PHYSICAL REVIEW D 66, 033009 (2002

Supernova neutrinos and the LSND evidence for neutrino oscillations
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The observation of the_»e energy spectrum from a supernova burst can provide constraints on neutrino
oscillations. We derive formulas for adiabatic oscillations of supernova antineutrinos for a variety of 3- and
4-neutrino mixing schemes and mass hierarchies which are consistent with the Liquid Scintillation Neutrino
Detector(LSND) evidence forjﬂaje oscillations. Finally, we explore the constraints on these models and
LSND given by the supernova SN 19877%’3 observed by the Kamiokande-2 and IMB-3 detectors.
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[. INTRODUCTION We show that the extent of the spectrum modification de-
pends crucially on the specifics of the neutrino mixing
. . scheme and on the neutrino mass hierarchy under consider-
In recent years, the treatment of neutrino transport in ey, and we derive the relevant formulas assuming an adia-
environment of a core-collapse supernd&\) explosion  patic propagation for the antineutrinos in the supernova en-
has improved to the pomt_of mak|ng.reallst|c predictions onyironment. Antineutrinos propagate adiabatically if the
the observables for neutrinos reaching the Eatth4]. Of varying matter density they encounter changes slowly
particular interest for this paper are the average energies ghough so that transitions between lodaistantaneoys
the neutrinospheres, i.e. the surfaces of last scattering for th@amiltonian eigenstates can be neglected throughout the en-
neutrinos, estimated to be 10-13 MeV far, 14-17 MeV tire antineutrino propagation. So far, neutrinos from one su-
for?e, 23-27 MeV fory%ﬂ?w [2,4]. pernova have been detected and _their energy measured: SN
The differences in temperatures between the various ned-987A was observed by the Kamiokande-2 and IMB-3 de-
trino flavors can be qualitatively understood. Heavy-leptorf€ctors. The overall 20 events seen by those two detectors
neutrinos can interact only via neutral curreiMC) pro-  have all been interpreted ag interactiong 6]. We examine
cesses, the main contribution to their transport opacity comthe constraint of such observations on the LSND allowed
ing from neutrino-nucleon scattering, which dominates overegion of »,— v, oscillations[7], for various neutrino mass
neutrino-electron scattering. In addition to this same NC conand mixing models. If the LSND evidence is confirmed by
tribution, the transport opacity far,’s andv's depends also the MiniBooNE experiment8], several models can be ex-
on the charged curref€C) absorptionsye+n—p+e~ and  Ccluded or constrained on the basis of the observations of the

votp—nte’, respectively. Therefore, theve and supernova SN 1987A and possibly future supernovee.

ve-Spheres are located at larger radii with respect to the othq[ ADIABATIC OSCILLATIONS AND NEUTRINO MIXING

neutrinospheres, that is at lower densities and lower tempera- SCHEMES
tures. Moreover, in a neutron-rich environment+n—p -
+e~ dominates overv_e+ p—n+e*: the emergentr,’s A. v, energy spectrum and the permutation factor

originate from layers farther outside the center of the star |, the presence of neutrino oscillations, theflux reach-

compared tovg’s, therefore at lower temperatures. The totaling the Earth,F;e, can be different from the primary flux at
energy released in a SN explosion is approximately equiparfne neutrinos
titioned between the different neutrino and antineutrino fla- . . . ] . )
vors[3]. the energy of active antineutrinos is equally divided into the

M - o0 - S 0
The above predictions can be confronted with the obserthree active flavors, i.e. that,dE, E, F, has the same
vation of the supernovas, energy spectrum detected on numerical value folx=e,u, 7. Moreover, we will also con-
Earth. Neutrino oscillations are expected to modify the specsider neutrino mixing models where the three active neutrino
trum since(E; )<(E, ). The energy dependence of the species are augmented by a fourth sterile neutrino with no
Mmoo . . .
neutrino cross section in the detector material, approximatelgtandard weak couplings: in those cases, we will assume that

a;epfx(E;e—l.ZQ MeV} [5], helps in making the_ze energy he sterile component is negligible at production.

