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Neutrinos from stellar collapse: Comparison of signatures in water and heavy water detectors
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Signatures of neutrino and antineutrino signals from stellar collapse in heavy water detectors are contrasted
with those in water detectors. The effects of mixing, especially due to the highly dense matter in the supernova
core, are studied. The mixing parameters used are those sets allowed by the current understanding of available
neutrino data: from solar, atmospheric and laboratory neutrino experiments. Signals at a heavy water detector,
especially the dominant charged current reactions on deuteron, are very sensitive to some of these sets of
allowed mixing parameters. Theoretical uncertainties on supernova neutrino spectra notwithstanding, a com-
bination of supernova measurements with water and heavy water detectors may be able to distinguish many of
these mixing possibilities and thus help in ruling out many of them.
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I. INTRODUCTION

Neutrinos from stellar collapse have so far been detec
only from the SN 1987a in the Large Magellanic Cloud@1#.
The inital observations of the neutrino and antineutr
events by the Kamiokande@2# and IMB @3# Collaborations
were the subject of detailed analysis by several auth
@4–10# immediately following the event. The analyses co
firmed the qualitative features of core collapse and sub
quent neutrino emission.

The effect of non-zero neutrino masses and mixing
supernova signals was first analyzed in general by Kuo
Pantaleone@11#. Recently, several authors have looked at
possible signatures of neutrinos and antineutrinos from
pernova collapse in realistic scenarios. Dighe and Smir
@12# have looked at the problem of reconstruction of t
neutrino mass spectrum in a three-flavor scenario. These
thors, as have Chiu and Kuo@13#, compared the signatures i
the standard mass hierarchy and inverted mass hiera
While these papers incorporate the constraints from solar
atmospheric neutrino observations, the important questio
the mass limits that may be obtained from the observatio
time delay has been analyzed by Beacom and Vogel@14,15#
and by Choubey and Kar@16# ~see also the review by Voge
@17#!. For a recent review which also discusses aspect
locating a supernova by its neutrinos in advance of opt
observation, see Ref.@18#.

In this paper we apply the analysis of neutrinos from s
lar collapse presented in Refs.@19,20# to heavy water detec
tors. We had previously discussed in detail the signatures
a water Cherenkov detector, of neutrinos and antineutri
from stellar collapse in both 3- and 4-flavor mixing sc
narios. The 4-flavor analysis was motivated by Liquid Sc
tillation Neutrino Detector~LSND! data @21#. The analysis
was confined to type II supernovae~which occur when the
initial mass of the star is larger than 8 solar masses!. The
choices of mixing parameters used were consistent w
available data on solar, atmospheric and laboratory neut
experiments. It turns out that different choices of~allowed!
0556-2821/2001/64~7!/073011~16!/$20.00 64 0730
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mixing parameters lead to drastically different superno
signals at water detectors. While certain features are c
mon to both the 3- and 4-flavor analyses, there are impor
differences that may~depending on the mixing parameter!
be able to distinguish the number of flavors. We will sum
marize the salient features of this analysis below.

The dominant contribution is from the charged curre
~CC! scattering ofn̄e on protons in water. Mixing can in-
crease the number of high energy events in this channel.
most dramatic effect of 3-flavor mixing is to produce a sha
increase in the CC events involving oxygen targets@19,22#
for most choices of mixing parameters. These will show
as a marked increase in the number of events in the b
ward direction with respect to the forward peaked eve
involving electrons as targets~more than 90% of which lie in
a 10° forward cone with respect to the supernova direct
for neutrinos with energiesEn *8 MeV!, both showing up
over the mostly isotropic CC events on protons. In the
sence of such mixing, there will be only a few events due
CC scattering on oxygen targets. These events involv
oxygen targets will be seen in a heavy water detector as w
realistically however, there will be fewer such events due
the considerably smaller size of the heavy water detecto
the Sudbury Neutrino Observatory~SNO! as compared to the
water detector at SuperKamiokande~SuperK!.

When 4-flavor mixing is considered, the analysis becom
obviously more complex; now, the increase due to oxyg
events will be visible only for some of the allowed values
the parameters. Furthermore, there is no set of allowed
rameters in both the 3- and 4-flavor cases for which the
nals in a water detector will be able to distinguish betwe
adiabatic and non-adiabatic neutrino propagation in the c
of the supernova. This is an important issue since it can p
a lower bound on the~13! mixing angle, which is currently
bounded by CHOOZ at the upper end in the case of 3-fla
mixing. ~The only non-zero value for this angle so far com
from the LSND data which can only be analyzed in
4-flavor framework.! A zero value for this mixing angle will
decouple the two sets of oscillations,ne→nm and nm→nt ,
©2001 The American Physical Society11-1
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and allow for a simple 2-flavor analysis separately of
solar and atmospheric neutrino data. An exactly zero valu
this angle will also render irrelevantCP violating phases in
the problem.

There are also CC and neutral current~NC! events due to
elastic scattering with electrons in water/heavy water. Th
interactions are the same in both detectors and have
discussed in detail in the earlier analysis on water detec
@20#.

In this paper we focus on the possible signatures o
supernova collapse in a heavy water detector. The questi
of practical interest since SNO has been operating for m
than a year now. It turns out that a combination of measu
ments in water and heavy water detectors has much b
discriminatory power than either of them individually. Hen
such observations of supernova neutrinos may be a g
signal to rule out some of the currently allowed parame
space in the neutrino mixing angles.~These signals are how
ever not very sensitive to neutrino mass squared differenc!

The most interesting signals to study at a heavy wa
detector are the events from CC interactions of bothne and
n̄e on deuterons. This is the most dominant signal in cont
to the dominant CC interaction ofn̄e alone on free protons in
a water detector~all are typically about two orders of mag
nitude larger than those from oxygen or electron inter
tions!. We will focus mostly on these events in this pap
besides making a few remarks on the NC events on deut
that can also easily be measured at a heavy water dete
These are therefore the ‘‘new’’ signals in a heavy water
tector that would not be observable in~or will be different
from! a water detector.

As before, the analysis is done assuming the stand
mass hierarchy necessitated by the solar and atmosp
neutrino observations@23#. We also impose all the known
constraints on the mixing parameters and mass-squared
ferences including those constraints from laboratory exp
ments @21,24#. The purpose of the calculation is to se
whether different mixing scenarios give significantly diffe
ent signals in the detector.

In Sec. II we briefly outline the framework including th
mixing matrix as also matter effects on mixing. We then u
this to obtain expressions for thene , n̄e and nm,t , n̄m,t
fluxes reaching the detector in both 3- and 4-flavor mix
schemes. While discussions may be found in Refs.@19,20#
we reproduce the relevant details to keep this paper s
contained. In Sec. III we list the different interaction pr
cesses relevant to both water and heavy water detector
particular, those with electrons~positrons! in the final state,
as well as NC events on deuteron. The details of the su
nova model used in the calculation as well as the allow
values of neutrino mixing parameters~from already existing
data! using the effects of mixing are computed and also lis
here. Results showing the effects of mixing both for t
spectrum and the integrated number of events are prese
in Sec. IV. Sensitivity to the supernova model parameter
discussed. The NC events on deuterons in a heavy w
detector are also briefly discussed here. All these results
for a (212) mass hierarchy scheme in the case of 4 fla
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mixing. In Sec. V, we briefly discuss the other possible s
nario, that of the (311) scheme in 4-flavors. We present
summary and discussions in Sec. VI.

II. NEUTRINO MIXING AND MATTER EFFECTS

We briefly review mixing among three and four flavors
neutrinos~or antineutrinos! and compute the neutrino~an-
tineutrino! survival and conversion probabilities. These a
given in more detail in Refs.@19,20#. The supernova neutri
nos are produced mostly in the core, where the matter d
sity is very high. Hence matter effects on the propagation
important.

