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Neutrinos from stellar collapse: Effects of flavor mixing
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We study the effect of nonvanishing masses and mixings among neutrino flavors on the detection of
neutrinos from stellar collapse by a water Cherenkov detector. We consider a realistic framework in which
there are three neutrino flavors whose mass squared differences and mixings are constrained by the present
understanding of solar and atmospheric neutrinos. We also include the effects of high dense matter within the
supernova core. We find that the number of events due to the dominant process involving electron antineutri-
nos may change dramatically for some allowed mixing parameters. Furthermore, contributions from charged-
current scattering off oxygen atoms in the detector can be considerably enhanced due to flavor mixing; such
events have a distinct experimental signature since they are backward peaked.

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

[. INTRODUCTION emission involves dividing the neutrino emission into two
distinct phases—the neutronization burst and thermal neu-
The sighting of a supernova, SN 1987a in the Large Matrino emission. The number of neutrinos emitted during the
gellanic cloud(LMC) [1], led to great excitement, since, for burst phase is only a few percent of the neutrinos emitted
the first time, the neutrinos from stellar collapse were de-during the thermal or cooling phase of the protoneutron star.
tected by Earth-based detectp?s3]. Unlike electromagnetic  While only v, is emitted during the earlier phase, neutrinos
radiation, which takes a long time to emerge from the col-and antineutrinos of all types are emitted during the final
lapsing core, neutrinos provide direct information about corgphase. Much of the binding energy of the neutron star is
collapse. The direct observation of neutrinos from SN1987aadiated away as neutrinos while a small fractiarfew per-
by the KamiokandeKIl) [2] and the IMB [3] detectors cent or lessis deposited in the shock wave that blows away
forms the beginning of a new phase in neutrino astrophysicthe mantle[14]. Detailed predictions for the luminosity and
with far-reaching implications for particle physics. Since average energy as a function of time are availdlifg for
then, the KII detector has been upgraded with tremendouseutrinos emitted during the burst and cooling phases. We
improvement both in size and resolution, and many new dedse these predictions as an input in our analysis.
tectors such as SNO and Borexino will begin taking data An important fact to note is that the neutrinos, which are
soon. produced in the high-density region of the core, interact with
Immediately after SN1987a, several authors analyzednatter before emerging from the supernova. The presence of
[4-10] the neutrino events recorded by the Kll and the IMB nonzero masses and mixing in vacuum among various neu-
detectors. While the number of events was not statisticallyrino flavors results in strong matter-dependent effects, in-
significant enough to obtain quantitative information on thecluding conversion from one flavor to another. Hence, the
neutrino spectrum, there was qualitative agreement betweasbserved neutrino flux in the detectors may be dramatically
the predictions from the core collapse mechanism and théifferent for certain neutrino flavors, for certain values of the
observations. The present situation with improved neutrinanixing parameters, due to neutrino oscillations. The effect of
detectors affords a quantitative analysis of the neutrinanixing on the neutrino signal from supernovas was analyzed
events if a supernova collapse were to take place in the neam detail before by several authof$46—18. The effect of
future. While the observational scenario is positive, there hasasses and mixing on time-of-flight information has been
also been much progress in understanding the properties dfscussed if19,20.
neutrinos, namely, their masses and mixings, through analy- Our analysis is based on the pioneering work of Kuo and
ses of solar and atmospheric neutrino puziled. Both the  Pantaleong16] where they include mixing among all three
solar and atmospheric neutrino deficits that are observedeutrino flavors. However, unlike all previous analyses, we
conclusively point to the requirement @it least three neu- take into account the constraints on the neutrino mixing and
trino generations and mixing among them. The masses andasses imposed 2,13 by solutions consistent with the so-
mixings are then constrained by the observed deficit in théar and atmospheric neutrino puzzles. There are several pos-
neutrino fluxed12,13. sible solutions here, including a purely vacuum solution for
In this paper, we analyze in detail the signatures of neuthe solar neutrino problem. We choose some typiedi
trinos from stellar collapse. The analysis is confined to typdowed) values for the mixing angles, to illustrate the possible
Il supernovagwhich occur when the initial mass of the star effects of mixing. This is important from the point of view of
is between 8 and 20 solar masssmice the neutrino emis- integrating known constraints on the neutrino masses and
sion from these is significant enough to make reasonablaiixings in order to obtain a realistic picture of neutrino
predictions. We consider the emission of all three types ofmissions from supernovas. We analyze in detail the depen-
neutrino(and antineutrinpflavors. There exist many models dence of the recoil energy spectra on the mixing parameters,
of stellar collapse. The present understanding of neutrin@t water Cherenkov detectors. In Sec. Il we review the the-
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oretical framework of our calculation, including a reanalysisthe order of /~45° (although this is not relevant here

of the matter effects on the neutrino spectrum in the hoffhese constraints will be imposed later on in our numerical
dense core. Section Ill highlights the various inputs—analysis.