) ) . . The neutrino flux reaching the Earth is
spectrum distortion a sensitive experimental probe to neu-
trino oscillations. This is because higher energy neutrinos Fr=(p, .etP )|:9 +p 2
. . . Ve n—e T—€ v e—e'
interact significantly more than lower energy ones. g e

phereF,%. We will assume that, at production,
e

“[pF, +(1-p)F}] ()

*Electronic address: sorel@fnal.gov
"Electronic address: conrad@fnal.gov where we have defined thgermutation factor s
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PuetPre TABLE |. Adiabatic neutrino propagation in the SN ejecta for

p= D e Proot Po e (2)  the neutrino mixing models considered.
andp, ;e .. are the probabilities for 5#, 77 79 respec- Model Hierarchy Propagation
tively at the neutrinosphere to oscillate intea In Egs.(1), ~ Normal (1+1+1) mz>my>my P
(2), we have assumed thptis energy-independertas will 7/3_,72
be justified latey, and that(EjM>=(E;T>. In Eq. (1), we ne- P
glect the (energy-independentproportionality factor since Normal (1+1) my>m, ;#_,;2

we will not deal with event rates, but only with neutrino —

energy distributions. , Yo

LSND-inverted(1+1) m;>m, v,— 11

B. Neutrino propagation in the adiabatic approximation Ve— V2

. . . Normal (2+1 m;>m,>m v .

In vacuum, the Hamiltonian that governs neutrino propa- (2+1) T Yuls

gation is diagonal in the mass eigenstate bpsgis V=

Ve V1

(Ho)jj =(vi|H| Vj>: Eidj . 3 LSND-inverted(2+1) m;>mg>m, 7#_,?1

If the neutrinos all have the same relativistic momentum Vi ls

p, their energiek; differ only by a term proportional to their Ve V3

squared-mass differences, sifég=p+m?/2p. If U is the  Normal(2+2) Mz>m,>m; > Mg v, V3

unitary mixing matrix that relates the flavor eigenstdtes P

to the mass eigenstates \lia,)=U,|v;), the elements of - =

. . . . . Vs— V1

the vacuum Hamiltonian in the flavor basis are giver{ @ - —

Ve— Vo

. |2 LSND-inverted(2+2) m;>my>mg>m, j#_,jl

(HO)aB:UaiUBiﬁ (4) ZT_,E)

. . . Vsg— V3

where we have neglected the contributipd, s in (Ho) .z, ;SH;Z
A : S e

which is |rrele_vant for neutrino oscillations. Normal (3+1) M3 Mg>my>m, o

In matter, v.’s undergo coherent charged currg@C) £

. . V,—V3

forward-scattering from electrons, and all active flavor an- e

tineutrinos coherent neutral curreC) forward-scattering Vs V2

from electrons, protons, and neutrons in the medium. These Ve— Vg

processes give rise to an interaction potenda V,,+V;, LSND-inverted(3+1) mg>m,>m;>m, 7#_53

which is diagonal in the flavor basis and proportional to the P

h T 2

matter densityp: — —

Vg—Vq

Gep Ve Vg

(V)ag=Aa = 5)

whereA,, is a proportionality constant, in general different eigenstate with the biggest neutrino mass. In general, the
for a=e, u, 7, ors, Gg the Fermi constant, anthy the  energy level order is maintained throughout the neutrino
nucleon mass. The relevant Hamiltonian for neutrino propapropagation in the SN ejecta. This is illustrated in Table I for
gation in matter is thereford=H,+ V. three neutrinos in the row labeled “normal {11+1),”

At the neutrinosphere, the density is so high Where we have takeA,>Az>A, andmz>m,>m;.
(~10" g/cn? [1]) that the interaction potential dominates  For example, the probability for a, to emerge from the
over the vacuum I_-lamiltonian, so that the propagation eigengn environment as gﬁ is given by
states coincide with the flavor eigenstates. As the propaga-
tion eigenstates free-stream outwards, toward regions of

lower density, their flavor composition changes, ultimately p,HB=|(;B|Ue”°'|7a)|2=|(UBi7i|Ue”°'|7a>|2
reaching the flavor composition of the mass eigenstates in . ’ ’

the vacuum. Given that the neutrinos escape the SN as mass :|U3i 8.4 :|U/31| (6)
eigenstates, no further flavor oscillations occur on their path

to the Earth. whereU®°' is the adiabatic evolution operator. In E@),

_ More specifically, making use of the adiabati_c ap_proximg-we have used Table | to get

tion and of the fact that no energy-level crossing is permit-

ted, the flavor eigenstate at the neutrinosphere with the maxi- . .

mum interaction potential reaches Earth as the mass (mi|U®y =6 1. (7)
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TABLE II. Results on the probabilitie®,, ;..o for a?lme to emerge from the SN as ;e the
permutation factop of Eq. 2, and the LSND oscillation amplitude €, snp, for the various neutrino
mixing schemes considered.