The hierarchy of mass eigenstates is shown in Fig. 1.
3-flavor case is shown in Fig. 1~a!; there are essentially two
scales corresponding to the solution of solar and atmosph
neutrino problems assuming neutrino oscillations. In the c
of four flavors~necessitated by the non-zero result of LSN
@21#!, the analysis is more complicated since there is an
ditional sterile neutrino. One possible mass hierarchy her
a (212) scenario@25# as shown in Fig. 1~b!. The LSND
result implies the existence of a mass scale in the rang
0.1 eV2 to 1 eV2. We choose two doublets separated by t
mass scale. The intra-doublet separation in the lower dou
corresponds to the solar neutrino scale&1025 eV2 and that
in the upper one to the atmospheric neutrino sc
;1023 eV2. Yet another possibility is the so-called (311)
scheme@26,27#, where the 3-flavor scheme is extended
adding a heavy sterile neutrino as the heaviest mass ei
state, with a mass separation from the other three state
required by LSND. We discuss this scheme separately la
In what follows, therefore, 4-flavor mixing always refers
the (212) scheme.

FIG. 1. The vacuum mass square differences in the 3 an
flavor schemes. In the 4-flavor scheme,ne andns are predominantly
mixed states ofn1 and n2 while nm and nt are that ofn3 and n4

~212 scheme!. The mixing between the lower and upper double
has been chosen to be very small. Here S, ATM and LSND stand
the solar, atmospheric and LSND mass squared differences, re
tively.
1-2
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FIG. 2. Schematic drawing showing mass squares as functions of matter density in the 3 and 4 flavor schemes. Resonances o
different regions of matter density, the lower one at'dmS

2 . In the 4-flavor case the upper resonances consist of four close-lying reson
determined bydmLSND
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The mixing matrix,U, which relates the flavor and mas
eigenstates in the above scenarios has three angles in
3-flavor case and six angles in the 4-flavor one. We s
ignore theCP violating phases. Then, the mixing matrix ca
be parametrized in the case of 3-flavors as

@ne nm nt#
T5U3@n1 n2 n3#T, ~1!

where T stands for transpose. HereU is parametrized by
considering rotations of mass eigenstates taken two at a t

U5U233U133U12,

5Uc3Uf3Uv , ~2!

whereUi j corresponds to the rotation of mass eigenstatesu i &
and u j &. As is the convention, we denote the mixing ang
relevant to the solar neutrino problem byv and that relevant
to the atmospheric neutrino problem byc in the case of 3
flavors. The~13! anglef is then small, due to the CHOOZ
result@24# which translates to the constraint on the~13! mix-
ing angle, sinf[e<e0, where e050.16. In the case o
4-flavors, we choose to work in the (212) scheme:

@ne ns nm nt#
T5U3@n1 n2 n3 n4#T, ~3!

where the mixing matrix is similarly defined to be

U5U343U243U233U143U133U12,

5Uc3Ue3Ue3Ue3Ue3Uv . ~4!

Here the~13! and~14! angles are constrained by CHOOZ
be small: u13,u14;e<e0 @20#. The atmospheric neutrino
problem constrainsu34 ~the equivalent of the anglec in the
3-flavor case! to be maximal, when bothu23,u24 become
small @28#. We shall assume they are also limited by t
same small parameter,e0.
07301
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The other relevant definition is the chosen mass hierar
in the problem. We define the mass squared difference
d i j 5m i

22m j
2 , where i , j run over the number of flavors

Without loss of generality, we can taked21, d31 ~andd41) to
be greater than zero; this defines the standard hierarch
masses consistent with the range of the mixing angles
specified above.

A. Matter effects for neutrinos

The most important consequence of the highly dense c
matter is to cause Mikheyev, Smirnov and Wolfenste
~MSW! resonances@29# in the neutrino sector.~The chosen
mass hierarchy prevents such resonances from occurrin
the antineutrino sector.! In both the 3- and 4-flavor cases, th
causes the electron neutrino to occur essentially as a
mass state@20#, in fact, as the highest mass eigenstate, as
be seen from the schematic illustration in Fig. 2. Nonad
batic transitions near the resonances will alter this res
especially in the case of 4-flavors, where there are sev
level crossings because of the presence of the sterile
trino. Hence we will discuss the purely adiabatic and t
non-adiabatic cases separately.

1. The adiabatic case

We begin with the 3-flavor case. The average transit
probability from flavor b to flavor a is denoted byPab
wherea,b run over all flavors. It turns out that, independe
of other mixing angles and the mass squared differences
survival probability for the adiabatic case is

Pee5e2, ~5!

and hence is small. This is sufficient to determine all t
relevant fluxes in the 3-flavor case. In the 4-flavor adiaba
case, we again have
1-3
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Pee5e2, ~6!

so that the electron neutrino survival probability is flav
independent in the adiabatic case. In addition, we also n
to know some other probabilities in order to compute
fluxes at the detector. We have

Pes5Pse5Pss5Pee5e2. ~7!

2. The non-adiabatic case

Because of the parametrization it is easy to see that n
adiabatic effects in the form of Landau Zener~LZ! jumps are
introduced as a result of the values chosen fore andv. The
value of e determines whether non-adiabatic jumps are
duced at the upper resonance~s! while the value ofv deter-
mines whether the non-adiabatic jump occurs at the lo
resonance. This statement holds both for three and four
vors since in both cases the non-adiabaticity in the up
resonance~s! is controlled bye, apart from mass squared di
ferences.

For a large range ofe, allowed by the CHOOZ constrain
the evolution of the electron neutrino is adiabatic. As a res
the lower resonance does not come into the picture a
except whene is very close to zero, where the LZ jum
probability at the upper resonance~s!, PH , abruptly changes
to one @11,30#. This occurs in a very narrow window: fo
instance, whene changes from 0.02 to 0.01,PH changes
from 0.01 to 0.34 for a mass scale in the range of 1023 eV2.
The subsequent discussion is therefore relevant only whe
is vanishingly small,e!1022. ~This is not ruled out by the
known constraints except LSND.!

The LZ transition at the lower resonance is determined
the probability,PL , which is a function of the mixing angle
v and the mass squared differenced21. It turns out thatPL is
zero unlessv is small, sinv&0.2 for mass differences in th
solar neutrino range;1025 eV2. This case~of small e,
small v) corresponds to the extreme non-adiabatic lim
Whenv is large, as in the case of the large-angle MSW
the vacuum solution to the solar neutrino problem, no
adiabaticity occurs only at the upper resonance and is th
fore partial.

In our calculations we have used the form forPH andPL
discussed1 in the appendix of Ref.@19# ~see also@30#!. Be-
cause of the sharpness of the transition at the upper r
nance we will setPH51 for small enoughe and only con-
sider the dependence of the survival probability on the
transition at the lower resonance.

In the 3-flavor non-adiabatic case the only relevant pr
ability is

Pee5~12e2!@~12PL!sin2v 1PLcos2v#. ~8!

1The Landau Zener transition probability is defined in terms of
adiabaticity parameter,g, as PLZ5exp@2(p/2)gF#, whereF;1.
The final expression forg given in Appendix B of Ref.@19# should
be multiplied by the additional factord31/60. However, the numeri-
cal calculation in that paper is correct.
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In the non-adiabatic 4-flavor case we have

Pee5~122e2!@~12PL!sin2v1PLcos2v#,

Pes5~122e2!@~12PL!cos2v1PLsin2v#. ~9!

Sincee is small, the flux at the detector is entirely controlle
by v andPL which is also a function ofv. Note that the sum
Pee1Pes5122e2 is independent ofPL in 4-flavors. Since
Pee1Pes512Pem2Pet , this also indicates that the prob
ability of transition of nm,t into ne is small in the non-
adiabatic case, in contrast with the adiabatic case wh
Pee1Pes52e2.

B. Matter effects for antineutrinos

Due to our choice of mass hierarchy, the propagation
antineutrinos is always adiabatic~the matter dependent term
has the opposite sign as compared to neutrinos!. Here also
the high density of matter in the core causes the elec
antineutrino to be produced as a pure mass eigenstate,n̄1.

In the 3-flavor case, we have

Pēē5~12e2!cos2v. ~10!

In the 4-flavor case, we have

Pēē5~122e2!cos2v,

Pēs̄5~122e2!sin2v. ~11!

Hence, whenv is small, there is very little loss of then̄e flux
into the sterile channel. Also, the sumPēē1Pēs̄5(122e2)
is similar to the non-adiabatic neutrino propagation so t
very little n̄m,t is converted ton̄e .

For the NC events, we will also need the following:

Ps̄ē5~122e2!sin2v12e2sin 2v,

Ps̄s̄5~122e2!cos2v22e2sin 2v. ~12!

These probabilities can then be used to determine the
served antineutrino fluxes.

