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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 mixing parameters lead to drastically different supernova
signals at water detectors. While certain features are com-
Neutrinos from stellar collapse have so far been detectethon to both the 3- and 4-flavor analyses, there are important
only from the SN 1987a in the Large Magellanic Cldud.  differences that maydepending on the mixing parameters
The inital observations of the neutrino and antineutrinob€ able to distinguish the number of flavors. We will sum-
events by the Kamiokande] and IMB [3] Collaborations marize the salient features of this analysis below.
were the subject of detailed analysis by several authors The dominant contribution is from the charged current
[4-10 immediately following the event. The analyses con-(CC) scattering ofve on protons in water. Mixing can in-
firmed the qualitative features of core collapse and subsesrease the number of high energy events in this channel. The
qguent neutrino emission. most dramatic effect of 3-flavor mixing is to produce a sharp
The effect of non-zero neutrino masses and mixing orincrease in the CC events involving oxygen tardédis,22]
supernova signals was first analyzed in general by Kuo antbr most choices of mixing parameters. These will show up
Pantaleon¢ll]. Recently, several authors have looked at theas a marked increase in the number of events in the back-
possible signatures of neutrinos and antineutrinos from suward direction with respect to the forward peaked events
pernova collapse in realistic scenarios. Dighe and Smirnoinvolving electrons as targetmore than 90% of which lie in
[12] have looked at the problem of reconstruction of thea 10° forward cone with respect to the supernova direction
neutrino mass spectrum in a three-flavor scenario. These afer neutrinos with energieg, =8 MeV), both showing up
thors, as have Chiu and KJi@3], compared the signatures in over the mostly isotropic CC events on protons. In the ab-
the standard mass hierarchy and inverted mass hierarchsence of such mixing, there will be only a few events due to
While these papers incorporate the constraints from solar andC scattering on oxygen targets. These events involving
atmospheric neutrino observations, the important question afxygen targets will be seen in a heavy water detector as well;
the mass limits that may be obtained from the observation ofealistically however, there will be fewer such events due to
time delay has been analyzed by Beacom and Voell5  the considerably smaller size of the heavy water detector at
and by Choubey and K4d.6] (see also the review by Vogel the Sudbury Neutrino Observatof$NO) as compared to the
[17]). For a recent review which also discusses aspects ofiater detector at SuperKamiokan@@uperK.
locating a supernova by its neutrinos in advance of optical When 4-flavor mixing is considered, the analysis becomes
observation, see Reff18]. obviously more complex; now, the increase due to oxygen
In this paper we apply the analysis of neutrinos from stel-events will be visible only for some of the allowed values of
lar collapse presented in Refd.9,20 to heavy water detec- the parameters. Furthermore, there is no set of allowed pa-
tors. We had previously discussed in detail the signatures, irameters in both the 3- and 4-flavor cases for which the sig-
a water Cherenkov detector, of neutrinos and antineutrinosals in a water detector will be able to distinguish between
from stellar collapse in both 3- and 4-flavor mixing sce-adiabatic and non-adiabatic neutrino propagation in the core
narios. The 4-flavor analysis was motivated by Liquid Scin-of the supernova. This is an important issue since it can place
tillation Neutrino DetectoLSND) data[21]. The analysis a lower bound on th€13) mixing angle, which is currently
was confined to type Il supernovéahich occur when the bounded by CHOOZ at the upper end in the case of 3-flavor
initial mass of the star is larger than 8 solar magséhe  mixing. (The only non-zero value for this angle so far comes
choices of mixing parameters used were consistent witfirom the LSND data which can only be analyzed in a
available data on solar, atmospheric and laboratory neutrind-flavor framework. A zero value for this mixing angle will
experiments. It turns out that different choices(aflowed  decouple the two sets of oscillationg,— v, andv,—v,,

0556-2821/2001/6%)/07301116)/$20.00 64 073011-1 ©2001 The American Physical Society



DUTTA, INDUMATHI, MURTHY, AND RAJASEKARAN PHYSICAL REVIEW D 64 073011

and allow for a simple 2-flavor analysis separately of the V4
solar and atmospheric neutrino data. An exactly zero value of S miy

this angle will also render irreleva@P violating phases in Vs
the problem.

There are also CC and neutral currédC) events due to
elastic scattering with electrons in water/heavy water. These
interactions are the same in both detectors and have bee
discussed in detail in the earlier analysis on water detector: & misnp
[20].

In this paper we focus on the possible signatures of a
supernova collapse in a heavy water detector. The question i V3
of practical interest since SNO has been operating for more
than a year now. It turns out that a combination of measure- 8m 3
ments in water and heavy water detectors has much bette ! \p) vy
discriminatory power than either of them individually. Hence 8 mg v 8 mg v
such observations of supernova neutrinos may be a goo ! !
signal to rule out some of the currently allowed parameter (a) (b)
space in the neutrino mixing anglé$hese signals are how- . .
ever not very sensitive to neutrino mass squared differences, F!G- 1. The vacuum mass square differences in the 3 and 4

The most interesting signals to study at a heavy Wateflavor schemes. In the 4-flavor schemg and v, are predominantly

. . mixed states of/; and v, while v, and v, are that ofv; and v,
getecmr are the events from CC interactions of begtand 2+2 schemg The mixing between the lower and upper doublets

ve ON deuterons. This is the most dominant signal in contragas peen chosen to be very small. Here S, ATM and LSND stand for
to the dominant CC interaction @f, alone on free protons in the solar, atmospheric and LSND mass squared differences, respec-
a water detectofall are typically about two orders of mag- tively.

nitude larger than those from oxygen or electron interac-

tions). We will focus mostly on these events in this paper,mixing. In Sec. V, we briefly discuss the other possible sce-
besides making a few remarks on the NC events on deuteramario, that of the (3-1) scheme in 4-flavors. We present a
that can also easily be measured at a heavy water detectgummary and discussions in Sec. VI.

These are therefore the “new” signals in a heavy water de-
tector that would not be observable (or will be different
from) a water detector.

As before, the analysis is done assuming the standard e briefly review mixing among three and four flavors of
mass hierarchy necessitated by the solar and atmosphefi@utrinos(or antineutrinos and compute the neutrin@n-
neutrino observation23]. We also impose all the known tineutring survival and conversion probabilities. These are
constraints on the mixing parameters and mass-squared diiven in more detail in Refd19,20. The supernova neutri-
ferences including those constraints from laboratory experinos are produced mostly in the core, where the matter den-
ments [21,24. The purpose of the calculation is to see sity is very high. Hence matter effects on the propagation are
whether different mixing scenarios give significantly differ- jmportant.
ent signals in the detector. The hierarchy of mass eigenstates is shown in Fig. 1. The

In Sec. Il we brlefly outline the framework including the 3-flavor case is shown in F|g(a)' there are essentia”y two
mixing matrix as also matter effects on mixing. We then usescales corresponding to the solution of solar and atmospheric
this to obtain expressions for the,, v, and v, ,, v, ,  neutrino problems assuming neutrino oscillations. In the case
fluxes reaching the detector in both 3- and 4-flavor mixingof four flavors(necessitated by the non-zero result of LSND
schemes. While discussions may be found in REf9,20  [21]), the analysis is more complicated since there is an ad-
we reproduce the relevant details to keep this paper selfditional sterile neutrino. One possible mass hierarchy here is
contained. In Sec. Il we list the different interaction pro- a (2+2) scenario[25] as shown in Fig. (b). The LSND
cesses relevant to both water and heavy water detectors, rasult implies the existence of a mass scale in the range of
particular, those with electron@ositrons in the final state, 0.1 e\? to 1 e\2. We choose two doublets separated by this
as well as NC events on deuteron. The details of the supemass scale. The intra-doublet separation in the lower doublet
nova model used in the calculation as well as the allowedorresponds to the solar neutrino scalé0 ® eV? and that
values of neutrino mixing parameteifsom already existing in the upper one to the atmospheric neutrino scale
data using the effects of mixing are computed and also listed~ 102 eV?. Yet another possibility is the so-called 3)
here. Results showing the effects of mixing both for thescheme[26,27], where the 3-flavor scheme is extended by
spectrum and the integrated number of events are presentadding a heavy sterile neutrino as the heaviest mass eigen-
in Sec. IV. Sensitivity to the supernova model parameters istate, with a mass separation from the other three states as
discussed. The NC events on deuterons in a heavy wateequired by LSND. We discuss this scheme separately later.
detector are also briefly discussed here. All these results ata what follows, therefore, 4-flavor mixing always refers to
for a (2+2) mass hierarchy scheme in the case of 4 flavothe (2+2) scheme.

