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PHYSICAL REVIEW D, VOLUME 59, 085005
Prospects for detecting supernova neutrino flavor oscillations

George M. Fuller*
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319

Wick C. Haxton† and Gail C. McLaughlin‡

Institute for Nuclear Theory, Box 351550, and Department of Physics, Box 351560, University of Washington, Seattle, Washingt
~Received 15 September 1998; published 16 March 1999!

The neutrinos from a type II supernova provide perhaps our best opportunity to probe cosmologically
interesting muon and/or tauon neutrino masses. This is because matter enhanced neutrino oscillations can lead
to an anomalously hotne spectrum, and thus to enhanced charged current cross sections in terrestrial detectors.
Two recently proposed supernova neutrino observatories, OMNIS and LAND, will detect neutrons spalled
from target nuclei by neutral and charged current neutrino interactions. As this signal is not flavor specific, it
is not immediately clear whether a convincing neutrino oscillation signal can be extracted from such experi-
ments. To address this issue we examine the responses of a series of possible light and heavy mass targets,
9Be,23Na,35Cl, and 208Pb. We find that strategies for detecting oscillations which use only neutron count rates
are problematic at best, even if cross sections are determined by ancillary experiments. Plausible uncertainties
in supernova neutrino spectra tend to obscure rate enhancements due to oscillations. However, in the case of
208Pb, a signal emerges that is largely flavor specific and extraordinarily sensitive to thene temperature, the
emission of two neutrons. This signal and its flavor specificity are associated with the strength and location of
the first-forbidden responses for neutral and charge current reactions, aspects of the208Pb neutrino cross
section that have not been discussed previously. Hadronic spin transfer experiments might be helpful in
confirming some of the nuclear structure physics underlying our conclusions.@S0556-2821~99!04906-1#

PACS number~s!: 14.60.Pq, 25.30.Pt, 26.50.1x
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I. INTRODUCTION

In this paper we investigate some of the difficulties
detecting the effects of neutrino flavor oscillations on t
neutrino spectra from type II supernovae. In particular,
examine what might be learned from different target mat
als in proposed, long-duration neutrino experiments such
the Observatory for Multiflavor Neutrinos from Supernov
~OMNIS @1,2#! and the Lead Astronomical Neutrino Dete
tor ~LAND @3#!. These detectors would record neutrons sp
led from nuclei following inelastic neutrino excitation
While neutrons can be produced in either neutral or cha
current interactions, the relative strength of these two con
butions is sensitive to target thresholds and charge, and
can be adjusted through the choice of target material.

In this way sensitivity to neutrino flavor can be achieve
For example, one expects a target with low Z and a h
charged-current threshold to be characterized by a
(ne ,e2) cross section, and thus to produce neutrons prim
rily through neutral current interactions, particularly if th
target is also characterized by a low neutron separa
threshold. Alternatively, a target with a high Z, so that Co
lomb effects enhance the phase space for emitted elect
and low (ne ,e2) threshold should have a much stronger
sponse to charge current interactions. The main purpos
this study is to explore what can be achieved with such ta
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strategies, taking into account the considerable uncertain

that exist in our understanding of supernovane ,n̄e and
heavy-flavor neutrino spectra.

An observation of neutrino flavor transformation, or th
demonstration that this phenomena does not occur over s
range of neutrino masses and mixing angles, would h
important consequences for both particle physics and as
physics~for a review see Ref.@4#!. Neutrino flavor oscilla-
tions arise in extended models in which neutrinos are m
sive or have magnetic moments, and in which the flavor a
mass eigenstates are not coincident. The strength of the
vor mixing can be greatly enhanced in matter, with two
miliar examples being spin-flavor precession@5# and the
Mikheyev-Smirnov-Wolfenstein ~MSW! @6# mechanism,
with the latter being the most popular proposed solution
the solar neutrino problem.

