PHYSICAL REVIEW D, VOLUME 63, 073011

Black hole formation in core-collapse supernovae and time-of-flight measurements
of the neutrino masses

J. F. Beacorh
Physics Department 161-33, California Institute of Technology, Pasadena, California 91125
and NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, lllinois 60510-0500

R. N. Boyd
Departments of Astronomy and Physics, The Ohio State University, Columbus, Ohio 43210

A. Mezzacappa
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 19 October 2000; published 7 March 2001

In large stars that have exhausted their nuclear fuel, the stellar core collapses to a hot and dense proto-
neutron star that cools by the radiation of neutrinos and antineutrinos of all flavors. Depending on its final
mass, this may become either a neutron star or a black hole. Black hole formation may be triggered by mass
accretion or a change in the high-density equation of state. We consider the possibility that black hole forma-
tion happens when the flux of neutrinos is still measurably high. If this occurs, then the neutrino signal from
the supernova will be terminated abruptthe transition takess0.5 ms). The properties and duration of the
signal before the cutoff are important measures of both the physics and astrophysics of the cooling proto-
neutron star. For the event rates expected in present and proposed detectors, the cutoff will generally appear
sharp, thus allowing model-independent time-of-flight mass tests for the neutrinos after the cutoff. If black hole
formation occurs relatively early, within a few<1) seconds after core collapse, then the expected luminosi-
ties are of ordet = 10°2 erg/s per flavor. In this case, the neutrino mass sensitivity can be extraordinary. For
a supernova at a distan&e=10 kpc, SuperKamiokande can detectamass down to 1.8 eV by comparing
the arrival times of the high-energy and low-energy neutrinosgin p—e™* +n. This test will also measure
the cutoff time, and will thus allow a mass testigf and v, relative tov, . Assuming thaw,, andv, are nearly
degenerate, as suggested by the atmospheric neutrino results, masses down to about 6 eV can be probed with
a proposed lead detector of mads, =4 kton (OMNIS). Remarkably, the neutrino mass sensitivity scales as
(D/LguMp) Y2 Therefore direct sensitivity to all three neutrino masses in the interesting few-eV range is
realistically possiblethere are no other known techniques that have this capability

DOI: 10.1103/PhysRevD.63.073011 PACS nuniderl4.60.Pq, 04.76:s, 97.60.Bw, 97.60.Lf

[. INTRODUCTION trino masses on the cosmic microwave background and the
clustering of galaxies; the claimeduture, in some casgs
In the past several years, the growing evidence for neusensitivity is about 1-10 eV2]. These arguments require
trino oscillations has caused a great deal of excitement ovdhat the other cosmological parameters are independently
the implied nonzero neutrino masses. Oscillation phenomknown and may not apply if the neutrinos decagecond
ena, however, are sensitive only to differences of the squardd, if all of the neutrino masses are connected by small
neutrino masses, and thus provide only a lower bound on th@easured mass-squared differences, then each mass is con-
heavier mass. Without further input, the deduced masses cafrained by the limit on the electron neutrino mass from tri-
be increased, and the difference of masses decreased, provithm beta decay, now about 3 €¥] (the direct laboratory
ing exactly the same difference of squared masses and hen@its on the mu and tau neutrino masses are 170 &V
the same oscillation phenomena. and 18 MeV[7], respectively. If neutrinoless double beta
It is therefore of crucial importance to experimentally decay were discovered.e., neutrinos were confirmed to
measure or constrain the absolute scale of the neutrinBave a Majorana characjerthen this could anchor the
masses. Two indirect techniques have been proposed. Firgfasses at an even lower vali#; the present limit on the
the sum of the neutrino masses can be constrained by cogombination of masses measured in double beta decay is
mological arguments. The requirement of not overclosing th@bout 0.2 eM9]. Strictly speaking, to use the arguments of
universe gives an upper bound of about 100 [@Y. This
bound may be improved by considering the effects of neu-

IFurthermore, it has recently been shown that in scenarios with a
low (MeV-scalg reheating temperature, the neutrinos may decouple

*Electronic address: beacom@fnal.gov without reaching equilibrium, leading to a substantially lower den-
"Electronic address: boyd@mps.ohio-state.edu sity than in the usual scenario; this may weaken the cosmological
*Electronic address: mezz@nova.phy.ornl.gov neutrino mass bounds by a factor of 10 or m8¢
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Refs.[4,8], each oscillation signal must first be decisively shapesas a function of time, as expected on general grounds
confirmed, including precise measurement of the mixing paand also seen in the supernova modl&@. In the absence of
rameters and identification of the oscillated flavors. Untila model, a Kolmogorov-Smirnov test can be used to compare
then, we must allow for the possibility that there are morethe event rates for different flavors of neutrinos; it can be
relevant flavors than there are measured mass-squared diffeshown that this reduces to ti{e) test[18]. Other tests pro-
ences. For example, if the solar neutrino problem is solveghosed in the literature are explicitly model-dependent, and
by v.— v, oscillations, and if the Liquid Scintillation Neu- the models have large uncertainties.
trino Detector(LSND) signal is ruled out, then the atmo-  While the(t) test could improve the limit on the tau neu-
spheric neutrino problem can be solved by— v, oscilla-  trino mass by almost six orders of magnitude, it seems very
tions with a small mass difference and large masses, say Iifficult to reach the eV range suggested by the cosmological
or 100 eV, as long asm?=10"3 eV? [10]. and tritium arguments above. It can be shoB] that the
Thus, while the indirect constraints on the neutrinomass sensitivity generically scales with the detector mass
masses are valuable, it would be much more satisfying té1 as 1M 14+ therefore, another order of magnitude in sen-
have a direct experimental measurement. Presently, the besitivity in neutrino mass would require detectors® lines
possibility for direct measurement of the mu and tau neutrindarger, which seems impossible. It can also be sh@a]
masses is by time-of-flight differences using neutrinos fromthat the sensitivity isndependendf the distance to the su-
a Galactic core-collapse superndvat lowest order, a neu- pernova in the case where the deduced neutrino mass is com-
trino with massm (in eV) and energ)E (in MeV) will expe-  patible with zero and only an upper limit is placed.
rience an energy-dependent de(ays) relative to a massless In this paper, a comprehensive study that follows our re-
neutrino in traveling over a distan@ (in 10 kpo: cent Letter{19], we consider the case that the proto-neutron
) star forms a black hole, instead of gradually cooling as a
AtE)=0518 2] D 1 stable neutron star. If that happens early enough, then the
(B)=0. E : (@) neutrino signals will be abruptly terminated as the neutrino-
spheres are enveloped by the event horizon of the black hole.
The distance is scaled by the approximate distance to thk Sec. Il, we discuss the conditions required for this to hap-
Galactic center, though a supernova may be detected frofpen and to be observable, as well as the expected details of
anywhere in the Galaxy and its immediate compani@ng., the neutrino signal. In Sec. I, we derive the mass effects on
the Magellanic Clouds SuperKamiokandg€SK) and the the detected neutrino event rate in the general case. In Sec.
Sudbury Neutrino Observatof$sNO) would have good sen- 1V, we show how to measure the black hole cutoff time in
sitivity to a Galactic supernova, collecting of orde*1dnd  SuperKamiokande, with or without the complicating effects
10° events, respectivelysee Refs[12—14 and references Of a possible electron neutrino mass. In Sec. V, we show
therein. Unless the decreasing neutrino luminosity is inter-how to make a time-of-flight mass measurement of the mu
rupted by black hole formation, it should be possible to meaand tau neutrino masses relative to the cutoff time measured
sure it to very late timegsome tens of secong<ither out- in SK. Finally, in Sec. VI, we discuss some remaining issues
come would be an important probe of the nuclear equation oind conclude.
state[15,16].
The primary interest for mass tests is to measure the mu
and tau neutrino masses relative to the nearly massless ele . BLACK HOLE FSEMT'_A‘F;L(])N AINE;TE SUPERNOVA
tron neutrino. A neutrino mass tdgt2,13 based on the av- v 0 SIG
erage event arrival timed) can measure a mu or tau neu-  Before discussing how to measure the neutrino masses,
trino mass as small as 45 eV in SK and 30 eV in SNO. If thewe first examine how likely it is that black hole formation
mu and tau neutrinos are maximally mixed with nearly de-will truncate the neutrino flux from a Galactic supernova.
generate masses, then the sensitivity on either mass eigephree questions naturally arise:
state is better by a factor of aboyi2, i.e., about 30 eV in SK (1) Is the Galactic supernova rate reasonably high?
and 20 eV in SNJ12,13. This test is independent of su-  (2) Are black holes formed reasonably often in core-
pernova neutrino emission models, though it does assumenllapse supernovae?
that the luminosities of the different flavors have similar (3) Can black hole formation occur when the neutrino
fluxes are still high?
An examination of the evidence reveals that, while the