II. NEUTRINO MIXING AND MATTER EFFECTS
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FIG. 2. Schematic drawing showing mass squares as functions of matter density in the 3 and 4 flavor schemes. Resonances occur at two
different regions of matter density, the lower oané. In the 4-flavor case the upper resonances consist of four close-lying resonances
determined bysm?gyp -

The mixing matrix,U, which relates the flavor and mass  The other relevant definition is the chosen mass hierarchy
eigenstates in the above scenarios has three angles in thethe problem. We define the mass squared differences as
3-flavor case and six angles in the 4-flavor one. We shaIBij:,uiz—,ujz, wherei,j run over the number of flavors.
ignore theCP violating phases. Then, the mixing matrix can Without loss of generality, we can tak®,, 83, (andd,;) to
be parametrized in the case of 3-flavors as be greater than zero; this defines the standard hierarchy of
masses consistent with the range of the mixing angles, as

v,]"=UX[v, v, w3, 1) specified above.

[Ve L

where T stands for transpose. Heté is parametrized by _
considering rotations of mass eigenstates taken two at a time: A. Matter effects for neutrinos

The most important consequence of the highly dense core
matter is to cause Mikheyev, Smirnov and Wolfenstein
—U.XU.,XU ) (MSW) resonance$29] in the neutrino sectoThe chosen
prEe R mass hierarchy prevents such resonances from occurring in
Whereuij corresponds to the rotation of mass eigensthbes the antineutrino sectgrn both the 3- and 4-flavor cases, this
and|j). As is the convention, we denote the mixing anglecauses the electron neutrino to occur essentially as a pure
relevant to the solar neutrino problem byand that relevant mass staté20], in fact, as the highest mass eigenstate, as can
to the atmospheric neutrino pr0b|em Idy|n the case of 3 be seen from the schematic illustration in Flg 2. Nonadia-
flavors. The(13) angle ¢ is then small, due to the CHOOZz batic transitions near the resonances will alter this result,
result[24] which translates to the constraint on 1®) mix-  especially in the case of 4-flavors, where there are several
ing angle, sinhk=e<e, Where €,=0.16. In the case of level crossings because of the presence of the sterile neu-

4-flavors, we choose to work in the ¢2) scheme: trino. Hence we will discuss the purely adiabatic and the
non-adiabatic cases separately.

U=Uy3XU3X Uy,

[ve vs v, v 1"=UX[v; vy, vz w]", (3

1. The adiabatic case

where the mixing matrix is similarly defined to be We begin with the 3-flavor case. The average transition

U=U3,X UpgX UpgX UpX UpgX Ugy probability from flavor 8 to flavor « is denoted byP,gz
wherea, 8 run over all flavors. It turns out that, independent
=U, XU XUXUXUXU,. (4)  of other mixing angles and the mass squared differences, the

survival probability for the adiabatic case is
Here the(13) and(14) angles are constrained by CHOOZ to
be small: 013,014~ €<ey [20]. The atmospheric neutrino Pee= €2, (5)
problem constraing,, (the equivalent of the anglg in the
3-flavor casg to be maximal, when botlo,3, 0,4, become and hence is small. This is sufficient to determine all the
small [28]. We shall assume they are also limited by therelevant fluxes in the 3-flavor case. In the 4-flavor adiabatic
same small parametexy. case, we again have
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Pee= €2 (6) In the non-adiabatic 4-flavor case we have
—(1_9¢2 _ i

so that the electron neutrino survival probability is flavor Pee=(1-2€")[(1-Py)sifw+ P cosw],

independent in the adiabatic case. In addition, we also need

— _ 2 _ H
to know some other probabilities in order to compute the Pes=(1-2€")[(1-Pi)cosw+Pysifw]. ©)

fluxes at the detector. We have Sincee is small, the flux at the detector is entirely controlled
) by w andP| which is also a function ob. Note that the sum
Pes=Pse=Pss=Pee=€”. () Pect Pes=1—2€? is independent oP| in 4-flavors. Since

o Peet Pes=1—Pg,—Pe,, this also indicates that the prob-
2. The non-adiabatic case ability of transition of v, , into v, is small in the non-

Because of the parametrization it is easy to see that nordiabatic case, in contrast with the adiabatic case where
. . . . — 2

adiabatic effects in the form of Landau ZerfeZ) jumps are ~ Peet Pes=2¢€".

introduced as a result of the values chosened@ndw. The

value of e determines whether non-adiabatic jumps are in- B. Matter effects for antineutrinos

duced at the upper resonaf®ewhile the value ofw deter- Due to our choice of mass hierarchy, the propagation of
mines whether the non-adiabatic jump occurs at the lowegnineytrinos is always adiabatithe matter dependent term
resonance. This statement holds both for three and four flg;55 the opposite sign as compared to neutjindere also
vors since in both cases the non-adiabaticity in the Uppefhe high density of matter in the core causes the electron
resonance) is controlled bye, apart from mass squared dif- antineutrino to be produced as a pure mass eigenggte

ferences. In the 3-flavor case, we have
For a large range of, allowed by the CHOOZ constraint, '
the evolution of the electron neutrino is adiabatic. As a result Pee=(1—€?)cofw. (10)

the lower resonance does not come into the picture at all

except whene is very close to zero, where the LZ jump In the 4-flavor case, we have
probability at the upper resonarisg Py, abruptly changes )

to one[11,30. This occurs in a very narrow window: for Pee=(1-2¢€*)cosw,
instance, where changes from 0.02 to 0.0By changes - o

from 0.01 to 0.34 for a mass scale in the range of’1@V?. Pes=(1-2€%)sirw. (11)
The subsequent discussion is therefore relevant only when

is vanishingly smalle<102. (This is not ruled out by the :
Lngwnl ccl)ngt)r/aints ef(cept LS§\1D| ! . ut by into the sterile channel. Also, the sSuREs+ Pgg=(1—2€?)

The LZ transition at the lower resonance is determined b)}s similar to the non-adiabatic neutrino propagation so that

the probability,P, , which is a function of the mixing angle Very little v, - is converted tov. .
w and the mass squared differengg. It turns out thaP, is For the NC events, we will also need the following:
zero unlessw is small, sinm=<0.2 for mass differences in the N > .
solar neutrino range~10° eV?. This case(of small e, Pe=(1-2€")siw + 2¢”sin 20,
small ) corresponds to the extreme non-adiabatic limit. Po=(1-2€?)cofw— 2€2sin 20 (12)
When w is large, as in the case of the large-angle MSW or s '
the vacuum solution to the solar neutrino problem, non-These probabilities can then be used to determine the ob-
adiabaticity occurs only at the upper resonance and is thergerved antineutrino fluxes.
fore partial.

_Inour calculations we have used the form fg5 andP, C. The neutrino (antineutrino) fluxes at the detector
discussetiin the appendix of Ref[19] (see alsqd30]). Be- )
cause of the sharpness of the transition at the upper reso- Following KéJO and Pantaleonid1], we denote the flux
nance we will seP,=1 for small enoughe and only con- distribution, dp,/dE, of a neutrino(or antineutring of flavor
sider the dependence of the survival probability on the Lz With energyE produced in the core of the supernova by

Hence, whenw is small, there is very little loss of the, flux

transition at the lower resonance. FO. In particular we use the generic labef for flavors
In the 3-flavor non-adiabatic case the only relevant probother thanv, and v, since
ability is 0 w0 0 0 0 0
Fe=F =F,=F =F}=F_. (13

Pee=(1—€)[(1—P.)sirfe +P cofw]. (8 -
Typically, models for supernovae predict that theand

v, have hotter spectra tham,. This is because the, de-

couples first since it has only NC interactions with matter

The Landau Zener transition probability is defined in terms of the . .
adiabaticity parametery, as P ,=ex{d —(w/2)yF], whereF~1. and therefore leaves the cooling supernova with the hottest

The final expression foy given in Appendix B of Ref[19] should thermal spectrum. 'Il1e CC interactions:gfwith matter are
be multiplied by the additional factaf,,/60. However, the numeri- larger than those of, and hencev, has the coldest spec-
cal calculation in that paper is correct. trum. The model on which this work is basggil] predicts
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TABLE I. ve, v,=v,,v, fluxes at the detector in the extreme  TABLE II. v,, szjﬂ ,v, fluxes at the detector for 3- and

adiabatic limit for 3- and 4-flavor mixing. 4-flavor mixing. Herec,,=cosw, S, =Sinw.