neutrino fluxes and cross sections in the detector—that we The masses of the eigenstates in vacuum are taken to be
have used in order to compute the event rate expected ai;, u,, andus. In the mass eigenbasis, the (ma&ssiatrix
water Cherenkov neutrino detectors. The numerical compus diagonal:

tation of the total number of events for the time-integrated

neutrino spectrum and the effects of neutrino oscillation are Mi 0O 0
discussed in Sec. IV, where the results are discussed and 2
summarized. Some well-known results, adapted to the M3= 0w O
present situation, are discussed in Appendixes A and B for 0 O M%
completeness.
0O 0 O
Il. THREE FLAVOR OSCILLATIONS IN HIGH DENSE 0 s 0
MATTER =ulll + 21
) i ) . 0 0 65
In this section, we discuss the mixing among three flavors
of neutrinos(or antineutrinosand compute the electrdor =Mf” +AMZ, 3

antielectron neutrino survival probabilityP.. (or P.o). We
will explicitly show that these are the only relevant prob-
abilities. While the theoretical details of this mixing are well Where the mass squared differences are givensy- u5
known, the effects of superdense matter, such as is found i 45 and 83,= 35— u. Without loss of generality, we can
the stellar cores, are nontrivial. We shall also use this analytake d,; and d3; to be greater than zero; this defines the
sis to set our notation. standard hierarchy of masses. Neutrino oscillation ampli-
The three flavor eigenstates are related to the three madgdes are independent of the first term, so we drop it from
eigenstates in vacuum through a unitary transformation  further calculation. In the flavor basis, therefore, the relevant
part of the mass-squared matrix has the form

Ve vy
2_ v 2 vt
v, |=UY| va |, (1) AMI=UYAMgU
v, V3 = 031M 31+ 91M 1, (4

where the superscript on the right-hand sidéRHS) stands  where
for vacuum. The &3 unitary matrixU" can be parametrized

by three Euler angleéw,¢,) and a phase. The form of the sf,, 0 s,4C4;
unitary matrix can therefore be written, in general, as

M e 0 0 0
317 ) ,

=U3(#) XU ppaseX U1a( @) XU 1A @), S¢Cy O Cy
whereU;; (6;;) is the mixing matrix between thigh andjth - 5
mass eigenstates with the mixing anglg. It has been C4Sw CySwCw  —CySeS,
shown that the expression for electron neutrino survival 2 _

L . e M..=| C¢SuCo Co S¢SwC (5)

probability, integrated over the time of emission and of ab- 21— 5 5 5
sorption, is independent of the phase and the third Euler TCyS¢Sw  TS4SuCe  S4Ss

angle ¢ [21,22. They can be set to zero without loss of

. . V.
generality and we have the following form for* : The relevant matter effects may be included by a modified

mass-squared matrix,

Uv= —S, Co 0 (2) AM ﬁj: 531M 31t 521M 2+ A(r) M A (6)
—S,C —S4S Cc
P~ P 0 T
where

wheres,,=sin¢ andc,= cos¢, etc. The angle® and¢ can

take values between 0 antl2. Recently, the CHOOZ Col-

laboration set a laboratory limit on, oscillations[27] that M =
resulted in a strong limitgp<<12°, on the(13) mixing angle

[28]. However, a combination of solar and atmospheric neu-

trino data allows for both large- and small-angle solutions for

the (12) mixing anglew. The angley is large, typically of andA(r) is given by

(7

o O -
o O O
o O O
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A(r)=2GENy(r) X 2E, (8) Ps=(1-Py), (13

which is proportional to the electron number dendity(r) whereP,, and P, denote the jump probapilities at the higher

in the supernova core. Hereis the radial distance from the @nd at the lower resonances. In Appendix B we show that for

center of the star. The detailed modifications due to mattel® parameters values relevant in the case of neutrinos pro-

effects are discussed in Appendix A. duced in the supernova corPy, is actually very close to
The maximum value ofA occurs at the core and is ap- Z€ro. Therefore to a good approximation, we may write

proximately 2< 10'E eV?, whereE is the neutrino energy P..=si? & (14)

in MeV. The madification due to the matter dependence is ee '

similar to the case of solar neutrinos, although, unlike in therpjs result implies that the propagation of neutrinos is adia-
case of solar neutrinos, all flavors are produced in the supefatic in the high-density core. We will support this conclu-
nova core. o _sion in Appendix B. The information given above is not
It is clear that the mass-squared matrix is no longer diagenough to obtain completely the survival and oscillation
onalz in the presence of matter; we therefore diagonalizgropapilities of the individual flavors. However, since the
AMg, in order to determine the matter-corrected eigenstategjetectors we are interested in do not separately defeand
This is a difficult problem in general for arbitrary values of ,, _ this is sufficient for our analysis. We shall therefore use
3 and ;. These are, however, constrained by the limitsthis form for the survival probability for the numerical re-
on them given by the simultaneous analysis of solar andyts calculated in the next section.
atmospheric  neutrino  problems, namely, ~1& 4y We now consider the case of, propagation in high-
<10? eV* and 6,<10"* eV? so that 63~d3; the  density matter. The only change in this case is that the
value ofA for energetic neutrinogof a few MeV to tens of matter-dependent term in the relevant part of the mass-

MeV) in the core is therefore several orders of magnitudesquared matrix has the opposite s[gm that in Eq.(8)], that
greater than these mass-squared differences. The eigenvalge

problem may thus be solved perturbatively, with the follow-

ing hierarchy:A(core}> 63> d,,. As a result, the electron A(r)=—2GgNg(r) X 2E. (15
neutrino undergoes two well-separated resonances when the

value of A(r) approaches the two mass-squared differencesl he analysis goes through as in the case’opropagation
Following Kuo and Pantaleongl6], and using the above through matter and the mixing angi for antineutrinos in
mass hierarchy, the matter mixing angpg, is given by(see ~ Matter is given by

Appendix A for more details Say5in 2
31

tan2¢p,,=———"—F7"——.
an 20— 8315in 2¢ © O 008 25+ A
M §3,C082p—A"

(16)

On using the fact thaf\(core)} §3;, we obtaing,,—0 in

, L contrast to the solutionp,,— w/2 for electron neutrinos.

