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Exploring the sub-eV neutrino mass range with supernova neutrinos
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A new method to study the effects of neutrino masses on a supernova neutrino signal is proposed. The
method relies exclusively on the analysis of the full statistics of neutrino events, it is independent of astro-
physical assumptions, and does not require the observation of any additional phenomenon to trace possible
delays in the neutrino arrival times. The sensitivity of the method to the sub-eV neutrino mass range, defined
as the capability of disentangling at 95% C.L. the case=1 eV fromm,=0, is tested by analyzing a set of
synthetic neutrino samples modeled according to the signal that could be detected at SuperKamiokande. For a
supernova at the Galactic center success is achieved in more than 50% of the cases. It is argued that a future
Galactic supernova yielding several thousands of invgsgecays might provide enough information to
explore a neutrino mass range somewhat below 1 eV.
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During the past few years, the large amount of data colalternative ways to measure the neutrino masses. Model in-
lected by solaf1] and atmospherig2] neutrino experiments dependent limits can be more reliably established by com-
provided strong evidence for nonvanishing neutrino masse®ining complementary experimental information and, need-
The recent KamLAND resul3] on the depletion of the neu- less to say, it would be of utmost importance if the mass
trino flux from nuclear power plants in Japan gave a finalvalues could be measured by means of more than one inde-
confirmation of this picture. Since in the standard modelPendent method.

(SM) of particle physics all neutrino species are massless, Alréady a long time ago it was realized that supernova
this constitutes the first direct evidence for new physics, andSN) nNeutrinos can provide valuable information on the neu-

provides important information for developing theories be-tiN0 masse$10]. The basic idea relies on the time-of-flight

yond the SM. However, to date all the evidence for neutrind?€/ayAt that a neutrino of mass, and energye, traveling

masses comes from oscillation experiments that are only sel"i‘—d'StanCEL would suffer with respect to a massless particle:
sitive to mass square differences and cannot give any infor- At 1

. . . . 2
mation on single mass values. The importance of measuring 2 %<

@

mV
1 eV

the absolute value of neutrino masses cannot be understated. L v
It is presently being addressed by means of a remarkably

large number of different approaches, ranging from laborawhere for ultra-relativistic neutrinos we have used 1/
tory experiments to a plethora of methods that rely on cos=E,/p,=1+m?2E2. The dispersion in the arrival time of
mological considerations. Recent reviews can be found imbout 20 electron anti-neutrinos from supernova SN1987A
[4]. From the study of the end point of the electron spectrumwas used in the past to set the model independent t'rmejt

in tritium B decay, laboratory experiments have been able ta 39 ev/[11]. This limit can become significantly tighter un-
set the limitm, <2.2 eV [5]. This is already close to the ger some specific assumptions. For example a recent detailed
sensitivity limit of on-going experiments. If neutrinos are reanalysis obtained, within the SN delayed explosion sce-
Majorana particles, the non-observation of neutrinolessario, the limitm, <5.7 eV[12].

doubles decay can constrain a particular combination of the  gjce SN 19876A' several efforts have been carried out to
three neutrino masses. Interpretation of these experiment%prove the sensitivity of the method, while waiting for the
results is difficult due to large theoretical uncertainties re gyt explosion within our Galaxy. Often, these approaches
lated to nuclear matrix elements calculations. This is re1ely on “timing” events related to the collapse of the star
flected in a model-dependent limin§''<0.35-1.24 €V  core, which are used as benchmarks for measuring the neu-
[4.6]. A tight bound=;m, <0.7 eV was recently set by the trino delays. The emission of gravitational way&8,14], the
Wilkinson Microwave Anisotropy Prob@VMAP) Collabo- v, neutronization bursf14], the initial steep raise of the
ration[7] by combining measurements of cosmic microwaveneutrino luminosity[15], and the abrupt interruption of the
background anisotropies with data from bright galaxies redneutrino signal due to a further collapse into a black hole
shift surveyq 8] and other cosmological data. However, this[16] have been used to this aim. However, there are some
limit becomes much looser if the set of assumptions ordrawbacks to these methods: firstly only neutrinos with ar-
which it relies is relaxedsee[9] for discussions of this rival time close to the benchmarks are used, and they repre-
point). Therefore it is quite important to keep looking for sent only a small fraction of the total; secondly the observa-

