PHYSICAL REVIEW D, VOLUME 58, 053010

Mass signature of supernovar,, and » . neutrinos in SuperKamiokande

J. F. Beacorh and P. Vogél
Department of Physics, California Institute of Technology, Pasadena, California 91125
(Received 25 February 1998; published 7 August 1998

The v, and v, neutrinos(and their antiparticlgsfrom a Galactic core-collapse supernova can be observed
in a water-@renkov detector by the neutral-current excitation'®d. The number of events expected is
several times greater than from neutral-current scattering on electrons. The observation of this signal would be
a strong test that these neutrinos are produced in core-collapse supernovae, and with the right characteristics.
In this paper, this signal is used as the basis for a technique of neutrino mass determination from a future
Galactic supernova. The masses of theand v, neutrinos can either be measured or limited by their delay
relative to the7e neutrinos. By comparing to the high-statistEesdata instead of the theoretical expectation,
much of the model dependence is canceled. Numerical results are presented for a future supernova at 10 kpc
as seen in the SuperKamiokande detector. Under reasonable assumptions, and in the presence of the expected
counting statisticsy,, and v, masses down to about 50 eV can be simply and robustly determined. The signal
used here is more sensitive to small neutrino masses than the signal based on neutrino-electron scattering.
[S0556-282(98)00619-3

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

[. INTRODUCTION known whether neutrinos have mass. Results from several
experiments strongly suggest that neutrino flavor mixing oc-

When the core of a large staM(=8M) runs out of curs in solar, atmospheric, and accelerator neutrinos, and
nuclear fuel, it collapses and forms a proto-neutron star wittproof of mixing would be a proof of mass. The requirement
a central density well above the normal nuclear der(éitya ~ that neutrinos do not overclose the universe gives a bound
review of type-Il supernova theory, see REf]). The total for the sum of masses of stable neutririese[4] and refer-
energy released in the collapse, i.e., the gravitational bindin§"ces therein
energy of the coreEB~GNMé/R with R~10 km), is about
3x 10 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
diffuse outward over a time scale of several seconds, mair‘_|

taining thermal equilibrium with the matter. When they are owever, direct kinematic tests Qf neutrino mass currently
o ive limits for the masses compatible with the above cosmo-
within about one mean free path of the edge, they esca

freely, with a thermal spectrum characteristic of the surfaceOglcal bound only for the electron heutrinay, <5 eV [5]-

of last scattering. The luminosities of the different neutrinoFor thev,, andv. neutrinos, the kinematic limits far exceed

flavors are approximately equal. the cosmological bound:myﬂ<170 keV [6], and m,_
Those flavors which interact the most with the matter will <24 MeV [6]. It is very unlikely that direct kinematic tests

decouple at the largest radius and thus the lowest temperaan improve these mass limits by the necessary orders of

ture. Thev, and v, neutrinos and their antiparticles, which magnitude any time soon.

we collectively callv, neutrinos, have only neutral-current ~ As we will show in detail below, the most promising

interactions with the matter, and therefore leave with themethod for determining these masses is with supernova neu-

highest temperature, about 8 Mgdr (E)=25 MeV). The trinos. Even a tiny mass will make the velocity slightly less

Ve and v neutrinos have also charged-current interactionsthan for a massless neutrino, and over the large distance to a

and so leave with lower temperatures, about 5 M&E)(  Supernova will cause a measurable delay in the arrival time.

~16 MeV) and 3.5 MeV (E)=11 MeV), respectively. The A Neutrino with a massn (in eV) and energyE (in MeV)

v temperature is lower because the material is neutron-rici! e>|<per|ence an gnergy-tlj_ependent ddeﬂmys) r?rlg%ekto a

and thus the, interact more than the,. The observation of massless neutrino in traveling over a distance Po

supernovav, neutrinos would allow the details of the picture
above to be tested. For a detailed description of the super-
nova neutrino emission, including the justification of our At(E)=O.51‘E<
choice of temperatures, see R42.3].
Even after many decades of experiments, it is still not
where only the lowest order in the small mass has been kept.
Since one expects one type-ll supernova about every 30
*Electronic address: beacom@citnp.caltech.edu years in our Galaxy7], and since supernova neutrino detec-
TElectronic address: vogel@lamppost.caltech.edu tors are currently operating, it is worthwhile to consider
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whether mass limitgor values for v, compatible with the taken to have a very sharp rise and an exponential decline.

cosmological bound, Eq1), can be obtained. The arrival time of a neutrino of masa at the detector is
The problem ofv, mass determination with supernova t=t;+ D + At(E), whereD is the distance to the source, and

neutrinos in existinge.g., Refs[8—12)) and proposed detec- the energy-dependent time delay is given by EZ). For

tors (e.g., Refs[13-15) has been considered before. The convenience, we drop the constdnt Then the double dif-

present work differs from the previous ones by the methoderential number distribution of neutrinos at the detector is

with which the v, are detected: inelastic scattering &0  given by

nuclei followed by proton or neutron emission, and subse- ) )

quent gamma decay of excitédN or %0 nuclei, as sug- 9 Nv:f dt d°N, S(t—t,— At(E)) = (E) L(t—At(E))

gested in Ref[16]. We describe this signal and its time dEdt "dEdf, : (E) '

structure in Sec. Il. In Sec. lll we discuss the most relevant @)

case of small masses. We find the smallgsmass that is hat b f th f his | | h
recognizably different from zero in the presence of the ex]Note that because of the mass effects, this is no longer the

pected finite counting statistics. In Sec. IV we show that the®roduct of a function of energy alone and a function of time
mass range is also limited from above. If themass is too aI(_)ne. The _n_umber flux of nezutrlnos at the_detector is Ob-
large, the signal is broadened to such a degree that it disaﬁ":"ned by d_|V|d|ng th's l?y 4D". The scattering rate for a
pears into the unavoidable background. We find the largest'V€" neutrino reaction is then
detectablev, mass. Finally, in Sec. V we summarize our dN d2N

SC

1
findings. — s¢_ - v
g dt NHzO”f dBo(B) 752 gEar ®

Il. CHARACTERISTICS OF THE MODEL

whereNy o is the number of water molecules in the detec-
A. Neutrino scattering rate tor, o(E) the cross section for a neutrino of eneigyn the
We assume that the double differential number distribut2r9€t particle,.anuh the pumbe( of targets per water mol-
tion of neutrinos of a given flavor (one of ecule for the given reaction. Using the results above,

ve,ve,vﬂ,vwvf,;,) at the source can be written in the dNq. 1 1
product form:

=Ny.0—— —n
dt  "2°47D2 (E)
d’N

14

dEdj

=F(E)G(t), 3 xf dEo(E)H(E)LE—ALE).  (9)

where E is the neutrino energy ang is the time at the : . : :
source. The double integral of this quantity is the total num—In more convenient units, the scattering reger 9 is
ber of emitted neutrinos of that flavéd,. This form as- dNg, o(E) L[t—At(E)]
sumes that the energy spectrd(E) is time-independent; at =Cf dEf(E)(10_42 sz)( E/6 )
the time dependence of the source is parametrized solely by B

G(t;). The reasons for assuming that the energy and time

dependences are separable will be given below. The mogihere

general form would allowF=F(E,t), e.g., a time-

dependent temperature. The luminosity is Eg 1 MeV
C=9.2 3
N 10> erg T
L(t)= | dEE_=—=(E)G(t;)) | dEF(E), (4 10 kpd 2/ det. mas
dEdt % p (11)
D 1 kton |~
where(E) is the (time-independentaverage energy. If the
energy spectrum is normalized as T is the spectrum temperatur@vhere we assume€E)
=3.15I, as appropriate for a Fermi-Dirac spectiyrand
KB f(E) is in MeV ™. Since the luminosities are equal for each
JAEF(E) flavor, the total binding energy released in a given flavor is
Eg/6 (we ignore the small effect associated with the neu-
then we can write tronization burst When an integral over all arrival times is
5 made, the luminosity term in parentheses integrates to one,
d°N, L(t) giving for the total number of scattering events:
=f(E) . (6)
dEdf (E)
~ o (E)
This form is convenient since we assume, as stated earlier, NSC_Cf dEf(E) 1074 cn?é/” (12)

that the luminosities of the different flavors are approxi-
mately equal at every timg. The energy spectrurh(E)  The formulas in this section were derived for a nonzero neu-
will be taken to be thermal, and the luminosityt;) will be  trino mass; for massless neutrinos, simply takg€E)=0
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throughout. In particular, note that in Eq.0), the luminosity  lowered a few times. The full volume of the main tank is 32
term then can be taken outside of the integral, making th&ton. From SK conference tal{47], we estimate the time-
time dependence of the scattering rate simply a constantdependent background rate for the inner fiducial 22.5 kton
times the time dependence of the luminosity. volume to be about 0.1°8 for a threshold of 5 MeV. For the
full 32 kton volume, we estimate that the background rate
can be no more than several times worse than 0.1again
for a threshold of 5 MeV. For the low-mass search in Sec.
As noted above, we assume that the energy distributioml, we assume that the full 32 kton volume is used. The
for a given flavor of neutrinos is time-independent, e.g., thakxact value of the time-independent background rate is com-
the temperature does not vary with time. While the temperapletely irrelevant in that search. For the high-mass search in
ture really will vary with time, the variation is probably not Sec. IV, we assume that only the inner 22.5 kton will be
large(see, e.g., Fig. 3 of Ref2], but note that those “aver- used, since in that case the time-independent background rate
age” energies are defined @82)/(E)). Also, recent numeri- would be an important factor. Using only the inner volume
cal models of supernovae disagree on the form of the variawill decrease the number of signal events by a factor 1.4,
tion, and even whether it is rising or falling. A well- while decreasing the background by a factor of at least a few.
motivated form for temperature variation may eventually be
obtained from the supernova, data or from more- D. Description of the signal
developed numerical models. The analysis of this paper
could be easily modified to allow a varying temperature
until there is a compelling reason to use a particular form, wi
simply use a constant temperature.
The energy distribution is taken to be a Fermi-Dirac dis-

tribution, characterized only by a temperature. We take 150+n. For v, neutrinos with a thermal spectrum wifh
. X

=8 MeV for v,, T=5MeV for ve, andT=3.5 MeV for  —g MeV, the combined branching ratio for these final states
ve. These temperatures are consistent with numerical mods about 95%. If the decay is to a bound excited state of the
els, e.g., in Ref{3]. More elaborate models also introduce agaughter nucleus, then the daughter will decay by gamma
chemical potential parameter to reduce the high-energy tagmission. At the relevant excitation energies 0, the
of the Fermi-Dirac distribution. That reduces the number ofyranching ratio to these states in the daughters is about 30%.
scattering events, but makes the dominant contribution to th¢ne crycial point is that in both®™N and 1°0, all gamma rays
cross section occur at a lower neutrino energy, thus giving §e petween 5 and 10 MeV and can thus be detected in SK.
larger delay. _ The other 70% of the branching ratio involves decays to the
Numerical supernova models suggest that the neutrino luground state of the daughters without gamma emission. In
minosity rises quickly over a time of order 0.1 s, and théngrger to get to a final state with a gamma, the neutrino en-
falls over a time of order several seconds. Therefore, thgrgy must be greater than about 20 MeV. Because of this

luminosity used in our numerical simulation is composed ofh. h threshold. and b fthe | dv.
two pieces. The first gives a very short rise from zero to th Igh threshold, and because of the lowgrand v, tempera-
) ' ; . ; ._tures, these reactions contribute only at the 2% level com-
full height over a time 0.09 s, using one side of a Gaussian . .
ared to they, reactions, and hence are ignofdd].

with 0=0.03 s. The rise is so fast that the details of its shapg .
. , X ; . In Refs.[16,18, the neutral-current cross sections were

are irrelevant. The second piece is an exponential decay with lculated call d folded with th I .

time constant-=3 s. The luminosity then has a width of 10 wacu atef d(}:‘Jmerlca y and 1olae er]t thermal neutrino

s or so, consistent with the SN 1987A observations. Th spectra of different temperatures. For the present purpose, we

. : o ) eed the cross section for a given neutrino energy. It turns
detailed form of the neutrino luminosity is less important . . -
. i out that the simple parameterized form(E)=oy(E
than the general shape features and their characteristic dura-, -4 . . . -
. ; S =15)*, with the neutrino energ¥ in MeV and 0(=0.75
tions. In Ref.[2], the neutrino luminosity actually decreases

_47 N . . _
as a power law, and does so somewhat faster than our exp{>)<-10 cn? describes quite well the cross section for a neu

nential. The slower the decay, the harder it is to see masgm.0 to excite 0. In the f.it we assumeq th.at t_he_ branching
effects, so our choice is actually somewhat conservative ratio for states that end with gamma emission is independent

Throughout the paper, we assume that the distance to thoéc neutrin(_) energy. All such branches are included in th?s
o ’ . . Cross section above, and we have summed the cross sections
supernova iD =10 kpc, approximately the distance to the

