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Signature of supernova neutrino flavor mixing in water Cerenkov detectors
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We study supernova neutrino burst signals in large water Cerenkov detectors, examining the effects of
mixing between v, and either v, or v, and taking account of charged current v, capture on oxygen in
the detector. We show that the characteristic count rates and angular distributions from supernova
neutrino-induced events can depend sensitively on the degree of neutrino flavor mixing. This sensitivity
results from the different average energies expected in supernova models for v, on the one hand and v,
and v, on the other, the steep increase in the '®O(v,,e " )!°F cross section with neutrino energy, and the
backward-peaked nature of the exit channel electron in this reaction. Neutrino flavor-mixing effects
would be identifiable in the super Kamiokande detector for the neutrino burst of a galactic supernova.

PACS number(s): 95.55.Vj, 14.60.Pq, 95.85.Ry, 97.60.Bw

I. INTRODUCTION

In this paper we study the effects of neutrino flavor
mixing on the detection of a supernova neutrino burst
event. Some previous studies have concentrated on how
neutrino flavor mixing might alter the type-II supernova
explosion mechanism [1,2]. Other work has involved
analyses of the SN 1987A neutrino signals to constrain
neutrino flavor mixing [3,4]. Neutrino oscillations in su-
pernovas in general are discussed in Ref. [5].

The SN 1987A case has been discussed extensively fol-
lowing the detection of its neutrinos by the Kamiokande
IT (KII) and IMB detectors [6]. Only 11 and 8 neutrino-
induced events were detected by the KII and IMB detec-
tors, respectively. These data cannot provide any reliable
information about neutrino flavor mixing without
specific, and questionable, assumptions being made.
Most of the neutrino-induced events in these detectors
are expected to be from ¥,+p—n-+et. If the vacuum
masses for neutrinos obey my >m, , then there will be

no matter-enhancement effects in supernovas for
V.=V, oscillations. However, since the first event
detected in the KII detector was forward peaked, there
was speculation that it originated from scattering
(v,+e —v,+e 7). Attempts to constrain neutrino
flavor mixing in SN 1987A centered around this single
event [3,4]. These attempts were based on two assump-
tions. These assumptions were that (1) the first event was
due to v,e” scattering and (2) the v, originated in the
“neutronization pulse.”

Haxton [7] has subsequently pointed out that electron-
neutrino capture by oxygen in water Cerenkov detectors
can have an important impact on the detection of high
energy neutrinos. In turn, this reaction makes the
characteristics of the neutrino-induced events in water
Cerenkov detectors sensitive to mixing between lower
average energy v, and higher average energy v, and v,.
In fact, the sensitivity of the 16O(ve,e ~)IF induced event
rate to neutrino energy will allow us to show that neutri-
no flavor mixing has a readily detectable signature in the
super Kamiokande (SK) water Cerenkov detector for a
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galactic supernova.

We first discuss some aspects of neutrino emission from
supernovas. It is fashionable to consider three distinct
phases of neutrino emission associated with type-II su-
pernovas: the infall pulse, the neutronization pulse, and
the thermal emission phase [8]. In actuality, numerical
calculations show that these phases are not really com-
pletely distinct [9]. High energy v, from electron capture
reactions are emitted during the infall phase of collapse.
The neutronization pulse occurs when the shock passes
through the “neutrino sphere.” The thermal emission
phase corresponds to the cooling and deleptonization of
the hot protoneutron star. In this final phase, the gravi-
tational binding energy of the nascent neutron star is ra-
diated away nearly equally inv,, v,, Vo Vi Vo and v .

In the thermal emission phase, each neutrino species
has approximately a blackbody-type spectrum (Fermi-
Dirac, zero chemical potential). These neutrino spectra
can be characterized by the temperature of the neutrino
sphere for each species. In this study, we assume that
neutrinos are emitted from one single neutrino sphere,
even though neutrinos of different energies decouple at
slightly different radii. The v,(¥,) and v (¥,) have identi-
cal spectra. The corresponding average energies for these
species are considerably higher than those for v, and v,.
This is because the v, and v, have lower opacities than do
v,(¥,) and, hence, decouple deeper in the core [9]. The
temperatures which characterize these neutrino distribu-
tions generally satisfy Tan > TVe > TVe' Numerical cal-

culations show considerable evolution in the neutrino
temperatures with time. Early in the thermal emission
phase, before there has been significant deleptonization of
the surface layers of the neutron star, the v, and ¥, tem-
peratures are comparable, T?evae. Later, when this

surface region is deleptonized and neutron rich, the ¥,
and v, temperatures satisfy 7, > T, [9].
e e

For our subsequent discussion of the effects of neutrino
flavor mixing on supernova neutrino burst detection, we
will adopt T, =T, =5 MeV and T, =T, =7 MeV

e e x x

(x =p or 7). In what follows, we compare the event rates
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for v,+p—n-+e™ and '°O(v,,e ~)'°F in water Cerenkov
detectors. In gauging the effects of v ,=v, oscillations,
our assumptions about characteristic neutrino tempera-
tures are conservative. In fact, we will tend to overesti-
mate the '°O(v,,e ~)!SF rate without oscillations by as-
suming TVe = TT'E and underestimate the enhancement in

this rate with v,,/=v, transformations by taking T, =7

MeV. At late times, numerical calculations show that
T"x might even be larger than 7 MeV [9].