2As noted by ShrockL1], if neutrinos are mixed, then beta decay uncertainties are large, there is a good chance of satlsfylng
spectra consist of incoherent contributions from each mass eigeﬁlII three requwe_ments. !f so, this could have a profounq Im-
state, where the endpoints depend on the masses, and the weightPgCt On our ability todirectly measure all three neutrino
on the mixing angles. The presence of kinks in the spectrum wouldnasses. Before showing how that could be done, we address
thus allow direct measurement af, and m; and their mixing these requirements.
angles. In order to experimentally separate such kinks from an end-
point turnover due tam;, the mass differences and the mixing
angles must be large enough. For light neutrinos,ithdisappear-
ance experiments presently provide more restrictive limits on these From studies of other galaxies, we know that about 80—
parameters. 90 % of supernovae are of the core-collapse tytypes I,

A. Galactic supernova rate
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Ib, Ic), which produce a substantial flux of neutrif@®,21]. ratio) depends on the equation of state of nuclear maB&lr
In the following we treat the overall supernova rate withoutand the supernova mechani$fv]; further work on each is
regard to correction for the smaller rate of la supernovae. greatly needed. Ideally, appropriate direct observational con-
A rough estimate of the Galactic supernova rate can bstraints on neutron-star properties could be decisive for dis-
made using the historical records. Over the past 1000 yearsfiminating between different equations of stf38,36.
7 Galactic supernovae are known either from historical As is well known, SN 1987A in the Large Magellanic
records or their remnan{®1,22. Probably some others in Cloud (D=50 kpg was clearly observed by the Kamiokande
the southern sky were missed because they were not visiblé and IMB detectors, with 12 and 8 events, respectively
to or not recorded by the astronomers of the time. For exf37,3§. The observed duration of SN1987A was about 10 s,
ample, the recently-discovered supernova remnant reportezbnsistent with a supernova that formed a neutron star. No
in Ref.[22] is apparently extremely clog6.2 kpg and only  neutron star has been seen yet in the remnant, but this may
about 700 years old, but is not found in the historical recordnot mean that one is not presd88]. Thus if a black hole
It is therefore not unreasonable to estimate that nearby sdermed, it evidently happened after the neutrino flux died out
pernovae occur at a rate of about 1/century. Due to obscurg40]. The progenitor mass plays an important role in decid-
tion by dust, naked-eye supernovae are not visible beyonohg the ultimate mass and hence fate of the core. Thus, even
several kpdthe farthest of these 7 was at 4.2 kpiherefore,  though SN1987Aprogenitor mass- 18M ) did not form a
one must correct for the small fraction of the Galaxy sur-black hole in the first 10 s after collapse, other supernovae
veyed. The Bahcall-Soneira Galactic mofi28,24] includes  will be different.
somewhat less than 10% of the stars within about 4 kpc of Core-collapse supernovae occur only for stars massive
Earth; therefore, we estimate the total Galactic supernovanough to burn their cores up to iron; this minimum mass is
rate to be about 10/centufgee also Refd25,26). estimated to be about\8, . It is also generally believed that
This estimate of 10/century agrees with the rate given bystars above some mass, perhaps!2Q will always produce
Bahcall anql I_D_irarﬁ24], who make a direct int_egration OVEr plack holes instead of neutron stars. Bahcall and Figh
the stellar mmgl mass fur_mtlon, corresp(_)ndlng stgllar_ life- astimate that supernovae from progenitors abové/ 20
times, and spatial d|§tr|b_ut|on of stars; their calcula}tlonos number about 1/2 of those below 14Q, . Ratnatunga and
nlormahzr?d to the historical frate. It also r:ilgrees Wlthdthe NUan den Bergh41], with a supernova rate several times
E;?(])Sym esis arguments of Amett, Schramm, an Truragmaller, estimate about 1/4 for this ratio. Frj42] estimates
dn the other hand, more conservative estimates su ea BH/N-S ratio somewhere beMeen a few percent and 1/4,
' 99 aEpendlng on the cutoff progenitor mass; both are strongly

that the rate IS Iowgr: (.3 1)/century[20,2]]. It is not clear affected by the uncertainties in the inputs to his supernova
how to reconcile this with the above estimates of 10/century de

. O ; C
The estimate based on the historical rate and the mdependenct) For an assumed stellar initial mass function, predictions
Bahcall-Piran calculation agree, and the only element they . .oiinant mass distribution have bee’n made by

have in common is the fraction of stars nearby. Thus, thel’immes Woosley, and Weavé43], who find a bimodal
most likely fault with these calculations, if any, is that they istributi,on with p'eaks at about IVB@ and 1.M. (In
assume that the stars that explode as supernovae are distr yme other models, this bimodal distribution is not seen; see,

uted in the same way as other stars. In fact, REg8,29 e.g., Fig. 3 of Ref[44]). The bimodal nature in this model is
argue against this assumption, and claim that the nearby SHie to progenitor masses below and abové149 which

pernova rate is anomalously high due to our occupying Rither burn carbon convectively or radiatively, respectively

p”"".egeo' position in the Galaxy. [43]. If the maximum neutron star mass is the conventional
With coverage over most of the Galaxy over most of the Mo [45], then the BHINS ratio~0 [43]. However

past 20 years, no neutrino detectors have reported a Galac .
. ~Bfown and Bethd 46,47 argue that the maximum neutron
supernovd 30] (note that SN 1987A is excluded because |tStar mass is about IV, . on the basis of both an assumed

accurred in the Large Magellanic CloudTaken at face ?ofter equation of state and a number of observational con-

value, this would exclude a Galactic supernova rate of 10/, _. .
century at about the 85% C.L. However, an analysis combin§tra'nts' In the Brown and Bethe model, progenitors above

ing all of the experiments has not been done, and is needeébom 184 ¢ will form black holes, and they independently

. : educe a BH/NS ratio-1. For a maximum neutron star
A number of these experiments did not have full coverage o .

L . mass of 1.M 5, the Timmes, Woosley, and Weaver remnant
the Galaxy and/or had significant-60%) downtime, and distribution indicates a BH/NS ratie-3 (the upper peak is
taking this into account will yield a weaker constraint. PPer p

X B larger than the lower peak43].
LIGO [31] and other nove_l techniqugs2-34 may also Recent results by Ergma and van den He(8] indicate
be able to shed some new light on the supernova rate.

: . : at the vast majority of progenitors above-205M ., pro-
The combined evidence thus suggests a Galactic supev] ’ .
nova rate of at least 3/century. duce black holegthis therefore supports a much higher

BH/NS ratio than the earlier paper of van den Heuvel and
Habets[49] that suggested a BH/NS ratie1/100). This is
corroborated by Ref50], which suggests that the progenitor

From a theoretical point of view, the relative frequency of mass cutoff may be even lower. These results thus suggest a
black hole(BH) and neutron staiNS) formation(the BH/NS  high BH/NS ratio.