C. The neutrino „antineutrino… fluxes at the detector

Following Kuo and Pantaleone@11#, we denote the flux
distribution, dfa

0/dE, of a neutrino~or antineutrino! of flavor
a with energyE produced in the core of the supernova
Fa

0 . In particular we use the generic labelFx
0 for flavors

other thanne and n̄e since

Fx
05Fx̄

0
5Fm

0 5F m̄
0

5Ft
05F t̄

0 . ~13!

Typically, models for supernovae predict that then̄e and
nx have hotter spectra thanne . This is because thenx de-
couples first since it has only NC interactions with mat
and therefore leaves the cooling supernova with the hot
thermal spectrum. The CC interactions ofne with matter are
larger than those ofn̄e and hencene has the coldest spec
trum. The model on which this work is based@31# predicts

e

1-4
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that the average energies of thene , n̄e and nx spectra are
around 11, 16, and 25 MeV. We make our observatio
keeping this in mind.

The ne flux on Earth is given in terms of the flux o
neutrinos produced in the core of the supernova by

Fe5PeeFe
01PemFm

0 1PetFt
0 ,

5PeeFe
01~12Pee!Fx

0 ~3-flavors!,

5PeeFe
01~12Pee2Pes!Fx

0 ~4-flavors!, ~14!

where we have made use of the constraint(bPab51. This
flux is further reduced by an overall geometric factor
1/(4pd2) for the case of a supernova at a distanced from the
Earth.

Since the probabilitiesPee andPes are known, thene flux
can be computed in terms of the original fluxes emitted
the supernova.

Thene flux is independent of the~12! mixing anglesv in
the adiabatic case. Also, it is not very different for 3- a
4-flavors. In both, the observed flux is almost entirely due
the originalnx flux sincePee5e2 is small, and is therefore
hotter.

From Eq. ~9! we see that, in contrast, the contributio
from the hotter spectrum into electron neutrinos in t
4-flavor non-adiabatic case is controlled entirely bye and is
small. However, the observed flux can be depleted, depe
ing on the value ofPL . The signal in the 3-flavor case i
drastically different because the contribution of the hot
spectrum now depends one, v andPL . In general, the pos
sibility of LZ transitions makes the analysis more comp
cated. We will discuss this case numerically later.

The result forn̄e is the same, withPee replaced byPēē ,
etc. For example,

Fē5PēēFē
0
1~12Pēē!Fx

0 ~3-flavors!,

5PēēFē
0
1~12Pēē2Pēs̄!Fx

0 ~4-flavors!.
~15!

There is hardly any mixing of the hotter spectrum into ele
tron antineutrinos in the 4-flavor case since (12Pēē2Pēs̄)
52e2 is small. The extent of mixing in 3-flavors depends
the value ofv throughPēē . For smallv, there is very little
change in the electron antineutrino flux@see Eq.~11!#.

The results are summarized in Tables I and II for t
adiabatic neutrino and antineutrino cases, and in Table III

TABLE I. ne , nx5nm ,nt fluxes at the detector in the extrem
adiabatic limit for 3- and 4-flavor mixing.

No. of flavors Neutrino flux at detector,F f

3 Fe5e2Fe
01(12e2)Fx

0

4 Fe5e2Fe
01(122e2)Fx

0

3 2Fx5(11e2)Fx
01(12e2)Fe

0

4 2Fx5(4e2)Fx
01(122e2)Fe

0

07301
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non-adiabatic neutrino propagation. Expressions for the o
flavors, needed to compute the NC events, are also give
these tables. For instance,

2Fx5Fm1Ft ,

5~Pee1Pes1Pse1Pss!Fx
01~12Pee2Pse!Fe

0

~4 flavors!. ~16!

A similar expression holds forFx̄ with Pab replaced by
Pāb̄ .

While the neutral current~NC! combination, (ne12nx

1 n̄e12n̄x), remains unaltered in 3-flavors, there may be
tual loss of spectrum into the sterile channel in the 4-fla
case. This should also be a good indicator of the numbe
flavors involved in the mixing.

Water as well as heavy water detectors will be sensitive
all these aspects of mixing. In the next section, we will d
cuss the inputs and constraints, both from supernova mo
as well as current neutrino experiments. These will then
used subsequently to predict numerically supernova ev
rates.

III. INPUTS AND CONSTRAINTS

We will concentrate mostly on the dominant CC and N
interactions ofne andn̄e on deuteron in heavy water. We wi
also compare the CC interactions to those at a water dete
that is, ton̄e on protons. Interactions on electrons and ox
gen nuclei in water and heavy water detectors are the sa
and have been discussed in detail in Refs.@19,20#.

TABLE II. n̄e , n̄x5 n̄m ,n̄t fluxes at the detector for 3- an
4-flavor mixing. Herecv5cosv, sv5sinv.

No. of flavors Antineutrino flux at detector,F f

3 Fē5(12e2)cv
2 Fē

0
1(sv

2 1e2cv
2 )Fx

0

4 Fē5(122e2)cv
2 Fē

0
1(2e2)Fx

0

3 2Fx̄5(11cv
2 2e2cv

2 )Fx
01(sv

2 1e2cv
2 )Fē

0

4 2Fx̄5(224e2)Fx
0112e2(12s2v)Fē

0

TABLE III. Neutrino fluxes at the detector when non-adiaba
effects are introduced. While the transition is assumed to be f
non-adiabatic at the upper resonances, it is controlled by the ju
probabilityPL at the lower resonance. Herecv , sv ands2v refer to
cosv, sinv, and sin 2v, respectively.

No. of flavors Neutrino flux at detector,F f

3 Fe5(12e2)@(12PL)sv
2 1PLcv

2 #Fe
0

1@12(12e2)„(12PL)sv
2 1PLcv

2
…#Fx

0

4 Fe5(122e2)@(12PL)sv
2 1PLcv

2 #Fe
012e2Fx

0

3 2Fx5@11(12e2)„(12PL)sv
2 1PLcv

2
…#Fx

0

1@12(12e2)„(12PL)sv
2 1PLcv

2
…#Fe

0

4 2Fx52(122e2)Fx
012e2@11(122PL)s2v#Fe

0

1-5
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A. Interaction processes and relevant formulas

Both in water and heavy water detectors, the interacti
we are mainly interested in are of three types:

~1! Dominant events: These are due to the CCn̄e p
→e1 n interaction in water. In heavy water, there are con
butions from bothn̄e d→e1 nn and ne d→e2 pp CC pro-
cesses. At the neutrino energies relevant to this discuss
the cross-sections for these processes, and hence the nu
of events, are about two orders of magnitude larger than
of the others.

~2! Electron events: These are due to elastic scattering
ne , n̄e , nx , n̄x on electron targets in both water and hea
water.

~3! Oxygen events: These arise from CC scattering ofne

and n̄e on oxygen nuclei in both detectors.
In all these cases, the events are identified by detectin

electron~or positron! in the final state. The electron event
although small in number, are highly forward peaked@32#.
The oxygen events have a high energy threshold (Ene

.15.4 MeV,En̄e
.11.4 MeV! and can only occur if there is

substantial mixing of the hotternx spectrum with thene or
the n̄e in which case these events are highly backw
peaked@22#. Both of these may therefore be readily sep
rated from the mostly isotropic dominant events in wa
@34#. In the case of heavy water, the angular distribution
both the dominant processes is well-known@34–36# and is
approximately given by

P~u!}12
1

3
cosu,

at the energies of interest. Hereu is the electron~positron!
laboratory scattering angle. So there are typically twice
many events in the backward direction as in the forw
direction. This makes the exclusive identification of oxyg
events more difficult in a heavy water detector.

A note on the nomenclature ‘‘forward’’ and ‘‘backward.
We envisage the angular dependence as being measur
typically six bins of 30° each, the first bin corresponding
forward and the last one corresponding to the backw
events. This obviates the need for very accurate angle m
surements as well as takes into consideration effects
electron-rescattering that may smear out the scattering an
This bin size is also typically what is available at SuperK
miokande.

