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Effects of neutrino temperatures and mass hierarchies on the detection of supernova neutrinos
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The possible outcomes of neutrino events at both Super-Kamiokande and SNO for a type-ll supernova are
analyzed considering the uncertainties in supernova neutrino sgeatngeraturgat emission, which may
complicate the interpretation of the observed events. With the input of parameters deduced from the current
solar and atmospheric experiments, the consequences of direct-mass hiemaparmyﬂ> m,, and inverted-
mass hierarchynue> myﬂ> m,_ are investigated. Even if the temperatures are not precisely known, we find
that future experiments are likely to be able to separate the currently accepted solutions to the solar neutrino
problem, large-angle Mikheyev-Smirnov-WolfenstéMSW), small-angle MSW, and the vacuum oscillation,
as well as to distinguish between the direct and inverted mass hierarchies of the neutrinos.

PACS numbds): 14.60.Pq, 13.15:g, 97.60.Bw

. INTRODUCTION 85,=m3—m?) naturally accommodates the scales of both
the two mass-squared differences and provides solutions to
During the past few decades, elaborate solar neuffiho both puzzles: the conversion,— v, causes the observed

and atmospheric neutrin®] experiments have provided a deficit in the solarv, flux and the vacuum oscillatiom,
wealth of convincing evidence for the existence of massive, y_suppresses the, flux in the atmosphere.
neutrinos and neutrino mixings, which could have a signifi-  |n addition to the Sun and the atmosphere, type-Il super-
cant impact on particle physics, astrophysics, and cosmohovas are also natural sources that emit neutrinos. Despite
ogy. Attention has been focused on solving the puzzles ofhe first-ever observation of SN neutrino signals from SN
unexpected discrepancies between calculated and observe@87A [9], detailed neutrino spectral shapes have not yet
neutrino fluxes. Instead of the more difficult and unlikely been determined with certainty due to low statistics and the
solution from an improved solar modd], the solarv, defi- physical processes that are not well understood. This diffi-
cit could be reconciled with the prediction if neutrino oscil- culty is accompanied by, for instance, the uncertainties in the

lations occur either in vacuum or in the presence of solafharacteristic temperatureB, as neutrinos were emitted
matter. from the neutrino spheres. Consequently, the interpretation

The flavor oscillation can be parametrized by the massof future measurements of SN neutrinos would contain am-

squared differences of the neutrino mass eigenstate$ bingity in thhat thehobserveq spectrum, which Tay have bleen
Emiz—mjz (i,j=1,2,3) ande; , the mixing angles between deformed through conversion processes, could be simulated

weak eigenstates and mass eigenstates of the neutrkyos (by a different set of parameters at different temperatures.

. . It is, therefore, worthwhile to investigate how the uncer-
= m/4 I assumed In terms of these parameters, the JUStSOtainty in T, could impact the interpretation of events at ter-
vacuum oscillation [4] requires & 10 YsAm’< Y v P P

11 a2 o ) X o _ restrial detectors. In this paper, the parameters that solve so-
S\(/)(;Tftgste'i\(/MaSr:/?/)SIl\'leSé\’l;1r,evgglrl12rﬁ?eef|\?e”::?5e]y (.ar\]/ tshrg'rgox lar and atmospheric neutrino problems are taken as inputs, a
becom Iim rtant if & 1076 e\2 <Am2<7><I10‘5 V;J natural choice as also adopted by some earlier Widr@sl 1].

Sfr’]‘;g 0;5’ 6 809 azlarge-angle esolu\tio)n o? 3% 10*Geevé In addition, with the uncertainty i, considered, we study
—Am?<12x10°5 eV2, 0.003<sir26<0.01 (small-angle whether a particular set of parameters could be singled out

: . ) by future observations of SN neutrinos.
solution) [6].' Recent atmospheru_: heutrino data_ from t_he Unlike solar neutrinos, the initial neutrino flux from a
SuperKamioancér] the proviie 8 song evidente I superova contains i flaors of neuring; v, v, 3

