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The analysis of the energies and times of arrival of neutrino events in the Kamioka and Irvine-
Michigan-Brookhaven detectors yields two mass groupings at ~22 eV and the other at ~4 eV, if all
neutrinos were released rapidly at the supernova. A preliminary assignment of flavors to the neutri-
nos producing these events is attempted; this is beset with problems unless there is mixing and v, are
emitted more copiously than v,. Large statistical and systematic uncertainties necessitate caution in

assessing this interpretation.

The Kamioka and Irvine-Michigan-Brookhaven (IMB)
detectors recorded 12 and 8 events, respectively,!? asso-
ciated with the supernova SN1987A which occurred in
the Large Magellanic Cloud (LMC) on February 23,
1987. It is natural to interpret the events seen in the
detectors as due to neutrinos of various flavors generated
copiously in the explosion. The observed spread in the
arrival times could either be due to the spread in the
emission times at the supernova or due to nonzero neutri-
no masses or both. This note discusses the implications
of the latter interpretation for neutrino masses and mix-
ing, assuming very rapid emission at the source. The ar-
rival times with respect to the first event and the ob-
served energies of the events are listed in Table 1. The
distance to the LMC is ~50 kpc and the time of flight is
t,=~5% 10'2s. The delay in arrival ¢ of a neutrino of finite
mass m is a function of its energy E,. The mass implied
by the observed times of occurrence of the event can thus
be calculated using the formula that in the relativistic
limit is
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Noting that the neutrino energy is approximately equal
to the observed electron energy, the values of m thus ob-
tained are also listed in Table I. One notes immediately
two grouping in the masses: The Kamioka events that
occurred before 0.7 s have a spread in neutrino masses in
the range 2.8-5.8 eV and those that occurred after 1.5 s
have masses tightly clustered around 20 eV; the IMB
events cluster around ~25 eV. Having noted the ex-
istence of these mass groupings, we assign initial times
t;n=0.1 s for the Kamioka events and ¢;,=0.025 s for
the IMB events. They are chosen such that when ¢ in Eq.
(1) is replaced by ¢ +¢;, the dispersion in the masses m is
minimized. This procedure affects mainly the mass
groupings around 4 eV and leaves the groupings at ~20
eV essentially unchanged. The results are displayed in
Fig. 1. In the same figure we also show the threshold en-
ergies E; for the two detectors. The most probable
masses corresponding to the two groups are m ;=4 eV
and m,=22 eV with mean values m,=4%1 eV and
m,=24+7 eV. When propagated back to the source
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with these separate masses for the two groups we find
that they could have been emitted within a period of
about a second. On the other hand, when a single mass is
used to propagate then the time spread of one group
would expand and the other contract and a judicious
choice should be made to minimize the spread.’

The threshold energies shown in Fig. 1 allow us to un-
derstand the time structure of the events: Initially the
lighter of the neutrinos arrive and by ¢ ~0.1 s all the neu-
trinos above the IMB threshold of 20 MeV have already
gone past and are thus not seen by it. They continue to
be seen by the Kamioka detector with the lower thresh-

TABLE I. The times of arrival, energies, and estimated
masses shown for the Kamioka and IMB events.

Time Energy Mass
No. (s) (MeV) (eV)
Kamioka
1 0 20+2.9
2 0.107 13.8+3.2 2.9+0.7
3 0.303 7.5+£2.0 2.6+0.7
4 0.324 9.5+2.7 2.4+1.0
5 0.507 12.8+2.9 5.8+1.3
6 0.686 6.3+1.7 3.31+0.9
7 1.54 35.4+8 27.8+6.3
8 1.73 21.0+4.2 17.5+4.5
9 1.92 19.8+3.2 17.4%2.8
10 9.22 8.6+2.7 16.5+5.2
11 10.43 13.0+2.6 26.6+5.3
12 12.44 8.9+1.9 19.8+4.2
IMB
1 0 38+25 %
2 0.42 37125 % 15.2+3.8
3 0.65 40+25 % 20.4+5.1
4 1.15 35+25 % 23.7+5.9
5 1.57 29+25 % 23.0+5.7
6 2.69 37+25% 38.4+9.6
7 5.01 20+27 % 28.347.1
8 5.59 24+25 % 35.94+9.0
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FIG. 1. The arrival time of the events is plotted against the
observed energy for the Kamioka (triangles) and the IMB (cir-
cles) events. Lines of constant mass [Eq. (1)] are labeled.

old of ~6 MeV. Then by about 1 s the lowest energy
that can be seen at Kamioka has already gone past. The
interpretation of the arrival times of ~20 eV neutrinos is
similar.

