable to those B(t).

identified by their two accompanying neutrons. The inclu- In this paper, we determine the mass sensitivity in the
sion of the 0 and charged-current events only slightly presence of the statistical fluctuations by Monte Carlo mod-
changes the shape §(t), and barely changes the final masseling. We use the Monte Carlo to generate representative
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statistical instances of the theoretical formd$Rgf) andS(t), of R(t) can be restricted. Such a choice will make the error
so that each run represents one supernova as seen in SN#h (t)g as small as possible given that almost all of the
For R(t), we pick a Poisson random number from a distri-events are to be included. Both the starting time &ngl
bution with mean given by the expected number of eventswere of course held constant over different Monte Carlo
This determines the number of events for a particular intuns. For a purely exponential luminosity, amgl,,— o,
stance. We then use an acceptance-rejection m_ethod 0)g= ‘/<t2>R_<t>2R: T
sample the form oR(t) until that number of events is ob-  Given the SignaB(t), the average arrival time is defined
tained. This gives a statistical instanceRfft), representa- similarly as
tive of what might be seen in a single experiment. A similar
technique is used to generate an instanc8(bf. The mass- tma
less and massive componentsSgf) are sampled separately, (ths= 2ty _ JordttS(t)
and then added together. STz fgmaxdts(t) '
In Ref.[6], we considered two different tests of the shape
distortion ofS(t) relative toR(t). The first was g test. A ) i
large value ofy? between statistical instances 8ft) and where _naturally the sums are now over events in the Signal.
R(t) would indicate that they were likely to have been drawnThe widths ofR(t) and S(t) are similar, each of order
from different distributions, and this would be taken as evi-=3 S [the mass increases the width $fft) only slightly for
dence of av, mass. However, this test is non-specific to Small masse$.If the SK R(t) is used, then the statistical
testing for a mass, i.e., it is sensitive to any difference be€T0r on(t)sis few times larger than that qit)r since there
tweenS(t) andR(t). In addition, they? test requires binning &€ sevgrgl times fewer events. If the SIRQ) is used, then
in time, which washes out the effects of small masses. Thée statistical errors ofit)s and(t)r are comparable. Note
second test, and the one advocated there, was a test of tHt the errors orft)r and(t)s are uncorrelated.
average arrival timgt). Any massive component if(t) The signal of a mass is that the measured valugtof
will always increase(t), up to statistical fluctuations. Be- —(b)r is greater than zero with statistical significance. From
sides being more directly related to the mass effect(the the Monte Carlo studiedy,,=9 s was found to be a very
technigue is sensitive to somewhat smaller masses than tfgasonable choice for the luminosity decay time3s;
x? technique, since no binning is required. In order that theabout 95% of the data are then included while the width is
results be believable, it is necessary that different reasonabf@mewhat reduced. The time-independent background events
statistical techniques yield consistent results. For this pape@reé__negligible.  For tya=9s, (t)z=2.57s and
we used both techniques and verified that they gave similag/(t*)r—(t)g=2.12 s. Neat,,,=9 s, the significance of a
results. However, we present only the results of ¢he  delay, i.e.(t)s—(t)g divided by its statistical error, is nearly
analysis. maximal for the small masses we are considering. However,
the results are not strongly dependent on the particular value
B. (t) analysis of t,ax Used as long as it is reasonalile., the vast majority
of events are containgdNote that any shift in the starting
time will cancel in the differencét)s—(t)g.
Using the above procedure, we analyzed $dnulated
st ftmathtR(t) supernova data sets for a range»quasses. For each of
(hr= Kk _ ? _ (13) them,(t}_s—(t>R was calculated and its value histogrammed.
21 JMPdtR(t) These histograms are shown in the upper panel of Fig. 2 for
a few representative masséNote that the number of Monte
The summation form is used for real or simulated data set$;arlo runs only affects how smoothly these histograms are
where the sum is over everisot time bing in the Reference filled out, and not their width or placementhese distribu-
with 0st=<t,,. The integral form would be used if the tions are characterized by their central point and their width,
theoretical form for the rate were given. The starting time isusing the 10%, 50%equal to the averageand 90% confi-
assumed to be well-defined. With some* Bvents expected dence levels. That is, for each mass we determined the values
in SK and SNO combined, and a risetime of order 0.1 s, thi®f (t)s—(t)r such that a given percentage of the Monte
should not be a problem; the definition used here amounts tGarlo runs yielded a value @f)s—(t)r less than that value.
calling the starting point that time at which the rate is With these three numbers, we can characterize the results of
about 1% of its peak rate. The choice wf,, is made as Complete runs with many masses much more compactly, as
follows. The effect of the finite number of countsR(t) is ~ Shown in the lower panel of Fig. 2. Since tBs—(t)r

