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SN1987A and the properties of the neutrino burst
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We reanalyze the neutrino events from SN1987A in IMB and Kamiokan@e€H) detectors, and compare
them with the expectations from simple theoretical models of the neutrino emission. In both detectors the
angular distributions are peaked in the forward direction, and the average cosines are 2 sigma above the
expected values. Furthermore, the average energy in Kll is low if compared with the expectations; but, as we
show, the assumption that a féprobably ong events at Kll have been caused by elastic scattering is not in
contrast with the “standard” picture of the collapse and yields more satisfactory distributions in angle and
(marginally in energy. The observations give useful information on the astrophysical parameters of the col-
lapse. We find that the mean energy of electron antineutrin¢g)is- 12—15 MeV, the total energy radiated
around (2-5X 10 erg, and there is a hint for a relatively large radiation of nonelectronic neutrino species.
These properties of the neutrino burst are not in disagreement with those suggested by the current theoretical
paradigm, but the data leave wide space to nonstandard pictures, especially when neutrino oscillations are

included.
DOI: 10.1103/PhysRevD.70.043006 PACS nuni®er97.60.Bw, 14.60.Pq, 95.55.Vj, 95.85.Ry
I. MOTIVATIONS AND CONTEXT More in general, we believe that these data raise several

important questions that deserve attention, for instance: How

The detection of neutrinos from SN1987A marked the bedikely is it that the anomalies in the distributions are due to
ginning of (extrggalactic neutrino astrononjyL—6] (see also fluctuations, and in particular, how significant is the hint for
[7-9] for comprehensive reviews of SN1987A observatjons some feature in the angular distributions? What can we learn
The observations of Kamiokande have been mentioned an@nd what we can exclugl®en the nature and the properties
recognized in the 2002 Nobel prize for Physics. Howeverpf the stellar collapse from these observations?
when one studies the data, one meets a number of surprising, A humber of recent facts, beside the general consider-
unexpected or even puzzling features. Let us recall which arations exposed above, testify the interest in having a fresh
the main ones. look at the SN1987A datafa) several experimental evi-

(1) The angular distributions of the events seen atdences (in particular [13-15) strongly suggest that
Kamiokande-II (KIl) and at Irvine-Michigan-Brookhaven SN1987A neutrinos oscillated in flava(t) the expectations
(IMB) are more forward-directed than expected, for instanceof the emitted neutrino radiation has been recently reconsid-
the average cosines of the polar angles @es¢<")~0.3  ered[16], suggesting a new paradigm for the distribution of
and(cos#MB)~0.5. neutrinos and antineutrinogg) there have been improve-

(2) Also, the energy distribution of these two detectorsments in the description of the cross section of
seems not to be perfectly in agreement. In particd@f;.
is half of (EM?) (about 30 MeV, that is, a very marked  vsp—e*n, IBD reaction(from “inverse beta decayy
difference even taking into account the different perfor- 2
mances of the detectors.

(3) Even the time distribution of the events in the two in the energy range relevant for supernova neutrjd@sl§.
detectors looks to be different. However, when data are comMoreover, it is correct to recall that we do not understand yet
bined the distribution in time does not contradict the currenthe theory of core collapse supernovae, and therefore one
picture of a “delayed explosion” according to Lamb and could argue that we miss the most important ingredient for a
Loredo analysi$10]. proper interpretation. However, a reasonable working hy-

(4) The Mont Blanc eventf6] occurred 4.5 hours before pothesis is to describe the emitted neutrino radiation by a
the other ones. This led some Authors to consider two-stagmodel with few parameters, suggested by the “delayed ex-
scenarios for the collapgél,12. plosion” scenario proposed ifl9], see[20] for a recent

In this work, we will focus on the discussion of the first report. This is the point of view we will adopt in a large part
issue and will stress the connections with the second on@f the present investigation.

