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Gravity wave and neutrino bursts from stellar collapse: A sensitive test of neutrino masses
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New methods are proposed with the goal to determine absolute neutrino masses from the simultaneous
observation of the bursts of neutrinos and gravitational waves emitted during a stellar collapse. It is shown that
the neutronization electron neutrino flash and the maximum amplitude of the gravitational wave signal are
tightly synchronized with the bounce occurring at the end of the core collapse on a time scale better than 1 ms.
The existing underground neutrino detecté8uperKamiokande, SNO. .) and the gravity wave antennas
soon to operat€LIGO, VIRGO, .. .) are well matched in their performance for detecting galactic supernovae
and for making use of the proposed approach. Several methods are described, which apply to the different
scenarios depending on neutrino mixing. Given the present knowledge on neutrino oscillations, the methods
proposed are sensitive to a mass range where neutrinos would essentially be mass degenerate. The 95% C.L.
upper limit which can be achieved varies from 0.75 &or large v, survival probabilities to 1.1 e\¢? when
in practice allvg’s convert intov,,’s or v.'s. The sensitivity is nearly independent of the supernova distance.
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I. INTRODUCTION way in order to confirm the interpretation in terms of oscil-
lations[8].

The understanding of the origin of the tiny neutrino mass Even if nonzermmﬁ are nearly established the absolute
scale is one of the most puzzling problems in fundamentaheutrino mass scale is still unknown. Direct measurements of
physics. On one hand finite neutrino masses of ordepeutrino masses provide us only with upper limjt0]:

1 eV/c? or below indicate new physics beyond the standard3 ev/c? for ve [11,12, 190 keVk? for v, and 18 MeVt?
model, as such masses are generally induced from a larger v, . In the context of the neutrino oscillations discussed
mass scal¢see e.g. Ref1]), possibly as large as the Planck above only thev, mass limit is relevant. Putting together this
scale. On the other hand neutrino masses of order t%V/ |imit and the oscillation results, two extreme scenarios for
have cosmological implications as relic neutrinos could repthe neutrino mass spectrum can be conside(ig¢dt spread-
resent a significant part of dark matter. Recent analyses @ut spectrum withm, ~60 meVk?, m, ~3 meV/c?> and
galaxy clustering in the context of a nonzero cosmologica}nv <3 meVic2, or (ii)Ta nearly degene?ate spectrum with a
e

constant tend to limit the contribution of hot dark matter ¥ . .
(neutrinog to masses less than 4 &7/[2]. The limit can be common mass as large as 3 eVand a splitting determined
by the smaIIAmﬁ- from the observed oscillations. While the

lowered to 2.2 eVé? when the recent data on cosmic micro- > i i x
first solution looks more natural, i.e. resembling the charged

wave backgroundCMB) anisotropies are includd@]. Also . :
it is possible that ultrahigh-energy cosmic rays originate/€Pton and quark mass pattern, the second one is cosmologi-
from interactions of primary neutrinos with cosmological cally more interesting and might also be easier to understand

relic neutrinos, producing so-called bursts[4,5]: if this in the context of maxima}l mixing, a feature quite different
scenario prevails, the cosmic-ray energy spectrum beyonfio™ what is observed with quarks. .
the Greisen-Zatsepin-KuzmiiGZK) limit [6] would be sen- |t-IS therefore very |mpo.rtant to investigate the possibility
sitive to neutrino masses in the e?/range[7]. to directly measure neutrino masses below the curignt
Strong experimental evidence has been recently presentdd@Ss limit. In this paper a new method is propdsteride-

for neutrino flavor oscillation§8]. Although the complete L€rMine neutrino masses by exploiting the timing between
picture is not totally clear, the most solid interpretation of thet®_bursts of gravitational waveS5W) and of neutrinos
reduced solar, flux on Earth(see for instance Refg] fora ~ emitted just at the end of the collapsing phase of a super-
recent analysjsand thev,, deficit in atmospheric production nova. This technique capitalizes on the availability of oper-

by cosmic rays as detected by underground experiments ré\jging underground detectors which are well s_uited to the neu-
lies on mixing, where the mass eigenstatesare linear ~UINO energy range from supernoveguperkamiokandgl4],

combinations of the 3 neutrino flavor states. The current sceSNO[15]_’ and Oth?r less sensitive detectf§,17) and on
nario is based orfi) v,— v, oscillations with four distinct orthcoming GW interferometric antenngkaser Interfer-
solutions. three  with ngar-maximal mixing andmfz omemtric Gravitational Wave Observatorf.IGO) [18],