. ) : heir antiparticles. Under the direct-m hierarchy of neutri-
neutrinos, providedAm?~10 2-10%eV? and sif26 eir antiparticles. Under the direct-mass hierarchy of neu

>0.82. Itis clear that this solution to the neutrino anomaly innos, the originaly spectra will be modified by the MSW

the atmosphere represents quite a distinct area in the paraf{fect as neutrinos propagate through the resonance.»The

eter space as compared to that of the solar neutrino deficiBPECtra, on the contrary, is subject only to vacuum oscillation
Based on the conclusive CER& e~ collider LEP experi- Which yields a large averaged survival probability of
ment[8] that there are three flavors of light, active neutrinos?e:P(ve—ve)=3. The high-energyv,(v,) would not be
participating in the weak interaction, a direct-mass hierarchyonverted to the easily detectablg (for instance, at Super-
m, >m, >m,, with A3,=A3>63, (A3,=m3—m; and Kamiokand¢ through the MSW effect unless neutrino
! : ° masses are inverted, in which case the heavier mass eigen-
state has a larger componentig than inv, or v.. Since
*Email address: chiu@physics.purdue.edu the mixing angles are defined in the first octant, the weak
TEmail address: tkkuo@physics.purdue.edu eigenstatesy,, v,, and v, are predominant in the mass
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eigenstates’;, v,, and v, respectively. Under the direct- second and takes away 1%—10% of the total binding energy.
mass hierarchy whermVT> mVM> m,, the mass eigenstates The thermal emission phase has a much wider spread of time

follow the hierarchym;>m,>m;, while in the inverted- structure, on the qrder of 10 s. _
mass hierarchy, for instancey, >m, >m, , the pattern The initial neutrino spectrum is usually approximated by a
" T

my>m,>m, follows. Some models and phenomenologicalFermi'DiraC or a BoItzmaqn distribu;ion with a constant
consequences involving inverted neutrino masses have belfmperature and zero chemical potential. To reduce the high-
discussed12]. Although current MSW solutions to the solar €N€rgy tail of the Fermi-Dirac distribution, some elaborate
neutrino problem(SNP have excludedr, as the heavier MOUels introduce a nonzero chemical potenfid]. It is
eigenstate, the inverse hierarchy could remain viable if th&'€ar that the event numbers in a detector depend crucially
just-so vacuum oscillation is the solution for the SNP. If the®! the » temperature. However, the numerical calculations

inverted masses do apply and the resonance conditions f9@S€d upon various models and physical arguments give rise
to relatively wide ranges of temperature for each neutrino

the antineutrinos are met, this could lead to an effective con X , e ,

version between. and the higher-eneray. (—) to vield specieqg 15] and this uncertainty i, could complicate the
— e _ 9 9Y (Vs y i signatures concerning the oscillation of neutrinos from a su-

copiousve-type events in the earth-bound detector. With thepernova.

uncertainty inT, considered, it is our second goal to inves- One may refer to Ref.16] for a review of neutrino oscil-

tigate influences of both the direct and inverted mass hieraitions. Although all the three flavors are emitted from a

chies to future observations of SN neutrinos and how futur%upernova, the phenomenon of SN neutrino oscillation can

measurements can play a role in this unsettled issue of direBte well described througR(ve— v,) and P(? H;) [17]
e €, e €, .

versus inverted neutrino masses. . . .
This paper is organized as follows. In Sec. Il we summa-Under the direct-mass hierarchy, the probabiftyye— ve)

rize the general features of stellar collapse and properties ¢f N€&rly independent of energy and is approximated by the

the emitted neutrinos, and show how the uncertainty in neuYacuum oscillation expression. The probabilyve— ve) is