Model Mixing  P,.e Pr.e Pe.e p Sirf29, sno
Normal (1+1) Eq. (100 siPd 0  cogd Sirtd Sirf29=4p(1-p)
LSND-inverted(1+1) Eq.(100 cogd 0  sirtd cogd Sirf29=4p(1-p)
Normal (2+1) Eq.(1) 3242 142 1 a?(1+ a?) 4a2=4p/(1-p)
LSND-inverted(2+1) Eq.(1) 1  $a? 3a® (1+3a)/(1+a?) 4a?=4(1-p)/(p—3
Normal (2+2) Eq.(14 B2 B? z 48%1(1+482) 88%=2p/(1—p)
LSND-inverted(2+2) Eq.(14 3 : B? 1/(1+ B?) 83°=8(1-p)/p
Normal (3+1) Eq. (15 42 0 z 2y21(1+24?) 4428%=28%p/(1—p)
LSND-inverted(3+1) Eqg.(15 0 z v? 1(1+2v?) 44282=28%(1—p)lp

This result can be immediately generalized to any numbef13] to constrain models explaining the solar and atmo-
of antineutrino generations. Also, as long as the adiabatispheric neutrino data; in this paper, we focus on 3 and
approximation is satisfied, the formula does not depend od-neutrino models explaining the Liquid Scintillation Neu-
the specific dynamics for the neutrino propagation, for extrino Detector(LSND) data.
ample on the number and position in the SN environment of

Mikheyev-Smirnov-WolfensteiiMSW) resonances. We will C. Possible mixing schemes
comment more on the validity of the adiabatic approximation - - = = ] o
in the next section. The results for thev,,, v,, ve— v, adiabatic oscillation

In this paper, we consider three or four flavor compo-Probabilities, the permutation factpr and the LSND oscil-
nents, including a sterile one. At tree-level, the proportionalJation amplitude sif2d as a function of the mixing param-
ity factors A, in the interaction potential for neutral matter €ters andp for the eight possible mass and mixing schemes
are[9,10] considered below are given in Table Il. The mass hierarchy

and the adiabatic propagation of the neutrino eigenstates for
these mixing schemes are depicted in Table I.
_ The simplest possible mixing scheme is aH1) model

(1-3Yg)/\2 for
am{ (1=Yol\2  for

)

VusVrs (8) explaining onvaM—Je LSND oscillations in vacuum, and
0 for e, not the atmospheric or solar oscillations:
Ve cosd sind\ [ v,
whereY, is the electron fraction per nucleon. Following the — 1=\ Zsing cosg/| = | (10
assumptions 0f{10,11, we use Yez(lJr(E;e)/(EVe))*l Vi V2

>1/3 at the neutrinosphere. Considering also_one-loo_p eleGyhere the mixing anglé® can assume any value in the range
troweak radiative corrections, a difference in theandv,  0<d<n/4.

interaction potentials of magnitudé\(—A,)/A,~10"* ap- We consider a (2 1) model motivated, for example, by
pears due to the difference in the charged lepton mass&sp T-violating scenarios(see, e.g.[14]), in which atmo-
[12,13. At the neutrinosphere, this second-order effect in thespheric and LSND oscillations in the antineutrino channel
interaction potential dominates over the vacuum Hamiltoniarare obtained via the mixinplL5]:

terms (as long as|mi2—mj2|<10 e\? for all i,j), and re-

moves the 7M— v, degeneracy. Therefore, for the an- 1 _ Ea _ \/_§a
tineutrino channel considered here, we take o 2 2 ”
e 1
_ 1 3 _
AM>A7> AS> Ae . (9) V,u. = a E \/7_ Vo | . (11)
For the neutrino channel, one should substitite —A in 77 \/5 1 73
Eq. (8), and the order in Eq9) would be inverted. 0o - > >