:|m§1_miz|~10710, 107 or ~5 10°5 eV2/c* and the VIRGO [19], and otherg20,21]] whose sensitivity to short

fourth (less favoreg with small mixing and AmZ,

~10T5 eV?/c?, anq (i) v,—v, _OSCi”ati_OUS with az unique  Iafter this work was completed, we were made aware that the
solution characterized by maximal mixing addn;;~3.5  same generic idea had been proposed eddigk The authors did
x 103 eV?/c*. Several experimental programs are under-not, however, elaborate on the practical feasibility of the method.
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bursts is well matched. The combination of an astronomical
baseline and millisecond timing allows one to reach the
1 eV/c? level for the neutrino mass and possibly better. Sev-
eral variants are proposed which match the performances of
the neutrino detectors and apply in different scenarios for ;4 [
neutrino mixing. -

Many studies have already been performed on the possi- [
bility to use supernova explosions to measure or bound neu- g |
trino masses. Following the first neutrino observations from
supernova SN 1987f22,23 v, mass limits have been ob- i
tained around 20 e\? [24] using the time spread of the 6
burst a few seconds long which would be sensitive to mas- I
sive neutrinos. Other methods have been proposed for the
next near-galactic supernova occurrefi2g,2€ with sensi-
tivities reaching 3 eM? [27]. In the case where the stellar
core collapses early into a black hole, the neutrino produc-
tion is suddenly quenched, prcg\éizding a method with an esti-
mated mass sensitivity of 1.8 ed/[28]. i
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II. SUPERNOVA DYNAMICS At (msec)

The physics of type |l stellar collapse and the subsequent
radiation of gravitational waves and of neutrinos has been
subject of intense research for more than 40 years. Extensi
reviews and references can be foyi2®,30. Here we only
recall the main model-independent features on which oucompressed nuclear matter, valuable information can be de-
approach is based. duced from observables such as the mearenergy in the

The infalling iron core of the star produces electron neuflash[32], thus helping through simulation to constrain the
trinos when electrons are captured by protons. The core cofange of the relevant parameters. Finally, the integrated lu-
lapse is homologous and as nuclear densities are exceededinosity in the v, flash is estimated to bgL, dt~3
becomes opaque to neutrinos which are captured inside. The10°! erg, corresponding to about 1% of the total energy
small nuclear compressibility brings the collapse to a haltcarried away by neutrinos in the few seconds following the
producing a bounce which generates a strong shock wavaitial collapse.
travelling back through the neutrinosphere, at which point The fast core collapse and the resulting bounce are ex-
the medium becomes transparent enough for the neutrinos gcted to produce radiation of gravitational waves. Many
escape. This generates a shaytflash and signals the onset hydrodynamical simulations_ assuming specific core _models
of the emission of all neutrino types produced thermally ad'@ve been performe{®8]. It is observed that the details of

7 pairs from the heat generated on the accretion surfack'® produced waveform are highly model-dependent. In par-

during infall. Unlike for thewv, burst the thermal emission is ticular the rotation (_)f the inner core is found to be an impor-
nt factor as centrifugal forces tend to delay the collapse or

expected to last a few seconds. The main point is the strong/en sometimes prevent it altogether. At any rate a strong