Since the supernova signal is a short and well-defi
signal ~lasting about 10 s!, it will be possible to detect al
these events over background~due to solar and other radio
active processes!. For instance, in the relevant energy regio
SuperKamiokande reports@37# a background of 0.2 events
day/kton in a bin of 1 MeV of scattered electron energy fro
the direction of the Sun, and half that rate from all oth
scattering angles. The corresponding number for SNO is
available, although the radioactive background is expecte
be small compared to the solar signal@38#. Furthermore,
since their angular distribution is well-known, angular info
mation on the final state electron (e2 or e1) may allow us to
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separate out these three types of events. The detailed ana
of signals due to mixing in the forward and backward eve
samples is given in Ref.@20# for a water Cherenkov detecto
These results also hold for a heavy water detector~apart from
a scaling factor of 0.9 due to the mass difference betw
water and heavy water!. We will not discuss this further and
concentrate on the new results for the CC events on deu
ons. In addition, there are NC processes on the deutero
heavy water that may be detected by the subsequent neu
capture and the associated gamma rays.

The specific processes we will consider, for water a
heavy water detectors, therefore are

n̄e1p→e11n, ~17!

and

n̄e1d→e11n1n,

ne1d→e21p1p. ~18!

Common to both detectors are the processes

na1e→na1e ~a5e,x,ē,x̄!, ~19!

ne1 8
16O→e21X,

n̄e1 8
16O→e11X, ~20!

where the elastic scattering on electrons involves both
and NC interactions.

We will also discuss the interesting possibility of obser
ing NC events on deuteron in a heavy water detector:

n̄1d→ n̄1n1p,

n1d→n1n1p. ~21!

The cross sections for Eqs.~17!–~21! are well known
@32,33,22#. The n̄ep cross-section is large in water Chere
kov detectors, being proportional to the square of the
tineutrino energy. In terms of total number of events, the
fore, water Cherenkov detectors are mostly dominated
n̄e p events. The deuteron CC cross sections are compar
though thene CC reaction on deuteron has a slightly low
threshold and a somewhat larger cross section than thn̄e

CC. Also, then̄e CC cross section in heavy water is about
times smaller than the corresponding one in water due
Pauli suppression.

When the recoil electron~positron! is detected, the time
integrated event rate due to neutrinos~or antineutrinos! of
flavor a and energyE on targetT, as a function of the recoi
electron~or positron! energy,Ee , is as usual given by

dNa
T~Ee!

dEe
5

nT

4pd2 (
b

DtbE dEFa~b!
dsT

dEe
. ~22!

The index b refers to the time interval within which the
~original! thermal neutrino spectrum can be assumed to b
1-6
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NEUTRINOS FROM STELLAR COLLAPSE: . . . PHYSICAL REVIEW D64 073011
a constant temperatureTb(a). HerenT refers to the numbe
of scattering targets~of d, p, e, or O) that are available in the
detector. Also, for processes involvingd and p, the hadron
recoil is so small that we assumeEe5E2d IF , whered IF is
the mass difference between the initial and final hadrons~in-
cluding the binding energy!. While this results in a smal
threshold of a few MeV in these cases, the threshold
oxygen processes is greater than 10 MeV. The total num
of events from a given flavor of neutrino in a given bin,k, of
electron energy~which we choose to be of width 1 MeV!
then is

Na
T~k!5E

k

k11

dEe

dNa
T

dEe
. ~23!

In the case of NC events in heavy water, the total num
of events is calculated according to

Na
NC5

nt

4pd2 (
b

DtbE dEFa~b!sNC~E!. ~24!

Here again the cross section is well known@33#.

B. The supernova flux inputs

As in @19,20#, we compute the time integrated event ra
at prototype 1 kton water and heavy water detectors fr
neutrinos emitted by a supernova exploding 10 kpc aw
Results for any other supernova explosion may be obta
by scaling the event rate by the appropriate distance to
supernova and the size of the detector, as shown in Eq.~22!.
We assume the efficiency and resolution of the detector
be perfect; this will only slightly enhance the event rates n
the detector threshold@20#.

We use the luminosity and average energy distributi
~as functions of time! for neutrinos of flavora and energyE
as given in Totaniet al. @31#, based on the numerical mod
eling of Mayle, Wilson and Schramm@39#. In a short time
interval, Dtb , the temperature can be set to a consta
Tb(a). Then the neutrino number flux can be described
this time interval, by a thermal Fermi Dirac distribution,

Fa
0~b!5N0

Lb~a!

Tb
4~a!

E2

@exp„E/Tb~a!…11#
, ~25!

at a timet after the core bounce. Hereb refers to the time-
bin, t5t01bDt. We set the time of bounce,t050. The over-
all normalization,N0, is fixed by requiring that the total en
ergy emitted per unit time equals the luminosity,Lb(a), in
that time interval. The precise values forLb(a) and Tb(a)
are taken from Ref.@31#. The total emitted energy in al
flavors of neutrinos is about 2.731053 ergs. The general fea
tures of the model are as follows. The temperature is roug
constant over the entire period of emission~lasting roughly
10 seconds!. Typical values areTb(a)53.15̂ E&a , with the
average energy of each flavor,^E&a511,16,25 MeV fora
5ne ,n̄e andnx respectively. Also, the total emitted energy
more or less equally distributed in all flavors.~The luminos-
ity of ne is higher than that of other flavors at early time
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while that ofnx is higher after 1 s.! The number of neutrinos
emitted in each flavor, however, is not the same since t
average energies are different. While we use the values
the time dependent temperature and luminosity as given
Ref. @31# in our analysis, we also examine the effects due
possible variations of these parameters and hence the s
tivity of our results to the details of the supernova mod
used.

With large matter effects present in both the neutrino a
antineutrino sector, the validity of the average energies
ne , n̄e and nx as 11, 16 and 25 MeV, respectively, whic
were calculated without mixing, may be questioned. This
especially so because re-scattering effects involve the fla
states which may then equilibrate at different temperatu
We however note that the highly dense matter projects thene

and n̄e states as almost pure mass eigenstates. Hence
malization is not affected by effects of mixing. In fact, th
effects of mixing are significant only when the resonant d
sities are reached, when the MSW effect can mix differ
flavor states. For the parameter values as allowed from
rent neutrino data, this occurs only outside the neutri
sphere (R;104 km!, and not at the core (R;50 km! where
most of the neutrinos are produced. This mixing theref
occurs between spectra which are already thermalized
the above-mentioned temperatures. In the case ofnm andnt
this argument does not go through. In the highly dense c
these are mixtures of more than one mass eigenstate. H
ever, both mix only into each other and scatter through
actly the same processes. Hence their temperatures als
main the same as in the no-mixing case.

C. The mixing parameters

We impose the following known constraints on the mi
ing matrix in vacuum both for three and four flavor sc
narios. Consistent with the CHOOZ constraint, nam
sinf;e<e050.16 which we have imposed at the level of th
parametrization itself, we choosee50.08 for the 3-flavor
adiabatic case ande51024;0 for the non-adiabatic case. I
the case of the 4-flavor scheme, we setu13,u14,u23,u245e.

The constraint from the atmospheric neutrino analysis
plies that the relevant anglec(5u34)'p/4, is near maximal
and the relevant mass squared difference is of the orde
1023 eV2. Neither of these constraints directly enter our c
culations except to determine whether the upper resonan
adiabatic or not depending on the value ofe as constrained
by the CHOOZ findings. We consider both possibilities he

The value of the~12! mixing angle,v, is not yet known.
Combined data on solar neutrinos give three possible va
@40#:

~1! sin22v56.031023,d2155.431026 eV2 ~SMA!. The
small angle MSW solution.

~2! sin22v50.76,d2151.831025 eV2 ~LMA !. The large
angle MSW solution.

~3! sin22v50.96,d2157.931028 eV2 ~LMA-V !. The
large angle vacuum solution.

This has been slightly modified@41,42# in view of new
data from SuperK; however, it remains true, in general, t
v may be small or large, withd21<1025 eV2.
1-7
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We will now discuss the results numerically for all the
choices.

IV. NUMERICAL RESULTS

The numerical calculations are done by following the ev
lution of the mass eigenstates through all the resonance
cluding the appropriate jump probabilities when the tran
tion is non-adiabatic~whene is small!. Furthermore, the LZ
jump at the lower resonances is significant only for sm
values ofv.

A. The electron „positron… spectrum

The CC event rates on deuteron computed using
above inputs are displayed in Figs. 3–8. The time-integra

FIG. 3. ne d event rates as a function of the scattered elect
energyEe , when the upper resonance is completely adiabatic.
solid line represents the no-mixing case. The dotted line is du
the effects of either 3- or 4-flavor mixing, which cannot be dist
guished here.