. for neutrinos and antineutring$or just one flavoy, as well
Galactic center. as both final channels. The fit values agree with the numeri-
cal calculations at the 10% level over four orders of magni-
tude in the thermally-averaged excitation cross section. This

In this paper, all of the results are for the SuperKamio-fit will certainly not hold at higher energies which are how-
kande(SK) detector. The analysis here could be easily apever irrelevant in the present context.
plied to any water-€renkov detector. Its large size, low In order to estimate the delay, E(®) can be evaluated
threshold, and low background rate make it very well-suitedwith a typical neutrino energy. However, one should not use
to detect a Galactic supernova. We assume an energy threshe average energyF)=25 MeV. Rather, one should use
old of 5 MeV; presently, it is a little bit higher, but has been the energy for whiclf (E) o(E) peaks. For this reaction, this

B. Details of the model

“" The cross section for the neutral-current excitatiort %
'by neutrinos was computed numerically in Rgf6]. It was
Gssumed to be a two-step process, of excitatiotOfto the
continuum, followed by decays into various final states. The
principal branches in this decay are to states®f+p and

C. Characteristics of SuperKamiokande
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TABLE |. Calculated numbers of events expected in SK with a  In Ref. [16] numbers of events from different reactions
5 MeV threshold and a supernova at 10 kpc. The other parameteigere calculated relative to each other, with the overall scale

(e.g., neutrino spectrum temperatyrage given in the text. In rows vy
with two reactions listed, the number of events is the total for both.set by the total number of, events from Ref[20]. How

The second row is a subset of the first row that is an irreducible€Ver, the number of, events corresponding ©=3 MeV

background to the reactions in the third and fourth rows. from Ref.[20] was used. This was not really consistent, and
: would not be consistent here either, since for theneutri-
Reaction No. of events nos, T=5MeV is assumed here and in R¢L6]. Conse-
Tetp—et+n 8300 quently, we use instead E(l2) to calculate the number of

events folrT=5 MeV. We verified that the rates based on Eq.
Vet p—e’+n (Eqr<10 MeV) 530 (12) agree with the numbers given in RE20] when consis-
tent temperatures are used. Note that the results of] Re.

1;#160—’1/# y+X 355 are changed only by increasing the number of events in each
v, + 10— v, +y+X reaction by a factor of about 2.

v,+%0— v +y+X 355

VA0 + y+ X ll. LOW-MASS CASE

vete —uvte” 200

In this section, we detail the strategy used in the analysis.

vete —vete” _ it _ _
First, thev, mass is low enough that it can be neglected. Our

rute —v, e 60 final result is that one can reach sensitivity down to,a
vyte —v, e mass of about 50 eV. Since thg mass is at least 10 times
vote v te 60 smaller, and since the delay depends quadratically on the

mass, this neglect is justified. This establishes the key point

of our technique: that we can use theevents as a clock by
which to measure the possible delay of thg neutrinos.

. . . nder our mption that the temperatur r roxi-
“Gamow peak” energy isE~60 MeV, i.e., considerably Under our assumption that the temperatures are appro

larger tharX E). The fact that the neutrinos have a spectrummately constant, the only time dependence of4becatter-
of energies means that different valuesEotontribute to the  ing rate is from thev, luminosity itself[see Eq.(10) with
time delay, causing dispersion of the neutrino pulse as ifn=0]. In contrast, the time dependence of thescattering
travels from the supernova. It turns out that for the smallrate is determined both by thg luminosity and the delaying
masses we are primarily interested in these dispersive effecgifects of a possible mass. Thus the effects of a mass can be
are minimal. tested for by comparing the scattering rates of theand v,
The signal associated with the gamma emission describealvents as a function of time. In other words, we are looking
above will not be the dominant signal of a Galactic superfor time dependence in thg, rate beyond that expected from
nova in SuperKamiokande. Rather, the dominant events willhe luminosity variation alone. In order to implement this, we
be the positrons fromv,+p—e™ +n, which give a smooth define two rates, as follows.
continuum in positron energy, peaking at about 20 MeV. The The scattering rate of, events withEg+>10 MeV will
expected numbers of events for various reactions were cabe called the ReferencB(t). This contains~8300-530
culated with Eq.(12) and are given in Table I. For the, =~ ~7800 events. The time dependenceRgt) is completely
absorption on proton reaction, recoil and weak magnetisndetermined by the time dependence of the luminosity. Its
effects were taken into account, which slightly reduces theshape is generic for massless neutrinos. The Sigftalhas
cross section. There are also charged-current reactions dhree components. The first is the scattering rate for the 355
160 [19]; these increase the dominant positron signal byevents from the combined, andv,, on 180 reactions. The
about 1%. Since events from the electron-scattering channelgcond is the same for the 355 Combin&(hnd?j_ events.
are forward-peaked, we assume that they are removed by &fhe third is the scattering rate for the 580 events with
angul&r cut. Therefore, in our analysis we use only the event§e+<lo MeV. We will assume that some portion of the
from v, absorption on protons and thg excitation of '°0.  SignalS(t) events are massiveither allv, events or al,
The gammas from the neutral-current reactions above arand v, events. All of the other events itg(t) are then mass-
at several discrete energies ranging from 5.2 MeV to 9.9ess background events. Because some ofSfi¢ events
MeV. These are subject to some smearing, due to the finitwill be massive, the shape &(t) will be distorted. In par-
resolution, giving few narrow peaks on top of the smoothticular, it will be delayed and broadened.
distribution of positrons as shown in Fig. 2 of REI6]. For In a given experimenti.e., one supernoyathe Signal
simplicity, we treat the energy range from threshold to 10S(t) and the ReferencB(t) will be measured. In order to
MeV as one bin, and assume that losses due to the threshdiacilitate comparison of their shapes, the cuR() can be
or efficiency are minimal. scaled down to the number of eventsSft). The curveS(t)

v,te sy te”
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' ' ' ' ’ ' ' ' over this interval would match the number expected for the
massless case, and we would have to conclude that most
probably, the mass of the, is zero. In the analysis below,
we use much more of the data, but the idea is the same: it is
possible for one mass case to fake another through fluctua-
tions. The degree to which this can occur depends primarily
on the number of events expected in the Signal. We will
restrict the range of fluctuations that we consider to be likely
by choosing confidence levels.