5.1 ms /10 MeV\?
10 kp E

v

0556-2821/2004/620)/1030027)/$22.50 69 103002-1 ©2004 The American Physical Society



E. NARDI AND J. I. ZULUAGA PHYSICAL REVIEW D 69, 103002 (2004

tion of the benchmark events is not always certain, and in
any case some model dependence on the details of the St
explosion is generally introduced.

The method we want to propose is free from these draw- 9
backs: it relies only on the measurement of the neutrino en-2
ergies and arrival times, and it uses the full statistics of the i
detected signal, thus allowing us to extract the maximum of s
information. It is also remarkably independent of particular -
astrophysical assumptions, since no use is made of bench ™ |
marks events. The basic idea is the following: in the ideal- .3
ized case of vanishing experimental errors in the determina-
tion of the neutrino energies and arrival times, and assuming
an arbitrarily large statistics and a perfectly blackbody neu- L
trino spectrum, one could use the events with energy above © 0.1 sec. 0.2 03
fggisfrlﬂ::?t:/lgrVal;](;E(::se(ltotrslgpé)vrgﬁiic:krﬁnn:?nfz c?:r?hcgsneu FIG. 2. Comparison between the Monte Carlo flux function
ot and sgef:)trum. C;/nce ihe time dependence of the fufl() (thick line) and the resuit of the likelinood analysis for 40

signal is pinned down, the only parameter left to reconcile™>PIes ¢ =10 kpcE, =5 MeV,m,=0).

the time distribution of the low energy neutrinos with the choice, since it also implies a depletion in the number of low

high energy part of the signal would be the neutrino mass . . . . )
which could then be nailed to its true value. Of course, non énergy neutrinos with a corresponding loss of information on

of the previous conditions is actually fulfilled. In watee/ e[he neutrino mass. Inside the protoneutron star neutrinos are

enkov detectors as Superkamiokan@k) the uncertaint in thermal equilibrium, and therefore it is reasonable to as-
NS  SUPETH ) Y sume that the gross features of their energy spectrum after
on relative timings is negligible; however, the errors in the

) Fmission can still be described by a Fermi-Dirac distribution:
energy measurements are important and must be properly

it

Arb

taken into account. The statistics is large but finite, and this EZ/T3(1)
not only represents a source of statistical uncertainty, but also 3E,:T(t), )= 7 , )
implies an upper limit on the useful values Bf. Finally, F,(0,7)(1+e5/TO=n(0)

the SN neutrino spectrum is not perfectly theriial]. Nev- .
ertheless, a good sensitivity to the mass survives and, as wehereF,(0,7) is defined in Eq(4) and a “pinching” factor

will show, it will be possible to disentangle with a good 7,t) has been introduced to simulate spectral distortions

confidence the two cases,=0 and 1 eV. " . oA
o v . 17]. From now on, quantities with a hay(T, ...) repre-
To test quantitatively the idea outlined above we procee ent input to the Monte CarlMC) simulation, while quan-

In two steps. tities without a hat will refer to results of data fitting. We

) First we generate a set of synthetic neutrino Slgnalsdefine the Fermi functions and generalized Fermi integrals as
according to some suitable SN model. Neutrinos are then

propagated from the SN to the detector assuming two differ- "
ent SN-Earth distanced0 and 20 kpr and two different fo(X,7)= ——— (3)
mass valuesn,=0 and 1 eV. Finally, two different energy 1+e77

thresholds(5 and 10 MeV are used for the detection. The
result consists of several neutrino samples that hopefully ("
would not differ too much from a real SN signal. Faly,n)= y fa(x,7) dx. @
(ii) The signals are then analyzed with the main goal of
disentangling with sufficient confidence the two cases Using the time evolution of the average neutrino energy