The deficit of solar neutrinos relative to the predictions
the standard solar model can be explained byne→nm or ne

→nt flavor oscillations~or by an oscillation to a sterile stat
ne→ns). The favored MSW solution for the Sun sugges
that the mass-squared difference betweenne and the second
neutrino involved in the oscillation isdm2;1025 eV @7#. If
this second neutrino is thenm , then the seesaw mechanis
@8# predicts a mass hierarchy where thenm mass; few
31023 eV and thent mass is in or near the cosmological
interesting range, 1 to 100 eV@9#. This is an attractive sce
nario as it allows thent to be a source of hot dark matter.

If neutrino oscillations are responsible for the solar ne
trino problem, similar effects should arise for supernova n
trinos. Very general arguments lead to a hierarchy of aver
energies for supernova neutrinos,^Ent

&;^En̄t
&;^Enm

&
,
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;^En̄m
&.^En̄e

&.^Ene
&. This pattern is established near th

neutrinosphere~roughly the surface of the neutron sta!,
where the neutrinos decouple from the matter at a densit
;1012 g cm23.

Neutrino oscillations can alter this pattern in a distincti
way, producing a characteristic signature in terrestrial sup
nova detectors, given an MSW neutrino mass level cross
outside the neutrinosphere. As the density at the neutr
sphere is 10 orders of magnitude greater than that of the s
core, such crossings occur for an extended range ofdm2

5mH
2 2mL

2 , wheremH andmL are the masses of the heav
and light neutrino eigenstates being mixed. The resulting
ues, 1025 eV2<dm2<104 eV2, encompasses not only th
MSW solutions discussed in connection with the solar n
trino problem, but also mixing that might be associated w
cosmologically interesting tauon neutrino masses.

Neutrino flavor transformation can also have importa
consequences for supernova dynamics and nucleosynth
After collapse and core bounce, the energy spectra of ne
nos emitted from the neutrino sphere of the cooling pro
neutron star are approximately Fermi-Dirac, with sm
chemical potentials. Although a crude equipartition of e
ergy between neutrino species is imposed by the weak e
librium that obtains in the core, the subsequent decouplin
the neutrinos from the matter at the neutrinosphere is fla
dependent and leads to the hierarchy of average ene
noted above. Thenm ,n̄m ,nt , andn̄t species decouple deep
est in the core because they lack charged current reac
with nucleons and have smaller cross sections for scatte
off electrons than thene and n̄e species. Thene’s have the
lowest average energy because they are the last to deco
matter near the neutrinosphere is partially deleptonized
thus rich in neutrons, enhancingne1n→p1e2. For ex-
ample, in one study thenm ,n̄m ,nt , and n̄t have average
energieŝ Enm

&;25 MeV, while the electron neutrinos an

antineutrinos have energieŝEn̄e
&;16 MeV and ^Ene

&
;11 MeV @10#. Neutrinos may be responsible for the r
vival of the supernova shock wave, which stalls in most n
merical simulations at a radius of around 200–400 km ab
the surface of the protoneutron star shortly after core bou
tpb;0.1 s. Neutrino interactions in the nucleon gas left
the wake of the shock wave can deposit considerable ene
providing the push needed for a successful explosion. Os
lations can enhance this effect: If ane↔nt oscillation took
place between the edge of the neutron star and the st
shock at this epoch, the resulting more energeticne flux in-
creases the rate of neutrino heating@11#. Neutrino flavor os-
cillations can also alter supernova nucleosynthesis at l
times tpb*3 s @10#.

Terrestrial experiments exploiting accelerator or reac
neutrino sources, such as LAMPF’s Liquid Scintillator Ne
trino Detector~LSND @12#! and the CERN experiments NO
MAD @13# and CHORUS@14#, are placing constraints o
vacuum oscillations. To date, no evidence fornm↔nt mix-
ing has been found at NOMAD or CHORUS. LSND h
attributed an excess of events above background ton̄m

→ n̄e , although these events have also been interpreted a
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upper limit @12#. The KARMEN @15# experiment, which is
similar to LSND in its sensitivity todm2 and mixing angle,
has not yet accumulated enough data to convincingly c
firm or rule out the LSND result. But perhaps the strong
indication of oscillations comes from the deficit of muons
the interactions of upward going atmospheric neutrinos,
recently reported by the SuperKamiokande Collaborat
@16#. The solar neutrino problem, atmospheric neutri
anomaly, and LSND results all suggest new physics, tho
all of these anomalies together are difficult to reconcile w
a simple pattern of neutrino masses and mixing angles a
ing in theories with only three active neutrinos@17#.