No. of flavors Neutrino flux at detectol, No. of flavors Antineutrino flux at detectoF,
_ .20 2y 0

3 Fe=eFet(1-€)Fy 3 g=(1—52)ciFg+(si+ezci)FS

4 Fe=€2F2+(1-2€)F?
3 2F,=(1+ ) F2+ (1— €?)F?
4 2F,=(4€’)F2+ (1-2€%)F?

Fe=(1—2€%)c2F o+ (2€)F)
2F3=(1+c2— €2c2)F+ (2 + %c2)FY
2F5=(2—-4€)F+ +2eX(1-s,,)Fo

B W A

that the average energies of the, v, and v, spectra are  on_adiabatic neutrino propagation. Expressions for the other
around 11, 16, and 25 MeV. We make our observationsyayors, needed to compute the NC events, are also given in

keeping this in mind. _ these tables. For instance,
The v, flux on Earth is given in terms of the flux of

neutrinos produced in the core of the supernova by 2JE.—F +F
X o T
Fe=PedF 2+ P, ,Fo+ P, F?,

e
a =(Peet Pest Pget PSS)FS_"(l_Pee_ Pse)Fg

=P Fo+(1-P)F? (3-flavory, (4 flavors. (16)

_ 0 _p _ 0 -
=PedFot (1= Pee=PegFy  (4-flavors, (14 A similar expression holds foF; with P,; replaced by

. P.s.
m P = aB

wher.e we have made use of the constraipP,s .l' This While the neutral currenfNC) combination, ¢.+2v,

flux is further reduced by an overall geometric factor of —

1/(47d?) for the case of a supernova at a distaddeom the ~ + Ve ™ 2v,), remains unaltered in 3_—flavors, the're may be ac-
Earth. tual loss of spectrum into the sterile channel in the 4-flavor

Since the probabilitie®, . andP. are known, thes, flux ~ C2Se: This should also be a good indicator of the number of

can be computed in terms of the original fluxes emitted by/12vOrs involved in the mixing. _ o
the supernova. Water as well as heavy water detectors will be sensitive to

The v, flux is independent of thél2) mixing angleso in all these aspects of mixing. In the next section, we will dis-
the adia%atic case. Also, it is not very different for 3- andCUSS the inputs and constraints, both from supernova models

4-flavors. In both, the observed flux is almost entirely due tg?S Well as current neutrino experiments. These will then be
the original v, flux since P,.= €2 is small, and is therefore used subsequently to predict numerically supernova event
ra

hotter. tes.
From Eq.(9) we see that, in contrast, the contribution
from the hotter spectrum into electron neutrinos in the [ll. INPUTS AND CONSTRAINTS

4-flavor non-adiabatic case is controlled entirelydgnd is i | he domi q
small. However, the observed flux can be depleted, depend- W€ Will concentrate mostly on the dominant CC and NC

ing on the value ofP, . The signal in the 3-flavor case is interactions ofv, andv, on deuteron in heavy water. We will
drastically different because the contribution of the hotteralso compare the CC interactions to those at a water detector,
spectrum now depends @) » andP, . In general, the pos- that is, tov, on protons. Interactions on electrons and oxy-
sibility of LZ transitions makes the analysis more compli- gen nuclei in water and heavy water detectors are the same,

cated. We will discuss this case numerically later. and have been discussed in detail in RET9,20.
The result forv, is the same, wittP, replaced byP .,
etc. For example, TABLE llI. Neutrino fluxes at the detector when non-adiabatic
effects are introduced. While the transition is assumed to be fully
Fo= P;F%i—(l— pg)lzg (3-flavors, non-adiabatic at the upper resonances, it is controlled by the jump

probability P, at the lower resonance. Heeg, s, ands,,, refer to

0 0 COSw, Sinw, and sin 2, respectively.
=PeeF ot (1-Pee—PeoFy  (4-flavors.

(15 No. of flavors Neutrino flux at detectof,
There is hardly any mixing of the hotter spectrum into elec-3 Fe=(1-€)[(1-P)s, +P.cl]Fe
tron antineutrinos in the 4-flavor case since{(Rge— Pgg) +[1-(1-€?)((1-P)s>+ P c?)]F?
=2¢? is small. The extent of mixing in 3-flavors depends on4 Fe=(1—2€?)[(1—P)s2+ P c2F0+2€%F?
the value ofw throughPg. For smallw, there is very litle 3 2F,=[1+(1—€?)((1—P.)s2+P.c?)]F?
change in the electron antineutrino fllsee Eq(11)]. +[1-(1-€?)((1—P)s2+ P c2)]F
The results are summarized in Tables | and Il for thes 2F,=2(1-2€%)F+2e41+(1-2P,)s,, ]F°

adiabatic neutrino and antineutrino cases, and in Table Il for
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A. Interaction processes and relevant formulas separate out these three types of events. The detailed analysis
of signals due to mixing in the forward and backward event
samples is given in Ref20] for a water Cherenkov detector.
. ) — These results also hold for a heavy water dete@part from

({) I?otmlnatrjt e_ventst. Tlhef]e are dtje :ﬁ the @Ep i a scaling factor of 0.9 due to the mass difference between
—>e_ ninteraction in wa e{' nheavy wa er,_ €re are contr-\yater and heavy waterwe will not discuss this further and
butions from bothved—e" nn and v,d—e  pp CC pro-  concentrate on the new results for the CC events on deuter-
cesses. At the neutrino energies relevant to this discussiogns. In addition, there are NC processes on the deuteron in
the cross-sections for these processes, and hence the numhghyy water that may be detected by the subsequent neutron
of events, are about two orders of magnitude larger than anyapture and the associated gamma rays.

of the others. The specific processes we will consider, for water and

(2) Electron events: These are due to elastic scatterings (Pfeavy water detectors, therefore are
Ve, Ve, Vy, Vx ON electron targets in both water and heavy .
water. vet+p—e+n, (17

(3) Oxygen events: These arise from CC scattering Of
and v, on oxygen nuclei in both detectors.

In all these cases, the events are identified by detecting an
electron(or positron in the final state. The electron events,
although small in number, are highly forward peaK&@].

The oxygen events have a high energy threshd]ij,e(

>15.4 MeV,E;, >11.4 MeV) and can only occur if there is  Common to both detectors are the processes
substantial mixing of the hotter, spectrum with they, or _

the ve in which case these events are highly backward vete—v,te  (a=exex), (19
peaked[22]. Both of these may therefore be readily sepa-
rated from the mostly isotropic dominant events in water
[34]. In the case of heavy water, the angular distribution of _
both the dominant processes is well-knoj@#—36 and is vet s20—et +X, (20
approximately given by

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

and
ve+d—e"+n+n,

vetd—e +p+p. (18

vt f0—e” +X,

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

P(0)=<1— 3c0s0, We will also discuss the interesting possibility of observ-
ing NC events on deuteron in a heavy water detector:

at the energies of interest. Hegeis the electronpositron v+d—v+n+p,

laboratory scattering angle. So there are typically twice as

many events in the backward direction as in the forward v+d—v+n+p. (21)
direction. This makes the exclusive identification of oxygen

events more difficult in a heavy water detector. The cross sections for Eqg17)—(21) are well known

A note on the nomenclature “forward” and “backward.” [32 33 23 The v p cross-section is large in water Cheren-
We envisage the angular dependence as being measuredi§, getectors, being proportional to the square of the an-
typically six bins of 30° each, the first bin corresponding t0ineytrino energy. In terms of total number of events, there-

forward and the last one corresponding to the backwargyre water Cherenkov detectors are mostly dominated by
events. This obviates the need for very accurate angle mea= .
; . . . Vo p events. The deuteron CC cross sections are comparable
surements as well as takes into consideration effects lik ouah thev. CC reaction on deuteron has a sliahtly lower
electron-rescattering that may smear out the scattering angle. 9 Ve ghtly