B. Relative frequency of black hole formation

073011-3



J. F. BEACOM, R. N. BOYD, AND A. MEZZACAPPA PHYSICAL REVIEW D63 073011

It may eventually be possible to address the absolutaway. As such, these scenarios are not of direct interest to us.
BH/NS ratio observationally via the BH/NS ratiperhaps as In a successful supernova explosion, the outgoing shock
large as 10 in a preliminary stud$1]) deduced from low- will pass through the stellar envelope within a few hours
mass x-ray binaries, though this also depends on the detaitster core collapse. If a reverse shock forms, it may dump
of the binary evolution. matter onto the neutron star and cause it to exceed the maxi-

Qian, Vogel, and Wasserburfp2] assumed that the mum mass, hence causing black hole formation. These fall-
r-process production of heavy nuclei occurs in core-collapséack scenarios are discussed in RE39,63.
supernovae and considered the effects of black hole versus Gradual accretion onto old neutron stars until the maxi-
neutron star formation on the yields. They found that themum mass is exceeded is also possible, and a concrete sce-
observed-process distribution may be best explained with anario is discussed by Gourgoulhon and Haep84]. Given
very high BH/NS ratio~10. Their results require that black specific assumptions about the equation of state of nuclear
hole formation happens early, when the neutrino fluxes arenatter, they find that in the last stages of accretion that the
relatively high, which will terminate part of the-process matter will become less neutron-rich, and will emit a burst of
production. While their BH/NS ratio is very large, their hy- v, neutrinos with(E)=3 MeV. This lasts=0.5 ms until
pothesis is supported by recent measuremfsé Further  truncated by black hole formation. At 10 kpc, we estimate
measurements of-process yields in ultra-metal-poor stars that this would cause-3 events above the SK threshold. In
would be very valuable. fact, since their model does not include neutrino opacities,

The accumulated evidence thus supports a relatively higkhe neutrino energy and the luminosity before the cutoff will
BH/NS ratio, so that the next Galactic supernova would béoth be lower. Thus, unless the neutron star is very close,

likely to form a black hole. this would be undetectablsee also Ref.65] for a study of
the sensitivity of LVD.
C. Scenarios for black hole formation Thus there are some concrete modél4,55,58 in which

black hole formation occurs early enough to cut off the neu-

One scenario for black hole formation in core-collapseyn, fiuxes when they are still measurably high, though the
supernovae occurs if the proto-neutron star mass exceeds {fRcertainties are large and depend on the details of the su-
maximum neutron star mass. For ordinary neutron-rlcll})en,]ova models

nuclear matter, this maximum mass is thought to be about
2.2M, [45], though there may be significant uncertainties.
This may occur in the initial collapse, or after some delay,
due to accretion of further mass. The neutrino signal ex- In the general case, the observables for each neutrino fla-
pected in a scenario of this type has been studied by Burrowgor are the luminosity (t) and temperaturd(t) up to and
[54] and Mezzacappa and BruefBb] (see also a very early during the time of black hole formation. The duration of the
paper by Wilson[56]). In these models, neutrino emission cutoff must be very short, of order the light crossing time
was followed until abruptly terminated by black hole forma- 2R/c=0.1 ms. In the most detailed numerical treatment
tion (the results do not continue through the short but non-available[58], the duration of the cutoff is about 0.5 ms. We
zero black hole formation timeBefore the cutoffs at 1—-2 s, assume that this will be typical fany mechanism of black
the luminosities were fairly constant at more thai?i€rg/s  hole formation. For black hole formation at very early times,
per flavor. the initial proto-neutron star would be larger than assumed in
A second scenario for black hole formation is based on d&Ref.[58], and one might argue that this would lengthen the
softening of the equation of state in the proto-neutron star aguration of the cutoff. However, it should be noted that what
the neutrinos are emitted and a phase transition to a morefines the cutoff is the increasing gravitational redshift, and
exotic state of matter occurs, containing perhaps strange méhis does not become large until the proto-neutron star is
sons or baryons, charged-pion condensates, or free quarkaready very compact. For emission from the proto-neutron
The maximum neutron star mass for such exotic nuclear mastar, the neutrino gravitational redshifts are moderate;
ter is generally lower{46,47,57, perhaps about 1N . =GM/Rc~0.1. The redshifts only become severe during
Thus an initially stable proto-neutron star may form a blackthe short cutoff atg,, whenz— oo (using the full expression
hole after the phase transition. The details of the neutrindor z). In any case, further modeling of the neutrino signal
signal accompanying black hole formation in such scenariosip to and during black hole formation is needed, especially
have been studied by Baumga#geal. [58]; see also earlier for black hole formation at earlier times. It will be shown
work [59-61]. A detailed study in full general relativity was below that the statistical error in defining the position of the
made of the neutrino emission just before and during theutoff is larger than 0.5 ms; therefore, all of the neutrino
formation of the black hole. A singularity-avoiding cofdg?]  flavors can be considered to be cut off sharply and simulta-
was used that tracked the emission in the frame of a distamteously at a timdg, . These approximations can be made
observer(i.e., the result is the redshifted, time-dilated lumi- because the expected numbers of events during the cutoff are
nosity that would be seen in a neutrino detectBefore the less than 1.
cutoff at about 10 s, the luminosities were fairly constant at  In Ref. [58], some interesting details of the signal during
about 18 erg/s per flavor. the =0.5 ms cutoff are pointed out. The very last neutrinos
Finally, we discuss two scenarios in which a neutron stato be seen will not come from radial paths, but rather from
can become a black hole long after the neutrino flux has diednstable circular orbits. It should be noted that the calcula-

D. Details of the neutrino signal
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tion of Ref.[58] only treats neutrinos on radial paths. The step-function cutoffs atg,. These assumptions will be re-
final decay of the luminosity due to the neutrinos on unstabldaxed below.

circular orbits is expected to be exponential, with a time We assume the_following temperaturds: 3.5 MeV for
constant proportional to the black hole m§g6]. Since this ~ ve, T=5 MeV forve, andT=8 MeV forv,, v., v,, and
time constant is very smallr=3/3GMgy/c®*=0.04 ms, V- [17]. This hierarchy is a consequence of the different
the number of such eventgroportional to the disregarded OPacities in the proto-neutron star, and the decreasing tem-
luminosity multiplied by this durationwill be negligible for ~ Perature with increasing radius. The temperatures in Ref.
the cases considered in this paper. Normally, electron neutr}>8] were somewhat higher than these conventional values,
nos are emitted from the largest radius and with the lowesput the authors explain that this is probably due to a numeri-
temperature. At the end of the neutrino signal during blaclé:al approximation in the transport c_ode.

hole formation, the electron neutrinos will be cut off last and To illustrate our results quantl_tatlvely, we present results
will briefly have a higher temperature than the other flavor for two concrete cases. In the first, calléBarly,” black

o . *hole formation is assumed to occur a few1) seconds after
(due to less gravitational redshiftynfortunately, all of these ore collapse, when the neutrino luminosities are of order

details of the transition are not observable with the prese %2 erg/s per flavor. This case is nominally associated with

and proposed detectors, dug to .the "T“'ted staF|st|cs. .For_ Black hole formation by accretion onto the proto-neutron star
very close supernova, the situation might be different; th|9[54’55_ In the second. calletlLate,” black hole formation

will be discussed below. o is assumed to occur within severat {0) seconds after core
The abrupt and simultaneous termination of all flavors ofcgjapse, when the neutrino luminosities are of order

neutrinos allows a very simple mass test. Since the electrofgs! erg/s per flavo?. This case is nominally associated with
neutrino is nearly massless, the termination of #theevent  pjack hole formation by a softening of the high-density equa-
rate in SK will signal the black hole formation tingy, (the  tion of state in the proto-neutron stg§8]. Direct extraction
effects of a possible electron neutrino mass will be discussegf the v, luminosity from the SN 1987A data roughly sup-
below). Then, any events observed aftgy; could only have  ports the luminosity-time correspondences given here. It
come from neutral-current detection of time-of-flight de- should be remembered that these are just examples—it will
layed, massive’,, v., v,, andv,. We have assumed that be shown that all of the necessary quantities cameasured
the detector background is negligible, in the sense that thim a realistic situation.
expected number of background events over a typical delay
time is <1. IIl. NEUTRINO MASS EFFECTS