(15

Given the ReferencR(t), the average arrival time is de-
fined as

to give(t)r a statistical error: Qistributions are Gaussians, oth_er confidence Ieyels can eas-
ily be constructed. For convenience, the axes in the lower
<t2>R—<t>§e panel are inve_rted_ from how th_e plot was actL_laIIy con-
S((t)g) = , (14) structed. That is, given an experimentally determined value
VNg of (t)s—(t)r, one can read off the range of masses that

would have been likelyat these confidence level® have
where both the width/(t?)g—(t)Z and the number of events given such a value dft)s—(t)g in one experiment. From the
Ng depend ort,,5x. By choosing a moderatg, ., the width  lower panel of Fig. 2, we see that SNO has a sensitivity to a
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0.10 L e s e B S B tending the time integration limit tg,,,x—0°. Note that the
mass sensitivity will be slightly poorer than faf,,,=9 s
. 0.08 used in the main analysis.
2 The characteristic delay is then
2. 0.06
g m)?
:2; 0.04 (tys—(tyg=frao m>0) x 0 51E< Ec) D, (16)
I
a 0.02 where fracn>0) is the fraction(about 41% of massive
events inS(t) and the units are as in E(R). The character-
0.00 istic energyE. can be taken to be the peak fdfE) o(E), or
more accurately from
80 <( m>2>_ JAEf(E)a(E)(M/E)? an
= 6 - Ec JdEf(E)o(E)
i - The delay corresponding . is the delay of the centroid of
40 S(t) relative to the centroid ofR(t), i.e., exactly (t)s
—(t)r. For SNO,E.=32 MeV. The statistical error oft)
0r 7 is given by Eq.(14), and the statistical error oft)g is de-
fined similarly.
00220100 01 02 03 04 05 06 07 08 09 10 Using the above, we can make a good estimate of the
<t>g—<t> [s] mass limit that SNO would set if the delay were measured to

be zero. Ignoring the error oft)g, and takingt,a,—, we
FIG. 2. The results of thet) analysis for a massive,, using  estimate the error to be/\\Ns=3/\/535=0.13 s. The 10%
the SignalS(t) from SNO defined in the text. In the upper panel, and 90% confidence levels as used in Fig. 2 correspond to
the relative frequencies of variogs—(t)g values are shown fora 1 3x S((t)r—(t)s). For our estimate, this has magnitude

few example masses. The solid line is for the results using the Sk§ 17 5 ¢lose to the result in Fig. 2 for the SK Reference. The
ReferenceR(t) and the dotted line for the results using the SNO m.ass iimit that will be placed il.‘ no delay is seésing D.
R(t). In the lower panel, the range of masses corresponding to a

given (t)s—(t)g is shown. The dashed line is the 50% confidence 1,ie., 10 kpgis

level. The upper and lower solid lines are the 10% and 90% confi- 1.3 error

dence levels, respectively, for the results with the BK). The mlimit:Ec\/ i =30 eV, (18
dotted lines are the same for the results with the SN©). In this fraqm>0)x0.51D

figure,t,.= 9 s and the time constant of the exponential luminosity . . .
isr=3s. in excellent agreement with the numerical result. If the neu-

tron detection efficiency, were not 100%, thetg would
be reduced by, and the error increased by ld,. There-

v, mass down to about 30 e¥ounded from 27.5 eMif the ¢ o 10 mass limit would be increased only b§/a/.