This bin size is also typically what is available at Superka-threshold and a somewhat larger cross section tharv¢he

miokande. CC. Also, thev, CC cross section in heavy water is about 4
Since the supernova signal is a short and well-definedimes smaller than the corresponding one in water due to

signal (lasting about 10)s it will be possible to detect all Pauli suppression.

these events over backgroufule to solar and other radio- ~ When the recoil electrofpositron is detected, the time

active processgsFor instance, in the relevant energy region,integrated event rate due to neutrin@s antineutrinos of

SuperKamiokande reporf87] a background of 0.2 events/ flavor « and energyE on targetT, as a function of the recoil

day/kton in a bin of 1 MeV of scattered electron energy fromelectron(or positron energy,E,, is as usual given by

the direction of the Sun, and half that rate from all other T

scattering angles. The corresponding number for SNO is not dN,(Ee)  ng

available, although the radioactive background is expected to dE, Amd?

be small compared to the solar sigf&B]. Furthermore,

since their angular distribution is well-known, angular infor- The indexb refers to the time interval within which the

mation on the final state electroa{ ore”) may allow usto  (original) thermal neutrino spectrum can be assumed to be at

do’
% Aty J dEFa(b)d—Ee. (22)
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a constant temperatuig,(«). Herent refers to the number while that of v, is higher after 1 3.The number of neutrinos

of scattering target&f d, p, e, or O) that are available in the emitted in each flavor, however, is not the same since their
detector. Also, for processes involvimgand p, the hadron average energies are different. While we use the values for
recoil is so small that we assunlg=E— &, , whered g is  the time dependent temperature and luminosity as given by
the mass difference between the initial and final hadfoms  Ref.[31] in our analysis, we also examine the effects due to
cluding the binding energy While this results in a small possible variations of these parameters and hence the sensi-
threshold of a few MeV in these cases, the threshold fotivity of our results to the details of the supernova model
oxygen processes is greater than 10 MeV. The total numbersed.

of events from a given flavor of neutrino in a given binpf With large matter effects present in both the neutrino and
electron energywhich we choose to be of width 1 MgV antineutrino sector, the validity of the average energies of
then is ve, ve and v, as 11, 16 and 25 MeV, respectively, which
T were calculated without mixing, may be questioned. This is
k+1 dN . . .
NT (k)= J' dE.—“ 23) especially so because re-scattering effects involve the flavor
“« CdE.” states which may then equilibrate at different temperatures.

We however note that the highly dense matter projects the
In the case of NC events in heavy water, the total numbegnd 1, states as almost pure mass eigenstates. Hence ther-
of events is calculated according to malization is not affected by effects of mixing. In fact, the
effects of mixing are significant only when the resonant den-
Ngc: Nt , 2 Atbf dEF,(b) oNS(E). (24) sities are reached, when the MSW effect can mix different
4md” %5 flavor states. For the parameter values as allowed from cur-
rent neutrino data, this occurs only outside the neutrino-

Here again the cross section is well kno{a8|. sphere R~ 10* km), and not at the coreR~50 km) where
most of the neutrinos are produced. This mixing therefore
B. The supernova flux inputs occurs between spectra which are already thermalized with

the above-mentioned temperatures. In the case,and v,

As in [19,20, we compute the time integrated event rate his argument does not go through. In the highly dense core,

at prototype 1 kton water and heavy water detectors frorﬁ . .
neutrinos emitted by a supernova exploding 10 kpc aWa)}'hese are mixtures qf more than one mass eigenstate. How-
Results for any other supernova explosion may be obtaineg"c" both mix only into each other ar_1d scatter through ex-
by scaling the event rate by the appropriate distance to th%Ctl.y the same Processes. He_n<_:e their temperatures also re-
supernova and the size of the detector, as shown i{Z. main the same as in the no-mixing case.

We assume the efficiency and resolution of the detectors to

be perfect; this will only slightly enhance the event rates near C. The mixing parameters

the detector threshol®0). o We impose the following known constraints on the mix-
We use the luminosity and average energy distributiongng matrix in vacuum both for three and four flavor sce-

(as functions of timefor neutrinos of flavorx and energyE  narios. Consistent with the CHOOZ constraint, namely
as given in Totanet al. [31], based on the numerical mod- sjn 4~ e<e,=0.16 which we have imposed at the level of the
eling of Mayle, Wilson and Schramii9]. In a short time  parametrization itself, we choose=0.08 for the 3-flavor
interval, At,,, the temperature can be set to a constantggiapatic case ane=10"%~0 for the non-adiabatic case. In
Tp(@). Then the neutrino number flux can be described, inhe case of the 4-flavor scheme, we 864, 014,03, 0os= €.
this time interval, by a thermal Fermi Dirac distribution, The constraint from the atmospheric neutrino analysis im-
Lo(a) 2 plies that the relevant anglg(= 034)_~ l4, is near maximal

2 , (25 and the relevant mass squared difference is of the order of
Th(a) [exp(E/Tp(a))+1] 102 eV2. Neither of these constraints directly enter our cal-
. ) culations except to determine whether the upper resonance is
at a timet after the core bounce. Heterefers to the time-  agjapatic or not depending on the valueeos constrained
bin, t=t,+bAt. We set the time of bounc&=0. The over- by the CHOOZ findings. We consider both possibilities here.
all normalization,N, is fixed by requiring that the total en-  ~ The value of the(12) mixing angle,w, is not yet known.
ergy emitted per unit time equals the luminosifiy(«), i Combined data on solar neutrinos give three possible values
that time interval. The precise values f6f(«) and T,(«) [40];
are taken from Ref[31]. The total emitted energy in all (1) sif2w=6.0x10"3,5,,=5.4x10" % eV? (SMA). The
flavors of neutrinos is about 2<710°° ergs. The general fea- small angle MSW solution.
tures of the model are as follows. The temperature is roughly (2) sji?2»=0.765,,=1.8x10"% eV2 (LMA). The large
constant over the entire period of emissidasting roughly  angle MSW solution.
10 seconds Typical values ard,(a) =3.15E),, with the (3) siP2w=0.965,=7.9x10 8 eV? (LMA-V). The
average energy of each flavdE),=11,16,25 MeV fora  |arge angle vacuum solution.
=ve, Ve andw, respectively. Also, the total emitted energy is  This has been slightly modifie#1,42 in view of new
more or less equally distributed in all flavo(3he luminos-  data from SuperK; however, it remains true, in general, that
ity of v, is higher than that of other flavors at early times, o may be small or large, witl#,;<10"° eV?.

Fo(b)=N,
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FIG. 5. v.d event rates when the upper resonance is completely
N non-adiabatic. The solid lines represent the no-mixing case. The

dotted and dashed lines are due to the effects of 3- and 4-flavor
E mixing. Results are shown for two different values @fwhen e

L =104,
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event rates per unit electron energy Wiof 1 MeV) are

FIG. 3. v.d event rates as a function of the scattered electrorshown as a function of the ener@y of the detected elec-
energyE,, when the upper resonance is completely adiabatic. Théron. The solid lines in all the figures refer to the case when
solid line represents the no-mixing case. The dotted line is due tthere is no mixing and serve as a reference. Results for 3-
the effects of either 3- or 4-flavor mixing, which cannot be distin- and 4-flavor mixing are displayed in each of these figures as
guished here. dotted and dashed lines respectively.

Figure 3 shows the predictions for the{ndependent
adiabatic v, d CC interaction whene=0.08. Mixing en-
hances the higk, event rates for both 3- and 4-flavor mix-

IV. NUMERICAL RESULTS ing, which cannot be distinguished here. Furthermore, mix-
i ) i ing shifts the peak of the spectrum to higher energies, from

The numerical calculations are done by following the evo-15 pmeV to about 28 MeV because of the admixture of the
lution of the mass eigenstates through all the resonances ifyter ;, spectrum and its significantly higher cross-section
cluding the appropriate jump probabilities when the transiyyiih geuterium. This high energy shift should be clearly ob-
tion is non-adiabatiéwhen e is smal). Furthermore, the LZ  goryaple.
jump at the lower resonances is significant only for small Nonadiabaticity at the upper resonance occurs when
values ofw. ~0. Then the adiabaticity at the lower resonance is deter-
mined by the value ofo. In fact, P, =0 unlessw is small,
sinw=0.2. Hence this is relevant only for the small angle

The CC event rates on deuteron computed using th&iSw solution (SMA). We show the dependence Bf on
above inputs are displayed in Figs. 3—8. The time-integrateghe neutrino energy for the smasl-3-flavor case in Fig. 4.
The 4-flavor result is similar, with a scale factor roughly 0.7.
It is seen thaP | increases with energy, although it still does
not reach unity for the relevant supernova neutrino energies.
For largerw, that is, for the large angle MSW.MA ) and the
vacuum(LMA-V ) solutions,P, =0.