Beforetgy, one would like to measurie(t) andT(t) for
all of the neutrino flavors. This is straightforward fgg and
Ve, since the detected outgoing lepton carries nearly the full For a constant, normalized, thermal spectri(f), but a
neutrino energy in reactions with nuclear targets. Singe  general luminosityl (t), the event rate for neutrinos with
v,, v,, andv,only have enough energy to undergo neutral-nonzero mass is
current interactions, they are indistinguishable. However, for
the same reason, they are also expected to be produced with  dN N 1 (=
the same luminosity and temperature. It is not generally pos- dat 47D>2 @fo dEf(E)o(B)L(t-AUE), (2
sible to measure the temperature for these species directly,
and it must be inferred by the yields on different targets . .
(cross sections with different energy dependence sample th¥here Ny is the number of targets in the detectd, the
spectrum differently; see Fig. 3 of Réfl4]). The measure- SUP€rnova distance, aKf) the average energjor a Fermi-
ments ofL(t) andT(t) for the various flavors beforgy,, as ~ Dirac spectrum(E)=3.18T). Generalization to a time-
well as the value otg, itself, are important probes of the dependent spectrum or a shape more general than Fermi-
supernova mechanism and the equation of SfaAf16). Dlrac would be streughtforward. The argument loft) is
They will also be important for measuring the quantitiesSh'fted to account for the possible energy-dependent delay of

needed for the mass measurement, in order to reduce tiReMassive neutrino. o
model dependence. As discussed above, we assume that the luminosity and

In the bulk of this paper, we concentrate in the analysis orfémPperature are constant befogg (for at least much longer
mu and tau neutrino masses near the limit of detectabilitythan the typical delay timeand then vanish abruptly. That
The mass effects will then not appreciably affect the time'S: L(t) =Len6(tsn—t), wherel gy is the luminosity at the
dependence of the event rate except at the sharp cutoff §Htoff- In Eq.(2), we need to evaluate this with the delayed
tgy. In fact, it will be shown that only the luminosity and argument, i.e.L(t—At(E))=Lgn0(tg—t+At(E)). Fort
temperature attg, itself are relevant. In the models <tgy, the step function is satisfied for all energies, and the
[54,55,58 considered, the neutrino luminosities and tem-€Vent raté is
peratures befordgy are roughly constant over the time
scales of relevant mass delays. Thus it is adeqaaig much
more convenient analyticaliyto consider that the luminosi-  3Recent work of Ponst al.[16] suggests that black hole forma-
ties and temperatures of all flavors are constant for somgéon would occur after a few tens of seconds; however, their final
period before the cutoff, and that they have simultaneousuminosities are comparable to what we assume.

A. Detected event rate
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dN Ley foc o(E) = dN
—((t)=C| ———— dEf(E)| ————|. 3 Ngel= dt—(t)
at Y 10°1 erg/J 0 (€ 10" %2 cn? ® © gy dt
The integral is the thermally-averaged cross section =C Lov fw dtfwdE
i i -av i =C|l—40—
g y g 10°t erg/d Jtgy  Jo
” o(E)
= | dEf(E)o(E). 4 X _r= 4
Tefi fo (E)o(E) (4) f(E) 10 2 ot O(tgy—t+At(E))
This constant event rate is the same for massless neutrinos; _ Len - o(E)
. C dEf(E) At(E).
as long as the delays are much less than the total duration of 10°t erg/g Jo 1042 cn?

the supernova signal and the luminosity is constant, then at a )
given time the number lost by delays to later times is com-
pensated by the number gained by delays from earlier timegyote that the upper limit on energy in Ep) was written

This is not true at the start of the neutrino signal, but the risg;sing the step functiofi(tgy—t+ At(E)); this step function
is much less sharp than the black hole cutoff, is modehnen gisappeared in the integration oveNow define
dependent, and is not considered further. ety , there is

an upper limit on the neutrino energy, which must be small o
enough for the neutrino to be delayed that long aftgy. fo dEf(E)o(E)AL(E)
Then (At(E)),= — : (10
f dEf(E)o(E)
dN Ly Emax a(E) ’
— ) =C|—/—— f dEf(E)| ——=——=|. (5 : . o
dt 10°t erg/d Jo 10742 o where thef o subscript emphasizes that the weighting is over

f(E)o(E), and notf(E) alone(as for(E)). Then
The upper limitE,,, is simply the energy that makes the L oc o(E)
argument of the step functiof(tgy—t+At(E)) vanish; us-  Nge=(At(E)),C %JJ dEf(E)[Tl_
ing Eq. (1), this is 10°* erg/s Jo 10~ %2 cn?

(11
0.51D Recognizing the event rate befofer ab tgy from Eq. (3),
Emax=m\ 1= (6)  this becomes
BH
dN
where the units are as in E(1). Note that the neutrino mass Naer="g¢ (tar) X (AL(E)) o . (12)

and time dependence appear only through the limit of inte-

gration. If the neutrino energy can be measured, as in somBy use of Eq.(1), we see that Eq(10) simply defines the
charged-current reactions, then the event rates for separag@erage value of E?. By the mean-value theorem for inte-
ranges of neutrino energy can easily be obtained. For@h H grals, this can be written asB7, whereE, is a constant to
detector, the consta@ is be determined. The weighted delay can then be expressed as

Mp
1 kton

2
@ <At(E)>f(,=o.51£<Em) D. (13)

10 kpﬂl MeV

CH20=(1.74/3{ 5 G

The physical significance of the “central” ener@. is that
The constant for #°%Pb detector can be obtained by scalingit is (to an excellent approximatiosimply the Gamow peak
by the relative number of targets/kton, i.e., 18/208; thereforef the falling thermal spectrum and the rising cross section. It
can also be determined by numerical evaluation of (E6).
M Thus we arrive at the very simple and important result:
D
1 kton

10 kpd?[ 1 MeV
el ®

C208Pb:(0'151/$|: D <E>

dN m)?
Ndelza(tBH)Xo-sl E D, (14
C

B. Number delayed pasttg where the event rate is in$, and the other units are as in

The expected number of delayed couNtg, aftertg, can  Eq. (1). This formula would obviously be true if only a
be determined analytically by integration of E&), which  single energy contributed and the sharp cutoff in the event
will be useful whentgy can be measured independently. rate(see Fig. 2 and Fig. 3 belgwvere simply rigidly trans-
This is simply lated by the delay. But it is remarkable and very convenient

073011-6



BLACK HOLE FORMATION IN CORE-COLLAPE . .. PHYSICAL REVIEW D 63073011

that it is still true even when there is a spectrum of energiegussion of the differences. Furthermore, sihgg; is always
and the event rate develops a decaying tail past the cutoff. Agss thartgy, a bias correction=1/R(t,s;) should be added
derived, this is an exact result. to t,st tO estimatetzy . A more sophisticated treatment of
In the derivation of these results we assumed that théhis problem using order statisti¢69,70 yields the same
luminosity and temperatur@nd hence also the event rate scaling results.
were nearly constant befotgy, as suggested by the results  Thus, for the Early and Late cases, we find that will
of Refs.[54,55,58. For an arbitrary event rate, a fit can be measured from the charged-current event rate in SK with
always be made to the event rate beftgg, anddN/dt at  precision slightly better thar=1 ms and=10 ms, respec-
tgy extracted and used in the formula fdge,. (Below, we  tively. These uncertainties dy will have a negligible ef-
also discuss how and hencee, can be extracted from the fect on the mu and tau neutrino mass tests in the lead detec-
data) To integrateN 4 as above, it is only necessary that the tor discussed below.
event rate be approximately constant over the scale of the
small possible mass delays, which is a very mild assumption.
Once the other quantities can be measured, then the neu-
trino massm s given by Eq.(14). We show how this can be ~ From the tritium beta decay experimeiits, the maxi-

B. Effects of a nonzero electron neutrino mass

done below. mum allowed value ofnye (by CPT, the same am;e) is
about 3 eV. Using Eq(5), it is straightforward to calculate

IV. MEASUREMENT OF THE ELECTRON NEUTRINO the effects ofm, =3 eV on theve+ p—e*+n event rate
MASS after tgyy in SK. Suppose thatg, were somehow known

independently. By calculating the event rate and integrating,
in the Early case we find 21 events after the ttgg, with

We first consider how wellg; could be measured if we delays as large as about 40 nifsunrecognizedthis would
knew thatm, =0. The dominant event rate in SK is from bias the extracted, to be too large, and would seriously
v+ p—e+n. The cross sectiof67] as a function of the degrade the mu and tau neutrino mass fiestking ahead to
neutrino energyE, including the recoil, weak magnetism, Fig. 2). In the Late case, on the other hand, we would have
and radiative corrections, is well-approximated at typical su-only 2.1 events after the trugy, with delays as large as
pernova neutrino energié¢where we can disregard the elec- about 20 ms, with less effect on the mu and tau neutrino