Therefore, given a specific neutrino mass and mixing
model, the permutation factor can be easily evaluated in the o ) - —
adiabatic approximation, and its numerical value does not The matrix in Eq.(11) is chosen to ensure large,— v,
depend on the neutrino energy. We will comment on possibl@ixing for atmospheric neutrinos (SB19,=3/4), while
energy-dependent Earth matter effects in the next section. lthe LSND v,— v, mixing is fixed by the parametew
practice, one proceeds backwards: given a certain measurésin’2 9, gyg=4a2).
value of p, it is possible to constrain possible models for The most popular models which explain the solar, atmo-
neutrino oscillations. This approach is used for example irspheric and LSND signaturéand the null results obtained
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by other experimenjsvia neutrino oscillations invoke the Another possible 4-neutrino model has aHB) hierar-
existence of a sterile neutrine;. One example of a (2 chy; as an example for this model, here we consider the

+2) model is the following, which is taken frofi6]: following mixing, which is also taken frori16]:
1 1
1 1 il _ 0 ¥
e e 0 V2 2
v L T v Ve 1 1 o
O S — — — 2 2
Ve \/E \/E 121 vy \/E
— = — | 2 — | = 1 1 1
) I T A - P 2z G °
v V2o 2] Ve V2
1 1 1 5 1 1 5 1 1 s 1
0 -= = 2R 2R %
7 2 : 2o
where one pair of nearly degenerate mass eigenstates has 71
maximal v.— v mixing for solar neutrinos and the other —
pair has maximab,— v, mixing for atmospheric neutrinos. % V2 (15)
Small inter-doublet mixings through thgparameter accom- 73
modate the LSND result (st} sno=852). —
Recent experimental resulfd7] show that purev,— v V4

solar oscillations are excluded at high significance. We there- . I .
) I : where the solar and atmospheric oscillations are approxi-
fore consider a more general{2) scenario, in which solar . S : :
. T mately described by oscillations of three active neutrinos,
neutrinos can undergo any combination f— v¢ and v, = —
— v, oscillations, while atmospheric neutrinos can undergd®"d the_L_SND rgsu_lt by a coupling of, gnd Ve through
any combination ofv,— v, and v,— v oscillations. We small mixings with v that has a mass eigenvalue widely
follow the procedure ifi18] to obtain this more general mix- separated from the others (@ﬁLSND:%/zﬁz)- For the (3
ing starting from Eq(12), by substituting the £, ) states *+1) Scenario, the constraint given by the permutation prob-
with the rotated states?g 7)_ ability p is not sufficient to determine the LSND oscillation
Al amplitude siR29 syp. Therefore, the constraint of 4|
— ] — = 62 given by the CDHS and Super-K experiments will also
Vs| | COSes SiNes| | Vs (13) be used, as explained later.
By - —sings coses/ | 3 We should note that the mixing matrices defined in Egs.
T T (10—(15) are approximations in the sense that the matrices
are unitary only up to orde®(«,,v,8). These are the pa-
rameters in the mixings responsible for LSND-type oscilla-
tions, which we let float for our analysis, but we know they

where the rotation angle; fixes the sterile component in the
atmospheric doublet @ ¢.<7/2). Equation(12) then be-

comes
are small.
_ ) In order to determine the permutation factor for the mix-
COSps COSps  SiNgs SN ing models, we also need to specify the neutrino mass hier-
V2 J2 J2 J2 archy. In this paper, we consider for each mixing model both
— — the cases of “normal” and “LSND-inverted” mass hierar-
Vs _ i i B B Yo chies. By “normal” hierarchy, here we mean thaf>m,; for
Ve V2 2 121 i>j, wherem; is the mass eigenvalue for the) state. We
> = 1 1 o define the “LSND-inverted” hierarchies as the ones obtained
s B -B — - _2 substitutingAm, snyp— —Am,_snp I the normal hierarchies,
v, V2 V2 v without changing the hierarchy of the eventual solar and at-

mospheric splittinggsee Table )i Am, syp is the neutrino

mass difference responsible for LSND oscillations.