We will now discuss the results numerically for all these
choices.

A. The electron (positron) spectrum

| T

L O LA P LI BN N e B

a 5 v d-oetnn v, d-e*nn
~ 5 sin®2w=0.96 | sin*2w=0.006
=40 L
~
gt L
— | <o ¥
2 2
02 . -kl B
0=5.4 108 § - L
- 5in?20=0.006 =R r
L4 NG
0,‘\‘,,|,,‘\|||\‘ L 0||\|\|\||‘P TN A A
20 40 60 80 100 0 20 40 60 0 20 40 60
E, (MeV) E, (MeV) E, (MeV)
FIG. 4. The Landau Zener jump probabiliy, at the lower FIG. 6. vod event rates are shown as a function of positron

resonance as a function of the neutrino energy for the small anglenergy,E.. The solid lines represent the no-mixing case. The dot-
MSW solution (SMA) values of the mass squared difference andted and dashed lines are due to the effects of 3- and 4-flavor mixing.
mixing anglew for the 3-flavor case. Results for two different values @b are shown.
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but the results are essentially the same evea i nearly
zero since this sector is always adiabatMixing has appre-
ciable effects only for larges; however, mixing does not
affect the peak position, unlike in the adiabaticcase.

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

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

discuss both the total as well as the individual and;e
spectra.
The total event rates due to the dominant @ and

e d processes are shown in Figs. 7 and 8 for the two choices

of e. The total isotropic CC events in water, due #@p
alone, are also shown for comparison. The most significant
difference between the two is that of the adiabatic case with
small w (the lower two panels of Fig.)7which is indepen-
dent of the number of flavors. This is because of the en-
hancement in the, events, independent a@f. At all w, the

dreak is at a higher energy than expected from the no-mixing

and dashed lines are due to the effects of 3- and 4-flavor mixingC@S€ in heavy water but remains the same for a water detec-

Results fran a 1 kton water detectdfrom ;ep alone are shown

on the right, for comparison.

tor. This shift may be sufficiently significant and therefore
observable, in the adiabatic scenario, for all Finally, the
upper two panels of Fig. 7 indicate that a significant deple-

In Fig. 5 we show the electron spectrum for the non-tion in the observed events in water, together with an en-

adiabaticv,d CC interaction where is small, in fact near

hanced number of events in heavy water is an unambiguous

zero. The fully non-adiabatic case corresponding to small signal of 4-flavor mixing with largev (dashed lines in Fig.

is shown in comparison with that for a larger valuewfn
the figure. Here, 3- and 4-flavor mixing give drastically dif-

7).
The corresponding results for the dominant CC events in

ferent results, but the smadlscenario is in general not very the non-adiabatic case are shown in Fig. 8. Here there is no
sensitive to the chosen values of

In Fig. 6 we show the positron spectrum due?god CcC
interactions for two different choices @f. (Here e=0.08,

Events/kTon/MeV

Events/kTon/MeV

FIG. 8. Same as Fig. 7 but fer~0 so that non-adiabatic effects
are included. Hence this is a combination of Figs. 5 and 6.
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significant shift in the spectral peak. Also, the signals in wa-
ter and heavy water are very similar, with the signals being
either enhanced or depleted similarly in both. For instance,
the largew 4-flavor signal shows depletion both in water and
heavy water. This may be difficult to distinguish from the
no-mixing case if the overall normalization of the supernova
spectrum is uncertain by more than a factor of two. In all
cases, the smal; smallw scenario also cannot be distin-
guished from the no-mixing case. Hence the smatlase
may be difficult to establish unambiguously, independently
of the supernova model inputs.

Keeping in mind that the supernova dynamics may have
large uncertainties, we will later also analyze the ratios of the
total number of events in water and heavy water detectors.
These are likely to be less sensitive to the supernova models
(although they do depend on the temperature hierarchy for

Ve, Ve andw,) and hence may be more robust signals of
mixing.

B. Integrated number of events

The predicted time integrated number of events resulting
in a scattered electron with enerdy,>5 MeV (which is a
typical threshold for Cherenkov detectgrare shown in
Tables IV and V, for the adiabatic and non-adiabatic cases,
respectively. As before, the number is calculated assuming a
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TABLE IV. Total number of events in 1 ktob,O with electrongpositrong in the final state with energy,

E.>5 MeV. Listed are the contributions from CC events on deuterons due top@thd v, events due to

the elastic scattering of all flavors and antiflavors of neutrinos on electfansledr e), and the CC events

from v, and v, scattering on oxygen nucléiabeledv O). The results due to no-mixing, and mixing with 3-

and 4-flavors in the adiabatic case with-0.08 are shown in the three columns. The results with 3- and
4-flavor mixing are shown for two values af: o large (sif20=0.96) andw small (sirf20=0.006). For
comparison, the total number of events in water are also listed for the same set of model mixing parameters.
The deuteron target is replaced by free protons here.

Heavy water Water
No  3-flavors,s3,=  4-flavors,s3, = No  3-flavors,s3,=  4-flavors,ss, =

Mixing  0.96 0.006 0.96 0.006 Mixing  0.96 0.006 0.96 0.006
ved(p) 72 183 183 181 181 0 0 0 0 0
S.dp) 7L 8 71 43 71 200 329 291 177 201
ve 8 9 9 8 8 9 10 10 9 9
v O 5 29 26 24 26 5 32 28 27 29
Total 156 306 289 256 286 304 371 329 213 329

supernova explosion at 10 kpc for a 1 kton detector. Listed In Table V, we show similar predictions for the case when
are the dominant CC events on deuterons in heavy water ang~0 or when the upper resonaitge become fully non-
free protons in water, along with the elastic scattering eventadiabatic. The value ab then determines whether or not the
on electrons and the CC events on oxygen nuclei. lower resonance is adiabatic. Recall that the antineutrino
For heavy water, we have listed the individual contribu-propagation is always adiabatic. Again, the contribution from
tions from v, and v, on deuteron. In water, the correspond- the v e and » O events is small compared to the dominant

ing dominant events are from, on p. The elastic events are events. Small changes in th—% p and;ed events between
from vee, vo€, vye, and v e. Since they will all be de- Tables IV and V are due to changes in the values ofrre-
tected in the extreme forward direction, they have beerspective of the parameter values, it is seen that there is never
summed up and listed as totak events in the tables. The any depletion in the 3-flavor case. As in Fig. 8 an interesting
oxygen events, listed asO, include bothy, O and?eo CC  scenario occurs whes is large in the 4-flavor case. Here the
events, which will predominantly be in the backward direc-total number of dominant events in boif d and?ed in

tion, especially when enhanced by mixing. In particular Weheavy water and ir;ep in water, is reduced by a factor

tabulate the events for 3- and 4-flavor mixing whe#s both proportional to co%v. This is the only scenario where there

small and large. ; S
In Table IV, we show the results for the fully adiabatic is depletion in both water and heavy water.

case whene=0.08. It is seen that the bulk of the events
(more than 90%are from the dominant events gnor d.
Mixing always enhances the.,d channel by more than a  So far, we have assumed that most of the mixing param-
factor of two; hence adiabatic propagation always predicts agters are known and used the supernova measurement as a
enhanced rate of total events in heavy water even thougBotential check for self-consistency of the model parameters.
there is reduction in theed channel(the other dominant This is because there is still very little known about the su-
process for some parameters. In contrast, the total numbepernova neutrino spectrum through observations and hence
of events in water may even go down as compared to théhere is both theoretical and experimental uncertainty about
no-mixing case, depending on the parameter values. the details of the neutrino spectrum. However, it is still in-

C. Possible discrimination of various “mixing models”

TABLE V. The same as Table IV but for a small value &£ 10" * so that the upper resonarseis
non-adiabatic.