SKR(t) is used, and down to about 35 eV if the SNRQt) This formula can also be used to make an estimate of the

is used. _mass limit that can be obtained with the forward-peaked

_ We also investigated the dispersion of the event rate ifyetrino-electron scattering at SKvhich has the largest
time as a measure of the mass. A mass alone causes a de'ﬂMmber of those events Since o(E)~E, E.~(E)
’ C

but a mass and an energy spectrum also cause dispersion. Wes5 MeV. The SignalS(t) can be defined by the events

def|2r1ed th2e dlszpersmnz as the change in the width, 5 forward cone of half-angle 25 degrees, and the Refer-
Wt )s—(t)s— V(tP)r—(t)r, where all integrals are as enceR(t) defined by the events outside this cone. Assuming
above defined up .. We found that the dispersion was that all of the neutrino-electron scattering events are con-
not statistically significant until the mass was of order 80 eVigined along with about 5% of the isotropic backgrounds,
or so; however, for such a large mass the statistical signifiNS: 760 and fracin>0)=60/760=0.079[6]. The error is
cance of th_e change ift) cannot be missed._For these large gstimated to be 3/760=0.11 s, and son;;;;=50 eV. This
masses, dispersion does increase the widtt5@) and, s smaller than the recent conclusion of REE3], but the
hence, the error oft)s—(t)r; this is just becoming visible (echnique used here includes a much greater portion of the
in Fig. 2. data.

Continuing to suppose that the mass is very small, and
that SNO will simply place a limit, we can investigate the
effects of varying the input parameters. We ignore dispersion

Since the parameters governing the supernova neutrinend take the widths dr(t) andS(t) to be proportional tar.
emission are not perfectly known, it is worthwhile to exam- If the cross sectior(E) depends on energy &' (a~2 for
ine the sensitivity of our conclusions to their assumed valuesry+d), then the characteristic ener@y¢~(2+«a)T and the
Most of this dependence can be obtained analytically by exthermally-averaged cross section is proportional T,

C. Sensitivity to the input parameters
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whereT is the v, temperature. We take frao>0) to be 40 T T ' T
approximately constant and ignore the error(bry; this is
only valid for small deviations fronT=8 MeV. With these 35 1 i
assumptions we can determine how the key parameters affect
the result(for «=2). The delay is
m 2
(Hhs—(Dr~ ?) D. (19
The number of events is
N tl T? 20
sTTpI (20
and so the error is 15F 1
S((1)s— (D))~ —=~ = (2 10 |
sT{R)~T—=—=""F=-
Ws T
Therefore, the significancgumber of sigmasof the delay 51 .
is
_ 2 1 L 1 L 1 N 1 N 1
MN(T) ‘E 22) 0% 7 8 9 10
s(ths—(Hr) T/ 7 T [MeV]
Remarkably, this isndependenof D. To place a mass limit FIG. 3. The effect of a change in thg temperaturel on the

at a given confidence level, the number of sigmas is fixedmass limit that could be made using the SNO Signal and the SK
Then the mass limit that can be obtained if no delay is obReference. The mass limit is defined as the mass at which the ap-

served has the following dependence: propriate upper confidence level intersectsriexis in Fig. 2. The
solid line is the formula given in Eq23). The full numerical results
mlimit~T3/4\/;: (23 are marked by circles and connected with a dashed line to guide the
eye.

alsoindependentf D.