We will describe and motivate in the rest of this section
what we assumébased on expectations and observati@ss

*Email address: Marialaura.Costantini@aquila.infn.it a reference neutrino flux. We will discuss a standévdt
TEmail address: Aldo.lanni@Ings.infn.it updated comparison of observations and expectations in
*Email address: Francesco.Vissani@Ings.infn.it Sec. Il, based on IBD hypothesdisee below, that will per-
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mit to further define the parameters of the model of neutrino The crucial parameters needed to describe the neutrino
emission. In Sec. Ill, we will use this model to analyze thesignal are the antineutrino average energy,
angular features of the spectra, state the situation quantita-

tively, and consider a few alternatives to improve the agree- Eo=(Ee)=12-18 MeV (expected 3

ment with the data. We summarize the results obtained in the _ ) ) ) )

last section. and the total energy irradiated in antineutrinos
E=(2-10Xx10°? erg (expected (4

A. Neutrino flux

A simple model of the fluxegl6] of supernova neutrinos Both of them have considerable uncertainties, especially the
attributes the following spectravith three different average second one. For this reason, the uncertainty in the distance of
energiesE,) to any species,, vg or v,—x being any among the supernova is usually considered unimportant; here, we
muon and tauantineutrinos: will assumeD =52 kpc, and discuss this point later.

B. Impact of neutrino oscillations

E N
®(E)=—— —z%e "7, z=E/E,, (2 . .
47D Ep Motivated by the solar and atmospheric results, we as-
- sume that the three neutrineg, v, and», have mass and
wherei=e,e,x andN=(a+1)*"/I'(a+1). The total flu-  mix among them. Following simple minded theoretical ex-
ence at the detector fE®;(E)dE=&/47D?, thusé; isthe  pectations, we will further assume in most of this paper that
amount of irradiated energy in the neutrino specigbe flux  the heaviest state is separated hynZ,~2.5x 102 eV?
is supposed to be emitted isotropicallgnd D the SN-  fom the other two, whose splitting isAm§1~7
detector distance. Numerical calculations find that the time, 15-5 e\2. The known mixing angles aré,s~45°, 6;,
integrated fluxd, usually called “fluence,” is rather well ~34°, while 6,5 is unknown but presumably it is not very
described by this ansatz; in particular, the deviations from 4 (we take ~6° when needed, but its impact on the
thermal shape are not large, and can be described as we gQgij|ations is usually of minor importancewith these pa-
here by settingr=3 for all neutrino speciesa=2 amounts 5 meters, the emitted fluxes from SN1987A, described in

to a Maxwell-Boltzmann distribution Finally, the meaning  gec | A, should be modified to account for the MSW effect
of E, is just the average energy of the species consideved jp, the staf21—25 (among first papers on the topic, we recall

will take Eq=(Eg) in the following). [26-30):
The total energy emitted in neutrinos can be estimated by
simple considerations. In fact, the total gravitational energy D= Poe®t (1—Peo Py,
irradiated isEB~SGNM§S/5RnS, and using for the neutron
star a mass ofM,s=(1-2)My and a radius ofR D= Pea®et+(1- P, (5)

=20 km Mg /M, o3 we get&g~(1-5)x10°%erg. The

amount of energy that goes in the specific flavors is uncerwhere the two probabilities of survival arBg=cos;,
tain. Since&, is not very important for the observed signal ~0.7 andP,.=sirf6;3~0. (We will discuss other possibili-
(see below, we will always sett,= &g, unless stated other- ties, as a very small 3, or an “inverted” mass hierarchy, in
wise. Instead, we will distinguish three cases for the emittedsec. Ill D) The MSW effect of the Earth modifieB; by a
energyé&, (assumed to be equal for,, v, v, and v, so minor amount31].

that Eg=E&.+ £+ 4&,) that, as we will see, plays a more  Two remarks are in order(l) It is difficult to conceive
important role: that oscillations did not occur; for instance, the MSW effect
L e related to solarAm? happened unless there was a drastic
(1) &=&: This is the so-called “equipartition,” often . ification of the mantle of the star for densities around 10

adopted in theoretical analyses. . . —
(2) £,=E&J2: This is the case when a large part of the radia—gr/cc’ Wh;Ch Seems unlikely2) The effects forve fare O.f
tion goes in electron neutrinos, about 30%, while those for, can be much larger; for in-

B T S . stance, in the framework described above, the obseryed
©) i(:niii :r'rggﬂyh::umfogase most of the radiation goes flux corresponds almost exclusively to emitteg or v, .