FIG. 4. The Landau Zener jump probabilityPL at the lower
resonance as a function of the neutrino energy for the small a
MSW solution ~SMA! values of the mass squared difference a
mixing anglev for the 3-flavor case.
07301
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event rates per unit electron energy bin~of 1 MeV! are
shown as a function of the energyEe of the detected elec
tron. The solid lines in all the figures refer to the case wh
there is no mixing and serve as a reference. Results fo
and 4-flavor mixing are displayed in each of these figures
dotted and dashed lines respectively.

Figure 3 shows the predictions for the (v-independent!
adiabatic ne d CC interaction whene50.08. Mixing en-
hances the highEe event rates for both 3- and 4-flavor mix
ing, which cannot be distinguished here. Furthermore, m
ing shifts the peak of the spectrum to higher energies, fr
15 MeV to about 28 MeV because of the admixture of t
hotter nx spectrum and its significantly higher cross-secti
with deuterium. This high energy shift should be clearly o
servable.

Nonadiabaticity at the upper resonance occurs whee
;0. Then the adiabaticity at the lower resonance is de
mined by the value ofv. In fact, PL50 unlessv is small,
sinv&0.2. Hence this is relevant only for the small ang
MSW solution ~SMA!. We show the dependence ofPL on
the neutrino energy for the small-v 3-flavor case in Fig. 4.
The 4-flavor result is similar, with a scale factor roughly 0
It is seen thatPL increases with energy, although it still doe
not reach unity for the relevant supernova neutrino energ
For largerv, that is, for the large angle MSW~LMA ! and the
vacuum~LMA-V ! solutions,PL50.

n
e
to

le

FIG. 5. ned event rates when the upper resonance is comple
non-adiabatic. The solid lines represent the no-mixing case.
dotted and dashed lines are due to the effects of 3- and 4-fl
mixing. Results are shown for two different values ofv when e
51024.

FIG. 6. n̄e d event rates are shown as a function of positr
energy,Ee . The solid lines represent the no-mixing case. The d
ted and dashed lines are due to the effects of 3- and 4-flavor mix
Results for two different values ofv are shown.
1-8
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NEUTRINOS FROM STELLAR COLLAPSE: . . . PHYSICAL REVIEW D64 073011
In Fig. 5 we show the electron spectrum for the no
adiabaticne d CC interaction whene is small, in fact near
zero. The fully non-adiabatic case corresponding to smav
is shown in comparison with that for a larger value ofv in
the figure. Here, 3- and 4-flavor mixing give drastically d
ferent results, but the small-e scenario is in general not ver
sensitive to the chosen values ofv.

In Fig. 6 we show the positron spectrum due ton̄e d CC
interactions for two different choices ofv. ~Here e50.08,

FIG. 7. Total event rates~from combining the indivdualne d

and n̄e d rates shown in Figs. 3 and 6! are shown as a function o
the electron/positron energy,Ee , for two different values ofv, and
for e50.08 so that the propagation is fully adiabatic. The dot
and dashed lines are due to the effects of 3- and 4-flavor mix

Results from a 1 kton water detector~from n̄e p alone! are shown
on the right, for comparison.

FIG. 8. Same as Fig. 7 but fore;0 so that non-adiabatic effect
are included. Hence this is a combination of Figs. 5 and 6.
07301
-

but the results are essentially the same even ife is nearly
zero since this sector is always adiabatic.! Mixing has appre-
ciable effects only for largev; however, mixing does no
affect the peak position, unlike in the adiabaticne case.

We would like to point out that the purene spectrum may
not be observable in heavy water. It may be separated

from the total events sample if then̄e spectrum can be reli-
ably separated out by various detection techniques suc
looking for two neutrons in coincidence with the positro
However, we will show that the total number of events w
still be sensitive to the mixing parameters. We will therefo

discuss both the total as well as the individualne and n̄e

spectra.
The total event rates due to the dominant CCne d and

n̄e d processes are shown in Figs. 7 and 8 for the two cho
of e. The total isotropic CC events in water, due ton̄e p
alone, are also shown for comparison. The most signific
difference between the two is that of the adiabatic case w
small v ~the lower two panels of Fig. 7!, which is indepen-
dent of the number of flavors. This is because of the
hancement in thene events, independent ofv. At all v, the
peak is at a higher energy than expected from the no-mix
case in heavy water but remains the same for a water de
tor. This shift may be sufficiently significant and therefo
observable, in the adiabatic scenario, for allv. Finally, the
upper two panels of Fig. 7 indicate that a significant dep
tion in the observed events in water, together with an
hanced number of events in heavy water is an unambigu
signal of 4-flavor mixing with largev ~dashed lines in Fig.
7!.

The corresponding results for the dominant CC events
the non-adiabatic case are shown in Fig. 8. Here there is
significant shift in the spectral peak. Also, the signals in w
ter and heavy water are very similar, with the signals be
either enhanced or depleted similarly in both. For instan
the largev 4-flavor signal shows depletion both in water a
heavy water. This may be difficult to distinguish from th
no-mixing case if the overall normalization of the superno
spectrum is uncertain by more than a factor of two. In
cases, the small-e, small-v scenario also cannot be distin
guished from the no-mixing case. Hence the small-e case
may be difficult to establish unambiguously, independen
of the supernova model inputs.

Keeping in mind that the supernova dynamics may ha
large uncertainties, we will later also analyze the ratios of
total number of events in water and heavy water detect
These are likely to be less sensitive to the supernova mo
~although they do depend on the temperature hierarchy
ne , n̄e and nx) and hence may be more robust signals
mixing.

B. Integrated number of events

The predicted time integrated number of events result
in a scattered electron with energy,Ee.5 MeV ~which is a
typical threshold for Cherenkov detectors!, are shown in
Tables IV and V, for the adiabatic and non-adiabatic cas
respectively. As before, the number is calculated assumin

d
g.
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TABLE IV. Total number of events in 1 ktonD2O with electrons~positrons! in the final state with energy

Ee.5 MeV. Listed are the contributions from CC events on deuterons due to bothne and n̄e , events due to
the elastic scattering of all flavors and antiflavors of neutrinos on electrons~labeledn e), and the CC events

from ne andn̄e scattering on oxygen nuclei~labeledn O). The results due to no-mixing, and mixing with 3
and 4-flavors in the adiabatic case withe50.08 are shown in the three columns. The results with 3-
4-flavor mixing are shown for two values ofv: v large (sin22v50.96) andv small (sin22v50.006). For
comparison, the total number of events in water are also listed for the same set of model mixing para
The deuteron target is replaced by free protons here.

Heavy water Water
No 3-flavors,s2v

2 5 4-flavors,s2v
2 5 No 3-flavors,s2v

2 5 4-flavors,s2v
2 5

Mixing 0.96 0.006 0.96 0.006 Mixing 0.96 0.006 0.96 0.006

ne d(p) 72 183 183 181 181 0 0 0 0 0

n̄e d(p) 71 85 71 43 71 290 329 291 177 291

n e 8 9 9 8 8 9 10 10 9 9
n O 5 29 26 24 26 5 32 28 27 29
Total 156 306 289 256 286 304 371 329 213 329
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supernova explosion at 10 kpc for a 1 kton detector. Lis
are the dominant CC events on deuterons in heavy water
free protons in water, along with the elastic scattering eve
on electrons and the CC events on oxygen nuclei.

For heavy water, we have listed the individual contrib
tions fromne and n̄e on deuteron. In water, the correspon
ing dominant events are fromn̄e on p. The elastic events ar
from ne e, n̄e e, nx e, and n̄x e. Since they will all be de-
tected in the extreme forward direction, they have be
summed up and listed as totaln e events in the tables. Th
oxygen events, listed asn O, include bothne O andn̄e O CC
events, which will predominantly be in the backward dire
tion, especially when enhanced by mixing. In particular
tabulate the events for 3- and 4-flavor mixing whenv is both
small and large.