223 Cborrﬁéﬁfgng?;\:;e?nt?ﬁeb% mir?gs ﬂgﬂ:fh gﬁngfr'thecorrelation in time is expected between the core bounce and
y y P the maximum of gravitational radiation. This effect has been

core. The flash delay and its duration are controlled by th%tudied with specific collapse models. For example we used

shock dynamics whose description is expected to be strongly,q |iprary of 78 typical waveforms which has been produced
model-dependent. However, the timescale involved is S@, simylations[39], varying rotation and equation-of-state
short that it can be determined on quite general ground byarameters within reasonable ranges. Despite a strong vari-
hydrodynamics consideratiofi31-34. ability in the signal shape, the location of the maximum
The shock wave is generated deep into the care (wave amplitude is tightly correlated to the bounce as shown
~10 km) and propagates outward with a veloaity 0.1¢c  in Fig. 1. In fact the signals with “abnormal” delays are most
whose precise value depends on the shock strength. Thef the time characterized by a relatively smaller amplitude
shock reaches the neutrinosphere at a radjus90 km de-  and are therefore less likely to be detected in the first place
fined such that the neutrinos see only one absorption lengthy the GW interferometers.
of matter outside of it. The number of’s rises fast and then Thus our method is based on the strong time correlation
decays exponentially. Many estimates have been given in theetween thev, flash and the peak of gravitational radiation
literature[32], the most recent ones from sophisticated hy-in the event of a type Il supernova.
drodynamical simulation§35]. The mean timing of thes,
pulse with respect to the bounce turns out to&lee,bounce

=(3.5£0.5) ms. While the above estimates wf r, and Detection of they, flash is possible with already operat-
subsequentIyA'[Ve,bOunce depend on the properties of the ing experiments. The most sensitive ones are SuperKamio-

FIG. 1. Distribution of the time difference between the maxi-
fhum of the Gw amplitude and the core collapse bounce for the
\é?gnals simulated in Ref34].

Ill. NEUTRINO DETECTION
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kande[14] and SNQ[15] which are both large volume water

Cherenkov detectors. nverted
SuperKamiokande can detegf’s, as well as all neutrino ey en e

types, through elastic scattering on electrons

vie —vie . (1) e

While this process has the advantage of being directional—
essentially all events are concentrated in a conefcds8, o
where 6 is the angle between the source direction and the
electron recoil—it suffers from the fact that information on 102
the incident neutrino energl, is lost, the electron energy
spectrum being uniformly distributed between 0 dagl.
Thermal neutrinos such ag’s can be detected through the
charged-current process

excluded

Chooz
normal

vep—etn. (2

- - -4
This reaction is essentially isotropic, therefore carrying no [Ugsl®
information on the source direction, but it allows a direct
measurement of,=E.+E,,, with the threshold energy FIG. 2. The electron survival probability from a stellar collapse
Eqn=1.77 MeV. to Earth in the large mixing-angle MSW scenario for solar neutrinos
As a heavy water Cherenkov detector, SNO has uniquéS & function of the matrix elemefil ;5|2. The solid curves corre-

capabilities for detectingzy’s and vy's by means of the spond to the “normal” mass hierarchy, while the dashed ones stand
charged current processese on deut;rons for the “inverted” hierarchy. In each case the upglewer) curve is

computed with sin8,?=1.0 (0.7). The calculations follow the
ved—e pp, ©) analysis given in Ref[36]. The area corresponding {tJ|>>3
X102 is excluded by the CHOOZ experimel@s].
Ved—e nn, (4)
. . portant on one hand to estimate thg survival probability,
and all neutrino types through the neutral-current reaction P., affecting the total rate for charged-current processes and
(5) consequently the statistical power of the measurement. On
the other hand ifP, gets too small the neutronization flash
All reactions are isotropic, with energy measurement for theWill arrive on Earth mostly ag,’s or »,’s which can only be
charged current processes, wil,=1.44 MeV for v, and detected by neutral-current reactions. The SNO detector is
4.03 MeV forv,. The neutral-current processes are detected/ell suited to this purpose, with however a worsening of the
using neutron capture b¥Cl in dissolved salt, leading to an timing resolution due to fluctuations in the neutron capture,
8.6 MeV y ray. While all the reactions discussed so far have?S discussed above. o .
excellent timing, of the order of a few tens of ns, the situa- A comprehensive treatment of oscillations for neutrinos
tion is not as good for the neutral-current ones where th&0rm in a stellar collapse has been recently preseftél
detection timing is limited by neutron diffusion, inducing an @nd we follow here this analysis. The Mikheyev-Smirnov-
exponentially distributed delay with a time constant of Wolfenstein(MSW) resonancep42] play a crucial role while
~4 ms[15]. the neutrinos propagate in the matter of slowly decreasing
The event rates are large enough for galactic supernova8€nsity. The effect one’s is in general important, but de-
Relevant cross sections and their energy dependence can Bgnds crucially on the solar neutrino oscillation solution and
found in Ref.[34]. Using the luminosity given above for a Whether the neutrino mass hierarchy is “normahe mass
supernova exploding 10 kpc away, the expected numbers afdgenstates;, v, and »; have increasing massesr “in-
15 for the v, flash and 5300 for thermaly’s through pro-  Verted” (the »; mass state, mostly connected to theflavor
cesseq1) and (2) respectively, in SuperKamiokande. Simi- State, is the heavigstWe remark that if the mass states are
larly, 13 events are expected for thgflash through process SPread out, as for the other fermions, it is more natural to