At the point of production inside the coré(core)} 831 Thus, is produced in the mass eigenstde,), in the core
thus, ¢y— m/2. This makes further calculations extremely of the supernova. There are no Landau-Zener jumps to con-
simple, since the electron neutrino is produced as ajpuje  giger in this case since the resonance conditions are never
mass eigenstate in the core of the supernova. The survivabiisfied unless the mass hierarchy is altered. The propaga-
probability of the electron neutrino is simply given by the jjon is therefore adiabatic and the survival probability is ob-
projection of the|v;) mass eigenstate onto the,) flavor  aineq by simply projecting théy;) eigenstate onto the fla-
state in the detector, after correcting for the Landau-Zeney,,, eigenstate in vacuurtat the detector The antineutrino

jymps which may occur_in the stellz?\r_ matter during propagayryival probability is therefore given by
tion. The average survival probability of the electron neu-

trino is therefore given by Poo=co€ ¢ coZ o, (17)
> T, where ¢ and w are as usual the vacuum mixing angles de-
Pee:ijzzl Uil AUl *[<vi | v fined earlier.
=sir? ¢pP3+cog ¢ Sir¥ wP,+cog ¢ cog wP;. ll. NEUTRINO FLUXES AND CROSS SECTIONS

10 . . .
(10 We need the inputs of neutrino flux emission at the super-
Here ¢ andw are the vacuum mixing angles defined earlier"°V@ and the neutrino cross section at the detector in order to

and P, denote the Landau-Zener jump probabilities amongobtailj the event rates. We begin with a discussion of the
the mass eigenstates, neutrino fluxes.

P,=P,P,, (12) A. Neutrino fluxes

Following Kuo and Pantaleorié6], we denote the flux of
P,=P,(1-P)), (12)  various flavors of neutrinos and antineutrinos produced in
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the core of the supernova lj-_yio, wherei denotes all the Wwe set the time of bouncé;=0. The overall normalization

flavors. In particular we use the generic Iaﬁél for flavors NO is fixed by requirilng that t.he totallene_rgy emitted per unit
other thany.. and .. since time equals the luminositg; in that time interval.
€ € The thermal distribution that we have uséshere the
FO=F% =F% =% =2, (18  chemical potential has been set to 2emsults in a flux that
o oo shows a slower fall with energi than the results of the
All these flavors are produced via the neutral-curri@t€)  corresponding numerical model used in Réf5]; however,
pair production processes and therefore have the same fijR€ effect of this on the event rates is small, of the order of a
for all practical purposes. However, thg and v, fluxes are few percent. 'I_'yplcally, this distribution corresponds to an
different from each other and the rest since they are produceql’€"@ge neutrino energy or temperatu(&;f=3.15T;) of
not only by pair production but also derive a contribution {E(ve))~12 MeV, (E(ve))~16 MeV, and(E(v,))~24
from charged-currentCC) processes. MeV. Beyond abotul s after the bounce, the average ener-
In the presence of matter, the flux emerging from the cord!€S remain constant over the emission times of the super-
undergoes changes due to oscillations as was discussed in fhgva. However, the luminosities decrease, with very little
previous section. The flux reaching the detector from a su®Mmission beyond 10 s. Hence, in order to compute the event
pernova at a distancefrom Earth is reduced by an overall 'ates, e consider neutrino emission up to 10 s after bounce.
geometric factor of 1/(4d?). Apart from this, there is a The total emitted energy in all flavors of neutrinos up to this
- L . . 3 . .
further modification of the observed flux due to oscillations.fime is about 2.X 10% ergs, which is more or less equally
The flux on Earth, in the various flavors, is given in terms ofdistributed in all flavors. The number of neutrinos emitted in

the flux of neutrinos produced in the core of the supernov&ach flavor, however, is not the same since their average
by energies are different.

=

F,,e= PeeFSe+ PeMF8M+ Pe,FST B. Interaction at the detector

The basic quantity we are interested in is the distribution
of events in the detector as a function of the energy of the
detected particle. In the case of a water Cherenkov detector,
this corresponds to the detection of a charged lepton in the
final state. Here we are concerned with detection of electrons

or positron$ with energy, E.. The various processes of
lterest therefore are the interactions of the neutrirfas:
with electrons in water as targets,

=F). —(1-Pe(F) —F), (19

where we have made use of the constraij®;; =1 andP,
denotes the probability of a flavar or 7 neutrino emerging
as an electron neutrino. Sinog,- and ».-induced events
cannot be separated in water Cherenkov detectors, their co
bined flux on Earth may be written as

ZFXZF"M—H:VT n(y)+e —y(y)+e, l=eu,r (24
—op0 0 _ o0
=2F,+(1-Peo(F, —F5). (200 (2) with free protons in water as targets,
Note that flavor mixing does not affect the total flux. vetp—e+n; (25
Similar expressions hold for antineutrino flavors with ap- . -
propriate changes, that is, (3) with oxygen nuclei in water as targets,
_ 16 - 16
Fr=F —(1-Peo(FS —F2 (21 vetTO—e +TF,
- 116 + 4 16
and vet O—e" +°N. (26)