. . i This is the reason whg, has an important role for the signal
The average energies are important parametéty. is §e P g

) . seen in terrestrial detectors.
greater thaEg), but the amount of hierarchy found in mod-
ern calculations is not very large. A typical ratio is in the
range 1-1.2. In the following, we will assunienless stated

otherwis¢ (E,)=1.1E,). The average energy of the elec- | the model previously described and with the expected
tron neutrinos(E,) instead is not of crucial importance for yajyes of the parameters, it is a fact that most of the events
the observed signal. It can be evaluated by prescribing @ypected at Kll, IMB and Baksan are due to the inverse beta
condition on the emitted lepton numbekL.=N(ve)  decay process. This is the reason why several analyses
—N(ve) where N(vo)=E&/(E.) and similarly for the an- adopted the simplifying hypothesis that events come from
tineutrinos; we will assume that the electrons contained inBD (see e.g[32]). We begin by repeating such a more-or-
one solar mass of iron are converted in neutrinos. less standard analysis, with three specific aifisstressing

Il. THE IBD HYPOTHESIS
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FIG. 1. Comparison of observatiofigorizontal strips and ex-  |n the IBD hypothesisE, ;s is the energy released by the
pectations calculated in the IBD hypothesis. The left panels ShOVbositron. While IMB points to a range of values nicely con-
the average visible energy, the right ones the number of events. Thgstent with expectations, compare with Eg), the data of
upper panels are for K, the lower ones for IMB. For any panel, wey || and Baksan point to somewhat lower values. Note that
show 4 expectations curves. The continuges) ones correspond e giscard from the analysis the sixth event of KII, since it
toa \{arlatlon of the theoretlial parametgr (=energy radiated in has Ny,;;=16, below the thresholdN, ;=20 of software
Vy,7) in the range (2-6X 10°2 erg. The dashed onegreer cor- analysis[4]. Indeed, it should be remarked that the lower
respond to a variation of the theoretical parameEs) (=average  gnergy events at Kll are those for which pollution from back-
inérgy of the emitted, , v/, v, andvy) in the range (1-1.2) o4 nq is more likely: in particular, in the window of 12 sec

o in which the supernova neutrinos have been detected, we

) ) ) estimate an average of about 2 background evightsThe
observables with a clear physical meanifgther than at-  sjtuation at Baksan is a bit different, since also high energy
tempting a global analysis of the dgt&2) discussing how  eyents could be contaminated by the backgroir@l; how-
the data of the three experiments fit in the theoretical picturegyer, the lowest energy event has 1204 MeV that is not
(3) getting more specific values of the parameters of neutringgy from the threshold of 10 MeV5]. Instead, due to the
emission. The calculations of the expectations are quitﬁigh threshold for data taking, IMB can be considered as
simple. In a detector wittN, protons and with detection packground free. From Figs. 1 and 2, one sees that the im-
efficiency e(E) (function of the positron energyone inte-  pact of a variation of E,) and&, on the expectation for the
grates the differential event rate average visible energy is not large.

(b) Number of eventsThe observable®®"=11, N'MB
Nipg doipg =8 andNBaksa= 5 have large Poisson errors, but permit to
JEJE Npe(E) D EV)d_E(EV E) (6) estimate the energy emitted from the supern@viaereas the
v previous observable is not useful for this purpoda the
plots on the right of Figs. 1 and 2, the energy emitted in any
over the allowed range, obtaining the value of the observablepecies of neutrino is chosen by default to be 14°2 erg.
of interest—e.g., the visible energy inefenkov detectors The agreement with the expectations is good for Kl and
E,is=E, while in scintillators, there is an additional contri- IMB. The expected number of events at Baksan is [88]
bution of 2m,~1 MeV from positron annihilatiofinote that  up to the point that the agreement is poor even ascribing one
the fluenced in Eq. (6) should be thought as differential in of the 5 events to the background. To explhiff*awithout
the transversal surfa@ndin E,]. In Figs. 1 and 2, we show resorting to fluctuations, we would need to assume a very
the value of two simple but important observables: the meatarge valueSo~1x 10°° erg, but in this way we would lose
energy and the number of events. In these figures, the effetihe agreement with IMB and Kamiokande Il completely. The
of varying(Eg), (E,) and&, in certain ranges are illustrated. impact of a variation of, is not fully negligible for all data
For IMB, we reduced the expected number of events by 13%ets, but this is easy to understand and to keep in account:
to take into account the dead-time occurred during the detedndeed, the signal scales roughly as&#0.3,, thus a
tion of the burs{2]. Let us comment on the results in some variation in&, can be well “simulated” by a variation of the
detail. total emitted energy.
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(c) Summary Using these results as a guide, we further TABLE I. Approximate coefficients of the angular distributions