(3) in SNO. All these rates scale as 2, wherel is the €XPect the “normal” hierarchy, while for a quasi-degenerate
supernova distance. spectrum both scenarios are equally plausible. It turns out

that the value oP, depends in a strong way on the mixing
matrix elementU.; betweenv, and v states, the other rel-
evant elements being fixed by unitarity and the solar mixing
The propagation of neutrinos from the star to the detectorangle. The only known experimental constraint ths
can be affected by flavor oscillations. Starting with the ob-comes from the CHOOZ reactor oscillation experimiet],
servation of neutrinos from SN 1987A this question has beegielding |U3|2<3x 10 2.
studied by many authors, considering both vacuum and Figure 2 shows the situation for the large mixing-angle
matter-enhanced oscillatioig0]. For our purpose it is im- (6o) MSW solution, with sin Z)ézO.?— 1.0, which seems

vid—v;p n.

IV. EFFECT OF NEUTRINO MIXING

033010-3



N. ARNAUD et al. PHYSICAL REVIEW D 65 033010

to be favored by experimental daft8]. In this case ther,  The observed time difference between theflash and the
peak is still preserved with a survival probability betweenmaximum of the gravitational waveform is

0.2 and 0.5, except for values & .5|2>10"° in the normal
hierarchy scenario. The small mixing-angle MSW and the
vacuum oscillation solutions yield different behaviors with

P. values ranging from 0.8 to negligible. In the following we , , o
shall use a valueP,=0.5 as representative of situations with obvious notations. We examine in turn the two model-

dependent terms to E¢B) already discussed earlier and the
two contributions to the experimental error A, gy :

At »,GW™ Atprop+ At Ve ,bounce AtGWpeak,bounce (8)

where thev, flash content is well preserved, and also con-
sider the case where the rate becomes too small rendering
v, , detection mandatory. In this way all possibilities are _
covered. It should be remarked that, contrary to thease, Atgwpeak pouncdS €xpected to be very small. The value
the rate ofv,'s remains essentially unaltered, to the extent (0.1+0.4) ms is obtained from the library of waveforms

that thermal production should result in approximately equal Produced in Ref[39] as shown in Fig. 1. The various
numbers of neutrino pairs of each flavor. entries correspond to different sets of parameters used in

the simulation. The initial angular momentum and the

compressibility of the supernuclear matter are important

input variables in this respect. The time range obtained
We are now in position to discuss the relative timing of thus represents a realistic coverage of the core collapse

the neutrino and gravitational wave bursts. Both emission parameters.

times have been seen to be closely related to the bounce time

in the core collapse. At,_pounceis discussed above with the estimége5+0.5)

Travel times to Earth depend on neutrino and graviton s “\vhere the error reflects the uncertainties in the shock
masses. Very constraining bounds exist on the graviton mass yave propagation.

Mg : in particular, precise studies of planet orbits in the solar
system[44] yield a lower limit for the graviton Compton
wavelengthhg=h/mgc of 3x10* km, much larger than
the value 6<10° km that would produce a time delay equal
to that of a 1 eVé? neutrino. So we do not need to worry
about nonzero graviton mass for our problem and we con-
sider in the following that GW propagate at the speed of light
C.