V2 V2 NA J2 A common feature to all the mixing schemes is apparent

(14 in Table Il. In the adiabatic approximation, normal mass hi-
erarchies predict small permutation factors, while an almost

which contains Eq(12) in the specific cases=0. We note  complete permutation would be present for LSND-inverted
that the LSND oscillation amplitude formula &9, gyp  hierarchies.

sinps  Singg COSps COSeg

=88 holds also for the more general case of Ef), and Given the specific neutrino mixing models considered
that our results are independent of the valuggfsee Table here, we can now partially address the question whether the
). adiabatic approximation is applicable in this context. At a
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-~ or n-neutrino model, we plotE;; ;=E;—E;;;, where i
T EY b) =1,...n—1; the eigenvalues are ordered such tEat
o A >E,> ...>E,. Clearly, a resonance corresponds to a local
é?’» s :_J ﬁ/ minimum in one of the curves. As can be seen from Fig. 1,
- o all the resonancefexcept the inconsequential one in Fig.
12k 1(f) betweenv,, and v, [19]] lie at densities well below the
or stalled shock-wave density @f~10°—10% g/cn?. There-
- ) a9 fore, the impact of level crossing between propagation eigen-
4 . . states is likely to be small even where the neutrinos encoun-
C .- - ter the shock-wave.
S A | 1 If the SN neutrinos cross the Earth on their way to the

detector, as for example happened for the SN 19874
detected by the Kamiokande-2 and IMB-3 detectors, it is
1) N also necessary to evaluate the importance of Earth matter
\ effects in the neutrino propagation. Clearly, for neutrino os-
cillation models where no solar splitting is involvfdr ex-
ample the (#1) and (2+1) models in this papér this
effect is negligible. In the models where such a splitting is
allowed [i.e. the (2+2) and (3+1) models considered
herg, the situation is more complicated. However, the Earth
matter effects have been shown to be small in this case as

well for a large fraction of the SI‘:Te energy spectrurtbelow
’ =40 MeV) [13,20, and for the sake of simplicity will not be
considered further.

TT
O
=

#

.................

IIIIlI
>

N

_ -1--1"'|'||||| pea el
12 4 g8 12 0 4 8 12

logi(p(g/cm™)

o

11l. CONSTRAINTS ON LSND FROM SN 1987A

FIG. 1. Splittings between energy eigenvalues versus matter OBSERVATIONS
density p for various neutrino mass and mixing models. Solid, _
dashed, dotted lines show the splittirs,, E,3, E34, respectively Twenty v, events from the supernova SN 1987A were
(see text The local minima correspond to MSW-resonances.observed by the Kamiokande{Ram-2) and IMB-3 detec-
Model (a) normal(1+1); (b) inverted(1+1); (c) normal(2+1); (d)  tors. Kam-2 saw 12 events with an average energy of
inverted (2+1); (e) normal (2+2); (f) inverted (2+2); (g) normal  (E;.»=14.7 MeV, IMB-3 (which had a higher energy
(3+1); (h) inverted(3+1). Apart from the inconsequential,—v,  threshold than Kamj2 detected 8 events with(Egey
one in(f), no MSW-resonances occur before the antineutrinos reack=31.9 MeV[21].

the stalled shock-wavéhatched arga From a comparison of the measured energy spe&g) (

. . . ... -0 0
resonance, where the nonadiabaticity is maximal, this is /Ith theoretical models of neutrino emissiof { andF, ),

good approximation if the width of the resonance region isit is possible to infer the permutation factptin Eq. (1). SN
large compared with the local neutrino oscillation length.1987A observations are consistent with no-oscillatidires
The width of the resonance is, in turn, determined by thep=0). In Appendix A, we derive a conservative upper
characteristic length scale of the radial matter density variabound on p of p<0.22 at 99% C.L., by applying a
tions at the resonance. While there are reliable models for th&kholmogorov-Smirnov test on the joint Kam-IMB dataset
matter density profile of the progenitor star, there are stilland a range of supernova neutrino emission models.
uncertainties on the profile seen by neutrinos in their free- One important result of our analysis is immediately ap-
streaming propagation. parent from the values of the permutation factoes a func-