In Table IV, we show the results for the fully adiabat
case whene50.08. It is seen that the bulk of the even
~more than 90%! are from the dominant events onp or d.
Mixing always enhances thene d channel by more than a
factor of two; hence adiabatic propagation always predicts
enhanced rate of total events in heavy water even tho
there is reduction in then̄e d channel~the other dominant
process! for some parameters. In contrast, the total num
of events in water may even go down as compared to
no-mixing case, depending on the parameter values.
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In Table V, we show similar predictions for the case wh
e;0 or when the upper resonance~s! become fully non-
adiabatic. The value ofv then determines whether or not th
lower resonance is adiabatic. Recall that the antineutr
propagation is always adiabatic. Again, the contribution fro
the n e and n O events is small compared to the domina

events. Small changes in then̄e p and n̄e d events between
Tables IV and V are due to changes in the value ofe. Irre-
spective of the parameter values, it is seen that there is n
any depletion in the 3-flavor case. As in Fig. 8 an interest
scenario occurs whenv is large in the 4-flavor case. Here th

total number of dominant events in bothne d and n̄e d in

heavy water and inn̄e p in water, is reduced by a facto
proportional to cos2v. This is the only scenario where ther
is depletion in both water and heavy water.

C. Possible discrimination of various ‘‘mixing models’’

So far, we have assumed that most of the mixing para
eters are known and used the supernova measurement
potential check for self-consistency of the model paramet
This is because there is still very little known about the s
pernova neutrino spectrum through observations and he
there is both theoretical and experimental uncertainty ab
the details of the neutrino spectrum. However, it is still i
TABLE V. The same as Table IV but for a small value ofe51024 so that the upper resonance~s! is
non-adiabatic.

Heavy water Water
No 3 flavors,s2v

2 5 4 flavors,s2v
2 5 No 3 flavors,s2v

2 5 4 flavors,s2v
2 5

Mixing 0.96 0.006 0.96 0.006 Mixing 0.96 0.006 0.96 0.006

ne d(p) 72 139 88 29 52 0 0 0 0 0

n̄e d(p) 71 85 71 43 71 290 329 290 174 290

n e 8 9 8 5 7 9 10 9 6 8
n O 5 21 8 3 4 5 23 8 3 5
Total 156 254 175 80 134 304 362 307 183 303
1-10
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TABLE VI. List of neutrino models which can be discriminated by theD2O and H2O detectors from
different values ofR. HereR is defined as the ratio of the observed number of events with electrons of e
Ee.5 MeV in the final state, to the calculated number without mixing. The various models are specifi
the number of flavors 3 or 4, by the value ofv (vL andvS refer to sin22v50.96,0.006, respectively!, and by
the suffixA andN referring to adiabatic and non-adiabatic propagation at the upper resonance~s!, correspond-
ing to e much larger or much smaller than 1022, respectively.

Models allowed by the corresponding value ofR measured in
D2O H2O

R.1 (3vL)A,N , (4vL)A , (3,4vS)A (3vL)A,N

R,1 (4vL)N (4vL)A,N

R;1 No mix, (3,4vS)N No mix, (3,4vS)A,N
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structive to actually turn the question around and ask, s
pose another supernova explosion is observed through
neutrino emission. Will an excess over~or a depletion from!
the expected number of events unambiguously determ
some of the model mixing parameters? The answer to
question can be obtained from Table VI. It is seen that c
tain classes of models may be ruled out, depending on
observation. We define the ratio of the total number of eve
@from all possible interactions with an electron~or positron!
in the final state# potentially observed from a future supe
nova~equivalently, the prediction from a given neutrino mi
ing model! to the expected number of events without mixi
~for Ee.5 MeV!:

Ri5
observed number of events

calculated number without mixing
, ~26!

wherei 5D,H refer to 1 kton heavy water and water dete
tors, respectively. The denominator refers to the the expe
number of events~using a standard supernova model, w
no mixing! as computed from a Monte Carlo simulation th
takes into account detector resolution, efficiency, etc., c
sistent with the detector at which the events were obser
An observation may findRi.1, Ri,1 or Ri;1. Note that
even though the ratio refers to the total number of events,
inferences drawn reflect mainly the behavior expected fr
the dominant CC processes on protons in water and de
ons in heavy water. The mixing models~with model param-
eterse andv, including adiabaticity! consistent with, or pre-
dicting, such an observation are shown in Table VI. Here
non-adiabaticity, that is, the value ofPL at the lower reso-
nance has been computed assuming a typical value ofd21
51025 eV2. Water detectors cannot distinguish adiaba
~A! and non-adiabatic~N! scenarios, that is, whether or note
is different from zero, but can distinguish the number
flavors whenv is large~see the last column of Table VI!. In
D2O, however, most models predictRi.1. Theonly obser-
vation ofRi,1 in D2O occurs for the 4-flavor non-adiabat
case withe;0 and largev.

On combining data from water and heavy water detect
an improved discrimination of model parameters is possi
as can be seen from Table VII. Here the different values
RH andRD are listed, along with the models that are cons
tent with such a combined observation. First of all, it is se
that combining the two measurements immediately allo
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for a separation between the adiabatic and non-adiab
cases and hence whethere is different from zero, except in
the 3-flavor case with largev. It should be noted that the
e,v→0 scenario is unlikely to be distinguished from th
no-mixing case. It is also seen that certain combinations
RD andRH do not occur for any of the allowed paramete
values. For instance a depletion in heavy water isonly con-
sistent with depletion in water as well. Any other result
water indicates that the overall normalization of the spectr
is probably in error. An occurrence of such ‘‘forbidden
combinations may therefore be used as a check on the ov
normalization of the supernova spectrum. This result
course is limited to the class of models we are analyz
here.

The following scenario is best suited to determining t
value of v. ~1! There are fewer isotropic events than e
pected (RH,1) in a water Cherenkov detector such as S
perK. This reduction factor determines cos2v. ~2! The same
reduction factor (RD,1) fits the data from a heavy wate
detector such as SNO. This can imply that the correct mix
matrix is one with 4 flavors and largev, with non-adiabatic
neutrino propagation.~3! If on the other hand there are a
enhanced number of events (RD.1) at the heavy water de
tector, it clearly indicates adiabatic neutrino propagati
This in turn implies thate is different from zero which has so

TABLE VII. Combined predictions from supernova signals
water and heavy water and corresponding models with 3 an
flavor mixing that are consistent with them. By ‘‘None’’ we mea
none of the models of mixing that we have considered here.
notation is the same as in the earlier table with the ratiosRD andRH

referring to heavy water and water, respectively.

Models which are allowed

RD.1; RH.1 (3vL)A,N

RD.1; RH,1 (4vL)A

RD.1; RH;1 (3,4vS)A

RD,1; RH.1 None
RD,1; RH,1 (4vL)N

RD,1; RH;1 None
RD;1; RH.1 None
RD;1; RH,1 None
RD;1; RH;1 No mixing, (3,4vS)N
1-11
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far been claimed only by LSND. Variation of supernova i
put parameters, which we will discuss in the next secti
does not alter this result.

These qualitative features can be quantified by defin
the double ratio,

RD/H5
RD

RH
, ~27!

which is independent of the overall normalization of the ne
trino flux and hence provides a better diagnostic. In pract
it may not be possible to directly take a ratio of the data fr
water and heavy water detectors since the two measurem
will differ in their systematics, apart from such conside
ations as detector efficiency and resolution. SinceRi ,i
5D,H are normalized to the theoretical expectancy inclu
ing these considerations,RD/H is not likely to be sensitive to
details of detector design and can thus provide a rob
quantitative indicator of different types of mixing.

This double ratio~whereRi has been calculated as befor!
has been shown in Figs. 9 and 10 as a function ofv. The
ratio is plotted for the total number of events with the cut
the observed electron~positron! energy,Ee>5 MeV in Fig.
9. The two curves in each figure correspond to the two val

FIG. 9. The double ratioRD/H of the ratio of the total events
observed through the detection of an electron~or positron! with
Ee>5 MeV, from a future supernova explosion to that expected
a heavy water and a water detector, shown as a function of the~12!
mixing anglev. Solid and dashed lines correspond to adiabatice
50.08) and non-adiabatic (e;0) neutrino propagation at the uppe
resonance~s!. The case for 3-flavor mixing is shown on the left an
that for 4-flavors on the right. The vertical dotted lines indicate
currently favored values of sin22v according to solar neutrino
analysis.