The cross sectionsoddE, for all these processes, except the
ones on oxygen, are well know23,24. The oxygen cross
o sections have been taken from Fig. 1 of Haxf2g]. As the
Since Pq# Pee, in general, the mixing breaks the equality interactions on protons and oxygen nuclei are purely CC
of the v, and v, fluxes. interactions, they involve only, and v,. Reaction(1) in-

We use the luminosity and average energy distributionsolves both CC and NC interactions fog and v, and only
(as functions of timgas given in Totanet al.[15], based on  NC interactions for all other flavors.
the numerical modelling of Mayle, Wilson, and Schramm  The v.p cross section is the largest, being proportional to
[14]. The neutrino number flux is described, in a given timethe square of the antineutrino energy. In terms of the total

2F3=2F2+(1—Peo(F2—F)). (22)
e

interval, At, as a thermal Fermi Dirac distribution number of events, therefore, water Cherenkov detectors are
o, , mostly dominated by, events. However, the different inter-
dri()) L E actions in the detector have distinct angular signatures; this

(23 may be used to distinguish them. The elastic electron cross

sections are forward peaked, especially for neutrinos with
for neutrinos of flavoj and energy at a timet after the core  energiess10 MeV [24,26], while the proton cross section is
bounce. Here refers to the time bint=t,+iAt. Hereafter, isotropic in the laboratory frame. Finally, the Ctg (ve)

dE NOT;‘[exp(E/TJ) +1]°
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cross section on oxygen, although having a rather largéhe survival probabilityP.. depends only on this angle
threshold of 15.4 MeM11.4 MeV) [25], increases rapidly (P.e=Ssir? ¢), this implies thatP,,<0.05 and is thus very
with incoming neutrino energy and is somewhat backwardsmall. The observed dynamics of electron-type neutrinos,
peaked. The higher the temperature at which the neutrino itherefore, is completely driven by mu- and tau-type neutrinos
emitted, the larger is this backward peak; hence it may b@roduced in the supernova:
possible to distinguish this contribution from the rest by an-
gular resolution as well, especially if there is substantial mix- F, = FS ,
ing betweernv, (or v,) andv, since the latter have a consid- ¢
erably hotter spectrum. Zsz(Fng Fge)' (29
C. Event rates . . )
Hence, as a result of mixing, the original electron neutrino
The time-integrated event rate, from neutrinos of flavor fjyx s virtually replaced by thex or = neutrino flux. The
and energyE, as a function of the recoil electrdior posi-  ¢ross sections at the detector increase with energy. Since the
tron) energy, is given by average energy af, is of the order of~24 MeV while that
¢ . of vy is ~11 MeV, the effect of mixing and matter in the
dN(j) N; dFi(j) do, d : X )
= > f dE——= P (27) ense core is to dramatically increase the number of events
dE.  4md” 5 dE dE due toe-type neutrinos while reducing the corresponding
contribution.
We now discuss the antineutrino sector. While the same
limits apply on¢, we now have to consider the limits on the

where the flux distribution [e(j)/dE includes the effects of
mixing in the hot dense core and the indeefers to any of

the va_\rious processes through which the neutyioan inter- (12) mixing anglew as well. The constraints om mainly
act with the detector. Herl, refers to the number of scat- emerge from the solar neutrino problefiFor a recent re-

tering targetgof eithere, p, or *°0) that are available in the view, see Ref[30].) The best global Mikheyev-Smirnov-
detector. The total number of events from a given flavor ofyyqifenstein (MSW) fit gives 8;,~10°° eV2 and sif 2w

neutrino in a given bink of electron energywhich we  _g5 5. 10-3 There is also a large angle solution with MSW
choose to be of width 1 MeMhen is the sum over all pos- fit. For vacuum oscillations, the fit gives;,~10 10 eV?

sible processes integrated over the bin width of the event 4 sif 20=0.75. In the present analysig;,<10™* eV?

rate: which is consistent with both MSW and vacuum solutions.
1 dNY(j) For o, therefore, we choose two possit_)le values, viz.,
N(j, k)=, J dE,———. (28)  small andw large. These two typical choices cover the ex-
t Jk dE. treme ends of the possible effects of mixing in supernova
neutrinos.

In the next section, we shall use this formula to compute the If w is small(corresponding to the MSW solution to the
time-integrated event rates for neutrino scattering with ancéOI

. A : ar neutrino problemthen the antineutrino survival prob-
without mixing, in water Cherenkov detectors, as a function bility b pE _bn 2 2 2h1 si P!
of the detected electrofor positron energy, in order to ex- 2RIty beComesPee=cos ¢ cos w—cos ¢—1, sinced is

amine the effects of neutrino oscillations on supernova neuMall: This, in effect, is similar to the no-mixing solution.
trino fluxes The large angle solution allows for a near-maximal mixing

of w~45°; in this case, the survival probability becomes

IV. RESULTS AND DISCUSSION P?e_= co_s2 ¢cog 0)51/2_ and this corresponds to maximal
mixing in the antineutrino sector. Therefore we have