Important new constraints on neutrino properties can
extracted from observations of supernova neutrinos. O
technique for measuring neutrino mass, effective whethe
not neutrinos mix, exploits the time delay and/or spread
in the neutrino signal~see for example Ref.@2#!. The arrival
time difference forne andnt neutrinos with massesmne

and

mnt
, respectively, is

dt;0.514R10 kpc@~mnt
/Ent

!22~mne
/Ene

!2#, ~1!

whereEnt
andEne

are the energies of the tauon and electr

neutrinos,R10 kpc is the distance to the supernova in 10 kil
parsecs~comparable to the galactic radius!, anddt is mea-
sured in seconds.@Alternatively, one can rewrite Eq.~1! for a
single flavor, but with arrival times dependent on the ne
trino energy.# The result is a characteristic spreading of t
neutrino pulse, with arrival times correlated with the neutri
energy and/or flavor. Neutrino masses, or limits on mas
can be deduced by comparing an observed neutrino si
with the spectra and time-dependent luminosities arising
plausible supernova models.

Measurements made by Kamiokande and IMB at the ti
of SN 1987A were argued to provide a limit on then̄e mass.
These analyses were limited by the small number of dete
neutrino events and by uncertainties in modeling the sup
nova mechanism and associated neutrino emission@18#. As a
result, the deduced limits span a considerable range. Cle
such astrophysical uncertainties will also affect future tim
of-flight neutrino mass limits derived from new detecto
like OMNIS and LAND. Yet these detectors should ha
two important advantages. First, they promise a large nu
ber of neutrino events for a galactic supernova, possibly g
ing us a detailed time history of neutrino emission associa
with the supernova. For example, it was recently argued
large event rates would allow experimentalists to map out
expected initial sharp rise in neutrino emission followin
core bounce, a feature in the neutrino cooling curve t
could be exploited to significantly tighten mass limits@19#.
Second, complimentary information from other new dete
tors, such as SuperKamiokande@20#, will reduce the degree
to which analyses must depend on poorly understood asp
of supernova models. The spectrum and flavor of supern
neutrinos will be more accurately characterized given
complement of detectors with different thresholds and fla
sensitivities. Flavor specificity in time-of-flight measur
5-2
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PROSPECTS FOR DETECTING SUPERNOVA NEUTRINO . . . PHYSICAL REVIEW D59 085005
ments is quite important because competing laboratory lim
on thent andnm masses, 24 MeV and 170 keV, respective
are so poor.

If neutrinos mix, supernovae could provide an importa
consistency check on models of neutrino masses and
possibly on time of flight derived neutrino masses. Flav
oscillations, enhanced by matter effects, can lead to trans
mation betweenne’s and either thenm or nt , leading to an
anomalously energeticne spectrum. This departure from th
usual hierarchy of average neutrino energies is a powe
test for new physics because it will occur for an extend
range ofdm2 and mixing angles. In fact, the neutrino ma
level crossings become increasingly adiabatic for lar
dm2, with adiabatic flavor transformation occurring for mix
ing angles sin2u*1025. Thus the observation of an exce
of supernovane events provides an opportunity to probe ne
trino phenomena that may be inaccessible otherwise.

Several detectors, both in operation and proposed, c
detect neutrinos from a galactic supernova.~A partial review
can be found in@21#.! Two of particular note are the ligh
water Cerenkov detector SuperKamiokande, which has a
tal volume of 50 kilotons and has been in operation for
proximately two years; and the Sudbury Neutrino Obser
tory @22#, a heavy water Cerenkov detector whose inn
vessel will contain one kiloton of D2O. SNO is currently in
its commissioning phase and should be fully operational
the end of 1998. In SNO charged and neutral current re
tions will produce distinct signals. The neutral current ne
trino reaction D(nx ,nx8)np produces free neutrons. The
will be detected either by their (n,g) reactions on35Cl,
which will be introduced by dissolving salt in the water,
by their interactions in specially designed counters utiliz
the 3He(n,p) reaction. The charged current reactio
D(ne ,e2)pp produces energetic electrons that will be o
served through Cerenkov light.@The absence of coinciden
neutrons distinguishes this reaction from D(n̄e ,e1)nn.# A
supernova neutrino burst altered byne↔nm /nt oscillations
will produce an enhanced (ne ,e2) signal, while leaving the
rest unchanged.