The D-independence can also be seen geometrically fronThus, reducing that fromm=3s tor=1s, as used in Ref.
Fig. 2. UnderD— 2D, for example, the delay and the error [10], would improve the limit at SNQusing the SK Ref
each become twice as large. However, the point at which thifom about 30 eV to about 15 eV. Using=0.5 s, as in Ref.
upper confidence level crosses theaxis is unchanged. If a [16], or 7=0.3 s, as in Ref.17], would improve the limit to
nonzero delay is measured, then the range of allowed massaBout 10 eV. These values ofwere estimated from appro-
does depend o, with larger distances corresponding to Priate figures in these references, and are only approxima-
smaller masses. The above arguments hold for the relevatiens of theL(t) time scale. The numerical results and the
range 1—30 kpc; for smalleD the detector may be over- analytic estimate are shown in Fig. 4. Using an unrealisti-
whelmed and for largeb there are too few events and the cally sharp neutrino pulse makes the quoted mass limit very
derivation is not valid. Because of obscuration by dust, itsmall.
may be difficult to measure the distance to a future Galactic We also considered the effect of a chemical potential in
supernova. It is therefore rather important that this does ndhe vy spectrum, which would reduce the high-energy tail.
affect the ability to place a limit on the,. mass. That may We tooku=3T, and then chos&=6.31 MeV to keep the
not be true for other analysis techniques; for example, th@verage energy the same as for jne 0, T=8 MeV case.
estimates of Ref[9] do depend orD. Note that a smaller Because the neutrino-deuteron cross section only depends
distance would allow a better measurement of the temperauadratically on energy, the effect is small. About 10%
tures and other supernova parameters. fewer events are obtained, but with a delay about 10% Iarger.

Now consider the effect of a change in the temperaturehese lead to a change of order a few percent in the mass
T, on the mass limit. As indicated, the dependence is weaks,erIS't'V'})G/- Because of their steeper energy dependggice
with a higher temperature making it slightly more difficult to the vt "0 events would be mare affected by a chemical
limit the mass. The numerical results and the analytic estipOtem'al'
mate are shown in Fig. 3. Even under the large variation in
T, of =2 MeV, the mass limit changes only by about
*5eV.

The effect of changing the luminosity decay time constant The observation of the neutrino signal of a future Galactic
7is even more straightforward and is obvious from E2f). supernova will be extremely significant test of the physics

IV. SEPARATE EXTRACTION OF SUPERNOVA
AND NEUTRINO PARAMETERS
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40 - trum to the weighted neutrino spectrufitE,) o(E,) which
appears in Eq(8). Since the charged-current cross sections
are well-known, the actual neutrino spectrdfi,) can be
obtained. If this has the expected thermal shape, then the
corresponding temperature$, and T (and possibly

chemical potentiajscan be extracted. The recoil corrections
and detector resolution can of course be taken into account
by fitting the measured electron or positron spectrum with an
appropriately convolved trial neutrino spectrum. Note that
these temperature determinations depend only on the shape
of the electron or positron spectrum. The normalizatfiire

total number of evenjstan be used to determine the appar-
ent source strengtfg /D?.

There are 7800.+p—e"+n events with Eg+
>10 MeV expected in SK, so that the average positron en-
ergy can be determined to about 1%. Following the proce-
dure above, one should be able to determine the temperature
T, toa comparable precision. In this case, one can also
check for the presence of a chemical potential and for time
variation ofT;e. The situation withv, is more difficult, since

there are only 80 events expected for the reactigr d

my. [eV]

0Ol 1o —e~ +p+p in SNO. (Note thaty, has no charged-current
' Tis] interaction with protons, that SNO is much smaller than SK,
and thafT, <T, .) In this case, the average electron energy

FIG. 4. The effect of a change in the luminosity decay constant-an pe determined to about 10%: as above, therefore a simi-

7 on the mass limit that could be made using the SNO Signal anqzlar precision for the temperatufg, . These two measure-
the SK Reference. The mass limit is defined as the mass at which Ve’

the appropriate upper confidence level intersectankeis in Fig. ments thus allow one to teQTVe<Tje, as expected for the

2. The solid line is the formula given in E€23). The full numerical ~ supernova temperature hierarchy. In addition, the two inde-

results are marked by circles, at the points 3 s (this pape), 7 pendent measurements Bf/D? can be tested for consis-