It is now thought that neutrino heating of the proto- tion of the mixing parameters in Table I, and from the fact
neutron star mantle drives the supernova explosion, whicthat the value o inferred from SN 1987A data has to be
would happen with a~1 s delay after the creation of the less than 0.22 at 99% C.L. The four mixing schemes consid-
shock-wave, ultimately responsible for the explosion; duringered, explaining the LSND effect via a LSND-inverted neu-
this delay, the shock-wave would be stalled at a radius ofrino mass hierarchy, are all incompatible with SN 1987A
~200 km from the neutron star, corresponding to a densitylata.
p~10°—10'° g/cn? [1]. Therefore, the density profile inthe ~ We now consider the normal hierarchy cases. For the (1
proximity of the stalled shock-wave, which is difficult to +1), (2+1) and (2+2) models with the mixings of Egs.
model reliably, is a potential site for nonadiabatic oscilla-(10)—(12), the bound on the permutation facterunambig-
tions. ously determines the constraint on the LSND oscillation am-

In Fig. 1 we show the energy splittings between the locaplitude sirf29, syp (see Table . At 99% C.L., SN 1987A
neutrino energy eigenvalu&s, as a function of matter den- data provide no constraints on the{2) model, and a con-
sity, for all eight neutrino models considered here. For arstraint which is weaker than existing bounds from the accel-
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10 g ~ 10 g
> — o) =
& C & C
o B o u
] - ] -
o o
s, L c ., L
<] E < E
-1 —1
10 B 10 &
L (a) L (b)
10_2 L |||||||| | |||||||| | |||||||| L1l N 10_2 L |||||||| | |||||||| 1 |||||||| 1 |\|\|L|||
10t 1077 107° 107! 1 107* 1077 1072 107! 1
sin® 2% sin® 2.0

FIG. 2. 99% C.L. LSND allowed regiofv] and 99% C.L. exclusion regions for the neutrino mixing schemes considered in the text and
with normal mass hierarchy. The exclusion regions are estimated [26]in(a) shows the exclusion regions for the{1), (2+1) and
(2+2) models,(b) for the (3+1) model. The exclusion regions refer to experimental data from the following experin@rimtted line:
KARMEN; dashed line: Bugey; dark solid line: SN 1987A for thet(2) model; light solid line: SN 1987 for the (11) model; SN 1987A
data provide no constraints at 99% C.L. for theH®2) model.(b) Dotted line: KARMEN; dashed line: Bugey, CDHS and Super-K; solid
line: SN 1987A, CDHS and Super-K.

erator experiment KARMEN23] and the reactor experiment ibility between the SN 1987A data and the LSND evidence

Bugey[24,25 for the (1+1) and (2+2) models[see Fig. for V,LH;e oscillations.
2(a)]. Therefore, these models are compatible with the SN\ have provided specific relations for the permutation

1987A data. _ factor, which gives the admixture of a higher energy flux to
As already mentioned, for the (31) model, the permu- th qinal 7. fl t duction fromy. v i
tation factor does not fully determine the LSND oscillation '€ ©rginaive flux-at production fromw,,,v.—ve 0Scilia-
tions, for various neutrino mass and mixing models. The per-

ﬁrjn p'|'§“:d§2' S;'ZTZLileudSeepg]n:rsngnOt Sjr:al)p:e?lrg’er?tu ::oar:z?ra(i)r?ts mutation factor may be measurable with good accuracy in
wa ’ . LSND i future supernova experiments.
on &% from the v,-disappearance experiments CDKi®r Based on SN 1987A data only, which seem to indicate a
Amfgyp>0.3 eV) and Super-K(for AmZgyp<0.3 €V¥)  small (if nonzerd value for the permutation factor, we are
[25]. Moreover, another complication arises in evaluating exable to exclude all of the four models considered which
clusion regions fof3+1) models: given the 99% C.L. upper would explain the LSND signal via a “LSND-inverted” neu-
bounds ony?=|U.,|? from SN 1987A ands®’=|U?%,| from  trino mass hierarchy, as defined in the text. For the normal
CDHS and Super-K, what is the 99% C.L. upper bound ommass hierarchy schemes considered, SN 1987A data do not
SiP29, sno=47°6°? We follow the method described j@6] provide any stronger constraints on the LSND allowed re-
to estimate this bound. The same method is applied to estgion for oscillations than those already obtained with reactor,
mate the 99% C.L. upper limit on €@, 5\p coming from  accelerator and atmospheric neutrinos; additional experimen-
Bugey (for y?) and CDHS and Super-Kfor 6°), that is  tal input is necessary to unambiguously discern the neutrino
without using the SN 1987A data. The results for the (3mass and mixing properties. Undoubtedly, the detection of
+1) model with normal neutrino mass hierarchy and mixing