To treat the expected fluctuations properly, we use a
Monte Carlo technique to generate representative statistical
instances of the theoretical forms f&(t) and S(t). Each
run represents one supernova as seen in SK. The total num-
ber of events expected iR(t) is known. In each particular
run, this total is subject to Poisson fluctuations. We model
this by picking a Poisson random number from a distribution
with mean given by the expected number of events. This
gives the number of events for this particular run. We then
use an acceptance-rejection method to sample the R{tin
until the right number of events for that run is obtained. This
0 . . . . . . . . gives a statistical instance &t), typical of what might be
6 1 2 3 4 5 6 7 8 9 seen in a single experiment. Then an exactly analogous tech-
L) nique is used to generate the total number of even&(ih

FIG. 1. The expected event rate in the absence of fluctuationglnd a Stat'St'C"_’“ instance of the curSg) itself. The mass-

for the signalS(t) is shown for differentr, masses, as follows: €SS and massive componentsSgf) are sampled separately,

solid line, 0 eV; dotted line, 50 eV; dashed line, 75 eV; dot-dashec®Nd are then added together. o

line, 125 eV. Of 1240 total events, 530 are massless355 are One comment on the method of sampll'ng IS necessary. NO

massless, andv,, and 355 are massive, and v,. These totals matter how the generated rat_es are binned in time, th'.s

count eveﬁts at ;II‘ times; in the figure, only thoge wWith9 s are method ensgres that for each bin, there are the c_:orrect P(.)'S'

Shown. ' ’ son fluctuations around the expected number in that bin.
Therefore, this technique is equivalent to the sometimes-seen

shows how the data look, with a possible unknowmass technique of first establishing bins and the expected number

and the curveR(t) shows how they would look if all of the in each bin, and then picking a representative number of

events were massless. The rates are shown in Fig. 1, whi@/€nts for that bin according to the appropriate Poisson dis-
depictsS(t) under different assumptions about themass. tr|-but|0n. However, our method of generating representative
The shape oR(t) is the same as that &(t) when m Signal and Reference data sets does not require binning. If

. . analysis of these data sets uses bins, the bin size can be
=0. The curveR(t) will be measured, and so will be there to y

h h . changed without regenerating the data.
compare the measureg{(t) to. As they, mass is increased, Both of the tests developed below depend upon the shape

the delayedv, events separate from the massless eventg; S(t), and not directly on the number of counts. Direct

more and more. Fam=125 eV, the scattering rate over the (ot for an excess or deficit of counts are much more depen-
first 1 s or so igust that from the remaining massless eventSyent on theory: this dependence is largely canceled in our
The effect of a mass is to diminish the rate at early times angpproaches.

enhance it at late timgsince the normalization is preserved,
these are roughly equivalent statemeénts

In a real experiment, statistical fluctuations will mask the A. x? analysis
effect of a mass. The ReferenRét) contains approximately

400
350
300
250

200

Eventrate (s )

150

100 |

50 |

e As discussed above, the presence of a mass in the Signal
: . . (t) will cause its relative decrease at early times and rela-

fSlgn?]I S(tl) contal?st_apr;lr ox;ma:ﬁely 1é4ohev$rt1r:s, and there.'tive increase at late times in comparison with the Reference
ore has larger refative fluctuations. ach of tnose Curves | (t). Whether or not it can be seen is a question of the

subject to fluctuations in the total number of events as wel tatistics of the event rates. As a first test, we look for a

?hseﬂg\?;?goiﬂsﬂ'g ?irt]gltlrsniflrlltigrvillﬁ]c:ar;zldaergfggg g]v%nr:tes ntshape distortion irs(t) relative toR(t). by making a?(2 test.
expected in then, =0 eV case .an('j 302 events expected inIf the x? per degree of freeo_lor(rml.o.f.) is of order unity, then

vy ' the two curves are compatible at the level of the errors, and
them, =50 eV case. As noted, the Reference has smallefhere is no reason to invoke a mass. If §féd.o.f. is large,
fluctuations, so for now take the total 336 as exact. Thehen the two functions are incompatible, which we take as
counting error on the Signal in that interval will be of order evidence for a mass. That is, we assume that there are no
J302~17. If the number of events in this bin fluctuates up other systematic effects which would give a langéd.o.f.;
by about two sigma, then the number of events in the Signabne always has to make some such assumption.
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We first scale the Reference down to the number of eventgt=1 s were good choiceshe final results are only weakly
observed in the Signal over the rangesOst,,.,. As re-  dependent on theseThese are also very reasonable from a
quired for ay? test, both sets are then binned so the continuphysical point of view. These have to be held fixed for all of
ous functionsR(t) and S(t) are replaced by discrete repre- the Monte Carlo runs, since one cannot adjust these to a
sentations. Bins of constant widh are used. The scaling is particular data set without introducing bias. These choices

given by also ensure that we can completely neglect the time-
Npj independent background rate of at most a few times 0t1 s
Z, 2756t With these choices, one has a reasonable nuimiaenely
Ri=R; m (13 8) of degrees of freedom in thg?, and a large number of
j=1""] events expected in each bin. The latter ensures that the Pois-

~ o son errors on the counts in each bin really are approximately
wheret .= Npindt. Whenm=0, R;=S;, up to statistical Gaussian, as required in ty€ definition. Up to fluctuations,

fluctuations. They® is formed as follows: the late-time bins all have an excess. Combining them would
enhance the significance of this excess, whereas for random

1 Nbin (ﬁj St— sjgt)2 fluctuations combining bins does not change the significance.

x?ld.o.f= — , (14)  The same is true for the early-time deficits. However, one

bin—1 j=1 sRét+S;ot does not in general know where the transition point is be-

tween these two regions; that is determined by the unknown
wherej runs over the bins used. The number of degrees ofnass. The transition point cannot be determined from the
freedom is reduced by one because we have normalized tltta without introducing bias. Also, with too few bins, one
Reference to the Signal. The fact®is the ratio of the total does not satisfy the requirements for defining?atest.
numbers of eventén 0<t<t,,,,) in the Signal and the Ref- Using the above procedure for analyzing each[amd in
erence, and is computed for each run in the Monte Carloparticular, normalizingR(t) to S(t) over O<t<t,,,], we

Even thougﬁija‘wsjét, the fluctuations irﬁjét are much used the Monte Carlo program to simulate the results from
smaller, sinceﬁjﬁt is scaled down fronRJ-&t, which has 10* Supernovae. F_or each run, thé analysis was per-
high statistics. formed. For each fixed mass, a variety)of values are ob-

It is important to stress that it is not enough to evaluatetai”ed' due to the finite statistics in the Reference and the

thexz using the predicted curves fa(t) andS(t) based on Slgnal These rgsults vyere histogrammedxé’laj.o.f. The.
the analytic forms constructed with E€L0). Doing so ne- relative frequencies of different?/d.o.f. values are shown in

glects fluctuations, and always underestimates xthepar- the upper panel of Fig. 2 for a few representativg masses.
ticularly near the small-mass limit that we are interested i NOte that the number of Monte Carlo runs determines only