=1 s(Ref.[10]), 7=0.5 s(Ref.[16]), and7=0.3 s(Ref.[17]); see  tency with each other and with possible determinations un-

the text for explanation. related to neutrinos. IEg/D? is assumed to be known, then
T, andT;e can also be determined from the total numbers of

involved. It will allow, among other things, determination of charged-current events in SNO, as in H&f7].

the imprecisely-known supernova neutrino emission param- These measurements can also be compared with other

eters. In addition, we hope to be able to use the same data twailable, but lower-statistics data. For,, other hydrogen-

determine or constrain neutrino properties. In this SeCtioncontaining detector§MACRO, SNO, Borexino, and Kam-
we discuss how both of these goals can be achieved simuj-

; +

taneously. Throughout, we use standard values for all paranlffmd) will have events fromve+p—e”+n. ForT,,, there
eters to numerically evaluate the expected precision. are small numbers of events expected from charged-current

The measured neutrino signal can be used to determirf@actions on“C in Borexino and Kamland, antfO in SK.
the temperaturegand possibly the chemical potentiaisf ~ 1hese consistency checks will be useful because the different
ve, ve, and v, . Ideally, we would like to know these pa- reactions may have different systematic errors.
rameters as a function of time. In addition, the data can be The vy neutrino can be detect_ed only by the ngutral cur-
used to determine the apparent source strefigtD? and fent reactions. Since the outgoing neutrino carries an un-
the luminosity time profile. Since neutrino oscillations could know_n amount of energy, it is not possible to determine the
change the neutrino flavor between emission and detectioﬁ‘,eumno spectrum as above. TherefoTex, can only be ex-
their presence would make this task more difficult. Thus, weracted from the observed total number of events, and must

consider first the simpler situation without neutrino oscilla-"ely on the measured value B /D and the assumption of
tions. luminosity equipartition. For the neutral-current reactions,

the rate is independent of the neutrino flavor. If the super-
_ _ o nova temperature hierarchy holds, then the neutral-current
A. Without neutrino oscillations events will be dominated by the, neutrinos. However, one

The v, and?e neutrinos will be detected by the charged- cannot directly associate a flavor with the extracTe;g
current reactions in which the energy of the outgoing elec- The Signal at SK is expected to contain 710 events from
tron or positron will be measured. Neglecting recoil correc-v,+°0. Low-energy charged current events fram+ p
tions and detector resolution, the relatidh,=E.+E;;, —e"+n can be confused with the neutral-current events;
allows one to relate the measured electron or positron spethese add 530 events to the Signal. The latter events can be
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subtracted from the total number of events observed in then the number ofv, events. What propagates are the mass
Signal, since their expected number can be calculated usingigenstates; the flavor content of the heavy mass eigenstate at

the parameters measured from the higher-eneggyata. For ~ the detector is irrelevant, and so oscillations amongthe
the SK Signal, since the dependence of the cross section digutrinos do not affect the delay.

energy is stronger, the 4% precision on the number of events Now consider mixing between eitheg and v (or »,,) or
would translate to a 1% precision dn, . However, uncer- v, and v, (or »,). We assume that the, mass is large,

tainties on the cross section itself should also be considere#thich makessm? large. Large-angle, largém? mixing is

In principle, the neutrino-electron scattering events at Skruled out by reactor and accelerator experiments. Small-
could also be used to measufrg; however, the temperature angle, largesm? mixing is allowed; however, the effects are
dependence of the number of events is extremely weak. THEInimal unless there is an M|kheyev-Sm|rr_10v-WoIfen_ste|n
Signal at SNO is expected to contain 400 events frgm (MSW) enhancemefn.t. For a normal mass hierarchy, this can
+d, and 135 events from the sum of neutral-curreqt o!'1|y happgn for mixing between, apd v, and at a very

+ v, reactions on deuterons, neutral-current excitation oplgh density, of order 1 g/cn, which does occur in su-