A. CC event rate and measurement otgy

tron mas$ by mass testsee Fig. 3.
5 However, this potential problem in definitgy due to the
o(E)=0.0952E—-1.3°(1-7E/M), (15 unknown electron neutrino mass can easily be avoided. In

the reactionv,+p—e* +n in a Cerenkov detector like SK,
it is possible to measure the neutrino energy by measuring
the positron energy and angle. At these energies,

for neutrino energieE>1.8 MeV. In this formulaM is the
nucleon mass in MeV, and the cross section is in¥@n?.
For a temperaturd =5 MeV, the thermally-averaged cross
section (for the sum of the two protons in HO) is
44x 10" *? cnP. (This is slightly smaller than the result used E,=(Eet+1.3
in Refs.[12,6§], due to an improved treatment of the correc-
tions[67]). Thus, for a supernova at 10 kpc as seen in(SK
kton), the event rate due te,+p—e*+n can be easily
calculated. Using Eq(3), the rate just before the cutoff at
tgy is =1500 st in the Early case ane=150 st in the
Late case. Aftetg, the rates are zero. We have disregarde rom Eq.(1), different neutrino energies correspond to dif-

the 0.5 ms duratiofi58] of the cutoff, which should contain ferent delays. At a given time afteg,,. only energies low

about 0.4 events in the Early case and about 0.04 events I

i enough to have caused a delay that large are allowed. The
the L_ate case. Since these are fewer than 1, the cutoff can ?ﬁaximum allowed energy, Ed6), falls very quickly after
considered to be sharp.

How is the cutoff time measured, and what is its error?tBH’ as 1t —tgy. Thus, different ranges of neutrino energy

Suppose we have an event r&ét) measured before the will be terminated at different times aftgs,,, and these can

unknown cutoff timetg; . The time of the last evertias, Is beIf]ep::lztrz‘?xgr?gTv%r&ﬁz”zse the event rate as a function of
a lower bound foitgy . If tgy were larger than,,; by 6t, 9 '

then the number of events expected aftgy; would be SN tlme.and energy, Ec(.3) and Eq.(5), to make an unbmneq
~R(t;,e) ot. If Poisson fluctuations caused that numar maximum-likelihood fit to the measured neutrino energies
o lasy o and times to simultaneously measure baoth and tg,.

to fluctuate to O, ther,,s; would be smaller tharig by ) , e

about St. This can only occur for SN<1, or ot However, even without doing that, we can still get a good
<1/R(tjs). Thus, the error in determining the position of a idea of how well we can measurs,, andtgy by splitting
sharp cutoff is generically of the form R{tj,s), i.e., de- thewe+p—e”+n data into different ranges of neutrino en-
pending on the number of everitsas 1N. For a rate with a  ergy, which we define as

tail instead of a sharp cutoff, the error in determining the

offset time scales instead as\N; see Ref[18] for a dis- Low: O0<E=<11.3 MeV,

Ee
1+ V(l—cosﬁ) , (16)

where E, is the positron total energy in MeW is the

nucleon mass, and céss for the positron along the neutrino

direction. This follows from the two-body kinematics and the
mall neutron recoil; the full expression is given in Héf].
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2000 T T T is not as large as the possible delaysl0 ms, see Fig.)1
1800 | . but instead depends on the statistics of the High data.
1600 | Al i Though fror_n_the High data alone the_ error gy _is about 2
1400 | C18eV ] ms, we anticipate that a more sophisticated fit to all of the
= data will reduce the error somewhat, to about 1 ms. The
7 12001 id ] smallest detectablen, could probably also be improved
g l000F ] slightly.
Z 800 . In the Late case, the laboratory bound of 3 eV on the
600 L A electron neutrino mass will generally be stronger than that
400 LD 1 derived from the charged-current signal, ang; will be
measured to about 10 ms.
200 I 1ow \ ]
P N e e
%ot 0 00L 002 003 004 V. MEASUREMENT OF THE MU AND TAU NEUTRINO
t—ty, [S MASSES
wr 8]
FIG. 1. The event rate due ig+p—e™ +n in SK, in the Early A. General framework

case, with an assumed distance of 10 kpc. Note that only the rate The basic signature of a mu or tau neutrino mass is the
after aboutpy is shown, and that the range ot tg, is very short.  observation of neutral-current events aftgy,. If many

We tookm, =1.8 eV, which is close to the minimum mass that counts delayed pasg,, were observed, then E¢p) could be

can be discerned from this data. The labels “Lowcontains 2.4 ysed to make an unbinned maximum likelihood fit to the
events past the trueg,), “Mid” (4.8 events "High” (0.5 mass based on how the rate fell off with time. The only
events, and “All” (7.7 eventgrefer to ranges of neutrino energy measurable quantities for any delayed counts are their arrival

defined in the text. times and their total number, since it is not possible to mea-
sure the neutrino energy in neutral-current interactions. This
Mid: 11.3<E<30 MeV, is simply because not enough kinematic variables are mea-

sured(the outgoing neutrino and the recoiling nucleus are

High: 30<E=<o MeV. not detectefd In neutrino-electron scattering, measurement

of the electron energy and angle would allow reconstruction

The Low group must be excluded from consideration bef the neutrino energy in principle; in practice, the kinematic
cause these events have positron total energy less than f@nge of the outgoing electron angle is less than the angular
MeV, and can be confused with the 5-10 MeV gammadesolution of the detectors. Thus it is not possible to select
from the neutral-current reaction+ 1%0— v+ y+X, where ~ ranges of neutrino energy as in thg_ measurement. While

X is eithern+1°0 or p+ N [68]. In that energy range, one that could be done crudely by exploiting the different re-
would not be able to distinguish delay effects duempe or  sponse functions of different targdsee Fig. 3 of Refl14]),

m, andm, . Generally speakingn, andtgy are correlated it is not necessary ifgy is measured independently in SK.

g 1 - i I-
when extracted from the datsincem, >0 has the effect of The various neutr_al current yields can also be used to esti
e mate thev,,, v,, v,, andv, temperaturel (or, more gen-

apparently increasingBH). Howeyer,_the High group has erally, the spectral shape

much less delay and will thus primarily be sensitivetdg . The test proposed in this paper is to simply count the
Then the Mid group will principally be sensitive f, , by nymber of neutral-current events aftgr,. There is a very
counting events delayed past tiyg, determined by the High  simple relation between the number of delayed counts and

group. the mass, which we quote again because of its importance:
In Fig. 1, we show such a possible analysis for the case of
m, =18 eV, in the Early case. The numbers of events after

the truetgy are: 2.4(Low), 4.8 (Mid), and 0.5(High). Since
in the High group, the number of events in the taid4, the
cutoff appears sharp and the time of the last evafier the  where the event rate is in $, and the other units are as in
bias correctiop specifiestgy to within the reciprocal of the Eg. (1). The first important point is that while there is a
event rate at the cutoff, i.e., about 2 ms. This uncertaintyspectrum of energiesnly one integral over that spectrum is
affects the expected number in the Mid group by at mo&t  important i.e., the one that determinds.. If instead we
events. Even in this case, one can still reliably see a fewvere making a maximum likelihood fit to a large number of
delayed counts after the measutgg, enough to establish a delayed counts, the precise way the tail was filledweatid
nonzero masé&he statistics are discussed in detail in Sec. V depend on more details of the shapef () o (E). The sec-

We have ignored the 0.4 events expected during the 0.5 nend important point is that after consideration of both the
duration of the cutoff. supernova neutrino model and the detector properties, the
Thus, in the Early case it will be realistically possible to only remaining unknowns the neutrino mass. The cutoff
probe electron neutrino masses as small as about 1.8 eV time tg can be measured in SK. The number of neutral-

SK. The error on the timég extracted from the same data current count$Nye will be measured betwedn,; and some

2

D, (17)

dN m
Noer=5¢ (tan) X0.513 =
C
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TABLE I. This table shows how a given measured number of  Dropping all constants of proportionality, we can also
eventsN determines a range for the allowed expected number ofyrite my;,, as
eventsu, using Poisson statistics. For the first line=2.3 is the
largest expectation that yieldé=0 at least 10% of the time. For
the second linex=0.1 is the smallest expectation that yields me ~E. / (E)D (19)
=1 (or greatey at least 10% of the time, and=3.9 is the largest m==¢ NV g LguMp’
expectation that yieldsl=1 (or smallej at least 10% of the time.
Successive lines are similar. The bestdfits shown in parentheses. While no longer written in terms of the directly measured