. . ~ . how smoothly these distributions are filled out; their shape
[since in the massless caRét) = S(t) ]. Roughly speaking, : : : _
using the exact functions themselves in the underesti- and placement is determined by the physiéar m=0, the

. 2 .
mates they?/d.o.f. by about unity, and of course does not :jeisstlﬁ:gﬂﬁgn/s\}i%}f'8V31:gerseg; %‘;ufizggngm the usugf/d.o.f.
give the error. As explained above, We use the qute Carlo These distributions are characterized by their central point
technique which properly treats _statlsucal fluctuations, andand their(asymmetri¢ width, using the 10%, 50%, and 90%
Ieags Ito af_m_?re correctfrtr_]ass limit, din formi 2 confidence levels. That is, for each mass we determined the
nly a finite range of times was used in forming t value of y?/d.o.f. such that a given percentage of the Monte

The beginning of the first bin is taken to be where the ?Ve.nt%arlo runs yielded a value gf?/d.o.f. less than that value.

start. With some 9000 total events expected, and a rlsetlm\ﬁ/ith those three numbers, we can characterize the results of

of order 0.1 s, the starting time can be reasonably well- :
defined. In the Monte Carlo, the starting time was held ﬁxedpomplete runs with many masses much more compactly, as

. - shown in the lower panel. For convenience, the axes are
(and not adjusted from the data on each)rdrhe definition inverted from how the plot was actually constructed. That is,

used amounts to calling the starting time that point at whichgiven the y2/d.o.f., which will be experimentally deter-
the v, rate is about 1% of its peak rate. The size of anymined, one can read off the range of masses that could have
ambiguity in the starting time is much smaller than the b'”likely given such ay?/d.o.f. at these confidence levels.

size (discussed beloyy and so is regarded as irrelevant.

The ending time and the bin size must be chosen more )
carefully. The primary consideration is to maximize the ex- B. (t) analysis
traction of the mass effect in the presence of the statistical The y2 test above has the nice feature that it is a shape

fluctuations. Further, this must be optimized for the case of @est, and depends on the number of events only through the
small masgother cases are discussed belolm Fig. 1, one  flyctuations. One disadvantage is its dependence on binning,
can see that for a givem, , the SignalS(t) rejoins the  which obscures changes over time scales smaller than of or-
ReferenceR(t) at very late timegeven beyond the edge of der the bin width, i.e., the effects of sufficiently small
the figure for the larger mas9e€nce this has happened, masses. Another is that the mass effect is not always in the
there is no benefit to going to larger times; in fact, one onlysame sense. At early times there is a deficit of events,
includes more statistical noise by doing so. In the Montewhereas at late times there is an excessjythis insensitive
Carlo studies, it was found that,,,=9 s and a bin size of to the difference between this distinctive feature and random
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0.10 L s s e S S width and number of events depend on the choicé,f.
By choosing a moderatg, 5, the intrinsic width ofR(t) can
be restricted even while most events are included.

=l
[
=3
3
I
<
)
<

g Given the Signab(t), the average arrival time is defined
5 0.06 . similarly as
& m=75eV
L
tm

g 004y / m=125eV St JorrdttS(t)
& / <t>s: >l - tmaxd ! (16)

0.02 i k JredtS(t)

0.00 , where naturally the sums are now over events in the Signal.

Sy While the intrinsic widths ofR(t) and S(t) are similar, the
1 statistical error offt)s is larger by factor of a few since there
are several times fewer events. The effect of the mass is to
make(t)g larger, i.e., to cause a deldylhe mass increases
the intrinsic width ofS(t) only slightly.]

In order to cancel some systematic effects, we consider
. not (t)s as compared to theory, but the differentgg
—(t)r determined from the data. The signal of a mass is that
] this is greater than zero with statistical significance. From the
Monte Carlo studiest,»,=9 s was found to be a very rea-
1 12 sonable choice; most of the data are then included, while the
range is kept small. For this, .y, the time-independent
background events are negligible. Again, while these choices
are somewhat optimal, the final results are not strongly de-
&endent on the particular values used as long as they are
reasonable. Although the values (@} depend ort,,,y, the

125

100

75

m (eV)

50

25

FIG. 2. The results of thg? analysis for a massive,. In the
upper panel, the relative frequencies of variqdsd.o.f. values are
shown for a few example masses. In the lower panel, the range

masses corresponding to a givef/d.o.f. is shown. The solid line

is the 50% confidence level, and the upper and lower dashed line%eper?dence E not Stl’foné]. Fgfax=9 TQ” a Chanﬁe of O'lﬁ.fm
are the 10% and 90% confidence levels, respectively. In this figurdmax 9ives & change of about 0.01 s(i)). Note that any shift

t..=95, the bin size used in the? is ot=1s, and the time I the starting time will cancel in the differende)s—(t)g

constant of the exponential luminosity 4s=3 s. (as long as it does not change the numbers of events in-
cluded.

fluctuations of similar magnitude. To get around these prob- Usmg the above procedure for anglyzmg a particular run,
die again used the Monte Carlo to simulate the results from

lems, we introduce here tests of integral moments. These 7 ically. thi p
not involve any binning. The most basic effect of a mass is a0 SuPernovae. Basically, things were done as abovgtor
or each run{t)s—(t)r was calculated and its value histo-

delay; the average arrival time always increases. The test g SR T . .
simple, intuitively obvious, and the effect is always in the 9f@mmed. These distributions are again characterized by
same sens@up to statistical fluctuationsA mathematically their central point and their width, using the 10%, 5086w
analogous moments analysis was made for electron recddiSC the averageand 90% confidence levels. That is, for

energies in the context of solar neutrino oscillations in Ref€aCh mass we determined the valuegtog—(t)g such that
[21]. a given percentage of the Monte Carlo runs yielded a value

of (t)s—(t) less than that value. Since these distributions

Given the ReferencR(t), the average arrival time is de- , , >
are Gaussians, other confidence levels can easily be con-

fined as
structed. The results of this analysis are shown in Fig. 3,
Siti gmaxdttR(t) which is analogous to Fig. 2.
()= S 1= . (15 Fortmax=9s,(t)g=2.57 s. For larget,,.,{t)g tends to
k JordtR(t) about 3 s, the value of the exponential time constant in the