, ernovae. If there are such oscillations, then some Hhigh-
160, and low-energy, charged-current reactions on deuter- P 9h

ons. Again, the numbers expected for the latter can be Capeutnnos will become higfi- v, neutrinos. As noted, the
- Again, P spectrum of electrons from,+d can be related to the spec-
culated and subtracted from the total number of events ob- : o
: . . trum of v, neutrinos. For no oscillations, that would be a
served in the Signal. The thermally-averaged cross sectio . ) .
2 hermal spectrum witfi, =3.5 MeV; for complete oscilla-
for v,+d depends roughly ofﬁvx, so by Eq.(8) the number e

. . . tions, that would be a thermal spectrum wil) =8 MeV
of events is roughly proportional o, . Ignoring all other P me

uncertainties, this would therefore allow a determination of(and a much greater number of evensor partial mixing,
; there would be two peaks. The mixing parameters and tem-
T, to about 5%. There may also B’e,x measurements from

N ) } . peratures can thus be extracted from the measured electron
v,+%C at Borexino and Kamland, particularly with the ex- spectrum. One should note that the charged-current reactions
citation of the 15.11 MeV state if”C. If each neutral- ,_112C at Borexino and Kamland ane.+ 1°0 at SK would
current reaction were thoroughly understood, it would benave large numbers of events if such oscillations occur. If
possible to use their different thresholds and energy depeqﬁere is an inverted mass hierarchy, then mixing bethen

dences to map out the, spectrum. At the very least, it ao d h MSW enh h i
should be possible to extract a good valud gfand to make andw, couid have an enhancement. Then simiiar con-
X siderations to those above could be used to examine the pos-

important consistency tests. ) — . :
firon spectrum fromw, reactions. It would in fact be some-

Therefore, all three temperatures can be extracted wit h or d he | b ¢ In either of
reasonable precision and the supernova temperature hierdf- at easier, due to t, e larger numbers of events. In either o
these cases, extracting the allowedmass range from the

chy T, <T,<T, experimentally verified. As for the time X .
VTS D= Do, &P y measured value oft)s—(t)g requires some care. A given

will have sufficient statistics. Those data, after correcting fonarger mass and partial mixing. Ideally, the mixing param-

any temperature variation, will give the time profile of the gters will be known from the considerations above, so that

luminosity L(t) and the characteristic time scate _the range of possible masses can be reasonably restricted.
Mass effects will not influence the temperature determi-
nation, provided the mass is not too large, since a delay V. CONCLUSIONS AND DISCUSSION

changes only the time structure of the r&@g), not its nor-
malization nor the time-integrated energy spectra. However, One of the key points of our technique is that the abun-
if m, ~1keV or larger, some low-energy events will be lost dantv, events can be used to calibrate the neutrino luminos-
in the time-independent background due to their large delayity of the supernova and to define a clock by which to mea-
and the extracted temperatures would be affected. The cowsure the delay of the,, neutrinos. The internal calibration
siderations in this section, combined with the result abovesubstantially reduces the model dependence of our results
that the mass limit is only weakly dependentbpx, shows and allows us to be sensitive to rather small masses. Our
that the temperatures and the mass can be separately and c@lculations indicate that a significant delay can be seen for
robustly determined from the data. m=230 eV with the SNO data, corresponding to a delay in
the average arrival time of about 0.15 s. Even though the
duration of the pulse is expected to be of order 10 s, such a
small average delay can be seen because several hundred
Assuming that the presence of oscillations does not subevents are expected. Without such a clock, one cannot deter-
stantially change the supernova dynamics, it is relativelymine a mass limit with thét)s—(t) technique advocated
straightforward to separately search for oscillations and #ere, since the absolute delay is unknown. Instead, one
mass delay. The effects of supernova neutrino oscillationg,ould have to constrain the mass from the observed disper-
(without a mass delaywere considered for SNO in Ref. sjon of the events; only for a mass wi=150 eV or greater
[28]. Since the numbers of,, v,, v,, andv, emitted are  would the pulse become significantly broader than expected
expected to be the same, mixing among them have no effeftom theory.