Since the neutrino energy emitted in the neutronization
pulse is a few percent of that emitted in the thermal emis-
sion phase, the majority of the neutrino events in the
detectors comes from the latter. The presence of compa-
rable numbers of neutrinos of each flavor in the thermal
emission phase makes the neutrino flavor-mixing problem
more complicated. Our main concern in this paper will
be the neutrinos from the thermal emission phase.

In the following sections, we will examine the effects of
V=V, transformations on the expected supernova neu-
trino signal in water Cerenkov detectors. We will not
consider the effects of transformations among the an-
tineutrinos here. In Sec. IT we discuss neutrino-induced
events in water Cerenkov detectors. Neutrino oscilla-
tions in supernovas are examined in Sec. III. The
changes in the expected supernova neutrino signal from
neutrino oscillations are studied in Sec. IV. Conclusions
are presented in Sec. V.

II. NEUTRINO-INDUCED EVENTS
IN WATER CERENKOV DETECTORS

In this paper, when we refer to “water Cerenkov detec-
tors,” we mean detectors such as KII and IMB. Al-
though both the KII and IMB detectors have stopped
operating, they unambiguously detected the neutrinos
from SN 1987A. It is also our purpose in this paper to
show that not much information about neutrino flavor
mixing can be obtained from the detection of SN 1987A
neutrinos. Furthermore, the detector characteristics of
KII and IMB are well known in the literature. Therefore
we will use these two detectors as examples to study su-
pernova neutrino signals in water Cerenkov detectors.
This study is relevant because KII is being upgraded to
SK with a better detection efficiency and a much larger
fiducial mass of water.

The main contribution to the total neutrino signal in
these detectors comes from Vv, absorption on protons:
v,+p—n—+e*t. The angular distribution of the final
state positrons from this reaction is nearly isotropic.
This is because the ¥, energies are always low compared
to the nucleon mass. With considerations of neutron
recoil and forbidden effects of the same order, the actual
distribution is slightly backward peaked. This angular
distribution is

P(¢)=0.5—0.051cos¢ , (1)

where ¢ is the angle between the incoming
outgoing positron [10].

Neutrino-electron scattering can make some contribu-
tion to the total supernova neutrino signal in a water

v, and the
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Cerenkov detector. In general, we expect the distribution
of the scattered electrons in the detector to be strongly
forward peaked. From kinematics, the angle between the
incoming neutrino and the recoil electron satisfies
cos¢p >V U /(U +2), where U is the electron recoil kinet-
ic energy in terms of the electron rest mass energy. Since
the detection threshold energies exceed 5 MeV in both
the KII and IMB detectors, we can conclude that
cos¢>0.91. The v,e” scattering cross section is larger
by about a factor of 6 than the v,e™ or v,.e™ scattering
cross sections, since the v,e” channel has a charged
current contribution which the others lack. Note also
that the v,e ™ scattering cross section is larger than that
for v,e~ scattering. Therefore we expect that most
scattermg events in water Cerenkov detectors will result
from v,e ~ scattering.

As pointed out by Haxton [7], electron-neutrino ab-
sorption on natural oxygen can become important for wa-
ter Cerenkov detectors. This process will make a larger
contribution to the overall neutrino signal in a water
Cerenkov detector than will v,e™ scattering whenever
T, >5 MeV. Although Haxton has considered both the

160(v,,e 7)!F and '®0O(v,,e ~)'®F reactions, the former
makes the dominant contribution to the total v, absorp-
tion rate in water Cerenkov detectors. This is because
160 is the predominant naturally occurring isotope of ox-
ygen. Like the angular distribution of positrons from v,
absorption on protons, the distribution of electrons for
160(v,,e 7 )!®F is somewhat backward peaked. However,
the electron angular distribution for '®0(v,,e ~)!°F de-
pends on the v, energy. The harder the v, energy spec-
trum is, the stronger the backward-peaked tendency will
be. From Fig. 2 given in Ref. [7], we find that for Tve =5