luminosity. The value oft)s is of course larger by the mass
The summation form is used for the Monte Carlo generategffect. As noted, the error on each moment is the intrinsic
data sets, where the sum is over evénts time bing in the  width divided by the square root of the number of events.
Reference with &t<t,,.. The integral form would be used The intrinsic widths of theR(t) and S(t) distributions are
if the theoretical forms for the rates were given. It is noeach of order a few seconds. The numbers of events are of
longer necessary to normalize the Reference to the Signabrder 8000 and 1200, respectively. Note that the errors on
As with the y? test, the starting time is assumed to be well-(t)g and(t)s are uncorrelated.
defined. The choice of,, follows from similar consider- We also investigated the dispersion of the event rate in
ations as before. The effect of the finite number of counts ifime as a measure of the mass. As noted above, a mass alone
R(t) is to give(t)y a statistical error. This error is the intrin- causes a delay, but a mass and an energy spectrum also cause
sic width of theR(t) distribution divided by the square root dispersion. We defined the dispersion\#$?) — (), where
of the number of events in the Reference. Both the intrinsiall integrals are as above defined uptt@,. We found that
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FIG. 3. The results of thét) analysis for a massive, . In the
upper panel, the relative frequencies of varigtiss—(t)r values

are shown for a few example masses. In the lower panel, the rand€g.

of masses corresponding to a givis—(t)g is shown. The solid

line is the 50% confidence level, and the upper and lower dashethated from the data, and should be similar to what is shown
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lines are the 10% and 90% confidence levels, respectively. In thifn the figures.

figure,t,.x= 9 s and the time constant of the exponential luminosity
is 7=3s.

the effects were not statistically significant until the mass
was of order 150 eV or so; at such a large mass the statistical
significance of the change ifi) cannot be missed.

C. Comparison of techniques

The analysis techniques presented above are appropriate
for the case in which the mass is either small or zero. In this
case, the Signab(t) and the ReferencBR(t) are not easily
distinguished for finite statistics. Both thé and(t) analy-
ses were optimized for this case by choosing a moderate
thax=9S, which also allowed us to neglect the time-
independent background. In each case, sensitivity to. a
mass of about 50 eV was found. This is essentially the mass
which cannot be missed even if there are unfavorable statis-
tical fluctuations. Since the mass effects grow quadratically,
for larger masses the statistical significance of the mass ef-
fects would be huge.

At a given mass, the ranges gf or (t)s—(t)g values
shown in the figures are the ranges of probable values that
would be seen in one experimgne., one supernoyaThose
ranges are the result of properly taking into account the ex-

0.10

0.08

o
=
3

Relative frequency
<
=)
K

0.02

0.00

125

100

75

m (eV)

50

25

x i dof.

FIG. 4. The results of thg? analysis for a massive, andv,
taken to have the same mass. The figure is otherwise the same as

The results from both analysis techniques are essentially
similar. That is, the final results are not strongly dependent

l m=75eV

14

oL

1 1 1 1
00 01 02 03 04 05 06
<t>—<t>, (s)

0
-0.2 -0.1 0.7

pected statistical fluctuations of the Reference and Signal
(while the Signal error dominates, the Reference error was
included in the calculations For a given experiment, the FIG. 5. The results of thét) analysis for a massive, andv,,
values ofy? and{t)s—(t)g can be computed from the data. taken to have the same mass. The figure is otherwise the same as
The statistical errors on those quantities can also be estFig. 3.
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TABLE 1l. The results of thex? analysis for different cases. The decay constant of the exponential
luminosity is denoted by-. If the masses are zero, the most probapitd.o.f.=1. For thisx?/d.o.f., the
allowed mass ranges are given in the second column; the lower limit of zero is the most probable mass, and
the upper limit is excluded at the 90% confidence level. The smallest valy® @fo.f. not compatible with
m=0 is x?/d.o.f=1.7. The corresponding allowed mass ranges are given in the third column; both the upper
and lower limits are excluded at the 90% confidence level. The most probable mass is given in parentheses.

Case Result fog?/d.o.f=1 Result fory?/d.o.f=1.7

7=38; myﬂ=0, m, =m 0=m<60 eV 0<m<75 eV (m=55 eV)
r=3s;m, =m, =m 0=m<40 eV 0<m<50 eV (m=40 eV)
T=1s; myﬂ=0, m, =m 0=m<35 eV 0<m<45 eV (m=30 eV)

on the statistical technique used, which is crucial. Of coursemine the initial neutrino energy on the event by event basis.
the results from thdt) analysis are slightly better, for the (In the neutrino-electron scattering that is possible in prin-
reasons explained above. The final figures for(t)eanaly-  ciple, but not in practice.Hence, one cannot directly deter-
sis also allow other confidence levels to be constructed easnine the energy spectra of the incomingneutrinos.

ily. Our XZ test was designed to ask if there were evidence The most developed technique uses the signal from
for a nonzero mass, the evidence being a lar8eStrictly  neutrino-electron scattering in SK. All flavors participate in
speaking, if there were such evidence, the mass would not kgjs reaction, which has no threshold. Even though ithe
determined with that test; one would reformulate the Referyng ;,  energies are higher, their thermally-averaged cross

ence 1o include a mass and would define a new which sections are smaller than fot, and v, (which also have a

would be minimized with respect to the mass. Nevertheless

our formulation works reasonably well for small masses. Fi_ffharged—current channelThus massless events are necessar-

nally, because of its greater convenience in use and interprdy Part of the irreducible background. There are also isotro-
tation, as well as its greater sensitivity, we advocate(the Pic background events from the copioust p—e” +n re-
technique. action; by considering only events in the forward cone of
We also considered the case in which both#heand the  half-angle about 25 degreédetermined by the angular reso-
v, are massive. For convenience, we tcm],<#=myf. (Since lution of the QGerenkov detectgr one can eliminate about

the time delay is quadratic in the mass, there is little differ-95% of the isotropic background0,12. From Table I it
ence from the one-mass case unless the masses are $imild@llows that if just thev. is massive, in the forward cone
The results of the? analysis are shown in Fig. 4, and the there are about 708=0 events and about 68>0 events.
results of the(t) analysis are shown in Fig. 5. As expected, The test for a mass is to check whether the events in the
W|th a better proportion Of massive events in the SignaLforWard cone fa” Off more SIOle in time than those 0UtS|de

lower masses can be probed. All of the results are summadahe cone. Since the number of massive events is small, one
rized in Tables Il and III. has to look for a large delay. At such late times in the tails of

the scattering rates, the time-independent background rate is
not at all negligible.
The most detailed analysis of the neutrino-electron scat-
Various techniques for determining or limiting th¢ and  tering case was given in RefL0]. The statistical test for a
v, masses from observations of supernova neutrinos hav@ass was done by a complicated likelihood matching
been proposed. Any such technique must be based on gtheme, and sensitivity to a mass of about 50 eV was found.
neutral-current signal and by necessity will contain eventsznother detailed analysis was given in REf2]. The statis-
from o_ther reactions with similar Signatures, but caused bmca] test for a mass was Simp|e, and was based on |00king
Ve OF v,. Also, in neutral current events, one cannot deterfor an excess of events at late times, where an excess was

D. Comparison to previous work

TABLE Ill. The results of the(t) analysis for different cases. The decay constant of the exponential
luminosity is denoted by If the masses are zero, the most probgbje— (t)gr=0. For this(t)s—(t)g, the
allowed mass ranges are given in the second column; the lower limit of zero is the most probable mass, and
the upper limit is excluded at the 90% confidence level. The smallest valiigsof(t)g not compatible with
m=0 is(t)s—(t)r=0.09 s. The corresponding allowed mass ranges are given in the third column; both the
upper and lower limits are excluded at the 90% confidence level. The most probable mass is given in
parentheses. For the third case, because of the reduced width of the pulse, 0.03 s is used instead of 0.09 s.