SuperKamiokande is of particular interest because of
size and its likely longevity: the Collaboration hopes to o
erate the detector for three decades, a period approachin
timescale for a galactic supernova. However the enorm
event rate for (n̄e ,e1) off free protons tends to obscure,
the case of flavor oscillations, thene signal of interest. Per-
haps the best opportunity for measuring thene’s is through
the reaction16O(ne ,e2), which produces a back-angle e
hancement in the electron distribution that will distort t
known ~and nearly isotropic! distribution from (n̄e ,e1) @23#.

In contrast, the flavor oscillation effects on the forwar
peaked events fromn-electron scattering are very subtle a
difficult to extract. This cross section is approximately line
in the neutrino energy and so there is no net change in
event rate due to flavor oscillations. The event rate is t
proportional to the luminosity, which we noted earlier w
approximately independent of flavor. Note that this contra
with semileptonic interactions, where cross sections scal
En

2 or faster, depending on nuclear thresholds. Yet there
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shift in the distribution of forward-peaked events towar
higher energy from neutrino-electron scattering. This is
cause thene-electron cross section is approximately s
times the cross section for heavy flavor neutrinos. In tu
this effect may provide a signal for flavor oscillations@24#.

Another interesting possibility, suggested quite recen
@25#, is the detection of the 5 –10 MeVg rays produced in
cascades following the neutral current breakup of16O. A
supernova at a distance of 10 kpc would produce a few h
dred such events fromnm and nt interactions in SuperKa-
miokande. A tauon mass could then be extracted from an
sis of the time evolution of the signal@26#.

One of the arguments for detectors such as OMNIS
LAND is that they could remain in operation over a lon
period of time, making the probability of observing a gala
tic supernova reasonably high. These detectors would re
neutrons produced in the neutral current breakup of nucl

n i1~Z,N!→~Z,N21!1n i1n, ~2!

wherei represents all neutrino and antineutrino species. H
~Z,N! denotes a nucleus with Z protons and N neutrons
similar signal can arise for the analogous charged cur
reactions

ne1~Z,N!→~Z11,N22!1e21n ~3!

and

n̄e1~Z,N!→~Z21,N!1e11n. ~4!

By itself, the observation of a neutron in OMNIS o
LAND provides no information on the type of initiating neu
trino reaction. The goals of this paper include calculating
cross sections and spallation probabilities for these detec
more carefully than has been attempted before; explorin
what extent the use of multiple nuclear targets might enha
flavor sensitivity; and exploring what can be learned by co
paring the rates for one and two neutron spallation. Idea
one would hope to find targets with very different relati
sensitivities tone and neutral current reactions. The succe
of such a strategy clearly depends on our ability to accura
calculate~or measure! the neutrino responses of the targe
and to estimate uncertainties in supernova flux prediction

In Sec. II we discuss neutrino-induced neutron spallat
in both high Z and low Z target materials, describing t
underlying nuclear structure physics governing the
sponses. We also provide estimates of cross sections for
possible target materials,9Be,23Na,35Cl and 208Pb. In Sec.
III we discuss strategies for determining whether the neutr
flux has been altered by oscillations. Although our study
by no means exhaustive, it appears that the tactic of look
for changes in total spallation cross sections is rather c
lenging. It is very difficult, even using multiple targets,
achieve the necessary degree of sensitivity to thene tempera-
ture. The primary difficultly is our uncertain knowledge o
the spectrum of supernova neutrinos in the absence of o
lations. The one exception we found to this general rule
the two neutron spallation channel in208Pb, which appears
to provide an exquisitely sensitivene thermometer. The un-
5-3
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derlying physics involves the first-forbidden contributions
the charged and neutral current channels which have
been considered previously. We suggest some experime
work that would help in characterizing the208Pb response to
neutrinos.