Neutrinos with a masm, will arrive at the detectors with
a propagation time delagt,,,, given by

V. RELATIVE TIMING

the measurement of the GW timing depends on the signal-
to-noise ratiop in the detector, itself a function of the
detection algorithm used to filter out the signal corre-
sponding to the GW burst. Previous studies of robust fil-
ters [45,46 provide a timing uncertainty47] given by
St 1. 45:/p, where 7 is the rms width of the main
GW peak. For the signals simulated in Rg9] 7~1 ms

and the mean value g@fis very close to 10 for supernovae
located at 10 kpc, yielding a GW timing uncertainty of

L /m.c2\2 0.15 ms.
M= 55 £ ® - .
v the determination of the mean timing of the flash de-
L m 22/ 10 MeV 2 pends on the event statistibls, and the flash widtlrs,45p
~515 m% q)( v ) @) through 6t°°%< o,/ N, scaling asL. This translates
10 kpg 11 eV E, into an uncertainty onm,z, independent of the supernova

distancel, as m2e 6t/L. Simulations[35] indicate that

To this time should be added any time difference at the
s 1 y y nme Tiaar~ (2.3£0.3) ms.

source and another propagation delay because the neutrino
and gravitational wave detectors are not located at the same o ) )
site. The latter can only be derived when the source direction The total timing uncertainty can therefore be cast into two
is known which can be achieved if the bursts are registere§omponents: one of statistical nature, dominatedstjyf **,
in coincidence by several detectors using triangulation. Ofnd the other originating from systematic sources, estimated
course the most precise determination is expected to conféom above to be 0.65 ms. It may be possible to reduce this
from optical telescopes, typically a few days later, when theSystematic uncertainty with the observation of an actual su-
supernova explosion finally occurs. Finally it is assumed thaP€rnova event, since additional measurements such as the
the distance L will be derived from the optical measurement§leutrino energy spectrum and the shape of the GW wave-
but it should also be pointed out that a reasonable estimate #rm can provide constraints on the core collapse phenom-
the distance can be deduced from the absolute event rate @nology within the framework of existing simulation codes.
the neutrino detectors. Indeed the total energy release in the
collapse is directly relqted to thg mass of the i'ron core vyhich V1. DIFFERENT METHODS AND RESULTS
can be reasonably estimated with an uncertainty of typically
40% [29] leading to a 20% accurate measurement of the Several methods taking into account the time correla-
distance. tion between GW and neutrino bursts can be envisaged, de-
It is interesting to consider the precision which can bepending on the neutrino detector type and thesurvival
obtained on the quantity of interesit,,,, hence onm,. probability.
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(@) SNO vd CC

100 100
: r FIG. 3. lllustration of the four proposed meth-
7 75 | ods with simulated data in neutrino detectors.
m m [ Each situation corresponds to a supernova col-
i3 50 £ 50 F lapse at 10 kpc assuming a neutrino mass of
2 e ¢ 2 eV/c?. The expected statistics is scaled up by a
F o5 [ F o5 [ factor of 100 in order to better visualize the dis-
C [ tributions. In the first three cases events are dis-
0 LG ok played as function of electrofpositror) energy
E L ’ and arrival time(defined such that zero-mass
0 25 50 neutrinos arrive at=0, as defined by the GW
Electron Energy (MeV) Electron Energy (MeV) timing): () method(1) using thev.d process in
- SNO, including background from thermal’s
100 (c) SuperK v,p i (d) SNO vd NC and v¢'s; (b) method (2) based onvee elastic
scattering in SuperKamiokande, with background
60 L from thevp process reduced by cuis) method
(3) using thevgp reaction in SuperKamiokande.
» [ Finally in (d) the time distribution of neutral-
E 40 current events is shown in SNO where the neu-
S [ : trino timing has been shifted by the average time
- : for neutron capturéthe dashed histogram corre-
20 H sponds to a zero-mass neutinm all four plots
: the double line labeled GW indicates thelo
Lo Lottt 0 Loz gravitational wave timing.
0 25 50 0 50
Positron Energy (MeV) Time - Time g, (MS)
A. Method 1: v, detection in SNO likelihood fit of the event population in the neutronization