=0 and 1 eV. Only the SN-Earth distance is assumed to bg (1) as given in Fig. 3 of Ref.20] and taking for simplicity

k_nown (this mf_ormatlon C.OUId be obtamgd directly from op- ;7=3 [17] constant, we compute the effective temperature
tical observations or, with an uncertainty of the order of

25%, from a comparison of the measured total energy with 4@t together withy, determines the neutrino spectrum at
theoretical estimation of the binding energy releagtgl). € Source:
Other quantities, like the spectral functions and the details of

the time evolution of the neutrino flux, are inferred directly

from the data. .
Generation of the neutrino sampldhe time evolution of WNeT€Ks=F(0,3)/F5(0,3)~4. Given that the average en-

the neutrino luminosity and average energy can be obtaine@9Y 'S only mildly dependegt on tim0], we model the
from the results of SN explosion simulatiof0—22. In the ~ €volution of the neutrino fluxb(t) simply by taking it pro-
present analysis we use the results of Woosdewl. [20].  portional to the luminosity as given in Fig. 2 of R¢20].
This model is characterized by a rather hard neutrino spec- Inthe SK detectory,’s are detected through the inver8e
trum ((E;_)=20 MeV) that results in a large number of de- decay reactionvgp—e*n that has the energy threshold
tected events(8,800 in SK. Still this is a conservative E,gqc=Me+Am,,=1.8 MeV, wherem, is the electron mass

T(t)=ksE (1), (5)
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and Am,,=1.3 MeV is the neutron to proton mass differ-
ence. The effect of the detection cross sectidit,) [23] is
taken into account from the beginning by using the function
S(E,;T(t), )X ®(t) X o(E,) in the MC generator. Each SN
neutrino is labeled by its emission timg and by its energy 3
E, . The corresponding detected positron is also identified by
an energy/time pair of valuesf,t®). We generateE® ac- 51
cording to a Gaussian distribution with central valgé
=E,—Am,, and variancer=0.15/10MeV/E® that corre-
sponds to the SK energy resolutif2¥]. Since the time reso- 4
lution of the SK detector is very precise, no error is assigned
to t® For massive neutrinos, we redefite=t,+At, by | 0 L ,
including the appropriate delajt,=Lm?/2E2. A fixed 5| . . 0 (4 & T 18 2
number of 8,800 energy/time pairE{,t) is generated in . 4 8  sec. 12 16 20

each run. This corresponds to the expected number,of FIG. 1. Comparison of the Monte Carlo spectral temperature

interactions within the SK fiducial volume for the spectrum "|\'(t) and pinching parame’[eb (thick lines with T(t) and 7(t)

of the model in[20] and a SN at 10 kpc. Fdr=20 kpc this fitted for 40 samplesl(=10 kpcm,=0).

number is resampled down by a factor of four. Next, posi-

trons with energies below the detection threshdig<£5 or  from 50 ms to 2 s, distributed over a signal duration 20 s.

10 Mey) are discarded, and as a last step the origin of the\fter this time the neutrino flux is assumed to be too low to

time axis is set in coincidence with the first positron detectechrovide additional information. To reduce further the pos-

(t§=0) and eachy is accordingly redefined. For each set of sible effects of mass-induced time delays, only neutrinos

values €, ,L,m,) 40 different samples are generated in thiswith energy larger tharE* =15 MeV are used. For each

way. time window/[t,,t,1] we perform a least square fit to the
Analysis of the neutrino signalVe analyze the neutrino following quantities:

signals by means of the likelihood function

T

= _ F3(yl7])
L=S(&;T(1), n(D)XD(t+8tb,d, )X a(e).  (6) ETn=g 5" ®

The energye=E®+ Am,, of each neutrino is inferred from =

the positron energy. The spectral funct®is assumed of the BT _ Py, mFaly, )
form (2) with a time-dependent effective temperat(ié) [E(T,7)]? F3(y,7)
and pinching factor »(t) fitted from the data. ®(t