The events are projected on the mass axis in Fig. 1 and
the distribution of neutrino mass implied by the events is
shown in Fig. 2. Clear separation of two mass groups
around 4 and 22 eV is obtained. Even though it appears
natural to ascribe different flavors to the two mass
groups, there are severe problems unless one takes
recourse to the possibility of mixing. There are six events
in each of the groups in the Kamioka detector and if one
of these is due to neutrinos not of the electron type, i.e.,
Vuw Vo then the scattering has to be off the electrons in
the target through neutral currents. The cross sections
for neutral currents are much smaller than that for
charged currents on the nuclei, both because of the small-
er coupling and the reduced phase space. The scattering
cross section for scattering of v, or v_ on an electron

M
through neutral currents is given by*

0,~1.4x107* (E; /MeV)em? . ()

The net energy released by the supernova in neutrinos, L,
required to generate n events in a detector of mass M is
given by
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FIG. 2. The events in Fig. 1 are projected on the mass axis
and the distribution obtained shows well-separated peaks at
m;=4eVand m,=22eV.
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Here A is the Avogadro number and the number of elec-
trons per gram of the detector is taken to be approxi-
mately 4 /2. Such a high amount of energy released in
neutrinos is certainly untenable for a supernova. On the
other hand, the charged-current cross section of ¥, per
proton is

0,~6xX10"% (E , /MeV)’cm? . 4)
Correspondingly the energy release needed becomes
4mnE,,D*? 58 5
L=———=5X10"° MeV=8X10°* ergs (5)
MAo p,

for (E3 ) 2220 MeV and the proton mass fraction in

the detector u,~0.11. This energy release is consistent
with that expected on theoretical grounds.*~® Thus both
groups of events should be assigned to charged-current
events to keep the luminosity at an acceptable level.

Thus one is forced to assume mixing between neutrino
states’ where the flavor eigenstates v, are superpositions
of the mass eigenstates v;. However, the level of mixing
that is assumed should conform with the constraints im-
posed by laboratory experiments. If one assumes that
there are only three flavors,'°~!2 then the superposition is
most conveniently analyzed in terms of the Kobayashi-
Maskawa unitary matrix'? with the Maiani parametriza-
tion'* of the angles.”> The Am? indicated by the mass
grouping is

Am?=|mj—m}| =300 eV?, (6)

and in this region of parameter space the allowed Maiani
angles are listed below:!*

sin’a,, <0.01, sin’e,, <0.13, -
sin’a,,, <0.01 .

Even though with more flavors a wider range of para-
metric space might be available, at present we may inter-
pret one of the groups of events as due to v,«<>v, mixing.
The v, and v, are then to be considered superpositions of
v, (4 eV) and v, (22 eV) with a mixing fraction corre-
sponding to sin’a, ~0.1, which is the maximum allowed
by the experiment.!’> The expected number of events due
tov_is

~MAlsin’a,, [ f(E)o dE . (8)

The temperature of ¥, and v, emitted in a supernova are
expected to be about a factor of 2 larger’~8 than that for
v,. This makes the integral in Eq. (8), which has the
form =~T3 f xw x*e~*dx, increase sensitively with

temperature and thus should the effective temperature of
the 7 neutrinos emitted in the supernova be 2-3 times
that of the e neutrinos, then one would expect compara-
ble number of events in the two groups. From the ob-
served energies of the events we estimate 7', ~3.5 MeV
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and T, ~8.5 MeV, respectively. Both the uncertainties
in the theoretical fluxes of the various neutrinos and the
limited statistics are to be kept in mind in assessing this
interpretation of the events. Since there are an equal
number of events in the two groups, purely on the basis
of number either group of events could be assigned
predominantly to the ¥_ and the other to the ¥,. If one
believes in the hierarchy of masses, then the second
group with mass =22 eV should be caused by antineutri-
nos which are predominantly 7. There are as yet no com-
pelling reasons supporting the hierarchical mass spec-
trum, of course. Assuming v, to have the same spectrum
as v, the net luminosity in neutrinos of all flavors turn
out to be 8 X 10°? ergs.

The importance of such neutrino masses in cosmology
essentially stems from the fact that in a hot big-bang
Universe the present number density of neutrinos of each
flavor is ~55 cm™3, far in excess of the mean number
density of nucleons of ~10~7 cm™3; the implications of a
finite mass for the neutrinos have been discussed exten-
sively in literature.'®~2* Even neutrinos of a single flavor
having a mass of ~22 eV will yield an average energy
density in the Universe of p,~2.4 keV cm 3, since their
number density today is n,=n =55 cm~>. For a Hub-
ble constant, Hy=55 kms~!Mpc~!, the critical densi-
ty?>3 p ~3.5 keVem ™3, and the density of visible
matter in baryons is pp =~0.1 keV cm 3. Thus the neutri-
no masses implied by Kamioka and IMB results make
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them gravitationally the dominant constituents of the
Universe.

In conclusion, then, the events observed at Kamioka
are interpreted as due to neutrinos from the supernova.
The arrival time of the events when analyzed in associa-
tion with their individual energies indicate masses
m, ~4 eV and m ;=22 eV. The relative number of
events in the two groups can be understood if v, and v,
are superpositions of these mass states with a Maiani an-
gle sin’a,,~0.1. The neutrino with m ,=22 eV alone
would yield Q~=0.7(55/H,)? and along with m,, =4 eV
this increases to Q=~0.75(55/H,)?, thus bringing the
neutrino densities to close agreement with other deter-
minations of the mass density of the Universe.?> Keeping
in mind these important implications, it is advisable to
exercise caution in assessing this interpretation of the
neutrino data which have rather large systematic and sta-
tistical uncertainties.
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