trino temperature could affect the outcomes in the detecto€N€rgy dependent and contains four parameters under a
Sections Ill and IV contain more general results expected0Pe" parar;etrlzzatlog of the mixing matrix in the full:8-
from the future observations at both Super-Kamiokande anéPrmalism: 63;,A3,=A3;,61,¢3. In what follows, these
SNO, for direct and inverted masses, respectively. Based dieur parameters will simply be denoted & A?, 6, and¢,
the measurements, possible schemes which could provid€spectively.
discrimination among input parameters and between the two Among the above four parameters, the anglés special
mass hierarchies are proposed. Section V contains discul! certain aspect. In addition to the limjt<12° at 90% C.L.
sions and our concluding remarks. set by the CHOOZ19] long baseline reactor in the disap-
pearance mode.— v,, an analysis in Ref[6] also has
given allowed ranges of? and sirff26 for ¢<20°. Note that
Il. DETECTION OF SUPERNOVA NEUTRINOS to zeroth order 0#?/A2, the probability becomelsl 8]

A. SN neutrinos and neutrino parameters P(ve— ve) =C0S ¢pP,, +sint (2.1
; : :

A massive star 1=8M) becomes unstable at the last
stage of its evolution. When the mass of the iron core reaches
the Chandrasekhar limits~(1.4My), it begins to collapse One may examing in more detail through the isoprobabil-
into a compact object of extremely high density, and theity contours for SN neutrinos at several distinct scales of
gravitational binding energy is released in the form of neu-6%/E,, as shown in Fig. 1. Within the interested rangedpf
trinos. Mayleet al.[13] have pointed out that the total emit- (sir?26=0.003, or loggarf26=—2.5), theP(v— v,) con-
ted energy, the averaged neutrino luminosity, and the meatours are almost independent ofp for ¢<<12°
neutrino energy are independent of the explosive mechanisiflog;garf2¢<—0.7). The parametekp begins to show
but depend only on the mass of the initial iron core. Regardslight influence orP(v.— v,) contours only at very sma#
less of the details of the collapse and bounce, it is well esand very large¢. Hence, for our purpose the choice ¢f
tablished that to form a typical neutron star after the collapsewithin ¢<20° would only affect the results slightly. The
an amount of~3X 10°% erg, about 99% of the binding en- value ¢=10° will be adopted for definiteness. As for other
ergy would be released in the form of neutrinos. E@f-  input parameters, the following are taken: large-angle MSW
ti)neutrino species will carry away about the same amount ofolution (LA), §°=10° eV?, sirf26=0.75; small-angle
energy. MSW solution (SA), §2=6x10 % eV?, sirf26=0.0075;
Neutrinos are emitted from a collapsed star through twdust-so vacuum solutiofdS, 6°=3x 1010 e\?, sirf26=1.
different processes: neutronization burst during the pre-
bounce phase and thermal emission in the post-bounce
phase. The neutronization burst ofva flux is produced by B. The complication in observed events

the electron capture on protons: +p—n-+ve. The ther- In what follows, an initial flux described by a Fermi-Dirac

mal emission createsv pairs of all three flavors via the gspectrum with zero chemical potential will be assumed. The
annihilation ofe*e™ pairs:ee"— v+ v, (I=e,u,7). The detailed time evolution during the cooling phase has been
duration of the neutronization burst lasts about a few milli-ignored, while the averaged magnitudes and effective tem-
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FIG. 1. P(ve—ve) for SN neutrinos at@ §%E=10°eV¥/MeV, (b) 6>/E=10"" eV?/MeV, (c) s4E=10° eV¥/MeV,
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and (d)

5%/E=10" eV?/MeV. Here 6? is the mass-squared difference in%e&hdE is neutrino energy in MeV.

peratures oﬁ/(;) flux are used insteal®0]. The event num-
bers at the detectors for the neutrino of typ&re estimated

by

Here Z is the number of targets in the detectdy, is the
initial number ofy,, D is the distance between the supernova

N, =

ZL

47D

'2JdE,,m(EV,Tom(EV)P'(EV). 2.2

In evaluating the surviving probability, the electron number
per nucleon is assumed to remain a constait{(0.42) and

the density profile outside the neutrino-sphere= (0’ cm)

is described by the power lap~r~
To grasp the picture on how uncertainties in neutrino tem-
peratures could affect the interpretation of observed events,

we may tentatively assumeT,,e:3 MeV, T,,x:

=6 MeV (x=

My T),

3

T,

and compare outcomes fronT -
=3 MeV and T, =4.5MeV. At Super-Kamiokandg21],

and the earthg(E,) is the cross section for the correspond- contributions from the inversg decayve+p—e*+n pre-

ing reaction,P|(E,) is the surviving probability fow,, T, is

the temperature for,, and

n(E,,T;)=0.5546

E2

14

T 1+expE,/T)]

(2.3

interactions:v(v,) +e",

dominate due to the high cross section. Events from other

(I=e,u,7) [22] and vo(v,) + O

[23], will also be included in our calculations although these
events accumulate up to less than 5% of the-p events.
The threshold energy is taken to be 5 MeV and the detector
efficiency is assumed to be 100%. For 32 kton of water, one
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to LA parameters afl 7923.6 eV or the JS parameters at

15 T, =4 eV. The uncertainties in neutrino temperatures would
therefore render a wide range of predictions at the detectors.
14 Informations such as the clues for oscillation and neutrino
LA parameters would be hard to understand or even lost due to
> 13 this complication.
1.2
lll. GENERAL CONSEQUENCES FROM THE DIRECT
1.1 SA MASSES
A. Super-Kamiokande
1 . . .
05 06 07 08 09 1 For the observation of SN neutrinos, the extremely dis-

X tinct time structures between the neutronization burst and the
beginning of thermal emission would allow a clear separa-
tion at the HO Cherenkov detector. These two groups of
events are discussed separately.

The spectral shape and the total energyvgffrom the
early prebounce burst is still poorly known. For the purpose
of qualitative discussion, the spectrum is arbitrarily chosen to
be the same as that of thermal (Fermi-Dirag with the
expects roughly~10" neutrino events for a type-Il super- same mean energy and a total of 5% the binding energy of a
nova at the center of our galaxy-(L0 kpc away. typical neutron star ). During this early phase, one ex-

Since the cross section for,+p is proportional toEﬁ, pects to observe the forward directional events due to elastic
andE,=3.1T, for the Fermi-Dirac distribution, a larger tem- scatteringv,+e~ and the backward events from,+ 0.
perature gap betwee_ré and;x would cause a more Severe'y These neutronization events are Summarized il’l Table l. We

distorted spectra from the original one. Hence the differenc@ote that the forward events are relatively insensitive to the
betweerT, andT,. determines to what extent the events areuncertainty in v, temperature. The oscillation signature
enhanced i)y oscilxlation manifests itself through the drastically reduced forward

For the direct masses wheme, >m, >m, , possible re- events as compared to the original one, although practically
. T vl T the separation among LA, SA, and JS using events observed
sults of the ratio OSC/NQOSC indicates oscillation, and during this early phase is difficult.

NO indicates the case of no oscillatiomsing specific input The backward events on the other hand, are more sensi-
parameters LA, SA, and JS are shown in Fig. 2. The Curvegye o T . The difficulty associated with the backward
representing LA and SA are due to MSW effects of the e

events comes from the extremely small numbersT;z

v-type events and the vacuum oscillation of thetype _3 MeV and th | . hi is d
events, while the JS curve is due to vacuum oscillations of eV and the total neutrino energy at this stage is down
to ~1% of E,, the backward events are practically unob-

both »- andv-type events. One observes that JS parameter, ervable. Because of the rapidly increased cross section for

could raise event numbers most effectively, an increase of | 1 : 2 i
. . ' + 160 at higher energyo~ (E— Ey,)?, the situation could
~55% is possible aT, =3 MeV (T, /T, =0.5). The en- Ve ¢ gyer ( )

o ) be improved ifT,,e is higher or if the neutrinos emitted dur-
hancement decreases B approacheé'yx.ﬂeari particu- ing this phase have larger energy partition, which is quite
lar point WhereT;ezT;X, the conversion o¥, to v, would  model dependent. Unlike the backward events, the forward

not alter the originair, spectrum, all the scenarios yield €VENt numbers are roughly on the order of 10 evef