II. NEUTRINO-NUCLEUS INTERACTIONS

In this section we discuss supernova neutrino reacti
with nuclear targets which lead to the spallation of one
more neutrons. There are three main physics issues. The
is estimating the target response: what is the distribution
final nuclear states that will result when target nuclei inter
with an incident spectrum of neutrinos? For the relativ
low neutrino energies of interest, the nuclear respons
dominated by allowed and first-forbidden transitions. For
nately we have a number of experimental tests of these
sponses, and there exist approximate sum rules that are
important guides to and constraints on calculations.

The second issue is the probability that a neutrino in
action will result in the emission of a neutron, thus produc
a signal in the detector. Neutron emission can only occu
the daughter nucleus is excited above the neutron separ
energy. The branching ratio into this channel also depe
on the competition with other open channels, such as pro
or a emission. We estimate these in Hauser-Feshbach ca
lations.

The third issue is the supernova neutrino spectrum.
cause the threshold for neutron spallation can be substan
often the high energy tail of the neutrino spectrum is es
cially important in determining the overall rate. Various n
merical simulations of supernova explosions differ in the
proximations made in treating neutrino diffusio
convection, etc. Thus, while there is qualitative agreem
about the average energy hierarchy discussed in the intro
tion, there are differences in the precise value of the aver
energy and in the details of the spectrum shape. The resu
uncertainties clearly have an influence on predictions of fl
averaged nuclear cross sections.

The last of these issues, the neutrino spectrum, ente
evaluating the flux-averaged cross section

^s&5E
Eth

`

f n~En!s~En!dEn , ~5!

whereEth is the threshold energy for the reaction,f n is the
normalized neutrino spectrum, ands(En) is the nuclear
cross section for an incident neutrino of energyEn . The
supernova neutrino energy spectra predicted by trans
codes can be represented approximately by modified Fe
Dirac distributions of the form@27,28#

f n5F 1

Tn
3F2~he f f!

G En
2

exp~En /Tn2he f f!11
. ~6!

Here Tn and he f f are the neutrino temperature and dege
eracy parameter~chemical potential divided byTn), respec-
tively, andF2(he f f) is the relativistic Fermi integral of orde
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2 and argumenthe f f , required to normalize the above distr
bution to unity. The Fermi integrals of orderk are defined by

Fk~h![E
0

` xkdx

exp~x2h!11
. ~7!

The flux dFn of neutrinos with energies betweenEn and
En1dEn a large distancer from a supernova can then b
written

dFn~En!5
Ln

4pr 2

1

^En&
f ~En!dEn , ~8!

whereLn is the luminosity of the neutrino species of intere
Note that̂ En&5TnF3(he f f)/F2(he f f) and is;3.15Tn when
he f f50 and;3.99Tn whenhe f f53.

Predictions of neutrino energy spectra and luminosit
vary between different supernova neutrino transport cod
thus producing different values ofhe f f andTn when approxi-
mated as in Eq.~7!. For example, the transport calculation
by Janka yield spectra withhe f f;3 for all neutrino species
@28#. While this choice also produces a good fit to thene and
n̄e spectra of Wilson and Mayle@27#, their heavy-flavor neu-
trino spectra more closely resemble a black-body distribut
(he f f;0). Such differences are an important source of u
certainties in predicting neutron counting rates in a detec
a point we will return to in Sec. III.

We now turn to the issue of the neutrino reaction cro
sections. At typical supernova neutrino energies one exp
the total cross section for the charged current reac
(ne ,e2) on a parent nucleus of charge Z to be dominated
the allowed transitions to the isobaric analog state~IAS! and
the Gamow-Teller~GT! resonance states in the daugh
nucleus. The allowed cross section is

s~Ene
!5

GF
2 cos2uc

p
keEeF~Z11,Ee!