MeV the electron angular distribution is given by

P(¢)=~0.492—0.394 cos$ +0.024 cos’d (2a)
for the KII detector and
P(¢)~0.493—0.407 cos$ +0.021 cos’¢ (2b)

for the IMB detector. For T,
gular distribution becomes

: =7 MeV, the electron an-

P(¢)=0.508—0.399 cos¢ —0.024 cos’¢ (3a)
for the KII detector and
P($)=~0.510—0.406 cos$ —0.030 cos?¢ (3b)

for the IMB detector. In this paper, we calculate the
effective cross sections for neutrino-electron scattering
for the KII and IMB detectors and take other cross sec-
tions from Table I given in Ref. [7]. These cross sections
are listed in Table I for two representative neutrino tem-
peratures.

We think that two other issues are worth mentioning
here. One is the role of inelastic neutral current scatter-
ing of neutrinos on oxygen, and the other is the role of v,
absorption on oxygen in the Sudbury Neutrino Observa-
tory (SNO) detector.

The working mechanism for the water Cerenkov detec-
tors such as KII, IMB, and even SK is to record the
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TABLE 1. Effective cross section o for neutrino interaction processes. These cross sections are in

units of 10™% cm?

ones are for the IMB detector.

. Numbers in the upper two rows are for the KII detector, and those in the lower

vi,e —v.e v,e —v,e Olv,e )F

T
MeV) p(¥,,et)n OF,,e™)N V,e” >v,e” Ve —vee
5 52.9 0.609 0.195
2
5 17.8 0.213 0.0181
3

0.167

0.0339

0.120 0.785 0.829
0.208 1.34 5.63
0.0153 0.105 0.297
0.0442 0.303 3.31

Cerenkov radiation from the electrons or positrons after
the neutrino interaction event. Inelastic neutral current
scattering of neutrinos on oxygen produces no electrons
or positrons in the final state. The protons or neutrons
knocked out of the oxygen nuclei are not detectable in
the conventional water Cerenkov detectors. And neither
are the y rays radiated from the deexcitation of the excit-
ed oxygen nuclei. Therefore these neutral current pro-
cesses are not a central issue in water Cerenkov detectors.
And they provide no information about neutrino flavor
mixing.

As for the SNO detector, it is very different in that it
uses heavy water (D,0) in addition to light water (H,0).
The charged current neutrino interactions on deuterium,
which make more significant contributions to the total
event rate than similar interactions on oxygen, also pro-
duce backward-peaked electrons or positrons [5]. There-
fore the role of v, absorption on oxygen in the SNO
detector is minor, and information about neutrino flavor
mixing can be extracted from other neutrino interaction
processes.

III. NEUTRINO FLAVOR MIXING
IN SUPERNOVAS

The neutrino spectrum expected at a detector on Earth
from a supernova neutrino burst event will in general de-
pend on whether or not neutrinos have mass. Massive
neutrinos can cause time-of-flight modifications in the
neutrino signal at the detector (see Ref. [5]), or the neutri-
no energy spectrum could be modified by matter-
enhanced v,=v, transformations resulting from v,-v,
and/or v,-v, neutrino mass level crossings in supernovas.

We do not know if neutrinos have mass. Currently, ex-
periments can only provide upper limits on vacuum neu-
trino masses. These limits are generous enough to en-
courage speculation among astrophysicists and cosmolo-
gists. Two astrophysical puzzles suggest interesting and
plausible mass ranges for v, and v,: the solar neutrino
problem and the dark matter problem.

The matter-enhanced v,=v, transformation can pro-
vide a convenient solution to the solar neutrino problem
[11]. The most likely solution is the nonadiabatic trans-
formation scenario, in which 8mZ%in?20=4X10"% eV?
for 8m?=10""7-10"° eV?, where dm?=m3—m? is the
difference of the squares of the vacuum neutrino masses
and 6 is the vacuum mixing angle [11]. Recent results
from the GALLEX experiment [12] narrow the range of
dm? to 3X107°-107° eV2 Theoretical particle physics
models of neutrino masses can be constructed in which

either v,-v, or v,-v, mixing provides the appropriate lev-
el crossing in the Sun [13,14].

A v, or v, with a mass in the range of 1-100 eV could
provide a component of the missing mass in the Universe.
The Cosmic Background Explorer (COBE) discovery of a
net quadrupole moment in the cosmic microwave back-
ground radiation distribution has been interpreted as sug-
gesting a need for neutrinos with vacuum masses of a few
eV [15]. Some theoretical particle physics models of neu-
trino masses can accommodate a v,-v, level crossing

o
in the Sun (i.e., m, ~1073 eV) with a cosmologically

significant v, (i.e., m, ~1 eV) [13,14]. Although these

considerations are suggestive, there is no definitive evi-
dence for neutrino mass to be obtained from astrophysics.