We compute the time-integrated event rate at a prototype
1 kton water Cherenkov detector from neutrinos emitted by a 1 0 0
supernova exploding 10 kpc away. Results for any other su- Fo=5F, T F0,
pernova explosion may be obtained by scaling the event rate
by the appropriate distance to the supernova and the size of 1
the detector, as shown in EQ7). We assume the efficiency 2F3= = (3F%+ F2). (30)
and resolution of such a detector to be perfect. Including 2 e
these effects does not change the results by more than a few o
percent, as we will see. In fact, the maximum variation is atin any case, we have the result tit.<0.5 for any choice
low energies, close to the threshold, where the low detectanf w when ¢ is small. Hence, typically, the antineutrino
efficiency leads to lower detection rates. fluxes that reach the Earth are combinationsvgfand v,

The following constraints, derived from solar and atmo-fluxes. Again, since the average energiesoandv, are 15
spheric neutrino observations, are imposed. We begin witlnd 24 MeV, respectively, this results in an enhanegd
the constraints in the neutrino sector. Here, the angtibes  event rate and a reduceq rate at the detector. It is impor-
not play a role. As stated earlier, tti#3) mixing angle is tant to note that these flux mixings are energy independent.
severely restrictedp<<12°. The solar and atmospheric neu- For example, the energy spectrum of a given neutrino flavor
trino problems allow for a wider choice i. This restriction  produced in the supernova is not altered during propagation;
on ¢ comes mainly from the CHOOZ experimd2]. Since  however, its flavor content at the detector will depend on the
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FIG. 1. The number of events in bins of electron energy of 1  FIG. 3. The number of events ir in bins of 1 MeV each, with and
MeV each, due tav, interactions, is shown as a function of the without mixing, due tov, .e and v, v, € elastic scattering in the
electron energy, with and without mixing. The long-dashed, dashedjetector, is shown as a functlon of the electron energy, as dotted
and dotted lines correspond to interactions witlD, ande, respec-  and dashed lines, respectively. The solid line denotes the total con-
tively, in the detector. The dot-dashed line indicates the effect otribulion to trf event rate from all these channels, that is, frgm
inclusion of detector efficiency and resolution on the interactionv,, v,, andv,.
with p. See the text for more details. The solid line denotes the total
contribution to the event rate from, . The corresponding results feg events are shown in Fig.

2. While the no-mixing contributions are negligible, it is seen
extent of mixing. We shall now probe the quantitative effectsthat there is a more than tenfold increase in the event rate due
of these mixings on the observed event rates. to scattering off oxygen. The low no-mixing rate was be-

We first consider the case where there is no neutrino mixeause the average, energy is less than the threshold energy
ing. The largest contribution comes from thep interac-  required for this reaction to proceed. Mixing opens up this
tion, which has a cross section proportional to the square afhannel since there are now many mege originating asy,
the antineutrino energy. This is shown in the left-hand part oin the star, which are more energetic. Since the backward
Fig. 1, where the number of eventd(k), in thekth binis  peak in thev, O cross section is more pronounced for flux
plotted against the central values of the recoil electron endistributions at higher temperaturg25], it may be possible
ergy in that bin. In comparison, the e contribution is neg- to separate these events from the bulk of the antielectron
ligibly small. However, this is not the case with thg O neutrino events at the detector.
contribution, which, though small, may be measurable at, Finally, we see from Fig. 3 that there is a low-energy
say, the largé32 kton SuperKamiokande detector. It can be enhancement of the, and v, rates upon mixing. Their con-
seen, though, that the total rate is saturated by the protomibution, however, is still small, of the order of the e
interaction. Neutrino mixing causes an increase in the higlelastic scattering events. For comparison, all the contribu-
energy event rates, as can be seen from the right-hand side tiéns, with and without mixing, are shown in Fig. 4. It is
Fig. 1. Here, we have used typical values #of=45°) and  clear that the proton absorption events are the largest, inde-
¢ (=10°); this choice ofw maximizes mixing effects. The pendent of mixing. However, it is the, O events which are
other (small-angl¢ solution for » is similar to the no- most sensitive to the amount of mixing, and are likely to be
oscillation scenario shown on the left-hand side of the figuremost important in furthering our understanding of neutrino
Note that our three-flavor analysis precludes the choicescillations in vacuum and matter.
w,¢p=0. For example, the result thaf starts out as a pure;

mass eigenstate in the stellar core will not holdif0. 102 e T T g
F No mixing E w= 45" ¢=10° 3
——— c 1o i ]
] . 3 3 E
No mixing w=45°,¢=10° } L l
=i 3 §o 1 E ;
g 3 } g ST VO g
! E B ~. ]
< 1 g PN Tl 1
= =10 5_/‘//\ AN NG
= = \ 7,0 Er \Ve ~ N
o El _ \évyo 07 e SN
4 3 102 \V\e\\\\\?\\w\\lwl\|\\||\\|\<%\\|)\(e|w\||\\\|k
] 20 40 60 80 20 40 60 80 100
Clv N P ERI BRI R ¢ ¢
2 4 2 4 . L
0 g 60 0 % 60 80 FIG. 4. A comparison of the number of events in bins of 1 MeV

e e

each, due to various processes, is shown as a function of the elec-
FIG. 2. The number of events in bins of 1 MeV each, duedo tron energy, with and without mixing. The line types indicate events
interactions, is shown as a function of the electron energy, with androm the processes, p (solid line), v, e (dotted ling, v, O (dashed
without mixing. The dashed and dotted lines correspond to interachne), v, e (long-dashed ling v, O (dot-dashed ling andv, e (dot-
tions with O and e, respectively, in the detector. The solid line long dashed lineprocesses, respectively. The subscrmienotes
denotes the total contribution to the event rate from the NC contribution fromv,,, v, and their antiparticles.
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KII/SN1987a ~