Method 1relies on the detection of the, flash in SNO  Pand yields the observed mass. _
through reactiori3) providing good timing and energy infor- It is clear from the pl_ot that, for small dlstances_ and
mation. This approach is the best when thesurvival prob- consequently large neutrino rates, SNO can determine the
ability is large enoughthe precise value depends on the mass by itself if statistics is sufficient to derive from the fit
supernova distan¢e|n this case theje peak is well sepa- both the mass and the “zero-mass” arrival time. This is
rated from the thermal distribution and its timing should beindeed the case since the Fermi-Dirac energy distribution
easily determined given enough events, i.e. for distances upf the neutrino energy is wide enough to sample situations
to 13 kpc. sensitive (low energy or not (high energy to the mass,

We have performed simulations of supernova detectionsvhile the situation is reversed for the determination of
over a range of distances, usiRg=0.5, the characteristics the prompt arrival time. However the approach without
of the SNO detectof15] and the estimate of timing accura- independent timing information deteriorates rapidly with
cies given in the preceding section. An electron detectionincreasing distances as statistics at higher neutrino ener-
threshold of 5 MeV has been conservatively assumedgies becomes insufficient to pin down the zero-mass time.
whereas the present threshold used by SNO for solar neutfdne therefore expects GW timing to become increasingly
nos is only 6.75 Me\[36], the large instantaneous rate of a pe|pful.
supernova would allow one to lower the analysis threshold This expectation is verified by the results of
essentially down to the hardware value of 2 Mgd7]. Neu- 5 _gimensional maximum likelihood fits to data of many
trino energies are generated according to a Fermi-Dirac disinjated experiments, as shown in Fig. 4: the total uncer-
”'bP“O” W'th a ;ha_ract_erlsnc temperature of .3'5 MeV. Thetainty sm? (corresponding to a & spreadl is found to be
2-dimensional distribution of relative arrival time and neu- 4 . . .

about 0.5-0.6 e¥/c*, essentially independent of the dis-

trino energy is displayed in Fig. 3 for the distante N 0 13 k h tatisti i ted. At
=10 kpc and a neutrino mass of 2 @9/ but with a statis- ance up to pc when Stalisics runs out, as expected.
ethls stage we have not tried to model the exact shape of the

tics enlarged by a factor of 100 in order to better visualiz s - )
the problem. The neutronization peak is spread out with ensensitivity curve around 13 kpc: the likelihood fits were per-
formed requiring a minimum of 3 events in the neutroniza-

ergy in a band which deviates from=0 (the time delay " i :
between gravity waves and zero-mass neutrinos has bedi@n band—a value achieved 73% of the time at 13 kpc, but

subtracted out for clarityin the lowest energy range. Al- decreasing to 527)% at 1§17) kpc. If no GW timing infor-
though the assumed neutrino temperature corresponds tongation is available the accuracy steadily deteriorates with
mean produced energy of 11 MeV, the observed average ethe distance, reaching 1.5 &¢* at 10 kpc and running out
ergy of the detected events is raised to 20 MeV because @ff events for a joint determination of both neutrino mass and
the strong energy dependence of the cross section. A logero-mass arrival time.
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2 onset is closely related to the timing of the neutronization
15k \—’-;—il\io‘CCalone flash[32,34]. This feature is supported by extensive simula-
% SNO NC + GW tion work [35].
~, 1F @ The advantages of this method is the availability of the
£ 05k . - - ?1?+GW neutrino energy measurement and the fact that the rate is

essentially insensitive to neutrino oscillations. A cut on the
05 5 10 T3 50 positron angle with respect to the supernova directiongcos
Distance (kpc) <0.8, has to be applied in order to remove the few forward-
2 peaked electron events from elastic scattering with a signal
loss of only 10%. The positron energy threshold has to be
151 raised to 10 MeV in order to avoid the backgroundyafays

:;‘i 1L \_’_’__Supergepﬁw from nuclear de-excitation induced by the neutral-current

g — " Swakuesow nc_autrino proc_:esseb48_]. This method can _b_e_im_plemented

051 @ without GW information[27], but the sensitivity is greatly
0 Eote b enhanced by GW timing. A simulated distribution is given in
0 5 Distanl:% (kpc) 15 20 Fig. 3(c) and likelihood fits yield the precision shown in Fig.
P 4, with typically 5m2~0.9 eV?/c*.
FIG. 4. The estimated sensitivigm? of methods 1 to 4 with the Although all other methods are limited to a supernova