Case Result foft)s—(t)g=0 Result for(t)s—(t)s=0.09 s
7=3S; mV#:O, m, =m 0=m<45 eV 0<m<70 eV (m=45 eV)
r=3s;m, =m, =m 0=m<35 eV 0<m<45 eV (m=35 eV)
T=1s; mV#:O, m, =m 0=m<25eV 0<m<40 eV (m=25 eV)
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defined as three times the Poisson error. In this case, sensi- N cC . .
tivity to @ mass of only about 150 eV was found. The ques- dtsc= o Ef(E)
tion arises if this poorer limit was caused by the less sophis-

ticated statistical technique. Interestingly, it is not. It IS \vhereC is defined in Eq(11), andE in MeV is defined as

pointed out in Ref[12] that the authors of Refl10] use a ~ . . .
- . , . - E=my0.51D/t [see Eq.(2)], with m in eV, D in 10 kpc,
luminosity which decays roughly exponentially, with a time andt in s. Note also thaf is in MeV-L The timet is

constant ofr=1s (in contrast to the time constant af ) -
d from the arrival of the, events. Fom=1 keV,

=3s used in this work Such a sharp time distribution Measure

makes distinguishing the effects of a mass much easier. Iiff€ Signal is still several times the time-independent back-
Ref. [12], it is shown that using such a quickly-decaying ground for hundreds of seconds. As the mass increases, the

luminosity and the same simple statistical technique that serp-e'ght of _the signal rate falle Very quickly. . .
sitivity to 50 eV can also be obtained. Even if S(t)<B at all times, whereB is the time-

For comparison, we set the exponential time constant iindependent chkground rate, it is still poseible to determine
T ' i "\ mass by looking for an excess of counts in some long time
the Iumlnosny to_rzls and repeated our a’??"YS'S- FAEx interval. We assume that the expected number of signal
=3 S and a bin size of 0.5 s, we found sensitivity t0 about 25ievents is preser(the Poisson fluctuation of the signal num-
eV in the one-mass case. The results are also presented § |l turn out to be a small effectThis analysis is there-
Tables Il and Ill. The advantages of the method discussegyre more model-dependent than the low-mass case, since
here, as demonstrated by this comparison, are the largghe number of events enters directly, rather than only through

number of events .W'th mass and the lower proportion c)fthe fluctuations. Whilg is defined by the arrival of the,
massless events with a similar signature. events, they are obviously not included in the counts for this
analysis. Only a finite range of neutrino energies contribute
IV. INTERMEDIATE-MASS AND HIGH-MASS CASES significantly, and the largest energy is of order 5 times the
For a low or zero massf, <150 eV), the effects on the smallest. The Iargest delay will thus be of order 25 times the
7 smallest. In this case, the simplest and most model-
independent thing to do is to begin the countingaD.

a(E)
10 cnr

, 17

signal S(t) are minimal, and the time-independent back-

ground is negligible. For an intermediate mass (150 e W .
. e assume that the background r&eis well-known.
=m, =1 keV), the effects or(t) are substantial, and the The end of the counting intervay},., is to be determined.

massive component &(t) will be well-separated from the The requirement of a statistically significant excess of counts

the massless component. The time-independent background Ng+Ng>Ng+nyNg, wheren is the number of sigmas

does not have a large effect, but would have to be taken i”t&he number of counts is large enough to treat the Poisson

account. For a large masenf =1 keV), the massive com- istribution as a GaussianAny large excess in the number

ponent ofS(t) is so delayed and dispersed that its rate isof events will be wholly attributed to the signal events, of

comparable to or below the time-independent backgroungvhich there ardNg expected. UsindNg=Bt,,,,, this can be

rate. Given the actual data, one can immediately determingewritten ast < Né/nzB. Note that this is independent of

which of these cases applies. There are analysis techniqufitass. The requirements foy,,, are:

that are optimal for each case. It is “fair” to determine the

choice of technique from the crude characteristics of the N3

data. signal width<t, <——. (18
The intermediate-mass case would be rather easy to n°B

handle. The value df,,, would have to be increased and the If the interval is not as wide as the signal, signal events will

time-independent background rate included. JA@nalysis o 'ost It it is wider than the signal, too many background

above was designed to test whether or not a mass was Negenss will be included. The largest possible mass that can be

Ben with this technique is the one for which the signal width

determine that mass. As noted earlier, for a large and obvious < \ide as the right-hand side of the equation above. This

mass, it would be better to revise té analysis so that the
ReferenceR(t) was that appropriate for a given mass. Then

the x? could be minimized to find the unknown mass and its Ng
error. The(t) technique requires only the changes noted. For Mimax= Emin—————, (19
such a large mass, the dispersibnoadening also becomes n+y0.51B

a useful measure of the mass. Almost any technique would
work in this case since the signal would be so obvious.  Wheremis in eV, Ep, is in MeV, D is in 10 kpc, andB is