given by Eq.(15) are shown in Fig. @). Also for this model, TABLE Ill. Summary of the SN 1987A constraints on the
we find that existing constraintthe Bugey constraint 08%, | SND allowed region, for the various models considered in this
in this casg are stronger than the SN 1987A one. paper; see Fig. 2 also.
Table 1ll summarizes the SN 1987A constraints obtained
in this paper on the LSND allowed region, for the variousmodel SN 1987A constraint on
neutrino mass and mixing models considered. LSND region (99% C.L).
Normal (1+1) partially excludedFig. 2(a)]
IV. CONCLUSIONS LSND-inverted (1+1) excluded
Normal (2+1) unconstrained
We have investigated the effect that 3- and 4-neutrinq_snD-inverted (2+ 1) excluded
oscillation schemes would have in modifying the energynormal (2+2) partially excludedFig. 2@)]
spectrum of supernovg,'s. Throughout the paper, we apply LSND-inverted (2+2) excluded
the adiabatic approximation for the antineutrino propagatiorNormal (3+1) partially excludedFig. 2(b)]
in the supernova environment and neglect Earth matter ef-snD-inverted (3+ 1) excluded

fects. Moreover, we have used our results to test the compat
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supernova neutrinos by present or near-term experiments
[27] would prove very useful in this respect.

.
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APPENDIX: UPPER BOUNDS ON THE PERMUTATION
FACTOR FROM SN 1987A DATA

In this appendix, we discuss the statistical methodology 13 4 15 16 7
and the physics assumptions used to estimate the upper v, Average Energy (MeV)
bound on the permutation factqr quoted in the textp o _
<0.22 at 99% C.L. We use the same statistical methodologtv) FIG. 3. Solid lines: isocontours for thepper boundson the
as in[22], that is we use the Kholmogorov-Smirmov test on Pe"Mmutation factop at 99% C.L. obtained from SN 1987A data, as
the joint Kam-IMB dataset to derive the upper bound. Most2 function of thev, andv, average energies predicted at production

of the physics assumptions are identical to thosg28]. by supernova models; rectangle with dashed border: range of ener-

The expected energy spectrum for the positrons observéﬂes allowed by present models; cross: model chosen to derive the

. . . - (conservative upper bound onp used in the text. The region
in the Kamiokande and IMB detectors via the reactiqp (E;)>16.6 MeV is excluded at 99% C.L. for all values pf

—e'n, is

Npi (= where(E;a>~—~3.15I'a at the denominator ensures energy eg-
Ni(Eged = 4—[')2f0 dE;Pi(Eget.E+) uipartition.
m The cumulative distribution function used for the
< 770’i(|5+)g;ep( E,+Q) F;e( E.+Q) Kholmogorov-Smirnov test is
(A1) _
det
wherei refers to either Kam or IMBN,,; is the number of F(Eger = L dE[Nkam(E) +NMiws(BE)].  (A3)

target protons in the detector®, the distance between the

Large Magellanic Cloud and the Earthy (E ) is the de-

tected(true) positron energyQ=m,—m,=1.29 MeV=E, Figure 3 shows the upper bound on the permutation factor
—E., Pi(Eger,E+), and 70;(E,) the energy resolution p obtained from SN 1987A data, at 99% C.L., as a function
functions and efficiency curves taken froig8], o7, ,(E,  of the average energi¢k, ), (E, ). As expected, the bound
+Q)=E? the neutrino interaction cross section taken frombecomes more stringent for supernova models in which the
[5] (neglecting nuclear recojland finally F; (E. +Q) the  neutrino average energies are higher. SN 1987A data are in-
neutrino flux at the detector taken from E(a(:) We assume compatible at 99% C.L. with all supernova neutrino models
“unpinched” Fermi-Dirac distributions for the quxe§9, pred|ct|ng<EVe>>16.6 Mev, for all values op and(E,,M>.

o _ Va We adopt a conservative approach, and quote as the upper
a=e,u, appearing in Eq(l): bound onp the largest value for supernova neutrino models
5 in the range 14(E,)<17 MeV, 23<(E;u)<27 MeV,

(A2)  that is the one corresponding &, )=14 MeV, (E;M>
=23 MeV (cross in Fig. 3.

F2 (E)x
e T E )
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