OSC/NO=1 and are indistinguishable among each other. =3 MeV and thev, flux takes away as low as 1% Of E,.
The complication arises from the fact that if, for instance, BY using the numerous™ emitted from the inverses
OSC/NO=1.3 is observed, this observation is then either dualecay, the distorted, spectrum would be determined with

FIG. 2. Predicted curves of the ratio OSC/NO in Super-
Kamiokande for the direct masses. We have defiiedDSC/NO,
XET;e/T;X. HereT,,e=3 MeV, T;x=6 MeV are assumed, arfte
are allowed to vary from 3 to 6 MeV as indicated HyET;e/T;X.

TABLE I. Total expected backward and forward events at Super-Kamiokande for the neutronization burst
of neutrinos from a typical supernovalO kpc away.

Tye=3 MeV Tye=4 MeV Tye=5 MeV
Backward Forward Backward Forward Backward Forward
NO 7 68 20 71 38 72
LA 2 26 5 27 10 29
SA 5 41 14 46 28 49
JS 3 38 9 39 19 42
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TABLE Il. The ratio R=1/F in Super-Kamiokande for ther- TABLE Ill. r{=NC/CC,, the ratios of neutral-current event
mally emitted neutrinos. Here the mass hierarchy is direct. Theaumbers to charged-current event numbers{d—p+p+e~) in
uncertainties inT,,e andTVX(T;X) give rise to the spread iR. SNO for thermally emitted neutrinos. Here the mass hierarchy is
direct.

T,.=4 MeV T,.=5 MeV T,.=6 MeV

T, =3 MeV T, =4 MeV T, =5 MeV

NO 15.9-16.9 20.0-20.9 23.9-25.0 ° ° e
LA 18.3-20.9 22.7-25.4 26.7-29.4  NO 5.4-9.0 5.3-7.9 5.1-6.5
SA 16.4-18.1 20.9-23.4 248-277 LA 2.6-2.8 2.7-2.9 2.7-2.9
JS 19.1-22.5 23.7-26.8 27.2-29.6  SA 3.9-5.1 4.0-5.1 4.0-4.9
JS 3.1-35 3.2-35 3.2-35

better statistics. To account for the uncertaintie§’ ;Q and
T,,we may letT, =a T, T, =8 T, and compare the of observed events, each of the candidates gives rise to a
OLVJXtcomes fof— :'X MeV ”g M;e\/ andve6 MeV. The param- distinct region inNC/CC;. In practice, if uncertainties in

. and » can be reduced in the future, it would enable a smaller
etersa and B8 are allowed to vary within 14 «<1.8 and

\ ' spread in each; for a better separation.
0.6=B=1 to roughly include the temperature ranges given

by current models. Expected ranges for the raesl/F are
summarized in Table I, wherk includes events from the IV. CONSEQUENCES FROM THE INVERTED MASSES

inverseB decay and the neutrino interactions with oxygen, A. Vacuum oscillation versus MSW effect

represents the forward scattering events. Fpr=4 MeV, In the light of the MSW effect, distinctions between direct
there are two overlapped areasRnbetween NO, SA and  anq inverted masses would most likely appear in the ob-

between JS, LA. The same overlapping structure remains fQferyed neutrino spectra. If the just-so vacuum oscillation is
T,.=5 MeV andT, =6 MeV. Despite the wealth of infor-  ¢5,5red over the MSW oscillations as solution to the SNP,
mation conveyed through the® spectrum at Super- both direct m, >m, >m,) and inverted-mass schemes
Kamiokande, from Table Il it seems unlikely that a clear , ~pm >mVT) are allowed since, flux can also be con-

o T

separation among input parameters could be achieved using ¢ G .
the otherwise model-independent quanfyunless the un- Wrted to vy through the vacuum oscillation if neutrino

certainties in neutrino temperatures are reduced significantlyasses are inverted. The flux on the contrary, would go
through the MSW resonance if the mass hierarchy is in-

B. SNO verted. This conversion would presumably enlarge the
ve-type event rates effectively at Super-Kamiokande. With-
out conflicting current solar and atmospheric neutrino data,
we would focus on the JS parameterss’~10~1° eV? and