The large-mass case, like the low-mass case, is againia S > For the v, excitation of %0, we take Ey,
marginal analysis, since we are by definition looking at the=25 MeV; below that energy, the produttE)s(E) is es-
limit of detectability. For a large mass, the delays are largesentially zero. In order to reduce the time-independent back-
compared to the width of the pulse at the source, and thground rate, we use only the inner 22.5 kton volume for this
integral in Eqg.(10) can be evaluated by assuming that thelarge-mass test, which reduces the numbervofsignal
time distribution of the initial pulse is a delta function. The events tdNg=250. For this volume, the background rate has
scattering ratéper 9 is been measurefll7] to be of order 0.1s.. At the three-
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sigma level =3), the maximum detectable mass is then We first assumed that one of, and v, masses was non-
about m,,,,=9 keV. For this mass, even the peak of thezero, and the other negligibly small. For convenience, we
signal rate is a factor several below the time-independenteferred to the heavier one as, though it is impossible to
background rate. Also for this mads, is of order 18 s,  tell the difference. The results are given in Figs. 2 and 3. If it
so the Poisson error on the number of background events igere known that the masses were almost degenerate, than a
at the 1% level. We have assumed that the error on the backtricter limit can be placed. Those results are given in Figs. 4
ground rateB is not larger than that. The above analysis isand 5. If nothing more is known, the most conservative thing
optimized for a flat signal. However, the signal is actuallyto do is to take the one-mass limit for eachigfandv,, . As
peaked at a time smaller thép,,, and by increasing,;;to  shown in Table Ill, if no statistically significant difference of
42 MeV, one still includes about 90% of the signal eventsthe Reference and Signal is seen, one can put an upper limit
While more model-dependent, this increases the maximurof 45 eV if one assumes that only one mass is nonvanishing,
detectable mass to abouot,,,,= 14 keV. and 35 eV if one assumes that both and v, are massive

For comparison, we estimate how langg,,, would be if ~ (and that the masses are the same
the signal from neutrino-electron scattering were used. Since Given the large statistics of the, signal used here, one
the signal is forward-peaked, the background can be substamight wonder why the time delay is not larger and the mass
tially reduced with an angular cut. In this case, it makessensitivity is not lower than we report here. Thgaverage
sense to use the entire 32 kton volume. If 95% of the backenergy is about 25 MeV. FdE~25 MeV, m=50 eV and
ground can be removed, and the time-independent backd =10 kpc, the delay is about 2 s. However, from ED),
ground rate of 0.1 used above for the inner 22.5 kton can what matters for the event rate is the peak of the product
be used for the full volume, theB~0.005 s*. Assuming f(E)o(E). Since the cross section for tH€O excitation is
that no signal events are lost with this cut, the number ofvery steep in energy, the peak energy is large, about 60 MeV.
events forE,,;,=5 MeV is aboutNg= 60. At the three-sigma For E~60 MeV, m=50 eV andD =10 kpc, the delay is
level, the maximum detectable mass is aboy,,=2 keV,  about 0.4 s. In both cases, these delays are for about 1/3 of
comparable to the estimate in REL0]. the events in the Signal, so for a large integration tipg,

If the v, events appear to be missing, a large-mass seardhe differencgt)s—(t)r would be about 1/3 of these delays.
as above can be made. If nothing is found, there are threBor moderaté ., as used in the main analysis, the shift is
possibilities. The first possibility is that the mass is greateslightly smaller(though more significant than for a larger
than 10 keV or so, and that it is stable over the time it takes,,,,).
to travel from the supernova, aboutka0* years. Then its These considerations show that the delay is reduced, and
signal is so dispersed that it cannot be distinguished againgtte statistical significance decreased, by the seemingly irre-

the background. However, as pointed out in R&}, any  qycible background of the, events at low energies as well
neutrino with a mass greater than 10 keV or so would likelyas py the background caused by the masslessBesides,
decay in such atiméthi.s avoids violation of the cosmologi- sjnce the energy of the outgoing neutrino cannot be mea-
cal bound on the neutrino masses, see Rfand references  syred(or even the excitation energy i#H0), it is not pos-
therein. The second possibility is that the mass was largeiple to measure the energy spectrum of theneutrinos.
enough that the neutrinos decayed, and that their decay proghys ther, temperature can only be constrained from the
ucts were not detected. The third possibility is that the  5tal number of events.

neutrino was not produced in the supernova, or at least sig- The situation can be contrasted with tﬁgmass limit of

nificanty differently than expected. For example, If he - aout 20 eV from SN 1987A established with only a handul
per ' ... of events and no independent clock. There, however, it was
essentially nov,. events detected. These three possibilities

ST ; " ; possible to determine the incoming neutrino energy on an
cannot be distinguished without additional evidence. event by event basis, and to compare the neutrino energies

versus time to the theoretical expectation. Moreover, the
SN 1987A was at about 50 kpc, compared to the 10 kpc
One of the key points of our technique is that the abun2ssumed for the next Galactic supernova, and a lower typical

dantv, events can be used to calibrate the neutrino luminosénergy should be used in the delay formula of the deteeted

ity of the supernova and to define a clock by which to mea€vents than for the, neutral current scattering offO.

sure the delay of the, neutrinos. The internal calibration ~ Some of the important parameters used here are not well
very substantially reduces the model dependence of our r&nown, though were treated as such. However, once there is
sults. The measurement of time relative to ﬁesignal al- actually a supernova, the model uncertainties will be greatly

lows us to be sensitive to rather low masses. Without such eeduced by the, data. For example, the binding energy
clock, one cannot determine a mass limit with i tech-  and thev, temperature will be determined. Other questions
nigue advocated here, since the absolute delay is unknowthat can be resolved include the time dependence of the tem-
Instead, one would have to constrain the mass from the olperature, and whether a one-parameter thermal spectrum is
served dispersion of the events. Our calculations indicate thaufficient to describe the energy spectra. Once a supernova is
while a significant delay can be seen for=50 eV, the dis- observed, the technique presented here can easily be run with
persion does not become significant unil=150 eV or the new parameters or necessary modifications. Second, for
greater. small changes in some parameters, the mass sensitivity does

V. CONCLUSIONS AND DISCUSSION
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not change much. Note that this is especially true if mass is In conclusion: We have presented a rather general
unrecognizably small, and we are making a limit. method, including a thorough statistical analysis, of extract-
The results of this paper are valid for either Dirac or Ma-ing information about the possible. and v, masses from
jorana neutrinos. We only considered stable neutrinos. Thehe future detection of a Galactic supernova neutrino burst by
effects of decaying neutrinos on mass limits from supernothe SuperKamiokande detector. When such an event in fact
vae are discussed in RdB]. We also considered unmixed occurs, the existing mass limits will be vastly improved and
neutrinos. Vacuum oscillations amomg, v, , and their an-  will approach, or cross over, the cosmological bound.
tiparticles are irrelevant since the numbers of neutrinos of
each flavor are assumed to be equal. Vacuum oscillations
betweenw, andv, or v, andv, and their antiparticles should

have an observable effect on thgspectrum. Oscillations to This work was supported in part by the U.S. Department
sterile neutrinos would also have an effect. The effects obf Energy under Grant No. DE-FG03-88ER-40397. J.F.B.
either vacuum or matter-enhanced neutrino mixing on thavas supported by Caltech. We thank H. A. Bethe, B. W.
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