+6t;b,d,f) describes the time evolution of the neutrino Where the functions=,(y,») defined in Eq.(4) depend on
flux, and the four paramete®t, b, d andf account for its  the temperature througi=E*/T. This yields the “best”
location on the time axis and detailed shape. Finall\g) is  valuesT(t,) and#(t,) att,=(t,+1t,,1)/2. Finally, in order
the neutrino cross section. to obtain two smooth continuous functions, the poifits,)

The spectral functionsThe two spectral function3(t) e : ; ;

. o . and n(t,) are interpolated with two half integer power poly-

and »(t) are determined by fitting the first and second mo'nom?élsa)PT ~E|CE”2 with 1=0,1,2 1ogforpT andpl y
- A2,

mentum of the energy distribution to the mean endgynd —0.1.35 fory. In Fig. 1 the functiond(t) and y=3 used
mean squared 'enerdj;f, of theincomingneutrino flux(prior i, the simulation MC simulatiorithick lines are compared
to detection. Given a set oh neutrinos withmeasurecen- with 40 fits to neutrino samples generated with=0 and

)

ergies @1,'?2, ...,€,), and azssuming for the cross section| _ 1 kpc. These results remain unchangedrfgr=1 eV,
the approximate fornar(€) =€, we have while for L=20 kpc, due to the reduced statistics, the fits
show a somewhat wider dispersion.
D et The neutrino fluxEven if the details of the neutrino flux
— — n evolution with time are not known, its gross features can be
E,~ B~ : (7 predicted on rather solid theoretical grounds. It is expected
Z 6(2 EI 6(2 that a sharp exponential rise, with a time scale of tenths of

milliseconds, is followed by a power law decay, with a time

From Eq.(1) we see that the typical neutrino delays are atscale of several seconds. We model this behavior by means
g- e yp L y of a parametric analytical function in which, roughly speak-
most of the order of few milliseconds. This is much shorter

. . . - ing, two parameters describe the rising and decaying rates,
than the time scale over which sizable variations of the spec: g P g ying

. ; . and a third one accounts for the transition point:
tral functions are likely to occurl9—-22. Therefore, by bin- ! ! tion pot

ning over sufficiently large time windows we can ensure that Cfm ~M(150)
the determination of and for each bin will not be affected d(t:b,d,f)~—— € (10)
by the delays. We use a set of 20 windows of size increasing (1+btmd t—nd (t—o0).

103002-3



E. NARDI AND J. I. ZULUAGA PHYSICAL REVIEW D 69, 103002 (2004

3 TABLE I. Results of the analysis for the two neutrino masses

m?, ﬁ"IV=0 and 1 eV, two energy thresholds of 5 and 10 MeV and for
- two SN distances of 10 kpc and, in parentheses, 20 kpc. The first

i T I (second row give the percentage of times in which the 95% C.L.
B dl T l NRRT N lower (uppe) limit m!, (m") is larger(smalle) thanm, . The third
3l e i it LLLE. ; row lists how many timesn,=0 can be exclude®5% C.L) when
= NPT TTIIE e »t T-"-I LITLIT ljﬁ +11] m,=1 eV. The following three rows give, fdr=10 kpc, the mass
CHRE LN et TL A+ T '[ I il square best fit and the 95% lower and upper limits averaged over 40
o | R+ i samples.
iy
1 IR R Ex 5 MeV 10 MeV
T L + m, (eV) 0 1 0 1
] it m' >m, (%) 511 4(5 5(10 11 (5)
mU<m, (%) 9 (6) 2(5 12(6) 10(7)
FIG. 3. Fitted values of the mass and 95% C.L. error bAarS form! >0(%) — 55 (40) — 28(23)
two sets of 40 analysis with =10 kpc andE,, =5 MeV for m, 5
—0 (circles andf,—1 eV (squarejs <m”|) -0.1+04 1.0:05 -0.2+0.8 0.8-1.0
((m})?) -0.8+04 0106 —1.6+1.0 —0.8+1.2
. . m)? 0.6=0.5 1.8:0.5 1.1+1.0 22:1.1
This function can reproduce reasonably well the results og( 2