Using Eq.(18), which relates the number of events and the neutrinoquantities, this has the advantage of showing the dependence
massm, the corresponding allowed rangerimcan be determined. on the theoretical inputs more explicitly. For a supernova

Figures 4 and 5 can be used for the same purpose. that does not have the sharp cutoff in the rate characteristic
of black hole formation, the model-independétjt analysis
Measured number Allowed range of the expected number [12,13 yields anm;;,, that isindependenbf the distanceD
N=0 0.0= u(=0.0)=2.3 and that scales With th_e detector madg as 1M é"‘ [13].
N=1 0.1= (= 1.0)=3.9 The_dlfferent scaling wittD, and the much more favorz_ible
K scaling withMp , are consequences of the sharp cutoff in the
N=2 0.5< u(=2.0)<5.3 neutrino flux in the present case.
N=3 1.1< u(=3.0)<6.7
N=4 17<u(=4.0<8.0 B. Supernova neutrino detection in lead
N=5 2.4< u(=5.0<9.3

Recently, there has been discussion of building a large
supernova detector based 8%Pb[71-74. A lead detector

suitable stopping point that depends on the size of the poé/yould observe supernova neutrinos by detecting neutrons
sible delay effects and the detector background rate. ThBroduce_:d through both _neutra!-current and cha_rged-current
neutral-current event rate &, due to mu and tau neutrinos interactions of the neutrinos with the lead nuclei. The neu-
will be measured with small error since it can be measured°"S yvould be produced primarily by the neutral-current in-
over an adequately long interval befdrg,. As noted, the teractions ofv,, v,, v,, andv,, because these have the
central energE, is well-approximated by the Gamow peak highest temperature. The neutrons could be detectétbin

. na \ e I A i
of the falling spectrum and the rising cross section. THEIS ngmple} a liquid scintillator doped with=0.1% gado .
depends on the temperatuFeif not assumed from theory, I|_n|ur_n, which has a very large neutron-capture cross section,
this can be estimated from the data, as noted above. V\)@eld'.ng an 8 Mev gamma cas_cade. The neutron capture
assume that the distan@ can be determined by consider- time in such a doped scintillator is very short, of order 0.030
ation of the total yield of events or by astronomical tech-MS [75], much smaller than the typical mass delays.

nigues(although a supernova at more than several kpc will tA .novlel st():h_eme balsed;g aNcIe?r SOIUI'Onl doLIerzljd tpef[cglo—
be optically obscured by dust, it will still be visible at other rate is also being explordd6]. Neutrons wou 3e etecte
wavelengths by the 8.6 MeV gamma cascade from capture®s@l, and

For given measured quantities, the best-fit mass is electrons would be detected by theler@nkov "ght'
The neutral-current cross sections for neutrinos and an-
tineutrinos on?°%Pb have been calculated by Hargrateal.
[71] and Fulleret al.[77]. The calculations in this paper are
— N (18)  based on the Fulleet al. cross sectioff.While the Hargrove
0.51D —(tgy) et al. and the Fulleret al. results for the spectrum-averaged
dt cross sections agree within 20%Tat 8 MeV, the underly-
ing calculations are quite different. As discussed, the cross
In the likely case of no delayed events observed, then theection uncertainties have only a minor effect on the mass
best-fit mass is obviousin=0. A limit can be placed onthe test if Ny is small. Nevertheless, a laboratory measurement
mass by considering the largest masg, that could have of the neutrino cross sections on le§oerhaps with the
faked the massless case. At a chosen confidence level, thisRLAND detector[79] at the Spallation Neutron Souljce
depends on the largest number of events that could hawsould be valuable.
fluctuated down to O events. For example, using Poisson sta- Hargrove et al. consider only the allowed contribution.
tistics, an expectation of 2.3 delayed counts fluctuates to The cross section is assumed to be dominated by a narrow
less than 10% of the time. Theny;,, is obtained with Eq. M1 resonance at 8 MeV, so that
(18) with Ny set equal to 2.3. INg4e;>0 is measured, Table
| can be used to deduce the allowed range of the expected o(E)~(E-8 MeV)?, (20
number of counts and hence the neutrino mass. Since the
fractional error onNge, due to Poisson statistics is large
(=1/1/2.3=65%), errors on other inputs are expected to be “A very recent calculation by Kolbe and Langariké] suggests a
irrelevant. If a large number of counts were measured, th@wer neutral-current cross section for neutrinos?8iPb, although
Poisson relative error would be smaller, and the uncertaintiegie differences with the standard Fuller, Haxton, and McLaughlin
on the inputs would play a more important role. [77] cross section remain unexplained.

Ngel
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FIG. 2. The results for the combined 1-n neutral-current event

rate due tov,, v,, v,, andv.in OMNIS. Note that only the rate t,, occurring within several< 10) seconds after core collapse, and

after abouttgy is shown. The Early case is assumed, Wil  |uminosities of 16! erg/s per flavor atgy. Them=19.2 eV case,

occurring a few {-1) seconds after core collapse, and luminositieswith 2.3 events expected in the tail, is the first case that can be

of 10°* erg/s per flavor atgy. The assumed distance is 10 kpc. reliably distinguishable frorm=0, and is drawn with a long-

Beforetgy, there are other reactions that produce neutrons; theyashed line. Note the changes of scale on the axes.

are not included here, and those events will have to be statistically

subtracted from the measured neutron rate. Maximakb v, mix-

:jng with S_tr;auamli;sl_assin;ed’ Sg‘fn:/”fm”a' T_Fherzn;o Caie 1S averaged cross section in E@) for the sumof v and v

rawn with a solid line. Then=6.1 eV case, with 2.3 events ex- . : 20 . :

pected in the tail, is the first case that can be reliably distinguishabl ag?lmt’. for elt?)elgfi.tm ?}T) gn 87'36%1'5‘_‘150";‘5_:’ tEe L-neutron

from m=0, and is drawn with a long-dashed line. The results for patiation pro a.' 'y, I.S about . cnr. For a super- .

other masses are drawn with dotted lines. nova at 10 kpc in which the_neutrlno fluxes are not termi-
nated by black hole formation, the number of 1-neutron

. . ) neutral-current events due ig,, v., v,, andv,, all atT
for neutrino energieE>8 MeV. However, Fulleet al.find a . L T TR T
that the cross section is dominated by the first-forbidden Conﬁ_eitl:/cl)?lvéjeltse(i?oSn egfﬁgit:n? linktgnr:e?mszgt V\\:\'/tl?h ps[g%: t
tribution (they also point out some apparent errors in the(Who useT=7.9 MeV) Y g
Hargrove et al. calculation of the allowed contribution It should be noted that the calculations above were spe-
Fulleret al. do not provide the cross sections as a function of ifically for 2°%Pb, which is 52% of the abundance of natural
neutrino energy, but instead only provide thermally-average Lad. On the ba’sis of the Thomas-Reiche-Kuhn sum rule
results for various assumed spectra. However, it is straight= " ™ L
forward to make a reasonable fit éqE) itself. The neutral- %:i)l!b_esr g;(z:atli.o[ZS?]a?rtgr]]Léieth:r:;?ﬁetgtngsltét;a(!-curreg ntv\?k?eurtenno
current cross section is dominated by excitations to the giani is the mass number Thusg the total cross sec,tions for the
dipole resonance at 80 MeX}®=14 MeV. This is just be- . ' : T i

o . three isotopes of lead should be very similar. The position of
low the 2'”3.“”9” emission threshold, and they find thethe giant dliopole resonance changesyonva&ils’Al’3 aFr)1d the
2-neutron emission probability to be very lows6% of all | o 01 emission thresholds are 0.7 MeV hiéhe?‘i?Pb
neutron. The cross section can be fit by the form and 2°Pb; therefore, 1-neutron emission will also dominate

in these isotopes.