If we assume that the vacuum neutrino masses obey
my >m then v,-v, and/or v,-v, level crossings
could occur in supernovas. In this case, we expect a neu-
trino mass level crossing above the neutrino sphere when-
ever m, <100 eV. Interestingly, neutrino flavor mix-

’
Ve

ing in the supernova environment potentially can probe
the neutrino mass range of interest in both the solar neu-
trino problem and the dark matter problem [2,16].

Since v, and v, have identical energy spectra, a v,-v,
or v,-v, level crossing at a given radius produces the
same effects on the detected supernova neutrino spec-
trum. For vacuum neutrino masses obeying

m, >m, >m,, it is possible to get sequential level

crossings: v,-v, followed by v,-v,. In what follows, we
study this double level crossing case. We will take as ex-
amples cases where vacuum neutrino masses satisfy
dm?=~1-10* eV? for wv,-v, level crossings and
8m?~3X107°-107° eV? for v,-v, level crossings. This
will serve to illustrate the effects of neutrino flavor mix-
ing on supernova neutrino burst detection. In fact, with
either one or two level crossings, for any vacuum neutri-
no mass satisfying m, o <100 eV, the resulting effects on

the supernova neutrino signal will be broadly similar to
those derived in our example cases. A schematic picture
of the positions of level crossings in supernovas for our
example cases is shown in Fig. 1. In this figure, the
“mantle” refers to regions of the supernova which were
influenced by hydrostatic presupernova nuclear burning,
while “envelope” refers to the presupernova hydrogen en-
velope.

A v, propagating through the supernova environment
above the neutrino sphere will acquire an effective mass
from interactions with matter. The effective mass for v,
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Resonance

Proto-Neutron
Star

FIG. 1. Illustration of neutrino flavor mixing in supernovas.

will be larger than that for v.(v,) due to charged current
v,e~ forward scattering. A neutrino mass level crossing,
or resonance, occurs when the difference of the squares of
the vacuum neutrino mass eigenvalues, m 2 and the vac-
uum mixing angle 0 satisfy

dm?
2E,

c0s20=~V2Gyn, , 4)

where E, is the energy of the propagating neutrino, G is
the Fermi constant, and n, =pN ,Y, is the net electron
number density (n,=n__—n_+), with p the matter densi-
ty in gcm ™3, N, Avogadro’s number, and Y, the net
number of electrons per baryon. In this expression we
neglect neutrino-neutrino scattering contributions to the
effective weak potential seen by the propagating neutrino.
This approximation is justified in Refs. [16] and [17].

ploy the Landau-Zener approximation to estimate the
probability that a v, propagating into the resonance re-
gion emerges as a v, [18]. This probability is

P, _,, ~exp{—mH&m?in*20/4E,} , (5)

where H=|d Inp/dr|_/ is the density scale height in the
supernovas at the position of the resonance. In the case
where a v,-v, level crossing is followed by a v,-v, level
crossing, we can write the probability for a v, emitted
from the neutrino sphere to arrive at a detector on Earth
in the same flavor state as [4]

P ~exp{ —m(H,8m1,sin’26,,

+H,;,6m?2,sin?26,,)/4E,} .  (6)

In this expression, H,, and H,; are the density scale
heights at the positions of the v,-v, and v,-v, resonances,
respectively. The vacuum mixing angles 6,, and 6, , refer
to v,-v, and v, -v, mixings, respectively.

Very little is known about the vacuum mixing angles
0., and 6,,. Laboratory neutrino oscillation experiments
provide only neutrino-mass-dependent upper limits on
these quantities [19]. Mixing angles consistent with these
limits could effect large-scale matter-enhanced v,=v,
and/or v,=v, interconversion in supernovas for exten-
sive ranges of v, and v, vacuum masses [2,16].

In this paper, we will adopt values of m?,, m?,, Ocps
and 0,,, which result in a fair amount of v,==v, conver-
sion in supernovas, but which are consistent with experi-
mental constraints, astrophysical limits, and the cher-
ished hopes of some researchers. In fact, the signature of
neutrino flavor mixing which we identify is not depen-
dent on the details of these choices. In our calculation,
we consider two representative values for 8m?,: 4X107°

For small vacuum mixing angles (6 <<1), we can em-

and 8X107% eVZ

TABLE II. Density scale height |d Inp/dr| ™! at resonance. Values of |d Inp/dr| ™! in the first two
columns are for resonance in the envelope, those in the two middle columns are for resonance in the
mantle at TPB=0.177 s, and those in the last two columns are for resonance in the mantle at