different modelg[19—-22. The two exponentsn and n are
fixed to suitable integer values by means of a preliminary. 0 o

rough fitting procedure to the data, and then are held constafie?? C:L., where the Iowe(uprz)eb limit is computed by
throughout the analysis of all the samples. For the model iftégrating the likelihood fromm; =cc (—c<) until reaching
[20] we usen=8 andm=2. Finally, since the origin of times the 95% of the area, while minimizing with res_pept to the
was arbitrarily set in coincidence with the detection of theOther parameters. We have checked that the limits do not
first neutrino whiled vanishes at=0, a fourth parameteft chapge gnuch if the integration is restricted to the physical
is required to letb(t+ ot) freely shift along the time axis. regionm;>0. _ -

The likelihood analysisThe minimization of the negative ~ Table | summarizes some results of the mass fitting. For
log-likelihood is carried out by means of the packageuIt each set of parameter&,L,m,) we have analyzed 40
[25]. To avoid double minimums, we minimize with respect samples. The first row gives the percentage of times in which
to the square of the neutrino mass. Given a valumiﬁthe the 95% C.L. lower Iimitm'V is larger than the input mass

time delay of each neutrino is computed according to itsm . The second row refers to the cases when the upper limit

energye;, and subtracted from its arrival tinte. The log-  u js smallerthanm, . The numbers in parentheses corre-

likelihood for the new array of times is then evaluated, andspond toL =20 kpc. These figures characterize the percent-
minimized with respect to the other parametbr«d, f and

. ) o . . age of “failures” of the method, which therefore appear to be
ot. This proceeds until the absolute minimum is found in the,gjisple in about 90—95 % of the cases. The third row gives

full five-dimensional parameter space. There is a subtlet){he percentage of times whem,= 0 is excluded at 95% C.L
related to the cases when, especially for large test masses, o

neutrino is migrated to an early time whebe=0. The prob- yv%en the signal is generated witi, = 1 eV.' This character-
lem is not just a numerical one of logarithm overflow. Due to'4€s the power of the methOd for excluding a massless neu-
the uncertainty in the energy measurement, the first neutrindgno- We  see that in the mpst favorablg casgy (
detected can end up in such a position without necessariI:% MevV, L=10 kpc) the met_hod IS successfgl in more than
implying that the corresponding distribution has vanishing 0% of the cases. The following three rows give '.[he average
probability. To account for this, for the relevant neutrinos theOVer the 40 samples of the mass square best fit and of the

energy uncertainty is converted into an uncertainty in thel>2° C.L. lower and upper limitgonly for L =10 kpc).

new time position, and the corresponding contribution to the! N€S€ last figures are just intended to give an idea of the

likelihood is evaluated by convolving(t) in Eq. (10) with a quality of the fits(they would be fully meaningful only if 40

Gaussian of the appropriated width. In Fig. 2 the results ofN could be observ_e)d L
the fitted fluxes for 40 samples with =10 kpc, E, From the results in the table it is apparent that low energy
—5MeV andm,=0eV are compared with the fimctrion neutrinos are crucial for the sensitivity of the method, and

- . . therefore a low detection threshold is very important. With
©(1) used in the MC generatcﬁthlcl_< Ime). . . E,=5 MeV the massless case is excluded in about 50% of
ResultsOur _results are summarized in F|_g. 3 and in Table he cases, while this drops to 25% wHep=10 MeV. Also,