The neutral currentNC) breakup reactions of deuterium
in SNO[24] are flavor blind for neutrinos:

n+d—n+p+u, (En=2.22 MeV), (3.1) large 0, for a further investigation under the inverted mass
schemem, > m, >m, .
n+don+pty, (Ep=2.22 MeV), (3.2 The possible SNy, spectra are shown in Fig. 3. Curve A
wherel=e,v, . The charged current reactions include two %%
parts: A
0.03 oo B
CCiivetd—p+pte™, (Ex=1.44 MeV), (3.3 TN e c
CCyive+td—n+n+e’, (E4,=4.03 MeV). (3.4 & oo2
With 1 kton of D,O and a threshold energy 5 MeV
(100% detection efficiency assumedoth CC; and CC, 0.1
should roughly yield event numbers in the order of.1Dhe
ratiosr;=NC/CC; at SNO seem to provide a solution as to 0 ]
how a particular set of parameter could be singled out, as 0 50 40 60 80
will be shown below. ENERGY (MeV)

One may arbitrarily fixTVe and parametrize other tem-

peratures in a similar way: Iélfvx:)‘Tve and allow an un- FIG. 3. Expect_ecbe spectra from a supernova. Curve A repre-

certainty inT as well: T = »T, , with 1.8<\<2.6 and sz_ants the originab, without any c_onversion; curve B is th_e one

e i e e distorted by the vacuum oscillation under direct-mass hierarchy
1.1=»=17. The ratior;=NC/CC, for Tve=3' 4 and 5 while C is the expected curve f07re after MSW conversion, with
MeV are listed in Table lll. We found that even if the un- the same parameters applied in B but under inverted-mass scheme.
certainties inTVX and T,, may complicate the interpretation B and C are nearly indistinguishable.
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is the original v, spectrum and curve B represents the dis- 6 5 -4-3-2-10 1 2 3
torted one through the just-so vacuum oscillation under the )
direct-mass scheme, while curve C is obtained from the
MSW conversion under the inverted-mass scheme. Curves B
and C nearly overlap, implying that the matter effect is not as
prominent as expected, and that the MSW effect under the -5

-4

inverted-mass hierarchy is almost identical to the vacuum . _g
oscillation under the direct-mass hierarchy fqrat this par- % _7
ticular region of parameter space. Furthermore, the ex-% 8

tremely small observable difference at the detectors would 2
make the identification between the two mass patterns very_g -9
difficult. The reason becomes clear if the required conditions  -10
for a MSW resonance and an adiabatic transition to occur are  _44
both consideredi25]: A density profilep~r 2 would yield

| 62|~ 108—10° eV? relevant to the MSW oscillation in the -1

supernova. This mass scale is much larger than the mass -13

scale of JS parameter_$5€|~_10*1° eV?). Therefore, a very 6 5 4 3 2 1.0 1 2 3
effective conversion of, to v, in a supernova is unlikely for log,tan?20

either direct or inverted masses if the JS parameters are ap-

plied. The strong conversion aof, to v, is actually disfa-
vored by some analyses based on the SN 1987A[@éfalf
either LA or SA MSW conversion is favored over the just-so
vacuum oscillation, the case for the inverted hierarohy

€ 2 — 10 2 H H
>m, >m, would then become shaky or can even be ruled(|°|~10"" eV* and large6) roughly result in a 20% in-
out w T crement to the event number. After a full conversion of the