TPB=0.638s.
8m? (eV?) 4x107¢ 8X1076 225 3600 225 3600
E (MeV) %X 10'° (cm) %X 10'° (cm) X 10® (cm) 10° (cm) X 10° (cm) X10° (cm)
2 1.074 0.852 4.083 1.013 2.04 0.4906
2.828 1.094 1.070 3.06 1.11 2.61 0.815
3.999 0.992 1.074 6.84 0.787 2.71 0.576
5.654 1.008 1.094 6.94 1.509 4.19 1.324
7.995 1.062 0.992 7.1 1.89 4.88 0.936
11.31 1.061 1.008 10.8 2412 3.45 2.52
15.99 0.815 1.062 15.7 2.91 4.53 3.20
22.60 0.497 1.061 14.9 3.07 6.53 2.89
31.96 1.023 0.815 19.87 433 4.62 2.041
45.19 1.958 0.497 11.7 4.37 7.354 2.62
63.90 2.167 1.023 8.27 4.66 9.83 2.72
90.36 2.541 1.958 7.6 6.95 6.96 4.194
127.8 3.516 2.167 5.38 7.11 14.4 4.88
180.7 4.269 2.541 3.8 10.85 10.21 3.453
255.5 4217 3.516 12.8 11.07 37.0 4.537
361.2 5.565 4.269 9.03 14.9 28.6 6.53

We also study two representative
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values for &m?;: 225 and 3600 eV2. For sin229w we
adopt the “nonadiabatic” solution to the solar neutrino
problem, sin’26,,~4X107% eV?/8m},, while for
sin?20,,, we adopt sin?28,,~4X 10" %. The mixing angle
0, is chosen to be consistent with r-process nucleosyn-
thesis in the hot bubble region of supernovas [16]. With
these choices for 8m? and sin?20, we will generally have
sequential neutrino mass level crossings for v,-v_. and
v.-v, mixings. Were this not the case and, for example,
we had only one resonance region, our results would not
change enough to alter the conclusions regarding the ex-
pected signature of neutrino flavor mixing in water detec-
tors.

Another ingredient in estimates of neutrino flavor con-
version in supernovas is the density profile of the material
above the neutrino sphere to be expected during the time
of significant neutrino cooling. Conceivably, we need the
density profiles for the entire star for times up to the or-
der of the time post core bounce (TPB)=10s. However,
the KII and IMB detector observations for SN 1987A
show that 70% of the neutrino-induced events were
detected in the first 2 s. The density profile of the materi-
al in the envelope is nearly static over the period of in-
terest. For the region close to the neutrino sphere (the
“mantle”’), the density profile also seems to maintain a
nearly time-independent shape. In fact, this shape fol-
lows from the nearly hydrostatic conditions expected for
TPB~1s. Numerical calculations show that most of the
time dependence of the density profile in this region at
this epoch comes from the decrease in the radius of the

Eg/6 1 Ep

MeV

neutron star [16]. This does affect the conversion proba-
bilities in Eq. (6), but in a manner which is easy to calcu-
late, since the density profile remains roughly self-similar
during this slow evolution.

We study neutrino flavor mixing at two representative
epochs (TPB=0.177 s and TPB=~0.638 s) with the
Mayle-Wilson supernova density profiles [2,16,20]. We
expect broadly similar results for calculations based on
other supernova models. The density scale heights em-
ployed in our calculations for level crossings correspond-
ing to our adopted values of 8m %, and 8m?; and a range
of neutrino energies are presented in Table II.

IV. CALCULATION OF NEUTRINO-INDUCED
EVENTS IN WATER CERENKOV DETECTORS

In the absence of neutrino flavor mixing, the number of
neutrino-induced events expected from each individual
neutrino interaction process in the detector is given by

Ni(event)=NH20¢vi(Ueﬁ),- ) 7)

where Nuo is the number of water molecules in the
detector, ®

is the effective cross section for the individual neutrino
interaction process. The neutrino flux is approximately
given by

is the appropriate neutrino flux, and (o .g);

Vi

2
10 kpc

~2.758X%10" cm™?

10% erg

D, =~ —
i (E,) 4rD?