I. Figure 3 depicts the results of the mass fits for two sets o ith the higher energy threshold the fluctuations of the re-
40 samples withE,=5MeV,L=10 kpc, m,=0 (circles  sults over the 40 runs is doublélst three rows Unfortu-
andm,=1 eV (squares The data points have been orderednately, there could be a dangerous background in the energy
with an increasing value of the best fit mass to show theange between 5 and 10 MeV, represented by photons origi-
difference between the two cases. Error bars correspond tmating from neutral current reactions 6f0 mainly pro-
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duced by the more energetic and 7 neutrinos[26]. Softer
neutrino spectra, such as the spectra predicted by the mod:
of Totani et al.[21], would have the double benefit of dras-
tically reducing this background, while at the same time rais-

ing the number o, emitted in the 5-10 MeV energy range
from about 7% of the present analysis to about 20%. In this§
case a better sensitivity to the mass could be expected. Wg
should also mention that very recently it has been suggeste
that water @renkov detectors could be modified to allow ~
tagging of the inversg8 decay neutron$27]. This would
eliminate the background from neutral current reactions anc
allow for lower thresholds.

Numerical spectrum and neutrino oscillatior&he previ- 0
ous results have been derived by relying on two main sim-
plifying approximations for the neutrinos energy spectrum:

(1) the neutrino energies have been generated assuming the . 4. Comparison between the (upper thick line and v,
“pinched” Fermi-Dirac spectrum given in Eq2) and fitted, (lower thick line fluxes used in the Monte Carlo, the resulting

as was described above, with a similar two-parameters efpx at the detection pointmiddie thick ling, and the maximum
ergy distribution;(2) no effects of the neutrino oscillations |ikelihood fits for 40 neutrino samples with a mixed composite
were included in the analysis. In order to evaluate to whatpectrum.

extent the sensitivity of the method could be affected by

these approximations, we have run a set of simulations i§a"9€" the applicability of our method and neither its overall
’ sensitivity to the neutrino mass.

which the neutrino energies were generated according to the As is discussed if28], depending on the type of the

sgapej c.)f t1h7e rX'me“Cgl speé:tra given by JanIFa an? ';'"heutrino mass hierarchyormal or invertegdand on the size
ebrandt in[17]. A time-dependent energy rescaling of the ¢ G2y " (jarge =107 or very small<10"°), neutrino
spectral shapes was introduced to reproduce properly the

time evolution of the mean energies as given[2d]. We oscillations couldi) harden theve spectrum through a com-
stress that since a two parameter Fermi-Dirac distribution fitQ!Ete §pectra_| swap withr, (!nverted hl_erarchy, Iarge91.3),
rather accurately the spectra obtained from the numericdii) mix the v, spectrum with a fraction of about g"flz
simulations, dropping our first simplification does not affect~1/4 of harder neutrinosin the other cases(The region
sensibly the numerical results. Sinf6,3~10 °~10“ would produce spectra with an interme-
Neutrino oscillations can produce a composite spectrunﬁi'ate amount of mixing.The first case can be studied with-

corresponding to an admixture of the ori in_ag spectrum out modifications in our procedure. Clearly, a different spec-
P 9 9 P trum would imply somewhat different numerical results;

with a harder component due g (x=u,7) [28]. Clearly,  however, this is analogous to the unavoidable uncertainty
the resulting spectral distortions will depend on the size ofe|ated to the choice of the particular SN model since, for

the;e—jx spectral differences. While it is often stated thatexample, the?e mean energies that have been used in the

these differences could be quite sizabl_e, and_could yield UBresent analysif20] are quite close to thEM mean energies

to a factor of two hierarchy between thg and v, average of the model of Totanet al. [21]. The second case is more
energied19-27, recent and more complete analyses of SNinteresting since, for large spectral differences, fitting a com-
neutrino spectra formatiof29] indicate that this is not the posite spectrum with just one effective spectral temperature
case: the inclusion of important interaction rates that werend one pinching parameter could degrade somewhat the
neglected in previous works yields spectral differences thagensitivity.