Heavy water Water
No  3flavors,s3,= 4 flavors,s3, = No  3flavors,s3,= 4 flavors,ss, =
Mixing  0.96 0.006 0.96 0.006 Mixing 0.96 0.006 0.96 0.006
ved(p) 72 139 88 29 52 0 0 0 0 0
T.d(p) 7L 8 71 43 71 290 329 290 174 290
ve 8 9 8 5 7 9 10 9 6 8
v O 5 21 8 3 4 5 23 8 3 5
Total 156 254 175 80 134 304 362 307 183 303
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TABLE VI. List of neutrino models which can be discriminated by theO andH,O detectors from
different values oR. HereR s defined as the ratio of the observed number of events with electrons of energy
E.>5 MeV in the final state, to the calculated number without mixing. The various models are specified by
the number of flavors 3 or 4, by the value®f(w, andws refer to sif2w=0.96,0.006, respectivelyand by
the suffixA andN referring to adiabatic and non-adiabatic propagation at the upper res@)anoeespond-
ing to e much larger or much smaller than 1%) respectively.

Models allowed by the corresponding valueRMmeasured in

D,O H,0

R>1 Bw)an, (4o)a, (3,4w5)a (Bw)an
R<1 (4o )N (4o )an
R~1 No mix, (3,4vg)y No mix, (3,4vs)a N

structive to actually turn the question around and ask, supfor a separation between the adiabatic and non-adiabatic
pose another supernova explosion is observed through itsases and hence whetheis different from zero, except in
neutrino emission. Will an excess ov@r a depletion from  the 3-flavor case with large. It should be noted that the
the expected number of events unambiguously determing »—0 scenario is unlikely to be distinguished from the
some of the model mixing parameters? The answer to thifo-mixing case. It is also seen that certain combinations of
question can be obtained from Table VI. It is seen that cerR, and Ry, do not occur for any of the allowed parameters
tain classes of models may be ruled out, depending on thgalues. For instance a depletion in heavy watesrify con-
observation. We define the ratio of the total number of eventsistent with depletion in water as well. Any other result in
[from all possible interactions with an electréor positron  water indicates that the overall normalization of the spectrum
in the final stat¢ potentially observed from a future super- is probably in error. An occurrence of such “forbidden”
nova(equivalently, the prediction from a given neutrino mix- combinations may therefore be used as a check on the overall
ing mode) to the expected number of events without mixing normalization of the supernova spectrum. This result of

(for Ec>5 MeV): course is limited to the class of models we are analyzing
here.

__ Observed number. of events 26) The following scenario is best suited to determining the

' calculated number without mixirg value of w. (1) There are fewer isotropic events than ex-

pected Ry<1) in a water Cherenkov detector such as Su-
wherei=D,H refer to 1 kton heavy water and water detec-perK. This reduction factor determines &os(2) The same
tors, respectively. Th_e denominator refers to the the eXpe_Ct%duction factor Rp<1) fits the data from a heavy water
number of eventsusing a standard supernova model, with getector such as SNO. This can imply that the correct mixing
no mixing) as computed from a Monte Carlo simulation that matrix is one with 4 flavors and large, with non-adiabatic
takes into account detector resolution, efficiency, etc., conpeytrino propagation(3) If on the other hand there are an
sistent with the detector at which the events were observegnhanced number of event8{>1) at the heavy water de-

An observation may fin®R;>1, Ri<1 or Ri~1. Note that tector, it clearly indicates adiabatic neutrino propagation.
even though the ratio refers to the total number of events, theps in turn implies that is different from zero which has so
inferences drawn reflect mainly the behavior expected from

the dominant CC processes on protons in water and deuter- ) o ) )

ons in heavy water. The mixing modelsith model param- TABLE VII. Combined predictions from supernova signals in

eterse andw, including adiabaticity consistent with, or pre- Water and heavy water and corresponding models with 3 and 4

dicting, such an observation are shown in Table VI. Here thél"’“’Or mixing that are consistent with them. By "None” we mean

non-adiabaticit that is. the value & at the Iowe} reso- none of the models of mixing that we have considered here. The

nance has begr’1 compl,Jted assuminlé] a typical valus,of notation is the same as in the earlier table with the ra®igeindRy,
referring to heavy water and water, respectively.

=10 ° eV?. Water detectors cannot distinguish adiabatic 9 i P Y

(A) and non-adiabatitN) scenarios, that is, whether or not

is different from zero, but can distinguish the number of

Models which are allowed

flavors whenw is large(see the last column of Table Vlin  Rp>1; Ry>1 (Bw)an
D,0, however, most models predig>1. Theonly obser- Rp>1; Ry<1 (4o )a
vation of R;<1 in D,O occurs for the 4-flavor non-adiabatic Rp>1; Ry~1 (3,4wg) A
case withe~0 and largew. Rp<1; Ry>1 None

On combining data from water and heavy water detectorsRp<1; Ry<1 (4w y
an improved discrimination of model parameters is possibleR,<1; Ry~1 None
as can be seen from Table VII. Here the different values oRy~1; R,>1 None
Ry andRp are listed, along with the models that are consis-R,~1; Ry<1 None
tent with such a combined observation. First of all, it is seerr,~1; R,~1 No mixing, (3,4vs)y

that combining the two measurements immediately allows
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of e when the propagation at the upper resong)as purely

- Ez25; f=3 i} E,25; f=4 ¢ ; atl¢ ¢ |
25 - 2 4 adiabatic,e=0.08(solid lineg or purely non-adiabatic, when
g o €=0.08 B E:Q,u e=10*% (dashed lines These are the two cases that a water
g5 P B i detector is normally not able to resolve. Also shown are dot-
i P NG i 4 ted vertical lines corresponding to the solutions allowed by
£ 10 L y the solar neutrino problem, $2w=0.006, 0.76 and 0.96.
05 T — T Non-adiabaticity at the lower resonance has been computed
Ll vl vid vl vl i using 8,,=10"° eV? as before. While the 3-flavor mixing
10 107® 107 1 o= 107 1 case is shown on the left, the 4-flavor result is plotted on the
sin?2w sin*2w

right.

FIG. 9. The double ratidRp, of the ratio of the total events Obviously, a value of unity is expected for the case of

observed through the detection of an electfon positron with ~ NO-mixing. We analyze each case in turn.
E.=5 MeV, from a future supernova explosion to that expected, in (1) We see from Fig. 9 that the double rafy,y is al-
a heavy water and a water detector, shown as a function gfithe  Ways strictly greater than one for the adiabatic case, indepen-
mixing anglew. Solid and dashed lines correspond to adiabatic ( dent of w or the number of flavors,
=0.08) and non-adiabatie(0) neutrino propagation at the upper  (2) Even in the non-adiabatic case, it can be less than one
resonance). The case for 3-flavor mixing is shown on the left and only whenf=4. Note however that currently allowed values
that for 4-flavors on the right. The vertical dotted lines indicate theof » lead toRp,;y~1 in the non-adiabatic case. The case
currently favored values of siBw according to solar neutrino Rp/u<<1 occurs only for intermediate values of
analysis. (3) For f=3 (left panel of Fig. 9, the double ratio at

) o _ smallw is different for the adiabatic and non-adiabatic cases,
far been claimed only by LSND. Variation of supernova in-\yhich may therefore be distinguished. However, it may be
put parameters, which we will discuss in the next sectionyery difficult to distinguish these two for large values of

does not alter this result.