E,$30 MeV L

KIVSN1987a
E,230 MeV

Events/[0.5sec]

0 2 4 6 8 10 120 2 4 6 8 10 12
time (sec) time (sec)

FIG. 6. The time-dependent neutrino spectrigue tov, p scat-
tering in bins of 0.5 s is shown as a function of the time of detec-
tion, in comparison with the events observed at the Kamiokande Il
detector from the supernova SN 1987a. The dashed and solid lines
correspond to the number of events without and withaximal
effect due t9 mixing. The low- and high-energy components of the
signal are separately shown.

the numerical model of Refl15] at lower energies, overes-

is shown as a function of the electron energy. The solid and dasheiimates the flux at larger energies. Hence, the number of

lines denote the event rates without and withaximal effect due
to) mixing.

events at high energies may be overestimated in this model.
However, we emphasize that thelative increase, with and
without oscillation, remains the same.

We recall that the proton absorption events are isotropic We now briefly discuss these results in relation to the
and the scattering off oxygen is backward enhanced, whilsupernova SN 1987A. Recall that the supernova, which was
the elastic scattering on electrons is mostly forward peaked5 kpc away, was detected by KIl, which was a 2.14 kton

In fact, even the elastie, and v, (including antineutrinos
events may be separated based on angular resoliR&jn
Hence, it is likely that a nearby supernova explosiaha
distance of about 10 kpc, sagan yield informatiorindepen-

dentlyon the various neutrino flavorg,, v., andv,. We

(fiducial volume water Cherenkov detector; the correspond-

ing results for this can therefore be obtained from our analy-
sis by multiplying the results by a factor of 2.14/30.25. How-

ever, since Kll mostly detected low-energy events, we have
now included the detector efficiendyL7] in our analysis.

have therefore shown the total contribution from each ofThe event rate is determined entirely by thgp events.
these flavors, with and without neutrino mixing, in Fig. 5. Since KIl measured the time dependence of the spectrum, we
For a 32 kton detector such as SuperKamiokande, this trangrave shown our results for the event rate as a function of
lates to a total event rate of 12235 events with mixing agime in Fig. 6. The figure on the left-hand side of Fig. 6
opposed to 9871 events without mixing, a 25% increaseshows the event rates for energies froma B,(MeV)<30

with individual channels contributing as shown in Table I. MeV, which is the energy range in which Kll made ob-
Note that the thermal flux distribution, while agreeing with servations; the dotted curve indicates the contribution in

TABLE I. Event rates with and without oscillation for a supernova explosion at a distance of 10 kpc. The
high-energy events, which are given separately, show the enormous enhancement amti@ channels,
with oscillation. Results are shown for a 1 kton water Cherenkov as well as for the 3¥ikiiorial volume

SuperKamiokande detectors.

Detector Ve € Ne) Ve 7,0 VeP v,.€ v,..€
E.>8 MeV

1 kton (no osg 2.3 1.0 0.8 3.8 272.0 1.3 1.0

1 kton (max osg¢ 4.2 23.8 0.9 8.1 323.2 1.0 1.0

SuperK(no osg¢ 72.4 30.8 25.1 123.0 8702.9 41.1 33.4

SuperK(max os¢ 134.6 761.0 30.0 260.6 10343.9 315 31.7
E.>30 MeV

1 kton (no osg 0.0 0.2 0.0 1.8 76.6 0.2 0.2

1 kton (max osg¢ 0.7 18.4 0.1 54 138.6 0.1 0.1

SuperK(no osg 15 5.9 1.0 56.2 2450.0 6.4 4.9

SuperK(max os¢ 22.2 587.6 2.2 172.8 4436.5 3.5 4.1
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the absence of mixing. It is seen that mixing marginally de-in which the importance of electron-neutrino and electron-
creases the event rate while it almost doubles the ratantineutrino events on oxygen in determining the effect of
for events with energieE.>30 MeV as can be seen from mixing has been pointed out. Also, the assumption made in
the figure on the right. This separation has been done sindhis paper, and almost all the others, that thp— e ™ n pro-

the thermal Fermi-Dirac distribution that we use overesti-cess is isotropic is correct only to the leading order. The
mates the flux at largefneutring energies due to a very corrections due to weak magnetism not only reduce the cross
large high-energy tail compared to the corresponding nusection by a few percent, but also render the positron distri-
merical mode[15], while agreeing quite well at lower ener- bution to be not isotropic, although the effect is small. In
giesEVe~ E.<30 MeV. This is particularly true for the event fact, the positrons are slightly backward peaked below 15

rate at early times; hence our high-energy predictions maf!eV, whereas they are slightly forward peaked above this
be overestimated by a factor of 4 or more. Note, howeverenergy (see Vogel and BeacorfB3]). These corrections
that even if the absolute spectrum is overestimated by thBave, however, negligible impact on the energy spectrum
model we have used, the results we had shown earlier co@nd the total event rate. We are grateful to John Beacom for
trast the relative differences with and without mixing andPointing out these facts.

still hold. Finally, the model also predicts that high-energy

events are most likely to occur at early times in the super- ACKNOWLEDGMENTS
nova explosion. This is not inconsistent with the observa-
tions of Kll [2]. We thank Kamales Kar for many useful discussions and a