FIG. 3. As in Fig. 2, except that the Late case is assumed, with

we consider. For a temperatuie=8 MeV, the thermally-

o(E)~(E—14 MeV)?, (21
C. Results for a lead detector

for neutrino energie€>14 MeV. A fit was made to the In this section, we calculate results for?8Pb detector
Fuller et al. results, summing the allowed and forbiddéor  that is specified by the number of events expected for a su-
T=8 MeV, the latter is about 80% of the totatontribu-  pernova at 10 kpc in which the neutrino fluxes are not cut off
tions, andsummingthe results forv andv (for eitherv, or by black hole formation. We assume that the detector will
v, channe). Using this form, the leading constant was foundhave=1000 1-neutron neutral-current events due {q v,

to be 2.% 10 *? cn. After fitting, the thermally-averaged v, , andw, in this case. A possible design for a 4-kton lead
cross sections in the first six columns of Table | of R&f/]  detector with about this many events is described by Boyd
were matched to better than 10%. The 1-neutron spallatiofi73]. This design also includes 10 kton of iron, with a
probability is approximately independent of energy over thesmaller number of neutral-current evefitst included in our
relevant range, and can be taken to be 0.90. It should bealculation$. Further refinements in the cross section and
emphasized that our fits to the cross section and branchindetector design73,74] (and hence the neutron detection ef-
ratio will only be valid over the limited range of energy that ficiency) may affect the mass of lead required to meet the
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FIG. 4. The expected number of delayed coulsys, (those after FIG. 5. As in Fia. 4. but for the L d with th
tgy, due to the mass effegt;n OMNIS as a function of the neu- f Fl' sé'nN '9. h UL orthe ar:e (r:]as_e, an |W|t lt € assump-
trino mass. The calculation uses the same assumptions as in Fig.tﬁ?ns of Fig. 3. Note the change in the horizontal scale.

t_he Early case. The points are obtaineq by d?rect numerical integr36n|y affectsE,. Using a Fermi-Dirac spectrum with tem-
tion. The “+” |_nd|c_ates_the smgllest d|§cern|ble mass f"‘t the 90%peratureT:8 MeV, then E.=41 MeV using the Fuller
Sko 7T|r\1/|eev5(:::2 C';Qﬁqo\'; png(ag‘ne:rg;’v'th Eq(17), using E. et al.[77] cross section given above, aBgd=35 MeV using
' ' ' the Hargroveet al. [71] cross section given above; this is a
negligible difference. The spectral temperatlircnominally
design goal of=1000 neutral-current events of this type. 8 MeV) of the mu and tau neutrinos at the time of the cutoff
Using the Fulleret al. [77] cross section, this goal could be is a priori unknown, perhaps by 25%, and this also affects
met with a 2.2 kton lead detector with perfect neutron detecE.. The heavy-flavor temperature can be estimated from the
tion efficiency. We refer to this lead detector, whatever itsdata by the yields on different targetsee Fig. 3 of Ref.
eventual precise specifications, as the OMNC®servatory [14]), and this may reduce the uncertainty ©nThus, in
for Multiflavor Neutrinos from Supernovaeletector. terms of impact on the measurement of the neutrino mass,
In the following, we assume a supernova distance of 1@he uncertainties in the thermally-averaged neutral-current
kpc. Using the product of the thermally-averaged cross seaross section ort’®b are of less importance than the Pois-
tion and the branching ratio given above, the event rates dugon counting error.
to neutral-current detection o, , v,, v,, andv, can easily Using Figs. 4 and 5, we obtain mass sensitivity as low as
be calculated with Eq3) and Eq.(5). These rates are shown 6.1 eV in the Early case and 19.2 eV in the Late case. These
in Fig. 2 and Fig. 3 for the Early and Late cases. Recall thaare the first masses that can be reliably discef@ééo C.L)
the luminosities and cutoff times chosen are simply exfrom the massless case, since they correspond to at least 2.3
amples; in a real case, the relevant quantities will be meaexpected events aftdg,. Larger masses give even more
sured, not assumed. In particulgg, will be measured using delayed events, and hence are easier to measure. In these
the v+ p—e’ +n events in SK. results, we have assumed thaf and v, are maximally
In Fig. 4 for the Early case and in Fig. 5 for the Late casemixed, with sm?=10"2 eV?, as suggested by the atmo-
the number of delayed everitg, (that is,v,,, v, v,, and  spheric neutrino resul{4.0], so that both contribute .
v, events aftetgy) is shown versus the neutrino mass. TheThe results for the neutrino mass will then apply to the two
points are from direct numerical integration of £§), and  relevant mass eigenstates. If we do not consider this mixing,
the solid line is the simple analytic result of Eq.7). Note  then perhaps only the tdor mu) neutrinos will have a mass
that E.=40.7 MeV is calculated using the Gamow peak ofand be delayed. ThelNy, is half as large as assumed here,
f(E)o(E), and is not fitted. and by Eq.(18), m;;, is \/2 larger. Since assuming that only
In order to use Eq(18), a minor correction to the mea- one neutrino is massive is the most conservative possibility,
sured event rate befotgy must be made. In a lead detector, the deduced limit would in fact apply for either of the mu
one expects to measure just the total neutron rate. Thus thend tau neutrino masses.
expected contributions from the charged-current 1-neutron Finally, we discuss some sources of error for the number
and 2-neutron events will have to be statistically subtractedof delayed event®lye, in a 2°Pb detector, all of which are
along with the contributions o¥, and v, to the neutral- negligible. We ignore possible detector backgrounds over the
current rate. The subtracted rate of neutrons befgreis  short time scale of possible delays. The duration of the cutoff
about 20% of the totdl77]. is about 0.5 mg58]; taking that into account would make
The cross section normalization appears only in the evenl e, larger by=0.5x200x 0.0005=0.05 events in the Early
rate, where it is multiplied by gy, which isa priori un-  case and 0.005 events in the Late case. As noted, the uncer-
known. Only their product, in the form of theeasured tainty ontgy from SK is assumed to be about 1 ms in the
event rate, is needed in E@L8). The cross section shape Early case and 10 ms in the Late case. From Fig. 2 and Fig.
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3, this uncertainty can be seen to change the expected numz+ p—e™ +n events, which are indistinguishable in SK.
ber Nge by =*=200X0.001= £ 0.2 events in the Early case Using Eq.(18) with E.=60 MeV [12] and Ny,=2.3, we
and =*+20x0.010=*0.2 events in the Late case. Even gbtain m;j,,=11 eV in the Early case anoh;,=34 eV in
with m, <1.8 eV determined in SK, there can still be somethe Late case.

ve and v, events(charged- and neutral-current ci{®Pb) However, it may not be possible to reach this sensitivity
after the trueg, . In the worst case, assuming no tagging onin practice because of the low-energy+ p—e™ +n events
2-neutron events or events with an electron, theand v,  after tg, of which there can be as many as 2.4 in the Early
events contribute about 20% of the total neutron rate beforease, due to the limited sensitivity o, in SK. Further-

tgn. Assumingm, =1.8 eV andE.=30 MeV, then the o6 the very steep cross section 80 is much more
number of these events after the tryg is =50X0.515  sensitive to the temperature or the spectral shape in general
X (1.8/30=0.09 in the Early case and 0.009 in the Late(see Fig. 3 of Ref[14]), and so this result is more model-
case. For a larger lead detector or a closer supernova, sorg@pendent. Thus the mu and tau neutrino mass sensitivity of

of these errors could become relevant. SK using the neutral-current reactions @ will be limited.
The second set of neutral-current reactions available in
D. Results for SNO SK arev+e”—v+e” andv+e —v+e~, for which 120

The principal neutral-current reactions available in SNO€Vents due to,, v., v,, andv, are expected for a super-
arev+d— v+p+n andv+d—v+p+n, detected by neu- nova at 10 kpd12]. BgforetBH, thg event rate for these
tron capture. For a supernova at 10 kpc in which the neutriné2actions may be obtained by scaling tFéPb results by
fluxes are not truncated by black hole formation, 485 eventd20/1000. One must first subtract from the measured event
are expected, of which 400 would be caused/py v,, 7,, ~ fate events due tocte —wvete , vete —vete, and
and.. [13]. Perfect neutron detection efficiency is assumed”et P—€" +n in the forward cone. The unwanted events
Before tgy, the neutral-current event rate due to these fladominate the signal beforgy, by a factor of=5, so the
vors may be obtained by scaling t#&Pb results by 400/ stausncgl subtraction WI|! introduce some error. If this effect
1000, the ratio of the total numbers of events expected for §&1 be ignored, then using EA.8) with E.=25 MeV [12]
supernova that does not form a black hole. This works sim@ndNge/=2.3, we obtaimm;;, =11 eV in the Early case and
ply because both the event rate beftyg and the total num- Mim =34 €V in the Late case. _ o
ber of events have the same dependencergn and the Howgver, it may not be posablg tQ reach thl_s .sensmvny
number of targets. Then, using EQ8) with E,.=32 MeV N practice, again because of the limited sensitivitynp ,

[13] andNge = 2.3, we obtaimm;;,,=8 eV in the Early case Which can allow otherwise indistinguishable, and v,
andmy;,=24 eV in the Late case. events aftertg,. In the Early case, we estimate that there
However, it may not be possible to reach this sensitivitycould be=0.9 such events aftég,. Thus, the mu and tau
in practice due to the long neutron capture time in heavyheutrino mass sensitivity of SK using the neutral-current re-

water (an exponential distribution with time constant).  actions on electrons will also be limited.