SNO (a) and SuperK(b) detectors, for stellar collapses as function distance of 13 kpc because of neutrino statistiosthod 3
of distance. Results for methods Xy2spectively # are given for ~does not suffer from this limitation. The rate expected in
P.=0.5 (respectivelyP,~0), while method 3 applies indepen- SuperKamiokande would still be sufficient up +al00 kpc,

dently of P. however the sensitivity of present GW detectors is such
o ) that one can hardly consider detections beyond our galaxy
B. Method 2: v, detection in SuperKamiokande [45-47

Method 2applies under the same conditions asrfeathod
1 with SNO, but this time using, elastic scattering on elec- D. Method 4: »,, , detection in SNO
trons in the SuperKamiokande detector. Given the relative Finallv. method 4needs to be used if neutrino oscillations
masses of the detectors and the relevant cross sections,, it h Y, s in th tronizati K into. s, Agai
turns out that the statistics is similar in both cases. An appart-urn theves in the neutronization peak into, -s. Again
ent disadvantage of this method is that neutrino energy in-SNO. IS the only.neu'trlno' experiment able to exploit this
formation is strongly reduced. However the loss of informa—poss'.b”'ty' The S|tu§1t|on is however much less fgvorable
tion on the neutrino mass is not large as time delays argwan inmethod 1as(i) the ne_utral-current cross sections are
preserved and a 2-dimensional likelihood fit still captures thp’a factor 2.5 smaller than their charged-current counterparts in

essential features of the experimental distribution for most o he 10—4(.)_.Me_\/ Ta”g.‘i“) the neutrino energy |nfo.rmat|_on IS
the distance range. Background from reacti@h must be ost, and(iii) timing is degraded by the fluctuations in the

suppressed: a rejection factor of 10 is achieved through acul?eu_tron_ capture. In this case absolute timing from GW de-
tection is crucial whatever the supernova distance. The fact

co0s#>0.8, whered is the angle between the electron and the

supernova directions. The latter is assumed to be knowWat no energy information is avallable means a greater Qe-
from optical observati.ons later on pendence on the model for the shape of the neutronization

Using an electron detection threshold of 5 MeV, likeli- peak. There is also some uncertainty on the mean capture

hood fits of simulated data such as shown in Fig. 3 are pell—ime’ b.Ut it can be e>'<perimentally calibrated using reaption
formed, yielding the sensitivity curve in Fig. 4 with GW (4) which provides signals from both the prompt positron

- 2. . and the delayed neutron capture with good statistics.
:"’T"”g- .AS exeﬁc;edltrfovglfg ;Q?'I;’; 'f szmlarbto thatdol_)— Examples of simulated time distributions are given in Fig.
ained in metho (o L eVIC. AS ODSEIVed 1N 5 Assuming fullve-to-v, . conversion, the estimated un-
method 1it is still possible to fit the distribution without an . . Mo P 4
o e . certainty of this method is found to b&m~1.2 e\?/c
3 eFt)ggtrilorling\tlJthiﬂgesg; stirt]i(\a/i? bissoét':;tgntlrlrwlr:gd%r(;)g/ (deiidtr?s/ Sa\évefrom a fit of the neutrino time distribution Wivth respect to the
' y gy GW signal. The sensitivity, shown in Fig. 4, is strongly de-

graded at small distances where the systematic uncertainty
on the relative timing dominates over the statistical error of

Method 3relies on the onset of, thermal production, neutrino timing. As expected this method is less sensitive
detected essentially through the more copious read@n thanmethod 1but it is the only choice left if the’, survival
used by essentially all neutrino experiments. For a supernov@arobability is too small.
at 10 kpc the expected rates are 5300, 400, 135, and 133, in The sensitivities expected with the different methods are
SuperKamiokande, SNO, LVD, and MACRO, respectively.summarized in Table | for the two scenarios of lardge, (
Contrary to the neutronization flash the time distribution of=0.5) and of negligiblev, survival probabilities. They
the thermalv.’s is more model-dependent. With a character-depend rather weakly on the supernova distance and they
istic risetime is~50 ms, the shape of the spectrum on theare given at 10 kpc. Since the neutrino statistics are uncor-
time scale of 1-10 ms is hard to control theoretically, but therelated between the different methods, the overall sensitivity