To summarize, a great deal of the physics of neutrinacritical reading of the paper.
mixing and the effects of dense matter in neutrino propaga-

tion may be tested from neutrinos emitted during supernova APPENDIX A
explosions. Specifically, from the results summarized in . _ _ . .
Table I, we may conclude the following. The time evolution of the neutrino mass eigenstates in

(1) The observedr, p events are the largest in number asvacuum is given by
well as least sensitive to the mixing parameters. Hence they _ . .
provide a direct test of the supernova models. Since the an- vi()=exg —iE;t]»(0), 1=123.
gular distribution of these events is isotropic, they may beAssuming the neutrino masses to be small, in the extreme
used to set the overall normalization. relativistic limit, we have
(2) All the interactions involving electrons as targets are
peaked in the forward directiofin fact, for E,>8 MeV, M.Z
more than 90% of them lie in a 10° cone with respect to the Ei=p+5-,
supernova direction In the absence of any mixing, there
will also be a few events in the backward direction due towhere x; (i=1,2,3) denotes the neutrino masses. In the
CC scattering on oxygen targets. As indicated in Table I, thgyresence of matter, neutrinos interact with electrons, protons,
forward-backward asymmetry in the event distribution will and neutrons in matter. While, (v.) interact both via CC
be clearly marked. and NC interactionsy, (v,) scatters via NC interactions
(3) The main effect of mixing is then to produce a dra- glone. Note that the interaction with matter is diagonal in the

matic increase in the events involving oxygen targets. Agjavor basis but not in the mass basis. As a result, the disper-
remarked earlier, this will show up as a marked increase iRjon relation in matter is given by

the number of events in the backward direction with respect
to the forward-peaked events. The actual increase, however, i
will depend sensitively on a combination of both the mixing Ei=p+ %
parameters as well as the supernova model.

We have limited our analysis in this paper to a model withwherem; are now eigenvalues of th@enas$®> matrix given
three active neutrino generations and possible mixinggy
among them. This allows us to incorporate constraints aris-
ing from solar and atmospheric neutrino problems. This, MZ=MZ+M7,.
however, leaves out a new set of constraints which ma)L| o ] ] )
emerge from the results of the LSND experimegi@s]. The ere the mass-squared matrix in vacut, is defined in
LSND results cannot be accommodated within the threeEds.(3) and(4) andM;y is given by

eneration formalism, with the parameter ranges used in our > .

gnalysis. One may therefore reguire a sterile%eutrino witha Min= =+ V2Gep[ —{(1=4sirf fyy) (Ne=Np) + Ny}l
new mass scale, leading to yet another mass-squared differ- +2N M 4]
ences~0.3—1 eV [32]. In the context of supernova neutri-
nos, this opens up yet another channel #gr. to oscillate  HereNe, Ny, andN, denote the number densities of elec-
and may therefore reduce the dramatic enhancement one sdesns, protons, and neutrons in mattet, is the matrix de-
in the v, events. fined in Eq.(7) of Sec. Il, andé,y is the Weinberg angle.

Note added in proof After this paper was submitted, we Note that (1-4 sirf 6,) is close to zero and that the matrix
came across a paper by Fuller, Haxton, and McLaudB{@h Mﬁ1t is expressed in the flavor basis. The upper sign corre-

2
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sponds to neutrinosif, v,, andv,) while the lower sign T2 for neutrinos,
corresponds to antineutrinosy, v,, andv,). b
We will now compute the eigenvaluemi2 in matter, ig-
noring the terms proportional to the unit mattix since we
will only be interested in differences between the eigenval-This result, when combined with the definition of the matter
ues. Consider the eigenvalues of the matrix defined by =~ mixing matrix U, leads to the fact that,’s are produced
almost entirely in thd v;) mass eigenstate whereag are

0 for antineutrinos.

AME=A(r)Ma+ 83M g1+ 5 My, produced almost entirely in the mass eigenstate in the
2 2 . . _dense stellar core.
where ;= ui— pnj and Mz;, My, are matrices defined in - |f the propagation is adiabatic, this also implies that the

Eq. (5) andA(r), the matter-dependefiand hence distance averaged survival probability of electron neutrinos is given
dependentterm, A(r)==2\2GeNE for v, and v, re- by
spectively, varies linearly with the matter density. Since neu-

trinos are produced in the high-density region of the super- Pee=|<ve(t)|v3(0))|2=s§),

nova, |A(core)=2x10E eV?, where E is the neutrino _ o

energy in MeV. ThugA(core)s 83> ;. and that of the antielectron neutrino is given by
We now compute the eigenvalues perturbatively. Since — - s 2.

53, and &,; are different from each other, the resonances, if Pee=[(ve()[r1(0))[*=Ciycs,

they occur, are well separated. We therefore diagonalize theh ¢ denotes the fi f detect f th i
first two terms inAM?2 and treat the third term as a pertur- wheretl denotes the time ot detection of the neutrino on

. ; : Earth.
bation. The eigenvalues are then given by In Appendix B we show that the propagation is indeed

A+6y 1 adiabatic and the expressions given above provide a reason-
m3= 5+ 5[(A= 8y .cos 2p)%+ (5315in 2¢)%]H? ably accurate description of the matter effects in the stellar
interior.
+ 8,,C0F(p— ) SIF o, (A1) A few remarks about the eigenvaluémi2 are in order.
Note that the eigenvalues themselves are always positive
5m§= 5,,COSw, (A2) definite for electron-type neutrinos, whereas for muon-type
neutrinos or electron antineutrinos, this is not always the
5 831 1 5 _ 112 case sincé is large and negative. The complete dispersion
oMy=——— ~ 5[ (A= 83,C08 2$)"+ (63, 5In 2¢)°] relation for the energy eigenvalues is given by
+ 8,1 SIP(p— ) SirF , (A3)