are only of the order of 10929]. At this level, identifying We have carried out an analysis of 40 neutrino samples
the two components of a mixed spectrum would be a difficultwith a mixed composite spectrum as would result from a

task, and could represent a_reaB:haIIenge for the study of SNormal mass hierarchy, Sif,~1/4 and large6;5. The
neutrino oscillations in theve— v, channel. However, for original v, andv, fluxes taken froni20] are depicted in Fig.

what concerns our analysis, this ensures that the results dig-ang compared with the compositg flux at the detection
cussed above are not affected much by neutrino oscillationﬁoint, as well as with our maximum likelihood fits. The rela-
To be on the safe side, we have tested the sensitivity of OUWfye normalization of the fluxes was computed assuming fla-
method to oscillation effects by running a set of simulationsyor equipartition of the integrated luminosities and the time-
using the results of Wooslest al. [20] for which, as a con-  gependent average energies given [0]. A similar
sequence of neglecting important neutrino react/@%, the  comparison between the mean energies of the two spectral
spectral differences are extremg& (~2E, ). As we will  components, the average energy of the mixed spectrum and

show, even in thigprobably unrealisticcase, we find that the average energies obtained from Fermi-Dirac distributions
the loss in sensitivity to the neutrino mass is small. We camwith fitted spectral parametefi(t) and 7(t) is depicted in
conclude that the effects of neutrino oscillations do not enfig. 5.

its

0 0.3 0.6 0.9
sec.
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FIG. 5. Comparison between the (lower thick lin® and?n FIG. 6. Fitted values of the mass and 95% C.L. error bars for a

(upper thick ling mean energies of the numerical spectra used inset of 40 neutrino samples with mixed composite spectra (
the Monte Carlo, the mean energy of the mixed composite spectrure 10 kpc, E;, =5 MeV, m,=0 (circles, m,=1.2 eV (squarey.
(middle thick ling, and the fitted values di;e(t) for 40 neutrino

tion parameteps A large number of different sets of data
samples.

have been analyzed through the very same procedure, in or-
der to collect enough information about the sensitivity of the
For the mass fits we have takdf,=5MeV and L method in a reasonable amount of time. It is clear to us that
=10 kpc. Since we are essentially interested in the loss odptimizing the overall procedure in order to analyze a spe-
sensitivity to the neutrino mass with respect to the non<ific sample(as would certainly be the case with a signal
oscillation case, we have been searching for a mass valiftom a real SN can improve the sensitivity and shrink some-
that can reproduce results similar to those of the band plot ifvhat the uncertainties omnf
Fig. 3(namely, for a signal generated with, 0 we require Besides the effects of neutrino oscillations that were
the massless case to be excluded at 95% C.L. in at least 50Btiefly analyzed in the last paragraph, a few other issues
of the rung. As is shown in Fig. 6 our requirement is full- deserve further investigation. For example, assuming that the
filled for m,=1.2 eV, to be compared witi,=1.0 eV for SK signal could be combined with negligible uncertainty on
the non-oscillation case. We conclude that even in the unréhe absolute timing with the signal detected at KamLAND,
alistic case of extremely large spectral differences betwee1® much better energy resolution and the lower threshold of
the components of a mixed spectrum, fitting the data with 4his last detector could enhance the sensitivity to the neutrino
single two parameter Fermi-Dirac distribution does not de/nass. It also remains to see what sensitivity could be
grade much the numerical results for the mass estimatéchieved Wlth a statistics one order of mggnltude larger, as
Given that the most recent results suggest thabfhend v, WOI.IJ|d bz avallaglz(\)/vng the megaton neutrino detectors pres-
spectra are in fact not very differef29], the use of more ently under study30-32.
complicated bimodal energy distributions to improve the We acknowledge conversations with H.-T. Janka, G.
mass fits is probably not justified. Raffelt and in particular with A. Yu. Smirnov. J.I.Z. acknowl-
Before concluding, a few remarks are in order. In thisedges hospitality from the Abdus Salam ICTP in Trieste
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