D , (8)

V.
i

where Ej is the gravitational binding energy of the nascent neutron star (assumed to be radiated in the thermal emis-
sion phase), ( E, ) is the average neutrino energy ((E, ) =3.152T, for the neutrino energy spectra we have assumed),

and D is the distance to the supernova. The effective cross section is defined as

(ou)i=n [ f,dE, [edo,,

9)

where n; is the number of targets for the individual neutrino interaction process in one water molecule (n; =10 for
neutrino-electron scattering, n; =2 for v, absorption on protons, and n; =1 for v, capture on oxygen), f, is the neutri-
no energy spectrum, € is the electron or positron detection efficiency of the detector, and do; is the energy differential
cross section [do;=(do;/dE,)dE,, where E, is the electron or positron energy]. The neutrino energy spectrum is tak-
en to be
2
SO N U
i 1.803 Tii CXP(Evi/Tv,. )+1°

Iy (10)

and the electron or positron detection efficiency is approximately
ex~1l—exp|—(E,/Ey V],

where E,;, =9 MeV and p =3.0 for the KII detector and E;, =34 MeV and p =3.1 for the IMB detector [7]. Hence we
can write

N, 9.219 |22 10 kpe |” | Mu0 | [Mev || (0w (an
i(event)=9. 10% erg D kton Tv[ 1072 cm? |’
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where M H,0 is the mass of water in the detector, which is

2.14 and 6.8 kton for the KII and IMB detectors, respec-
tively. With the assumption that Tve = TV =5 MeV,

T, =T, =7 MeV (x=p,7), Eg~2X10% erg, and

D =10 kpc, we compute and present the expected num-
ber of events corresponding to each individual neutrino
interaction process in Table III. In this table, we give
event totals for ¥, absorption, neutrino-electron scatter-
ing, and v, capture on oxygen. These totals are given for
the case of no neutrino flavor transformation in the rows
labeled by P =1.

With neutrino flavor mixing, the number of neutrino-
electron scattering induced events and '®O(v,,e ~)!°F in-
duced events will change. The increase in the number of
neutrino-electron scattering induced events is given by

Ve—é‘ve

8N(v+e)zNef(F?,x —F) )1—P, _, )dE,
Xfe[da(ve—i—e)—da(vx +e)], (12)

where N, is the number of electrons in the detector
and F% =®_f, . The increase in the number of

160(v,,e 7 )!F induced events is given by
8N (v, +0)=Nyo [ (FS —F% Y1-P, _, )dE,
X [edo(v,+0). (13)

Even in the most favorable case of full conversion
(P, _,, =0), the net increase in the total number of
e

scattering induced events due to neutrino flavor mixing is
small, being about 6N(v+e)=1 and 2 for the KII and
IMB detectors, respectively. This small change due to
neutrino flavor transformation is a result of compensating
changes in the neutrino-electron scattering cross sections
and the neutrino fluxes. In fact, the neutrino-electron
scattering cross sections increase approximately linearly
with neutrino energy, whereas the neutrino fluxes reach-
ing the detector scale roughly inversely with the individu-
al average neutrino energies.

By contrast, the cross section for *O(v,,e ~)'°F in-
duced events increases rapidly with neutrino energy. In
fact, the cross section becomes very large only for neutri-

TABLE III. Expected number of neutrino-induced events in
the KII and IMB detectors. P"e—'”e =1 refers to the case
without neutrino oscillation, and Pveﬂve =0 means full conver-

sion of v, into v,,). Numbers in the upper two rows are for the
KII detector, and those in the lower ones are for the IMB detec-
tor.

PVe —v, v, absorption ev—e'v' O(v,,e” )F Total
1 422 12 7 441
0 422 13 32 467
1 451 6 7 464
0 451 8 59 518
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no energies greater than the effective threshold energy of
E_,~35 MeV. This corresponds to an excitation energy
in %0 where significant forbidden weak strength channels
open up [7,21]. The enhanced energy dependence in the
cross section can more than compensate for the reduction
in neutrino flux due to neutrino flavor mixing. This situ-
ation is illustrated in Fig. 2, where the relative contribu-
tions of individual neutrino interaction processes to the
neutrino-induced events in the KII and IMB detectors
are shown as functions of neutrino temperature. The rel-
ative contributions of neutrino interaction processes are

IIIHI[

|

1 IHIHI

(0e)i/ Ty, (107 cm®/MeV)

.01

T

001 I 1
3 5 7 10
T, (MeV)
- T T T T -]
10 (b) o
~ 1k e
> B 3
Q g 3
= ~ 3
= - .
E ~ -
IR = —
‘2 E ,———"4__—/__”‘—__ B
g o1k J—
001 k= o770 |
.0001 s | | | . !
3 5 7 10
T,, (MeV)

FIG. 2. Relative contributions of individual neutrino interac-
tion processes to the neutrino-induced events in water Cerenkov
detectors as functions of neutrino temperature. The solid line is
for O(v,,e )F, the dotted line is for O(¥,,e")F, the short-
dashed line is for v,e™ scattering, the long-dashed line is for
p(v,,e)n, and the dot—short-dashed line is for v.e ™ (x =pu or
7) scattering. (a) is for events in the KII detector, and (b) is for
events in the IMB detector.
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best gauged by comparing the ratio of effective cross sec-
tion to neutrino temperature, (o.4); /T, . This ratio is

plotted in Figs. 2(a) and 2(b) for the KII and IMB detec-
tors, respectively.