(4) On the other hand, these two cases are easily distin-

These qualitative features can be quantified by definin%uished for alkw for f=4 as can be seen from the right panel

the double ratio,

in Fig. 9.
R (5) While the double ratio is similar for both=3,4 for
Ron=—2 7 smalo, sif2w=<0.1, the number of flavors can be distin-
D/H R.’ . . .
H guished for larger values ab, especially in the currently

o o allowed region, only in the adiabatic case.
which is independent of the overall normalization of the neu-  (g) However, as stated before, independent, dfie small

trino flux and hence provides a better diagnostic. In practice,, non-adiabatic solution wite~0 cannot be distinguished
it may not be possible to directly take a ratio of the data fromgom the no-mixing case.

water and heavy water detectors since the two measurements K eeping in mind that a thermal neutrino flux distribution

will differ in their systematics, apart from such consider- 5 ,ch as the one we have used may overestimate the high
ations as detectqr efficiency and _resolution. Sirﬁ_ei energy spectrum, the case=k, (MeV) <40 is shown sepa-
=D,H are normalized to the theoretical expectancy inCludately in Fig. 10. Most of the features survive the cuts; hence
ing these considerationBp, is not likely to be sensitive 10 hjg ratio is likely to be a stable indicator of mixing.

details of detector design and can thus provide a robust, Finally, we note that the denominator of the double ratio

qu?’%ﬁiaégljbllr;drlgii‘g)v(/r?;rilg?;g: t:)éziscg{c?ll;tlgg.as befpre is dominated by?e events. Hence, theamediscriminatory
! power can be achieved using data from a heavy water detec-

has been shown in Figs. 9 and 10 as a functiomofThe e _ —
tor alone if it is possible to separate thgd andv,d events.

ratio is plotted for the total number of events with the cut on 4 earlier. th b ble. for i
the observed electrofpositron energy,E.=5 MeV in Fig. As stated earlier, this may be possible, for instance, at SNO,

9. The two curves in each figure correspond to the two valueBY detecting both the neutrons in coincidence with the posi-
tron emitted in thev, d interaction. SNO is also planning to

AR A IR o AR increase the neutron detection efficierity more than 80%
Py -3 AR IR e by adding salt to the heavy wat¢B8]. In this case, the
2 ol i i double ratio, defined for heavy water alone,
S : I :
o L €=0.08 N ' €=0.08 J
A e Reie ”
3 = —"Té~0 S 4 rq= ,
S 1 e ja p TR (28)
05 [~ - eN0T — T
[ Il III:Hll 1 \\I\Il\l L \IIHEII- 1 III:III| 1 IIIIIIII 1 IIIIIEIT . . . .
e roe ot lom o= iom ] will provide as much information as the double raRg, .
sin?2w Here,

sin?2w

FIG. 10. The same as Fig. 9, with a high energy cut on the
electrons, 5XE,<40 MeV, to decrease sensitivity to the high en-
ergy tail of the neutrino spectrum.

observed number o?eevents
~ calculated number without mixirig

e

073011-12



NEUTRINOS FROM STELLAR COLLAPSE: ... PHYSICAL REVIEW B4 073011

while Rq. ¢ is a similar ratio, defined for the total number of ' T ‘
events from bothy, and v, interaction with deuterium: 4 o

observed number ofeandjeevents
calculated number without mixing

ete™

Both R, andR., ¢ are calculated for a heavy water detector.
To a very good approximation, we have

Events/kTon/MeV

RD/H%rd . (29)

The approximation arises partly from ignoring events due to
electron and oxygen targetsiig. The error also arises from -
the differences in the denominators of the two ratios, one n e

involving v.p and the otherv,d. Despite a mild energy 0 20 40 60

dependence of the ratio of these two cross sec{i8ds895, it E, (MeV)

turns out that the ratio of the total events expected from these

two processes remains in the range @1 (see Table V. FIG. 11. The same as Fig. 3 for electron neutrinos in the no-
This is true both when there is no mixing, and with mixing, mixing case(solid lines. Added are the dotted and dashed lines
for all allowed values of mixing anglesiw). Hence this corresponding to_the case when the supernova qeutrino _spectr_al
factor cancels when the ratiy is expressed in terms &, . temperatures are increased or decreased by 1 MeV in each time-bin.

Hence the approximation in Eq29) should be valid to o ] )
within a few percent. In addition, the double ratig will We will first estimate the systematic errors due to uncer-

have the advantage of reduced systematic errors, since d4@inties in the supernova temperature. In the absence of de-
from different experiments do not have to be combined intailed information on temperature variation of the individual
order to calculate it. Hence it will be useful to calculate suchflavors, we shall assume a systematic time-independent in-

a ratio. by separating out th?e events on deuteron crease(or decreasein the temperature of spectra of all fla-
» 0 S€p 9 ' vors by 1 MeV. This will then be an estimator of the outer

limits of variation of the results from the original calculation.
D. Sensitivity to supernova model parameters Figure 11 shows the expected number of events due to

So far, we have discussed the sensitivity of the supernov&e d interaction in the absence of mixing and when the tem-
neutrino spectrum to various neutrino mixing parametersPerature is systematically increased or decreased by 1 MeV
However, the supernova model parametéemperature and " all time bins,
luminosity) are themselves uncertain and still need to be ex-
perimentally established. It is therefore important to study
the effect of variation of these parameters on the results w
have so far obtained.

Supernova dynamics is a very complicated issue. Here wi
will follow a simple-minded approach. Changes in the lumi-

nosity affect the overall normalization while changes in the ! S ;
Y 9 dependence of the cross secjioh will still be possible to

temperaturgor average energychange in theshapeof the A ; ) S . .
spectrum. Variations in these parameters, while being timeglstlngwsh the adiabatic mixing case since the increase at

dependent, are not random, but systematic. For instance, tlpégh energy in this case is substantially larger than from
supernova model parameters depend on the protoneutron s fors in the supernova _spectrum. I—_Iowever, other cases, es-
mass(an increase of which increases both the average ener _C|aIIy the non-adiabatic cases, W'” not be clearly distin-
and luminosity of neutringsas well as the underlying high- uishable. It must be noted. that in any event the spectral
density equation of state and the initial conditions. The e1‘fecpeak forve events is a gooq index of the temperature of the
of this on the total neutrino spectrum has been studied jpPectrum, either of the unmixag or of the hotwy spectrum.

Ref. [43]. (The temperature variation in the spectra of indi- Figure 12 shows the results for the case of thel un-
vidual flavors is not discussedThe study indicates that the Mixed spectrum. There is a similar dependeisiace the
typical temperature variation of the total neutrino spectrun€nergy dependence of the cross section is the same as in the
at all times does not exceed abautl MeV. While the varia- v, d cas@. Since mixing does not significantly shift the,

tion due to uncertainties in the initial conditions is relatively spectral peaksee Fig. §, this will remain a good indicator
small, the average energy systematically decreases faf the corresponding spectral temperature.

smaller protoneutron mass stars and those evolving with a While there are large variations in the results for the in-
stiffer equation of state. On the other hand, the luminositieslividual spectra, these will be canceled out in the double
are virtually identical for all these cases until a timel0 s, ratio Rp,y of the events in heavy water and water fact,

by which time most of the detectable neutrinos are emittedthis is the purpose of constructing such a ratithis can be

Ty(a)—=Tp(a)£1l MeV.

‘Ia‘he base-line supernova spectrum is shown in comparison as
a solid line. There is of course a shift in the spectral pédgk
around 3 or 4 MeY, however, there is a large change in the
high energy part of the spectrufaccentuated due to tHe?
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TABLE VIII. NC events on deuteron witle ,>3 MeV for dif-
ferent values ofw in the adiabatic case whet=0.08. While the
3-flavor case is identical to the no-mixing case, as expected, the
4-flavor case shows a depletion in events due to loss into the sterile
channel. The ratio of the 4-flavor to the no-mixitar 3-flavop case
is shown in the last column.

Number of events on deuteron R0

Sirf2w No mixing 3-flavors 4-flavors

0.960 374 374 274
0.760 374 374 281
0.006 374 374 293

0.73
0.75
0.78

total energy emitted. However, the double ratio will not be
sensitive to this, unless these changes are extremely time-
dependent. It is doubtful whether reasonable conclusions can

i . ) . be drawn in such a case, unless there are significantly large
FIG. 12. The same as Fig. 6 for electron antineutrinos in then,mpers of events in each time bin. In short, while the indi-
no-mixing casgsolid lineg. Added are the dotted and dashed lines vidual flavor spectra can be significantly modified by uncer-

corresponding fo the case when the supernova neutrino spectigliniios in the supernova model parameters, the double ratio

temperatures are increased or decreased by 1 MeV in each time-biﬂ.D/H is largely insensitive to such variations. Hence it is a
good indicator of mixing.