specify the parameters of the model and assume for IBD using Eq.(8).
Eo=(Ea)=14 MeV, &=4x102erg.  (8) & i %2
Kl 0.499 0.030 0.003
These values should be thought of as compromises betwedMB 0.495 0.104 0.014
contrasting needs. In fact, various indications pull in differ-IMB with bias 0.492 0.154 0.024

ent directions{i) Kll and Baksan energy spectra would pre-
fer lower values ofgy; IMB instead would prefer slightly ) ]
larger values. The observed visible enefgyeraged over all  obtained fron 18] we find that both central values are apove
experiments is 8% below the value expect from E¢g).  the exp_ected_ones: Z3for IMB and 1.7 for KIl. This
When we take into account the expectations, B, we  conclusion is in agreement wifti7]. In this study, we adopt
would prefer larger values &,. (i) The values in Eq8) fit ~ the model defined in the previous section with the parameters
well IMB and Kl data set. The total number of expected Of EQ.(8). We checked that a variation of these parameters is
events is 19.1, and to better account for the unexpectedi§ot crucial for the conclusions, whil§, is of greater impor-
large number of events seen at Baksan we should inct&ase tance. It is simple to explain the reason: The only type of
by about 20%.(iii) In order to reproduce the number of €vents that is strongly forv_var@nd thus is able to affect the
events of IMB and Kl at central values, we would needangular shape of the distributipare those from

Eo~ 18 MeV and&;=3X 10° erg (but these values contra-
dict the average energies dramaticallyv) The angular dis-
tributions discussed below would suggest to haveEgras .=
high as possible. I=€eex (10

These considerations show that there is a certain degree @f,iq reaction receives contributions from all neutrino types,
tension between the various pieces of data and also with the, 4, gives the largest one. But due to oscillations, 5
e . [} r

expectations. Anyhow, assuming that the IBD hypothesis ig,q observed, flux is originally due tow,; this implies the

correct, the models with values in the rangé% | ooyance ofe,, namely, the energy emitted in, ,. The

— - 2 H
= (12-15) MeV andtz= (3—6)x 10° erg do not contradict |, pothesis that one or more forward peaked elastic scattering
the data, and these ranges are certainly within the theoretlcg ents could be present in the data samples of IMB and KII

uncertainties. The specific values of &8), however, are not < peen already considered in the past, sed 234 —38.
critical for the subsequent analysis. _ In this analysis, however, we update the angular distributions
Let us conclude stressing a point that will be touchedi; |5 events and the model for neutrino emission, com-

again in the following: Within the “standard” model of the 50 gifferent statistical inferences and include oscillations

collapse a}nq with the parameters of 5{&), the observed with recently measured parameters.

average visible energy at Kil looks a bit small. (b) Instrumental effectsA point to take into account is
that the angular distributionGnd in particular the one of

I1l. WHAT IS THE MEANING OF THE FORWARD ES are modified in an important manner by instrumental
EVENTS? effects. This is due to multiple scattering and limited angular

resolution of the detectors, and it is called “smearing” of the

In this section we study the angular distribution of the gngylar distributions. In order to account for this, we use the
events from SN1987A. Thus, we select the events from th?ollowing distribution[39]:

two water &renkov detectors operative at that time, and use
the data from{2] for IMB, and those fron{4] for KlI. The per(COS0)d cOSf=Ne~ 03120 gin 0.d 6 (11)
data of Baksan do not carry angular information and, there- s s s s
fore, are not taken into account in the following. Both angu-whered is the angle of smearing ang is a measure of the
lar distributions in Kll and IMB are rather forward-directed. effect; N in Eq. (12) is just a normalization factor. For KiIl,
To stat“e this more precisely, WeMcéaIcuIate the average angleghere the smearing is slightly more important, we chasse
(cos#")=0.29+0.27 and(cos#""?) =0.48+0.34. Here we i, gych a way that the mean anghefrom Eq. (1) corre-
have usgd a weighted average and the corresponding Staébonds to the mean erréd determined from the dati].
dard deviation errors. For the whole set of data we haw#~ 25°, while consider-
(a) Beyond the IBD hypothesig/e can compare the data ing only data with§<30° we find 56~ 18°. As a conse-
with the expectations from the IBD hypothesis. Using pa—quence we decide to study the two cases, wihgn15° and

rametrized angular distributions os=20°, for which #~18° and~25°, respectively. Based
on similar considerationg2] we setos=16° in IMB. Using
Eqg. (11) and p.s, €.9., from[42] we can determine the re-
constructed angular distribution as follows:

vie—v;e, ESreactior(from “elastic scattering),

dN/dz=ay+a,z+a,z?,
where
z=cos# and a; asin Table | 9) p;esc(n-m):f d*ppsr(m- Plpesn- ), (12
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Reconstructed angular distribution for ES of having 1 ES event in IMB.
20 — To study the possibility to have a small contribution of
— 9Q° (r —90° elastic scatteringES) events in IMB and later in Kl we
B> eonstrtes = 29° (0,=20°) | have exploited the maximum likelihooL) method[41].
LB econstructed = 22° (0,=15°) In this framework the likelihood function is written:

15 | -1
n
L
Nops

wheren/n, s is the parameter which measures the fraction of
ES eventsn,,s being the total number of experimentally
observed events for the SN. The angular distribution
p(cosé ;nin,,) can be written as p(cosé;n/ng,d
= (N/Nopg Paa (COSH) +(L—n/Ngpd pina(COSH), Where pliy’ and
Pibg are the angular distributions for ES and IBD, respec-
tively. It turns out that in IMB the best-fit is found for
n/ny,s=0. The effect of the smearing is not particularly im-
portant in IMB. In order to determine an upper limit on the
likelihood parameter we have built a posterior probability
cos? distribution function(p.d.f) by normalizing the likelihood
o ) _ function and considering a uniform prior p.d.f. which is
FIG._3. Reconstructed angular distribution for elastic scatterlngequa| to one fon/n,,=0, zero elsewhere. It turns out that
events in KIl. N/Nyp<<0.12 at 68.3% C.L., namely the IMB angular distri-

) bution admits one ES event at most.
wheren, m andp are unitary vectors for the SN, the recon-

structed and the emitted direction respectivalyi= cosé,
M- p=cosby, N-P=C0OSHCOSH,+Sin #Sin 6.CoSds, and d?p
=d cosfd¢d4 is an element of solid angle from which the ~ As stated above we consideg,s=11 out of 12 candidate
signal receives a contribution. The reconstructed distribuevents[4] and assume the event number 6 due to back-
tions we obtain for KlI are plotted in Fig. 3. Since the angu-ground. In Fig. 3 we show the reconstructed angular distri-
lar distributionp,s of ES is rather narrowespecially when butions for the casess=15° andos=20°. The smearing
taking into account detector efficienciethe reconstructed effect in Kil plays an important rolgwithout smearing,
angular distribution of ES is mostly dictated by instrumental{#)=10°). Using the ML from Eq(13) we have computed
effects. the likelihood ratioL (n/Ngypg) /L mayx With n=0,1,2,3 to quan-
tify the probability to have zero, one or more ES events on
o the basis of the angular distribution. In Fig. 5 we show the
A. Angular distribution of IMB normalized ML function againstn/ng,s. Minimizing
The normalized positron angular distribution for inverse —InL(n/ny,d the best-fit is found for n/ny,s=0.35
beta decay is usually taken in the simple approximationt0.20(10) for os=20° andn/nyps= 0.231'8;%(10) for oy
dN/d cos#=0.5+a cosé; in particular, in the IMB reporf2]  =15°. So, the ML test suggests that a few ES events are
itis assume@~0.07. In the same paper it is pointed out thatpresent in the Kl data set.
to account for the experimental polar-angle efficiency, one As for IMB we have exploited the SCVM tegsee Fig.
can introduce a 10% angular bias. This is equivalent to re4). Moreover, we have worked out the probability to have
placedN/d cos6—(1+0.1 cosf)dN/d cosh. We use the im- n=0,1,2,3 ES scattering events using the expectations based
proved cross section for IBD fromil8] to determine the on the SN model described above. For this latter case we
parameters; (i=0,1,2) in Table I, that enter in the angular have written the probability to hawveES events out of a total
distribution of Eq.(9). We notice thag;’s in Table | do not  of ny,s=11 as the product of two Poisson distributions, that

f(cos®)