B. With neutrino oscillations
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Moreover, the technique used here allows accurate andew the time-independent backgrourtdthich for this pur-
lytic estimates of the results, so that it is easy to see how thpose includes solar neutrinosAssuming that the back-
conclusions would change if different input parameters werg@round rate with a lowered threshold is about 1G™*
used. If ther, mass is very small, then the most probable(about 10 times the solar neutrino rptéhe maximal mass
measured delay i&)s—(t)g=0. In that case, one can only which can be seen in SNO is abaut-10 keV, similar to
place a limitm;,;; on thev, mass. We have shown that this SK [6]. Above this mass, the neutrino would be likely to
limit is only weakly dependent on the, temperatureT or  decay over the distance to the supernova, as pointed out in
the presence of a chemical potential in the thermal spectruniRef. [29].
and isindependenof the distanc® for the reasonable range ~ Our previous papef6] showed that using the neutral-
of distances for a Galactic supernova. The weak dependenggirrent excitation of°0 in SK gives a mass sensitivity down
of the results o, means that allowing a time variation of to aboqt 45 eV. In SK, one can also use the neutrino-electron
T, would not significantly affect our conclusions. The value Scattering data, and as noted above, that should have a sen-
X . - . . . sitivity down to about 50 eV. If no delay is seen, then SNO
of My, IS sensitive to the time scale over which the lumi-, g, place the best limit, about 30 eV, using neutral-current

nosity decreases. If a very small value for the time scale is d d calibrating i ¢ SK. |
assumed, as is sometimes the case in the literature, then ofiseNts on deuterons and calibrating thedata from SK. In

can obtain apparent sensitivity to a very smalimass. How- that case, the two limits from SK using neutral-current exci-

ever, such short time scales are unreasonable, given the ofion of *%0 and neutrino-electron scattering can only con-
served~10 s duration of the SN 1987A pulse. irm the result. For those scattering rates, a mass of 30 eV is

The supernova parameters are not yet well-known HOWinsignificant, and may as well be zero, so that there is noth-

ever, the sensitivity with which the neutrino properties can!Ng o be gained by combining those Signals with that from

be determined using the data from a future Galactic Supep'eut.r!no—deuteron breakup at SNO. C_)n the othgr hand, if a
nova depends upon the supernova parameters assumed. mﬂcgnt Qelay is seen, then there will be three independent
have shown how the supernova and neutrino physics can 'clerm|nat||ons of the ﬁIIOWEd mass (;ange. | method. i

separately studied using the same data, so that the extracted!" conclusion, we have presented a general metnod, in-

neutrino parameters can be determined in an almost mode‘F—IUd'ng a thorough statistical analysis, of extracting informa-
masses from the future

independent way. tion about the possible. and v,
We assumed that only. is massive(note that this cannot detection of a Galactic supernova neutrino burst by the Sud-
be distinguished from the case that onlyis massiv If no bury Neutrino Observatory. When such an event in fact oc-

delay is seen, and nothing further is known, then the mas§Y"S: the existing mass limits will be vastl_y improved and
limit obtained would in fact apply to both the, and v, will approach, or cross over, the cosmological bound.

masses. If both are massive, then because of the quadratic
dependence of the delay on the mass, the one-mass case is
recovered with the larger mass unless the masses are similar. This work was supported in part by the US Department of
If both are massive and have the same mass, the delay woulthergy under Grant No. DE-FG03-88ER-40397. J.F.B. was
be increased by a factor 2, while the error would be un-supported by the Sherman Fairchild Foundation. We thank P.
changed. This would decrease the mass limit by a fa@or J. Doe, K. T. Lesko, A. B. McDonald, and E. B. Norman of
to about 20 eV. the SNO Collaboration for discussions about the detector

If the v, mass is very large, then the pulse will be soproperties, and Y.-Z. Qian for discussions about supernova
delayed and broadened that it will eventually disappear bereutrino oscillations.
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