: B/H A final remark about statistical errors. As already stated,

plotied for the different t_emperqtur_e sefsfas solid I|_ne$ the background to a supernova signal due to both radioactiv-
and Tx1 (as dashed lings It is I'k.eh( that any time- . ity as well as solar events is small at SuperKamiokande and
dependence of the temperature variation that we have igsno Hence the signal will be clearly defined. In any case

nored will affect the numerator and denominator of the ratio,[he statistical errorgassuming a 4N error for both the '

in the same way; hence inclusion of time dependence Shou'lqumerator and the denominator and adding suitably in
not affect this analysis. In computing this ratio, the “ob- uadraturghave been calculated for the double ragig

served number of events” as required for the calculation O{Ehis has also been shown in Fig. 13. The errors are /sHo. small

Ry, 1=D,H, in Eq. (26) is now determm_gd both by the mix- tlhat they are not visible, except as a slight thickening of the
ing parameters as well as by the modified supernova mOdeI|'nes near thev— 1 region. Of course, if the supernova is 50

It is seen that there is very little sensitivity to the variationsk ¢ and not 10 knc awav. the statistical errors become 5
in the temperature. This is especially so in the adiabatic Cas‘ﬁfnes larger RecaFL)II howg\’/er that we have computed the

A grﬁateér sens(;tllvgytf[;:) the model p%rameters :cntrt]he small events in 1 kton of the detector. Larger detector volumes will
smafle non-adiabatitcase occurs because ot IN€ Presency, o requce this error. In general, the statistical quality of
of the additional energy-dependent factor, the Landau—Zene[r1e signal, while being good, will depend on the size of the

transition probability,P, . Hence inclusion of temperature detector as well as the distance to the supernova
variations in the supernova model does not change the con- '

clusions about discrimination of different mixing models.
We add a note on variations in the luminosity due to, for
example, choice of different initial conditiorjd3]. This af- As is well-known, heavy water detectors can directly ob-
fects the overall normalization which is an indicator of the sape NC events. This is very important in the context of
supernova neutrinos since neutrino emission from superno-
vas is practically the only observable system where neutrinos
(and antineutringsof all flavors are emitted in roughly equal
proportions. Note that there are also NC events on oxygen

seen from Fig. 13, where the same double raRg;y, is

E. Neutral current events

E.25; f=3

LELE L B LR LR

E25 f=4 |

T T T T

T SR ETTT BT RN

10-3 102 10-t
sin?2w

10 10 10t 1

sin*2w

targets in both water and heavy water, with a characteristic
signal of photons with energies in the range of 5-10 MeV
[44]. However, these events are fewer in number than the NC
events on the deuteron that we will discuss here.

While there is no loss of NC events in the case of 3-flavor
mixing, the existence of a fourth flavor will be signaled by
loss of NC events into this sterile channel. This can be seen

FIG. 13. The same as Fig. 9, but where the dashed curves noffom Tables VIII and IX where the total number of NC

indicate the changes in the double raflg,y due to variations in
temperature in the supernova model tyi MeV. The statistical
errors are also plotted but are too small to be distinguished.

events from neutrinos or antineutrinos of all flavavgith
E,>3 MeV) are listed for different possible values af
consistent with the solar neutrino expectation. It is seen that
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TABLE IX. The same as Table VIII, witle~0 so that the upper The expressions for the fluxes as observed on Earth are

resonance is non-adiabatic. given in Egs(14), (15) and(16) with probabilitiesP , ; com-
puted for the (3-1) scheme. The relevant probabilitié, .

_ Number of events on deuteron Rano and P, for the CC events in the adiabatic case amde-
sir2w No mixing 3-flavors 4-flavors pendentof the unknown angle and are in fact the same in
0.960 374 374 336 090 Dboththe (2% 2). and (3+1) schemes. Hence all the results

(as shown in Figs. 3, 6, and for the CC events on deuteron
0.760 374 374 338 0.90 in the adiabati ¢ . tive o th i fth
0.006 374 374 365 0gg Inthe adiabatic sector are insensitive to the position of the

sterile neutrino in the case of 4-flavors. This is true for the
CC events on oxygen as well.
the number of NC events is not very sensitive to the value of " the NC case, we need the probabilitiBg, and P
; however, from Table VIII it is clear that in the adiabatic Which are different from the (22) case. Ignoring small
case, there is about 25% depletion with 4-flavor mixing!€ms of order(e), we have

when compared to the no-mixing case. If the value @ind P —c2
the overall normalization of the spectrum is known, NC cur- se Tpe
rent events can be used to discriminate between three and P —<22
four flavor mixing. Recall that the CC events are always ss T

enhanced by a factor of 1.5-2 for the adiabatic case. Hence
more conservatively, the NC events can be used to normalize
the supernova spectrum to at least within 25%.
When the upper resonance is non-adiabatic, however, part
Fence, 25 Tabie 1X shows, there are roughy the same nunieTeCy 5, are cow and sim, respectively
' ’ While these fluxes do depend @nit turns out that the

be'r of .NC eveqts with and without mixing in the non- suppression factor in the adiabatic case is again around 75%
adiabatic case, independent of the number of flavors. ThF 7
or both large and small values of, again independent of

Sv%rgiita?snﬂrge'%;em%lnei: issre]?t:]vjr :re];]/;ecegeglre#?enssg%e value ofp. This is because the dominant contribution to
' ’ : he NC sector is from thé&, and F; fluxes, as in the (2

as the no-mixing case. Hence also the NC events can be use Th i Kiv d dent th
to normalize the supernova spectrum here. ) case. These erms are very weakly dependent on the
unknown anglep. Hence in the NC sector as well, tkadia-

batic) (3+1) 4-flavor scheme gives almost the same predic-

V. 4-FLAVOR (3+1) MIXING SCHEME tions as the (2 2) scheme. Because of this, there will not be
So far, all results in the 4-flavor analysis referred to themuch difference in the elastic events on electrons as well.

(2+2) scheme as shown in Fig(kH. We briefly discuss

results in the (3-1) scheme where the mixing matrix is VI. SUMMARY AND DISCUSSION

defined through

Pse=5352/2,

Ps=c.s2/2, (32

To summarize, we have contrasted signals from super-

nova neutrinogantineutrinog in water and heavy water de-
(30) tectors. We include the dominant charged current events
from deuteron targets in heavy water, and proton targets in

T_ T
[ve vu v wl'=UX[m v v wll,

and water, as well as the elastic scattering off electrons and
charged current events on oxygen in both detectors. In all

U=Ug;XUpX UpsX U XUpsX Uy, cases, an electrofor positron is detected in the final state.
The detailed distribution of events as a function of the scat-

=U, XU XU,XUXUXU,. (31  tered electron(positror energy depends on the number of

flavors and the mixing parameters in a complex manner. We

Here the(13) and(14) angles are constrained by CHOOZ to have discussed all these cases. _ N

be small:0,3, 14~ €< €, [20] as in the (2+2) scheme. The In particular, Figs. 9 and 10 show the combined sensitiv-
atmospheric neutrino problem now constraifs; (the ity of water and heavy water detectors to the neutrino mixing
equivalent of the anglé in the 3-flavor caseto be maximal, parameters for such events by defining a double ratio of the

when 6,, becomes smalld,,< e,. However, the34) mixing observed to expected number of events in heavy water and

anglep is not constrained by any known experimental data vater detectors, respectively. These results reflect essentially

Sincewv, is produced in the supernova core in essentiallythe behavior of the dominant charged curreqtand ve
the v, mass eigenstate, any non-adiabaticity results in jumpsvents on deuterons which are comparable tortheharged
near the upper MSW resonances. The adiabaticity parameteurrent interaction on protons in water. However, its depen-
here will be determined by thé,, angle, which is again dence on the mixing parameters is very different from that
small, #,,= €. However, the adiabaticity parameter at thefor water. It turns out that a comparison of the signals from
lower resonance depends on the unknown apgied hence water and heavy water detectors can yield important infor-
we do not comment on the non-adiabatic case here. mation on not only mixing parameters but also on the num-
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ber of flavors involved. While 3-flavor mixing typically re- double ratio that quantifies the relative variation due to mix-
sults in an enhanced event rate, 4-flavor mixing can lead tong in water and heavy water detectors is largely insensitive
substantial decrease in the number of events, depending d¢o variations in the supernova model parametensiperature
the mixing parameters. and luminosity used.

Furthermore, we have performed a simple-minded analy- We have also briefly discussed the neutral current events
sis of the systematic errors involved due to uncertainties inn heavy water. These signals may facilitate determination of
the supernova model parameters. We have shown that thke overall normalization of the supernova neutrino spectra.
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