Nobs n
=11 p|cost;; —
=1 Nops

) : (13

10 |

B. Angular distribution of Kl

depend significantly on the assumed mean en&xgy is equal to
We have used Ed9) to test the hypothesis the data from .
IMB come from IBD events, employing the Smirnov— L
. o : = X
Cramer—\Von Mise$SCVM) statisticg[40]. As shown in the P(n) Nops Nexp < Bp(M:Nobs), (14

left panel of Fig. 4 the goodness of fig.o.f) for this hy-

pothesis is equal to 6.4%. The improved IBD angular distri-where the first factor is a Poisson distribution with a mean
bution changes the previous resdlt5%[2]) by only a small  valueneyp=nest Nipg and the second one a binomial distri-
amount due to the poor statistics. However, the importanceution with a trial probabilityp=nes/ney,~0.03; for in-

of using the improved angular distribution is evident whenstance, for the equipartition scenario we found 11.9 IBD
we compare the old significance without angular bias withevents and 0.39 ES event$ncidentally, one should notice
the new one, since 1.592] increases to 4.2%. In the same that the calculation of the ES number of eventyasy sen-
figure we show the cumulative distribution in the hypothesissitive to the experimental efficiency at the lowest measurable
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Scattering angle for SN 1987A in IMB
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energies In Table || we summarize our results. Similar cal- that fall under the ES bellof Fig. 3), while the SCVM is

culations were made for IMB. “global” in the sense that it tries to minimize the maximal
distance between the theoretical curve and the observed one.
C. Summary for the “standard” scenario and remarks For IMB the SVCM test suggests more elastic scattering

It is instructive to compare here the outcomes of the twdeVents than the ML test dogthe reason can be understood
statistical tests we used: the Smirnov—Cramer—Von Mise§om the right-most part of Fig. 4a: the most forward event
(SCVM) and the maximum likelihoodML). The compari- has polar angle 33£15°, thus its central value is not for-
son with the data follows completely different strategies: theward enough to suggest an ES eyemstead, for Kll the
ML method is “local” in the sense that it profits of events two tests give very similar indications.
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Normalized Likelihood function in Kil TABLE Ill. Relative percentage probabilities to have a given
number of ES events in Kll data set, estimated from observed an-
gular distribution and theoretical expectation on the fluxes, for 3
.......... 0=20° hypotheses og, .

L(n/News)

n=0 n=1 n=2 n=3

&2 52.3% 37.5% 9.2% 1.0%
Ee 40.0% 42.3% 15.3% 2.5%
28 29.0% 43.6% 22.3% 5.1%

o o o

E.=20 MeV for the three scenarios of SN considered. As
. shown in Fig. 6 this probability is about 16%. So, it seems
not unlikely [43] from this point of view to have measured
ES events with energies above 20 MeV.

(2) The presence of one or more ES events in Kll dataset
goes in the right direction to explain the disagreement be-
. . ~ ) tween IMB and KIl average energies. However the effect is
2 0.4 0.6 0.8 1 admittedly small, since for instance 1 ES event that produces

N/ Noss 20 MeV of observable energy originates from a neutrino with
larger energy, but just of 5 MeV on average. If the number of

FIG. 5. Normalized likelihood function versus the fraction of ES events in Kl is larger, this could become more important.
expected ES events in KIl. For the smearing of the angular distri-
bution we show the cases=20° ando=15°. D. Speculations

o ____________________"_‘:.,:_________

A distinguished astrophysical possibility is that there are
main departures from a “standard” collapse, and a large part
of the emitted energy is not seen by IBD. Let us assume as
an extreme case that the electron neutrinos have an average
energy of 40 MeV and carry an energy of X.50°° erg[44].

mation from the SN model and that from the SCVM analysis
in Table 1l, multiplying the probabilities and normalizing the
resulting distribution to one. The results for Kll are shown in
Table IIl, and the combined probabilities are given for the
casec =20° (the caser=15° gives about the same result o <50 ation reveals that the increase is not much larger:
In particular, from Table Ill we see that one ES in Kll can be | "\~ /e expectNy;, =0.59 rather tharNg;, =0.39. The

' r . r . .
e e oy fason s sy hl oscilatons ransior th i v,
AN L prob y ; and v,, and the interaction cross section of these neutrinos is
is indeed not negligible. Repeating the exercise for IMB, we

. N . > smaller.
find that at “equipartition” .= ¢&,) the combined probabil- P . .
ity to have zero(one events is 80%19.9%. Another possibility is to study which adjustment of the

Some remarks are in order “standard” scenario goes in the right direction. In particular,
(1) The data of Kll show that the most directional eventsOne can suggest that thg are more energetic than what we

have energies above 20 MeV. Taking this experimental fa ssumed. This does not help for the number of events, but

into account, we checked the probability to have events Wit%ﬁ:gﬁ 5 tﬁg tn(?] oes)f[pelilgrg:i gaocrtl eﬂ;at the directional events are