From Fig. 1 in Ref. [7], we find that the largest contri-
bution to the %O(v,,e ~)!°F induced events in the detec-
tors comes from v, with energies around E v, =T7. 19Tve.

This result follows on assuming the energy spectrum in
Eq. (10). Substantial conversion between v, and v, corre-
sponds to the value of P, _ , being small. As a rough

criterion for finding detectable event rate changes from
neutrino flavor mixing, we find that we must have a con-
version probability PVe"Ve <e !for E v, = 50 MeV. The
scale heights turn out to be H, ~10'* cm for v,-v, reso-
nance and H; ~10° cm for v,-v, resonance for the mix-
ing parameters adopted above [2,16,20]. For these scale
heights, our conversion criterion is satisfied. We expect

that whenever P <e~ ! for E, =50 MeV, the

Ve—PVE -
neutrino-induced event contributions should be similar to
those listed in Table III for P, _,, =0.

V. DISCUSSION AND CONCLUSION

The main effect of neutrino flavor mixing is to increase
the number of O(v,,e " )F induced events in both the KII
and IMB detectors. This is readily apparent in Table III.
In fact, SN(v+e)=1 and 2, whereas SN (v, +O)~=~25 and
52 for the KII and IMB detectors, respectively. A sub-
stantial increase in the number of events induced by
O(v,,e  )F would signify the presence of neutrino flavor
mixing, as well as give us some hint as to the v, energy
spectrum. In fact, '%O(v,,e ")!®F is the only process
which can allow water Cerenkov detectors to probe the
v, and/or v, neutrino-sphere temperatures.

Because we only have crude approximations for the
neutrino energy spectra, our estimates for the relative
contributions from individual neutrino interaction pro-
cesses are more reliable than the calculated absolute
numbers of individual events. We define the ratio of the
number of O(v,,e” )F induced events to that of
p(¥,,e " )n induced events to be f. We find that f in-
creases from 1.66% and 1.55% without neutrino flavor
mixing to 7.58% and 13.08% with full conversion of v,
into v, for the KII and IMB detectors, respectively.

Identifying which neutrino-induced events are due to
neutrino flavor-mixing effects is difficult. However, this
task is facilitated by the different energy and angular dis-
tribution characteristics of events induced by different
neutrino interaction processes. As explained previously,
the neutrino-electron scattering induced events are rather
insensitive to neutrino flavor mixing. Our subsequent
analysis will, therefore, concentrate on the O(v,,e " )F in-
duced events.

We first note that the main product of O(v,,e " )F is
IF, which has no particle-bound states and decays to O
by proton emission almost spontaneously. The species
150 then B7 decays to '°N (stable) with a half-life of 124
s. The emitted proton is not detectable in the current wa-
ter Cerenkov detectors, while the emitted positron has a
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maximum energy well below the detection thresholds of
both the KII and IMB detectors. We must conclude,
therefore, that oscillation-induced events cannot be
identified by the subsequent decay of °F.

The only hope for a clear neutrino flavor-mixing signa-
ture seems to be the backward-peaked electron angular
distribution for O(v,,e” )F induced events. Since
neutrino-electron scattering induced events are sharply
forward peaked, they are easily discriminated from
O(v,,e " )F induced events. Therefore we shall study the
angular distribution for the combined p(¥,,e " )n and
O(v,,e ~ )F induced events only.

In the case of full neutrino flavor conversion, the angu-
lar distribution for these two events combined is given by

P(¢)=0.5—0.076 cos¢ (14a)
for the KII detector and
P($)=0.501—0.091 cos¢ —0.003 cos’¢ (14b)

for the IMB detector. If there were no neutrino flavor
mixing, the angular distribution in both detectors should
be approximately given by Eq. (1). We can distinguish
these two cases as follows. Suppose we have N, events
induced by p(¥,,e)n and O(v,,e )F in total. The
difference in the number of events with cos¢ <0 between
these two cases will be AN=0.012N, and 0.020N, for
the KII and IMB detectors, respectively. Assuming no
neutrino flavor mixing, there would be N =O0.502N,
events with cos¢ <0. To detect a statistically significant
difference between the cases with and without neutrino
flavor conversion, we must have AN >V N. This implies
that we must have a total of roughly 3486 and 1255
events induced by p(¥,,e ¥ )n and O(v,,e " )F in the KII
and IMB detectors, respectively, to give an unambiguous
verdict on oscillations. Unfortunately, neither detector
can satisfy this condition. The expected number of com-
bined events is 454 in the KII detector and 510 in the
IMB detector for a galactic supernova 10 kpc away (see
Table III). However, if we assume that the SK detector is
just an enlarged version of the KII detector, then the
number of events will be approximately 15 times larger
(M H,0 ™ 32 kton for the SK detector), and the above con-

dition is easily satisfied. Clearly, the tendency to obtain
more backward-peaked events in a detector when
significant neutrino flavor transformation is present is the
signature of neutrino oscillations which we sought.