C. Method 3: v, detection
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TABLE I. Total uncertaintiessm? (eV?/c*) expected in the four  found. This value is a factor of 4 smaller than current limits
proposed methods under two scenarios for neutrino oscillationfrom end-point tritium experiments. If the mass were indeed
The values are quoted for a supernova at 10 kpc, but they arg eV/c? the expected effect would correspond to ad tle-

weakly dependent on the distance. See details in the text. viation from zero mass and the mass would be measured
with a precision of 4.5%. A 1 e\? v, mass would still be
Method P.=0.5 Pe~0 seen at the 3r level and determined with a precision of
1 0.55 ] 17%. Two specific methods are proposed if neutrino conver-

sions in the outer star mantle disfavarsdetection. One still

2 0.57 ) uses the neutronization peak and neutral-current detection in
3 0.87 0.87 SNO, while the other is based on the measurement of the
4 1.63 115 onset of thermab, production in SuperKamiokande. When
; ; ; P 2
combined 0.35 0.69 combined they still provide a sensitivity ofém;

~0.7 eV?/c* and a 95% C.L. upper limit of 1.1 eV. Finally it

is interesting to note that these results follow from time dif-
ferences accurately measured at a levedf0™ *° of the
using all four approaches can be correspondingly improvegptal time of flight.

to omj ~0.35 eVf/c* for P,=0.5 and~0.7 eV¥/c” for P, The approach can be extrapolated to the next generation
~0. In case the experiments do not see any deviation froref neutrino and gravitational wave detectors. A valuable goal
nonzero mass 95% C.L. upper limits of 0.75 and 1.1c8v/ would be to bridge the gap between the reachable mass value
will be derived on the degenerate neutrino mass in the twavith present detectors (0.7 ed#) and the upper range pro-

scenarios, respectively. vided by neutrino oscillations in the least-degenerate neu-
trino mass scenario (0.06 ed#). This requires a factor of
VII. CONCLUSIONS AND PROSPECTS 100 increase in the neutrino detector mags@gerKamio-

kande?, which would be matched to the factor of 10 im-

The next type-Il supernova explosion in the Galaxy isprovement in sensitivity considered for GW antennas on the
expected to provide extremely valuable information on neutjme scale of 6-7 yearf49]. Such a desirable situation
trino masses. New methods, based on the availability of masyould have a number of advantagés:the precision on the
sive neutrino detectors and the near operation of new larggeutrino timing for a supernova detection would be im-
interferometric gravity-wave antennas, have been proposeg@roved by a factor of 10(i) distances up to 150 kpc could
They rely on the time coincidence between neutrino ante reached with the proposed methods with a corresponding
gravitational wave detections. Different experimental ap-gain in the supernova rathowever modest, i.e., 20%and
proaches have to be considered depending on the capabilitigi§ ) the large statistics that would be available for a galactic
of the various neutrino detectors and on the overall effect Oévent would permit a much better understanding of the col-
oscillations between the three neutrino flavors. lapse and bounce dynamics, hence offering the possibility to

The most sensitive method is based on the detection bietter control the systematic timing uncertainty from the
SNO and SuperKamiokande of prompt electron neutrinosnodels. This last aspect is very important because the preci-
from the neutronization peak which is tightly correlated insjon on the relative GW-neutrino timing at the source must
time with the bounce terminating the stellar core collapsepe improved from the current estimate of 0.65 ms to a value
itself corresponding to the maximum gravity wave activity. If of 0.1 ms, in order to match the improved experimental tim-
the v, survival probability is large, this method yieldsig  ing accuracy. While this cannot be proven at the moment, it
mass sensitivity for each detector almost independent of thg reasonable to consider further significant progress in the
supernova distance up to 13 kpc, measured &2  simulation codes, when incorporating the constraints from
~0.60 eV¥/c*. The combination of the results from SNO precise measurements of the GW amplitude and the neutrino
and SuperKamiokande would directly excludeamass of pulse shape as a function of time, supplemented with a de-
0.75 eVE? at 95% C.L. if no significant mass effect were termination of the neutrino energy distributions.
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