The uncertainties in oscillations provide us with another
_ TABLE Il. Expected probabilities that zero, one or more eventsdegree of freedom. It seems to us very difficult to avoid the
in Kl ar:e ?_”e tl(') Es'hfo'”szhw (upper pama_”d‘ffsz Zoh('owe(; | occurrence of MSW oscillations completely, but 4f5 is
p?:;). The first [ine shows the. priori expectation from the model oy smajl, we could gePee=0.3. The resuliPe.=sirt6;,
of Eq. (8), while the second and the third line use the information _ y' 5 < 1mes that the mantle of the star at densities of about
from the observed angular distribution. 10 gr/cc was not essentially modified by the precollapse
events. The opposite case seems unlikely, but one could get
Poo=1—sirf26,,/2~0.6. However, this does not help to in-

n=0 n=1 n=2 n=3

from SN model 50.5% 38.9% 9.7%  0.9% creaseNy; with the “standard” scenario, and it is of limited
g.o.f. from SCVM 8.6% 26.7% 58.5% 81.4% use to invoke nonstandard scenarios with energetis,
likelihood ratioL(n)/L.x  0.35 0.73 0.97 0.98 since in this case the reaction with oxygen are also called
from SN model 52.3% 375% 9.2% 1.0% into play, see[45] and [46]. Another case arises i3 is
g.o.f. from SCVM 8.6% 24.9% 53.8% 87.6% 'large” when the neutrino mass spectrum is inverted, rather

likelihood ratioL(n)/Lyma,  0.14 0.39 0.69 0.92 than “normal” as considered previously in the text. In fact,
in this hypothesis the IBD events are due to the flux and

043006-7



COSTANTINI, IANNI, AND VISSANI PHYSICAL REVIEW D 70, 043006 (2004

Distribution of elastic scattering events in Kil
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FIG. 6. Expected energy distribution of scat-

i ] tering events in Kill, for€,=(0.5,1,2)X & Also
shown is the probability to have one event with
energy larger than 20 MeV.
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0.02 - =
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the flux of v, (important for ES evenjsis 0.3D,+0.7D, . Let us summarize the obtained improvement and the re-

Thus, we are interested to consider the possibility of a largaidual uncertainties in the description of SN sigrid). The
&e to increase the number of ES events, or the possibility thalBD cross section we use is accurate at about 1%; the tradi-
E> &y, since in this way we reduce the number of IBD tionally used one just at about 10—20@h8]. As demon-
events more than the ES events. strated in Sec. Il A, the new cross section gives a more
A more drastic attitude is to abandon completely thesatisfactory description of the angular distribution of the
“standard” idea of the collapse. A specific suggestion madevB data, even in absence of an angular bias, or of a con-
in [38] is that a large amount of neutrino radiation comesiamination due to elastic scattering ever@®. The occur-
from 7" — " v, decay. The largest contribution to scatter- rence of three neutrino oscillatiorias defined in Sec. 1B
ing events comes from the electron neutrinos, that, due tﬂnplies that the observed electron neutringsare practi-

oscillations originate exactly from,, (in fact, due to the ., purelyv,, or v, at the production, whereas the observed
loop-induced difference of potential betweemand w neutri- ~ flux is composed by 70% of the ori ingla flux. and b
nosv,— v, and av, happens to be produced with probabil- "¢ P y 9 ' y