The value ofr, depends on the neutron capture technique:

with the dissolved MgGl salt, 7,=4 ms; with the 3He VI. DISCUSSION AND CONCLUSIONS
counters,7,=16 ms; and with pure BD, 7,=35 ms[80].
The effect of this smearing is to delay events aftgr even
in the massless case: Throughout this paper, we have assumed that the next
Galactic supernova will be at a distance of 10 kpc. In the
Bahcall-Soneira Galactic mod¢R3,24], 25%, 50%, and
75% of supernovae are within about 7, 10, and 14 kpc
of Earth, respectively. If the events during the short
For the Early case, this adds 0:8(10 ms) events aftet,, . (=0.5 ms) cutoff can be disregarded, then the results for
Thus, unless the salt is used, the neutrino mass sensitivity @ther distances can be scaled with Exf), and are shown in
SNO will be degraded because events aftgr can be de- Fig. 6 and Fig. 7. Other errors, for example the erroNip,
layed by eitherv, and v, mass effects or the nonzero neu- that comes from the small error dp,,, are independent of
tron capture time. D in their relative importance.

A close supernova at 1 kpc would obviously have 100
times as many events as we have assumed, and would na-
ively have mass sensitivity about 3 times better than at 10

The first set of neutral-current reactions available in SKkpc, i.e., about 2 eV in the Early case. However, there could
are those on'®O discussed above that yield a 5-10 MeV be a number of events during the short cutoff that would
gamma in the final state8]. Forv,,, v,, v,, andv,, 710  make definingtgy more difficult than for a more distant
events in total are expected for a supernova at 10[k@¢ supernovaleven assuming that the high event rate in SK
Beforetgy, the neutral-current event rate may be obtaineddoes not saturate the detegtoAssuming a=0.5 ms dura-
by scaling the?°®Pb results by 710/1000. In practice, this tion [58], there could be 40 such events in SK in the Early
event rate will be obtained from the measured one by statissase and about 4 in the Late case. Note that these are esti-
tically subtracting the comparable rate due to low-energymated simply by the area of the triangle with height given by

A. Distance dependence of the neutrino mass sensitivity

dN
Nger— NgelT E(tBH)X Tn - (22

E. Results for SK
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FIG. 6. The mass sensitivity as a function of the supernova FIG. 7. As in Fig. 6, but for the Late case. Because of the lower
distance(solid lineg, for the Early case, fomV#:mVT measured in  luminosity, the mass sensitivity may flatten out only below about
the OMNIS detector, and fom, measured in SK. This figure is ~1 kpc. Note the change in the vertical scale.
appropriate ifN4o=0 is measured and only a limit is being placed
on the_nedu_tnno madsef Nde_lr>g 'ST’Eeaj'”riddarl‘_d h‘?”cﬁ a NoNzerojn the sense that the mass measurement depends on the mea-
mass is discovered, see Table The dashed line is the present o, oq ot predicted, event rate &fy. Oscillations of
laboratory upper limit orm,, [5]. In using Eq.(19) to make this - . . : S .

e v, V< Ve (and their antiparticlgscan in principle compli-

figure, we assumed that the events in #8.5 ms tail can be dis- cate the mass tests. However, because of the higher tempera-
regarded. Depending on the unknown details of the tail, this as- ' ! 9 P

sumption will break down at perhaps3 kpc and the mass sensi- ture forv, andv,, such oscillations would greatly increase
tivity will not improve further with decreasing distance. the number of charged-current events and would harden the

electron or positron spectrum; see, e.g., Refg,81. If evi-
dence of such oscillations were seen, the formalism pre-
sented here could easily be enlarged to include oscillations.
ZThe positron spectrum fromg+ p—e* +n from SN1987A
pears to exclude largg, , v« v, mixing [82].

the event rate aigy and width given by 0.5 ms. In fact, the
neutrino temperatures are falling rapidly during these 0.5 m
due to increasing gravitational redshift; taking that and th
detection threshold into account would reduce these num?P
bers. Even itz could be defined with negligible error, there )
could still be neutral-current events aftgs, due to the C. Conclusions
=0.5 ms duration of the cutoff: perhaps 5 events in OMNIS  If a black hole forms early in a core-collapse supernova,
in the Early case and 0.5 events in the Late case. Agairthen the fluxes of the various flavors of neutrinos will be
these are conservatively large estimates. The presence @bruptly and simultaneously terminated when the neutrino-
events during the cutoff would weaken the mass SenSitiVityspheres are enveloped by the event horizon. For a massive
and it would no longer decrease with decreasing distanceeutrino, the cutoff in the arrival time will be delayed by
However, the real behavior of the luminosity and temperaAt~ (m/E)? relative to a massless neutrino. The SK detector
ture during the cutoff is not well known, and further model- can measure botty,, andm, by the arrival times of low-
ing along the lines of Baumgartt al.[58] is needed. and high-energy,+ p—e* +en events, for which the neu-

For an extremely closéand hence rajesupermova, €.9., 1ing energies can be measured. The mu and tau neutrinos are
Betelgeuse at-0.1 kpc, the possibilities are even greater, yatacaple only by their neutral-current interactions, in which
particularly for exploring the process of black hole formation ,4ir energies are not measured. However, their masses can

[58,59, provided that the neutrino observatories can accompe measured by counting the number of these neutral-current
modate the enormous event rates. events detected aftegy, .
The mass sensitivity depends on the supernova neutrino
B. Neutrino oscillations luminosity Lgy at cutoff, the distancd®, and the detector

While a full discussion of neutrino oscillations is beyond used. For luminosities of 9 erg/s per flavor at cutoffthe
the scope of this paper, we make a few brief commentsEarly cas¢ and a distance of 10 kpc, SK will be able to
Oscillations of v« v, are not important in the sense that measure an electron neutrino mass as small as 1.8 eV and
these flavors cannot be distinguished experimentally. The aPMNIS would be able to measuma, =m, as small as
mospheric neutrino results suggest that both are massivapout 6 eV. These results are perhaps even slightly conser-
with a small mass difference and a large mixing arigie); vative, as the luminosities in Ref&4,55 were in fact a few
if so, the measured mass corresponds to the nearly degendimes larger than assumed in the Early case. As discussed,
ate mass eigenstates. Oscillations 19f,v,— v will de-  the mu and tau neutrino masses were assumed to be degen-
crease the number of neutral-current events; this is irrelevardrate because of the atmospheric neutrino regUlis in this
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case the masses are really those of the relevant mass eigéesides the obvious astrophysical importance of such an ob-

states. servation, this could improve the limit on the tau neutrino
Using the neutral-current channels in SNO and SK, themass by a factor of almost 10Moreover, the technique

neutrino mass sensitivity is nominally=10 eV for each. discussed in this paper is thenly known possibility

However, it appears that various practical effects will de-for direct measurement of ther, and ». masses(either

grade those results. Dirac or Majoranain the crucial eV range suggested by the
For other luminosities, distances, and detector masses, tliedirect neutrino mass tesf4,2,4,§ discussed in the Intro-
mass sensitivity scales as in E49), i.e., duction.
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