FIG. 10. The same as Fig. 9, with a high energy cut on
electrons, 5,Ee,40 MeV, to decrease sensitivity to the high e
ergy tail of the neutrino spectrum.
07301
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of e when the propagation at the upper resonance~s! is purely
adiabatic,e50.08~solid lines! or purely non-adiabatic, when
e51024 ~dashed lines!. These are the two cases that a wa
detector is normally not able to resolve. Also shown are d
ted vertical lines corresponding to the solutions allowed
the solar neutrino problem, sin22v50.006, 0.76 and 0.96
Non-adiabaticity at the lower resonance has been comp
using d2151025 eV2 as before. While the 3-flavor mixing
case is shown on the left, the 4-flavor result is plotted on
right.

Obviously, a value of unity is expected for the case
no-mixing. We analyze each case in turn.

~1! We see from Fig. 9 that the double ratioRD/H is al-
ways strictly greater than one for the adiabatic case, indep
dent ofv or the number of flavors,f.

~2! Even in the non-adiabatic case, it can be less than
only whenf 54. Note however that currently allowed value
of v lead to RD/H;1 in the non-adiabatic case. The ca
RD/H,1 occurs only for intermediate values ofv.

~3! For f 53 ~left panel of Fig. 9!, the double ratio at
smallv is different for the adiabatic and non-adiabatic cas
which may therefore be distinguished. However, it may
very difficult to distinguish these two for large values ofv.

~4! On the other hand, these two cases are easily dis
guished for allv for f 54 as can be seen from the right pan
in Fig. 9.

~5! While the double ratio is similar for bothf 53,4 for
small v, sin22v<0.1, the number of flavors can be distin
guished for larger values ofv, especially in the currently
allowed region, only in the adiabatic case.

~6! However, as stated before, independent off, the small
v non-adiabatic solution withe;0 cannot be distinguished
from the no-mixing case.

Keeping in mind that a thermal neutrino flux distributio
such as the one we have used may overestimate the
energy spectrum, the case 5<Ee ~MeV! <40 is shown sepa-
rately in Fig. 10. Most of the features survive the cuts; hen
this ratio is likely to be a stable indicator of mixing.

Finally, we note that the denominator of the double ra
is dominated byn̄e events. Hence, thesamediscriminatory
power can be achieved using data from a heavy water de
tor alone if it is possible to separate thene d andn̄e d events.
As stated earlier, this may be possible, for instance, at S
by detecting both the neutrons in coincidence with the po
tron emitted in then̄e d interaction. SNO is also planning t
increase the neutron detection efficiency~to more than 80%!
by adding salt to the heavy water@38#. In this case, the
double ratio, defined for heavy water alone,

r d5
Re1ē

Rē
, ~28!

will provide as much information as the double ratioRD/H .
Here,

Rē5
observed number ofn̄eevents

calculated number without mixing
,

n

e

e
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while Re1ē is a similar ratio, defined for the total number
events from bothne and n̄e interaction with deuterium:

Re1ē5
observed number ofneandn̄eevents

calculated number without mixing
.

Both Re andRe1ē are calculated for a heavy water detect
To a very good approximation, we have

RD/H'r d . ~29!

The approximation arises partly from ignoring events due
electron and oxygen targets inr d . The error also arises from
the differences in the denominators of the two ratios, o
involving n̄e p and the othern̄e d. Despite a mild energy
dependence of the ratio of these two cross sections@33,35#, it
turns out that the ratio of the total events expected from th
two processes remains in the range 460.1 ~see Table IV!.
This is true both when there is no mixing, and with mixin
for all allowed values of mixing angles (f,v). Hence this
factor cancels when the ratioRē is expressed in terms ofRH .
Hence the approximation in Eq.~29! should be valid to
within a few percent. In addition, the double ratior d will
have the advantage of reduced systematic errors, since
from different experiments do not have to be combined
order to calculate it. Hence it will be useful to calculate su
a ratio, by separating out then̄e events on deuteron.

D. Sensitivity to supernova model parameters

So far, we have discussed the sensitivity of the supern
neutrino spectrum to various neutrino mixing paramete
However, the supernova model parameters~temperature and
luminosity! are themselves uncertain and still need to be
perimentally established. It is therefore important to stu
the effect of variation of these parameters on the results
have so far obtained.

Supernova dynamics is a very complicated issue. Here
will follow a simple-minded approach. Changes in the lum
nosity affect the overall normalization while changes in t
temperature~or average energy! change in theshapeof the
spectrum. Variations in these parameters, while being ti
dependent, are not random, but systematic. For instance
supernova model parameters depend on the protoneutron
mass~an increase of which increases both the average en
and luminosity of neutrinos! as well as the underlying high
density equation of state and the initial conditions. The eff
of this on the total neutrino spectrum has been studied
Ref. @43#. ~The temperature variation in the spectra of in
vidual flavors is not discussed.! The study indicates that th
typical temperature variation of the total neutrino spectr
at all times does not exceed about6 1 MeV. While the varia-
tion due to uncertainties in the initial conditions is relative
small, the average energy systematically decreases
smaller protoneutron mass stars and those evolving wi
stiffer equation of state. On the other hand, the luminosi
are virtually identical for all these cases until a timet;10 s,
by which time most of the detectable neutrinos are emitt
07301
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We will first estimate the systematic errors due to unc
tainties in the supernova temperature. In the absence of
tailed information on temperature variation of the individu
flavors, we shall assume a systematic time-independen
crease~or decrease! in the temperature of spectra of all fla
vors by 1 MeV. This will then be an estimator of the out
limits of variation of the results from the original calculatio

Figure 11 shows the expected number of events due
ne d interaction in the absence of mixing and when the te
perature is systematically increased or decreased by 1 M
in all time bins,

Tb~a!→Tb~a!61 MeV.

The base-line supernova spectrum is shown in compariso
a solid line. There is of course a shift in the spectral peak~by
around 3 or 4 MeV!; however, there is a large change in th
high energy part of the spectrum~accentuated due to theE2

dependence of the cross section!. It will still be possible to
distinguish the adiabatic mixing case since the increas
high energy in this case is substantially larger than fr
errors in the supernova spectrum. However, other cases
pecially the non-adiabatic cases, will not be clearly dist
guishable. It must be noted that in any event the spec
peak forne events is a good index of the temperature of t
spectrum, either of the unmixedne or of the hotnx spectrum.

Figure 12 shows the results for the case of then̄e d un-
mixed spectrum. There is a similar dependence~since the
energy dependence of the cross section is the same as i
ne d case!. Since mixing does not significantly shift then̄e
spectral peak~see Fig. 6!, this will remain a good indicator
of the corresponding spectral temperature.

While there are large variations in the results for the
dividual spectra, these will be canceled out in the dou
ratio RD/H of the events in heavy water and water~in fact,
this is the purpose of constructing such a ratio!. This can be

FIG. 11. The same as Fig. 3 for electron neutrinos in the
mixing case~solid lines!. Added are the dotted and dashed lin
corresponding to the case when the supernova neutrino spe
temperatures are increased or decreased by 1 MeV in each time
1-13
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DUTTA, INDUMATHI, MURTHY, AND RAJASEKARAN PHYSICAL REVIEW D 64 073011
seen from Fig. 13, where the same double ratio,RD/H , is
plotted for the different temperature sets,T ~as solid lines!
and T61 ~as dashed lines!. It is likely that any time-
dependence of the temperature variation that we have
nored will affect the numerator and denominator of the ra
in the same way; hence inclusion of time dependence sh
not affect this analysis. In computing this ratio, the ‘‘o
served number of events’’ as required for the calculation
Ri , i 5D,H, in Eq. ~26! is now determined both by the mix
ing parameters as well as by the modified supernova mo
It is seen that there is very little sensitivity to the variatio
in the temperature. This is especially so in the adiabatic c
A greater sensitivity to the model parameters in the smallv,
small e ~non-adiabatic! case occurs because of the prese
of the additional energy-dependent factor, the Landau-Ze
transition probability,PL . Hence inclusion of temperatur
variations in the supernova model does not change the
clusions about discrimination of different mixing models.