1 .
Ei=p+ 5 (1 V2Gep{(1—4Sirf ) (Ne—Np) +No}
where the matter mixing angles are given by

+6m?].
631SiN 2¢
tan 2¢m:m The effect of the CC interactions with matter gives rise to the
31 2 . .
ém: term. The NC term, common to all flavors, is now in-
and cluded here. The second term in the expressionEpiis
typically of the order of tens of eV in the stellar core. There-
tanw. = (’)(5—21) fore, for energiekE~p~ few MeV, the second term is small
m Al and may be neglected except when computing matter mixing

angles. However, for neutrinos having energies of the order
To the leading order, the mixing matrix in matter, of tens of eV(but still with p>u;), the two terms compete.
Un(ém,om), is given by Since the sign of the second term changes depending on

whether the particle scattering is a neutrino or an an-

Com As¢m Stm tineutrino, one may expect interesting phenomena when

0 1 —A becomes negative. This may lead to the trapping of low-
Un= ' energy neutrinos. This phenomenon is unique to neutrinos
“Sopm Ac¢m Com produced in supernova explosions. While it is of little rel-

evance to the detection of neutrinos on Earth, it may have
interesting astrophysical consequences. The dynamics of

hich is unitary, up ta@(( 8,1/ 851)?). Herec ands stand for _ ) : Co
which is unitary, up t((9,1/551)") such neutrinos is under further investigation.

cos and sin, respectively; for exampte;Sm denotes cog,;
A=(521/531)s(¢,¢,m)swcw. Terms of orderO(65,,/A) are
neglected inJ,,.

Up until now, the only approximation that has been used The electron neutrina, is produced in the core of the
is the hierarchyA> 83> 8,;. Using this hierarchy and the supernova in the mass eigenstatg) with a negligible ad-
value of A(core) given earlier, we find mixture of the other two states. As the produ¢eg) propa-

APPENDIX B
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gates outwards, it passes through variable density mattevhereR, is the radius at which the higher resonance occurs,
(since the density inside the stellar core decreases monotoriie., whenA(r)= 63;c0s 2p. Using the explicit expression
cally outwards. Such a propagation may in general inducefor A(r), the resonant density is given by
the presence of other mass eigenstdsisce they are no 6.6x10° | 5
longer eigenstates of the Hamiltonjaoy the time the neu- Jem) = —— [ 22 cos

. . po(9 ) 2,
trino exits the star and reaches the detector. The Landau- Ye €
Zener ‘_‘jump probability” or level tra_nsit_ion probabilitf29] where 55, is in e\ and e=E/(10 MeV). Here Y.=Z/A
is maximal at the resonances and is given by ~0.5 is the electron fraction in the matter. Fafs,
=102 eV?, as preferred by solar and atmospheric neutrino
data, and a typical detected neutrino energy of 10 MeV, the
resonant density igo=1320(cos ) g/cnt. This deter-

whereF is a factor which depends on the density profile and;nr:g?es (ﬁtf:g irnedsg:é;\ r;tn:gﬁng ];ﬁ(rjiia%:avde T); %lﬁeotg%]lf ttﬁii
v is the nonadiabaticity parameter. ' '

P ,= il F
Lz=€ex 57

Sincev, is produced in the mass eigenstatg), we first implies
consider the crossover betweln) and|v,). Then, _( eC )1/3 -
0= | T2350¢ 105 ,
5si? 24 1320x 10*
Y= 1 dNg| which evaluates to 20000-50000 km fB=10 MeV (e
2Ec052¢’N— ax =1).
e 0 The nonadiabaticity parameter is then given(for Ry in
whered is the relevant mixing angle for the upper resonancekm)’
and 6=(0831+ O3+ 612C0S W)/2~ 55,, independent of 507@R,/[ sirf 2¢
c0s v [16], because of the assumpti®i,< 83~ d35. The LA ( cos2¢ |

suffix 0 indicates that the derivative in the densh, is to _ _ o . _
be evaluated at resonance, when the eigenstatdsand  SinceRy is large, it is clear thay is large unlessp is very

|v3) are the closest. small. Furthermore, for small values ¢f F=1. In fact, for
The density profile in the core may be assumed to be ofin¢=10"2, we findy>1 so that the Landau-Zener probabil-
the form[16] ity is vanishingly small:P, ;<10 2. Our three-flavor analy-

sis of the neutrino mixing problem in any case precludes the
choice of »=0. Therefore, for all practical purposes, we as-
p(r)~ 3 sume¢>10 2 and hence consider the neutrino propagation
in matter to be purely adiabatic. This implies that thg)
where 1<C/10** gm<15. (This assumption is not crucial which is produced a$r;) essentially remains in this mass
but is sufficient for our analysisAs a result, the nonadiaba- eigenstate until it reaches the detector. gy which are

ticity parameter evaluates to produced mainly in thdv,) mass eigenstate, there is no
, resonance condition to be satisfigitie sign of A changes
_ Rods1 sm22¢> from neutrino to antineutrinoand hence the propagation is
6E | cos2p )’ always adiabatic.
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