ity P, ..=0.7). Thew, are monochromatic with energy 3Q% of t_he _origir_1alvﬂ or v, fluxes. The inclusion of neu-
29.8 MeV. If the energy injected in,, is 5x 10° erg we get trino os_C|IIat|ons is crucial in orde_:r _to account _fo_r the elastic
about 1 ES event in IMB and 3 ES events in Kilith a few ~ Scattering events properly, and it is not neg_llglble for IBD
additional oxygen eventsApart from the obvious objection events. It should be str_es;ed .that the previous papers that
that we need to produce F(!) pions, we are left with the analyzed the angular dlstrlbutlor)s c_arefu[IX/,34—38 did
problem to explain the main part of the sigrgat in the not_lnc_lude th_e effect of the oscillations. The relevan_ce of
standard interpretation is attributed to IBD oscllllatlons ywlll be better assessed after new terrestrial ex-
In summary, we see that there are several interesting pof€riments aiming to measuké,; and to determine the neu-
sibilities and the fact that we do not have a definitive theorytfino mass hierarchy(3) But certainly, the astrophysics un--
of the collapse motivates their consideration, even thougi§ertainties are by far the most important ones. This point is
our cursory investigation seems to suggest that it is not sgarticularly annoying in absence of a theory on SN explo-
easy to produce radical modifications of the “standard” para-Sion, and even “reasonable”.e.stlmat|ons as those used here
digm. should be regarded as provisional at present. In the recent
past, an unclear experimental situation has warranted a wide
discussion on the impact of neutrino oscillations on super-
nova neutrinos, rather than on astrophysics. We recall that
We reanalyzed the neutrino signal of SN1987A and inthe new neutrino flux described in Sec. | A has contributed to
particular the angular distribution in IMB and KIl detectors “solve” certain problems of interpretation related to oscilla-
in the light of new facts: namely, improved IBD cross sec-tions, seg48], but has also contributed to refocus the dis-
tion, neutrino oscillations and a new energy partition be-cussion. We believe that in the future, the discussion of
tween neutrino flavors from the S{dee Sec.)l SN1987A neutrinogand presumably, of supernova neutri-

IV. SUMMARY AND DISCUSSION
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nos will gradually shift toward the astrophysical aspects. neutrinos as iff47] half of the neutrinos become invisible
The main outcomes of our analysgSec. Il) can be sum- and&g should be doubled. Unfortunately, the calculations of
marized as follows. The hypothesis that most of the event§z do not seem to be precise enough to disfavor significantly
were due to inverse beta decay is not in disagreement witthis prediction.
the observations, although the presence of one or more di- From the hint for elastic scattering ev&)twe have some
rectional events is suggested by the shape of the angul@reference toward a comparably larger valu€,of & This
distributions of IMB and Kl experiments. is compatible with current expectations, but it is unclear
Even combining the information on the angular distribu-whether a large amount of,, radiation(that does not pro-
tion with the a priori expectation for the number of events duce “neutrino heating” for the delayed scenarican be
within a “standard” picture of neutrino emission, an interest- easily reconciled with the occurrence of the explosion, espe-
ing hint that KIl dataset includes some elastic scattering:ially if this happens during the accretion phase.
events does remaiespecially if&, is relatively large; see Finally, it should be noted that there are hirfsge[49]
Sec. Il C and in particular Tables Il and Il and[50]) from astronomy that the distance of the Large Ma-
It is conceivable that one can improve the agreement begellanic Cloud traditionally used is overestimated. If the new
tween the angular distribution and the expedtdal) num-  value of D =40 kpc is adopted, the energy emitted in neutri-
ber of elastic scattering events by considering non-standamdos that we estimated has to be reduced by a factor of
scenarios for the collapse. In the cases we considered in Sg@0/52), namely£~1.5x 10°3 erg. Having little energy at
[l D the obtained improvements are interesting, but not dra-our disposal is unlikely to help the occurrence of the super-
matic. nova. This leads us to believe that the old determination of
Let us finally discuss in detail the indications we obtainedthe distance is the correct orfas a matter of fact, more
on the astrophysical parameters of the collapse, assumingracent workg§51,52 argue from astronomical considerations
“standard” picture of neutrino emission from here @8ecs. that this is the cage
Il and II1). In conclusion, the “standard” picture of neutrino emission
We estimated from the data that the average energ_gé of and oscillations is not contradicted by SN1987A, and even
is aboutEo=<E:e>~14 MeV. This is corroborated in par- more, the observed properties of the collapse seem to meet

ticular by the average energy of IMB events and by the fachpectations. We believe that there is wide space for devia-

that KIl sees more events than IMB. Other pieces of datdions from this picture, not only in consideration of the lim-
give contrasting hints. In the “standard” picture, we interpret ited statistics but also due to certain features of the observed

these features as due to fluctuations, possibly with the corpignals. From the discussidand also in view of other con-

tribution of one or more directional events in the data sets. Alderationg53)), it is evident that there is a great interest in
reasonable range E,=12—15 MeV, which agrees but is in obtaining larger samples of elastic scattering events and also

the low side of the theoretical expectations, E3). As for ~ Of events due tar from the next galactic supernova.
the theoretical impact of this result, we note that a low aver-

age energy suggests an effective thermalization of the emit- ACKNOWLEDGMENTS
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