We add a note on variations in the luminosity due to,
example, choice of different initial conditions@43#. This af-
fects the overall normalization which is an indicator of t

FIG. 12. The same as Fig. 6 for electron antineutrinos in
no-mixing case~solid lines!. Added are the dotted and dashed lin
corresponding to the case when the supernova neutrino spe
temperatures are increased or decreased by 1 MeV in each time

FIG. 13. The same as Fig. 9, but where the dashed curves
indicate the changes in the double ratioRD/H due to variations in
temperature in the supernova model by61 MeV. The statistical
errors are also plotted but are too small to be distinguished.
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total energy emitted. However, the double ratio will not
sensitive to this, unless these changes are extremely t
dependent. It is doubtful whether reasonable conclusions
be drawn in such a case, unless there are significantly l
numbers of events in each time bin. In short, while the in
vidual flavor spectra can be significantly modified by unc
tainties in the supernova model parameters, the double r
RD/H is largely insensitive to such variations. Hence it is
good indicator of mixing.

A final remark about statistical errors. As already stat
the background to a supernova signal due to both radioac
ity as well as solar events is small at SuperKamiokande
SNO. Hence the signal will be clearly defined. In any ca
the statistical errors~assuming a 1/AN error for both the
numerator and the denominator and adding suitably
quadrature! have been calculated for the double ratioRD/H .
This has also been shown in Fig. 13. The errors are so s
that they are not visible, except as a slight thickening of
lines near thev→1 region. Of course, if the supernova is 5
kpc and not 10 kpc away, the statistical errors becom
times larger. Recall however that we have computed
events in 1 kton of the detector. Larger detector volumes w
further reduce this error. In general, the statistical quality
the signal, while being good, will depend on the size of t
detector as well as the distance to the supernova.

E. Neutral current events

As is well-known, heavy water detectors can directly o
serve NC events. This is very important in the context
supernova neutrinos since neutrino emission from supe
vas is practically the only observable system where neutri
~and antineutrinos! of all flavors are emitted in roughly equa
proportions. Note that there are also NC events on oxy
targets in both water and heavy water, with a characteri
signal of photons with energies in the range of 5–10 M
@44#. However, these events are fewer in number than the
events on the deuteron that we will discuss here.

While there is no loss of NC events in the case of 3-flav
mixing, the existence of a fourth flavor will be signaled b
loss of NC events into this sterile channel. This can be s
from Tables VIII and IX where the total number of NC
events from neutrinos or antineutrinos of all flavors~with
En.3 MeV! are listed for different possible values ofv
consistent with the solar neutrino expectation. It is seen

e

tral
in.

w

TABLE VIII. NC events on deuteron withEn.3 MeV for dif-
ferent values ofv in the adiabatic case whene50.08. While the
3-flavor case is identical to the no-mixing case, as expected,
4-flavor case shows a depletion in events due to loss into the st
channel. The ratio of the 4-flavor to the no-mixing~or 3-flavor! case
is shown in the last column.

Number of events on deuteron R4/0

sin22v No mixing 3-flavors 4-flavors

0.960 374 374 274 0.73
0.760 374 374 281 0.75
0.006 374 374 293 0.78
1-14
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the number of NC events is not very sensitive to the value
v; however, from Table VIII it is clear that in the adiabat
case, there is about 25% depletion with 4-flavor mixi
when compared to the no-mixing case. If the value ofe and
the overall normalization of the spectrum is known, NC c
rent events can be used to discriminate between three
four flavor mixing. Recall that the CC events are alwa
enhanced by a factor of 1.5–2 for the adiabatic case. He
more conservatively, the NC events can be used to norma
the supernova spectrum to at least within 25%.

When the upper resonance is non-adiabatic, however,
of the signal gets regenerated, especially for smallerv.
Hence, as Table IX shows, there are roughly the same n
ber of NC events with and without mixing in the non
adiabatic case, independent of the number of flavors.
corresponding CC channel shows severe depletion o
whenv is large; otherwise, it is either enhanced, or the sa
as the no-mixing case. Hence also the NC events can be
to normalize the supernova spectrum here.

V. 4-FLAVOR „3¿1… MIXING SCHEME

So far, all results in the 4-flavor analysis referred to t
(212) scheme as shown in Fig. 1~b!. We briefly discuss
results in the (311) scheme where the mixing matrix
defined through

@ne nm nt ns#
T5U3@n1 n2 n3 n4#T,

~30!

and

U5U343U243U233U143U133U12,

5Ur3Ue3Uc3Ue3Ue3Uv . ~31!

Here the~13! and~14! angles are constrained by CHOOZ
be small:u13,u14;e<e0 @20# as in the (212) scheme. The
atmospheric neutrino problem now constrainsu23 ~the
equivalent of the anglec in the 3-flavor case! to be maximal,
whenu24 becomes small,u24<e0. However, the~34! mixing
angler is not constrained by any known experimental da

Sincene is produced in the supernova core in essentia
then4 mass eigenstate, any non-adiabaticity results in jum
near the upper MSW resonances. The adiabaticity param
here will be determined by theu14 angle, which is again
small, u145e. However, the adiabaticity parameter at t
lower resonance depends on the unknown angler and hence
we do not comment on the non-adiabatic case here.

TABLE IX. The same as Table VIII, withe;0 so that the upper
resonance is non-adiabatic.

Number of events on deuteron R4/0

sin22v No mixing 3-flavors 4-flavors

0.960 374 374 336 0.90
0.760 374 374 338 0.90
0.006 374 374 365 0.98
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The expressions for the fluxes as observed on Earth
given in Eqs.~14!, ~15! and~16! with probabilitiesPab com-
puted for the (311) scheme. The relevant probabilities,Pee
and Pes, for the CC events in the adiabatic case areinde-
pendentof the unknown angler and are in fact the same i
both the (212) and (311) schemes. Hence all the resul
~as shown in Figs. 3, 6, and 7! for the CC events on deutero
in the adiabatic sector are insensitive to the position of
sterile neutrino in the case of 4-flavors. This is true for t
CC events on oxygen as well.

In the NC case, we need the probabilitiesPse and Pss
which are different from the (212) case. Ignoring smal
terms of orderO(e), we have

Pse5cr
2 ,

Pss5sr
2/2,

Ps̄ē5sv
2 sr

2/2,

Ps̄s̄5cv
2 sr

2/2, ~32!

wherecr ,sr are cosr and sinr, respectively.
While these fluxes do depend onr it turns out that the

suppression factor in the adiabatic case is again around
for both large and small values ofv, again independent o
the value ofr. This is because the dominant contribution
the NC sector is from theFx and Fx̄ fluxes, as in the (2
12) case. These terms are very weakly dependent on
unknown angler. Hence in the NC sector as well, the~adia-
batic! (311) 4-flavor scheme gives almost the same pred
tions as the (212) scheme. Because of this, there will not
much difference in the elastic events on electrons as we

VI. SUMMARY AND DISCUSSION

To summarize, we have contrasted signals from sup
nova neutrinos~antineutrinos! in water and heavy water de
tectors. We include the dominant charged current eve
from deuteron targets in heavy water, and proton target
water, as well as the elastic scattering off electrons a
charged current events on oxygen in both detectors. In
cases, an electron~or positron! is detected in the final state
The detailed distribution of events as a function of the sc
tered electron~positron! energy depends on the number
flavors and the mixing parameters in a complex manner.
have discussed all these cases.

In particular, Figs. 9 and 10 show the combined sensi
ity of water and heavy water detectors to the neutrino mix
parameters for such events by defining a double ratio of
observed to expected number of events in heavy water
water detectors, respectively. These results reflect essen
the behavior of the dominant charged currentne and n̄e

events on deuterons which are comparable to then̄e charged
current interaction on protons in water. However, its dep
dence on the mixing parameters is very different from t
for water. It turns out that a comparison of the signals fro
water and heavy water detectors can yield important inf
mation on not only mixing parameters but also on the nu
1-15
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ber of flavors involved. While 3-flavor mixing typically re
sults in an enhanced event rate, 4-flavor mixing can lea
substantial decrease in the number of events, dependin
the mixing parameters.

Furthermore, we have performed a simple-minded an
sis of the systematic errors involved due to uncertainties
the supernova model parameters. We have shown tha
o-

N.

on

o
ex

s-

s-

S

A
-

,

07301
to
on

y-
in
he

double ratio that quantifies the relative variation due to m
ing in water and heavy water detectors is largely insensi
to variations in the supernova model parameters~temperature
and luminosity! used.

We have also briefly discussed the neutral current eve
in heavy water. These signals may facilitate determination
the overall normalization of the supernova neutrino spec
r,
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