antineutrinos in whichP(v,— v.)<<1, one would expect to
observe a sizable increase in the ratio OSC/NO. Therefore, a
larger| %] and a smaller t#26, at least several orders of
An alternative approach might shed some clues on thenagnitude, are required for a full conversion to occur. The
inverted-mass scheme and its outcomes. We may charactejmaliness of¢, alone with the smalkp, fix the surviving
ize consequences for the oscillatiog— v, by the surviving  probability of v, very close to unity. Hence, a full conver-
probability of v, in three limit casesP(v.—v.)~1, P(v,  sion of v, to v, would be accompanied by nearly unchanged
—ve)~3%, and P(ve— ve)<1. The caseP(ve—rve)~1 in- Ve and vy fluxes: P(ve—wve)~1. The expected ratioR
dicates that no conversion occurs amo_@gindjx, which is =I/F at the Super-Kamiokande are I|st_ed in Table IV. De-
equivalent to the outcome of having massless neutrinos, argPite the better statistic provided by the-type events at
the mass pattern would then unlikely be the main issue. Th&uper-Kamiokande, the detection is, however, not unique to
JS parameters’ as a|ready discussed’ MEEH;G)N% for the Ve ﬂUX, the uncertainties iﬂ-ve andTVX, therefore, make
the MSW ConverSior(Or equivalently, the vacuum oscilla- the Separation betweeﬁ(;(e_)a)gl (Comp|ete conver-
tion under the direct-mass schem®ne is therefore moti- sior) and P(? _};)N; difficult
e €. 2 .
vated to further study the consequences for a complete con- —
. — - — — . At the SNO detector, the charged-current channetd
version of v, flux to v,, whereP(v.—v,)<1. As pointed 4 . — . .
out by Totaniet al. [25], due to statistical uncertainties in —NTN+€" iS unique tove. This channel can be distin-

experiments and the inconsistency among current analyse%r,l:'She‘(]lj from thﬁ neultr_al(;currgnt ev;]antsf and hthe other
one cannot completely exclude the possibility of full conver-charged-current channel induced fy. Therefore, the mea-

sion. We may tentatively neglect details of the physical consurement ofv.+d events at SNO should be sensitive to the
ditions and parameters that are required for a complete corfull conversion of v, to v,. Ratios of the neutral-current
version to occur, and assume that the probabiftfy,  events to the charged-current evenis+d, denoted as
— v,) remains approximately a constant within an interestedNC/CC,, are shown in Table V. We also present values of
range of the neutrino energy.

To reasonably account for the contributions framand TABLE IV. The ratio R=I/F at Super-Kamiokande under the
v, fluxes to the total events when a complete conversiornverted-mass scheme.
occurs in the antineutrinos sector, one may first consider the

FIG. 4. The contour plot of OSC/NO from the events of inverse
B decay. The inverted masses are assumed. Here we ha‘vﬁ,{eset

=45 MeV, Tve:3 MeV, andTVx=T;x=6 MeV.

B. Super-Kamiokande and SNO

contours of OSC/NO for events from the inver8edecay T,,=4Mev T,=5MevV T,=6MeV

only. Under the inverted-mass scheme, a wide range of ;5 NvERTED) 19.3-22.8 23.6-26.5 27.3-29.6

ony €a-n e . . . . . .
6 and # are shown in Fig. 4. G|vefr,,e—4.5 MeV, TVe COMPLETE 22.1-28.3 26.3—-30.6 20.2-30.9

=3MeV, and T, =T, =6 MeV, the JS parameters
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TABLE V. NC/CC,, the ratios of neutral-current event num- -6 -5 4 -3 -2 1. 0 1 2 38
bers to charged-current event numbeng{d—n+n+e*) in 2
SNO for thermally emitted neutrinos. Here neutrino masses are in-
verted. This table can be compared with Table VI where neutrino -3
masses are direct. A complete conversion yields the lowest value of -4
NC/CC, for a givenT, . 5

T,=3MeV T,=4MeV T,=5 MeV § -6
e e e >
JS 3.4-4.0 3.2-3.8 3.1-3.7 ‘:z -7
COMPLETE 2.6-3.2 2.6-3.1 2.6-3.0 Jg -8
o
o -9
-10
-1
the same ratio under the direct-mass scheme in Table Vlase _qo
comparison. 13

We observe that for a particulél'r,,e, both direct and in-

verted schemes yield a nearly identical rangeN&/CC, if
the JS parameters are applied, this verifies a previous argu-
ment. The valuable message from this ratio is that for a par- g, 5. TypicalNC/CC, contours in SNO under the inverted-

ticular T, a complete conversion of thge flux through ~ mass scheme. Her&, =3 MeV, T, =4.5MeV andT, =T,

6 -5 4 -3 2 -1 0 1 2 3
log,otan?26

MSW resonance represents a unique rang®6fCC, as =6 MeV are assumed. A complete conversion of thelux to vy
compared to other scenarios, including that of the direcflux would yield NC/CC,~2.95, which occurs at|— &7
masses. >10 2 eV2.