At this point, we feel that a few words on the angular
resolution of the SK detector are in order. For the detec-
tion of neutrino transformations, all we require is that the
detector be able to measure whether cos¢ <0 or cos¢ > 0.
However, it is always helpful to have the best angular
resolution possible. With the increased number of
neutrino-electron scattering events, SK can point back to
a galactic supernova with an accuracy of 2.8° [5]. Once
the direction of the supernova is found, an angular reso-
lution of about 30° is already suitable for our analysis of
neutrino transformation. This level of accuracy in angu-
lar resolution was achieved in the detection of SN 1987A
neutrinos [6]. This precision in angular resolution will
certainly exist in the future water detectors even if there
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is no improvement in the angular resolution after KII is
upgraded to SK.

We also want to comment on the effect of more realis-
tic neutrino energy spectra on our above analyses. Nu-
merical supernova models tend to give fewer high energy
neutrinos than the neutrino energy spectra in Eq. (10)
would give [9]. The spectra in Eq. (10) are fitted to match
the peaks of the distributions found in numerical models.
This feature of the neutrino energy spectra will indeed
have influence on the calculation of neutrino signals in
the detector. The effect of the neutrino energy spectra
comes into our above analyses through the electron angu-
lar distribution and the absolute number of events in the
detector. Because the electron angular distribution for v,
absorption on oxygen is a superposition of contributions
from neutrinos with various energies, the choice of neu-
trino energy spectra will not make too much difference in
the angular distribution as long as the peaks of the spec-
tra match those of the realistic spectra well enough. The
positron angular distribution for ¥, absorption on a pro-
ton is almost independent of the neutrino energy spectra.
In deriving the numbers in the condition 8N >V'N for
seeing the signature of neutrino flavor mixing, we have
only used the angular distributions and the ratio of the
number of O(v,,e” )F induced events to that of
p(¥,,e*)n induced events. The effect of neutrino energy
spectrum uncertainty is reduced when we take the ratio
of the numbers of events. Therefore the neutrino energy
spectra only affect the prediction of the total number of
events in the detector significantly. We could have scaled
the number of events in KII from SN 1987A to predict
the number of events in SK from a galactic supernova
without making assumptions about the neutrino energy
spectra. And this would predict at least a total of
11X25X15=4125 events in SK (the factor 25 comes
from the neutrino flux dependence on the distance to the
supernova, and the factor 15 comes from the mass of wa-
ter), still satisfying the derived condition N, > 3486.

Finally, we want to comment on the time-of-flight de-
lay effects on supernova neutrino signals in the water
Cerenkov detectors due to a finite neutrino mass. Be-
cause significant neutrino flavor conversion in supernovas
may occur if neutrinos have mass, we feel that a con-
sistent analysis of neutrino signals should include both
effects of neutrino flavor mixing and time-of-flight delay
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due to a finite neutrino mass. According to the seesaw
model and the nonadiabatic solution to the solar neutrino
problem, v, and v, have negligible masses [11] and suffer
essentially no time-cof-flight delay effects for a distance of
10 kpc. Only v, would be massive enough to cause such
effects in these models. (We warn that these models may
not, however, correspond to physical reality.) Possible
time-of-flight delay effects can only be observed in the
forward-peaked scattering induced events, and these
effects do not affect our above conclusions regarding the
signature of neutrino flavor mixing. Of course, we have
only discussed neutrino-induced events from the thermal
emission phase. As for the v, from the neutronization
phase, they will have been converted into v, in the super-
nova and will propagate to the detector in this flavor
state. Not only will these neutrinos be less likely to be
detected due to the characteristically small scattering
cross section with electrons, but they may also suffer a
time-of-flight delay due to their heavier mass. A time-of-
flight delay will cause these scattering induced events to
be correspondingly dispersed in time, which makes the
neutrino-induced events from the neutronization phase
even more difficult to identify [22].

In conclusion, we find that the number of O(v,,e " )F
induced events in water Cerenkov detectors is very sensi-
tive to neutrino flavor mixing in supernovas. If the SK
detector is in full operation when the next galactic super-
nova explodes, the unique neutrino energy-dependent
backward-peaked angular distribution of these events in
principle allows an observable signature of supernova
neutrino flavor mixing.
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