Typical NC/CC, contours for inverted masses are shown
in Fig. 5, where Tye=3 MeV, T, =4.5 MeV, and T,
=T-=6 MeV are assumed. Since the neutral-current reac- Under the constraints of mass scale from solar and atmo-
VX spheric neutrinos, the-3v scenario naturally leads to four

V. DISCUSSIONS AND CONCLUSIONS

tion is blind to th_e _oscnle_\t|on, a complete swap@fanq Vx possible hierarchiene direct and three inverted1) m,
fluxes would definitely yield smalleX C/CC,. Calculations 2 T
show thatNC/CC,~2.95 for a complete conversion and >m,, =My, 2) m,, =~ m,>m, 3 m, > m,,>m, @
indicate that—°>10"2 eV? and taR20<102 are re- M, >m, >m, . Case 1 is the normal, direct mass scheme.
quired for a near complete conversion to occur. For Case 215é] in the mass scale of the MSW solution has
Tables V and VI suggest that for the detection of SNbeen discussed 1]. In our analysis we have applied Case 3,
neutrinos, the direct and inverted masses could be distinn which the mass scale ¢#?| is suitable for the vacuum

guishable if a nearly complete conversionigfto », occurs, ~ solution of the solar neutrino problefSNP (107 1% eV?).

which yields a lowNC/CC, and signals the existence of Cases 3 and 2 become equivalentdf|~10"*° eV? since
inverted-mass pattern. Since the MSW effects become imthe MSW and the vacuum oscillations for thg flux would
portant for supernova neutrinos at T6<Am?<10° eV?, a  be nearly identical at this mass scale, as shown in Sec. IV.
future supernova would provide a test ground fors? For Case 4 to survive,?| needs to be on the order of
>10"2 eV~ If the nearly full conversiong— v, is observed 10 '% eV? for the vacuum solution to apply. Therefore, con-

in the SN neutrino flux, the consequences may have certaigequences for Cases 4 and 1 become equivalent in the detec-
implications in that the required parameter spaces for a fultion of supernova neutrinos % ~10"*° eV2.

conversion are obviously disfavored by current solar neu- In this work, responses at both Super-Kamiokande and
trino data, while the future solar and atmospheric observaSNO detectors to neutrino fluxes coming from a supernova
tions may not severely change the mass scales required &€ studied under the consideration of uncertainties in neu-
explain the solar and the atmospheric neutrino deficits.  trino temperatures. In particular, some phenomenological
consequences for direct-mass and inverted-mass patterns of
neutrinos are compared. We may summarize our results as
follows. (a) Uncertainties in neutrino temperatures can allow
various interpretations of neutrino parameters. We have
shown this through the expected outcomes at Super-

TABLE VI. NC/CC, for the thermal emission of neutrinos in
SNO, with direct masses.

Tv =3 MeV Tr =4 Mev e Kamiokande for SN neutrinogb) The three candidates LA,
NO 3.5-114 3.4-8.8 3.2-6.8 SA, and JS manifest differently in the ratiocC/CC, at SNO
LA 3.4-4.7 3.2-4.4 3.2-4.1 even if the uncertainties in neutrino temperature are allowed.
SA 3.5-9.4 3.3-7.7 3.2-6.2 Future detection of SN neutrinos at SNO would be able to
JS 3.4-4.1 3.2-3.9 3.1-3.7 single out favored mass and mixing parameters from the

three candidategc) In addition to the direct-mass pattern,

073015-7
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the inverted-mass scenar'mve> m, >m, is investigated
y22 T
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