3@ uMFu21~gA
eff!2uMGTu2#, ~9!

whereGF is the Fermi constant,Ee andke are the energy and
three-momentum of the outgoing electron, respectively,uc is
the Cabibbo angle, andF(Z11,Ee) accounts for the Cou-
lomb distortion of the outgoing electron wave functio
which we take from the tabulations of Behrends and Jane
@29#. In several cases we will study below, the total BG
strength is taken from shell model calculations that sati
the Ikeda sum rule implicitly~see below!. Phenomenologi-
cally it is known that these approaches will overestim
low-lying BGT strength unless an effective axial-vector co
pling constantgA

eff'1 is used, rather than the bare nucle
value 1.26@30#. Thus we allow for such a renormalizedgA

eff .
The allowed Fermi and GT transition strengths are

uMFu25
1

2Ji11
u^Jf uu(

i 51

A

t1~ i !uuJi&u2, ~10!

and
5-4
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uMGTu25
1

2Ji11
u^Jf uu(

i 51

A

s~ i !t1~ i !uuJi&u2, ~11!

respectively. To evaluate the cross section one must spe
the distribution of these transition probabilities over the fin
states of the daughter nucleus. All of the formulas above a
apply to (n̄e ,e1) provided the corresponding Coulomb co
rectionF(Z21,Ee) is evaluated for a positron and the iso
pin operators are replaced byt2( i ).

In the limit of good isospin the Fermi strengthuMFu2

5uN2Zu is carried entirely by the IAS in the daughte
nucleus. All of the nuclei of present intere
(9Be,23Na,35Cl,208Pb) are neutron rich, so Fermi transition
contribute only to the (ne ,e2) direction. The Fermi transi-
tions for the first three nuclei populate the mirror grou
states of the daughter nuclei, none of which decays by n
tron emission. Thus they are of no interest to us. The ana
state in208Bi, however, is located at an excitation energy
15.16 MeV, well above the neutron breakup threshold a
just barely~0.2 MeV! above the two-neutron breakup thres
old. Therefore

uMF~E!u2544dEE8 , 208Pb~ne ,e2!208Bi ~12!

whereE5En2Ee is the nuclear~not atomic! excitation en-
ergy measured relative to the parent ground state in208Pb,
andE8'17.53 MeV.

The GT strength is more complex. The difference b
tween the GT strength in the (ne ,e2) channel and that in the
( n̄e ,e1) direction is governed by the Ikeda sum rul
( f uMGTu2;3(N2Z), but this sum rule is generally not satu
rated by the low-energy GT resonance found in (p,n) stud-
ies. Presumably the missing strength is pushed to higher
citation energies, where it would influence low-ener
neutrino reactions very little. Thus the relevant issue for u
to determine how much of the sum rule is exhausted
accessible strength. In the case of208Pb, the naive shel
model description~closed proton and neutron major shell
82 and 126, respectively! predicts that the (n̄e ,e1) direction
is completely blocked. The strength in the (ne ,e2) direction
has been measured by forward-angle (p,n) scattering@31#.
Consistent with the general trends of GT strength distri
tions with N-Z, the centroid of the distribution for this neu
tron rich nucleus is quite low, just 0.4 MeV above the po
tion of the IAS. The resonance is quite narrow and can
reasonably fit by a Gaussian with a full width at half ma
mum G52(ln2)1/2D;4 MeV and with total strength
equivalent to about 46% of the Ikeda sum rule@32#. Thus

~gA
e f f!2uMGT~E!u2;

96.2

DAp
exp@2~E2EGT!2/D2#,

208Pb~ne ,e2!208Bi, ~13!

whereEGT;17.9 MeV andD;2.4 MeV. The strength as
signed above comes from normalizing the (p,n) cross sec-
tion to that for the Fermi transition@32#, which is probably
the most reliable normalization given the paucity of stro
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GT transitions of known strength among heavier nuc
However, the ‘‘universal scaling’’ approach, which depen
on the (p,n)/b decay proportionality derived primarily from
lighter nuclei, would reduce the integrated strength in
208Bi peak to 64% of the above value@32#. Therefore it is not
unreasonable to assign a650% uncertainty to this GT reso
nance estimate.

The light nuclei of interest,9Be,23Na, and35Cl, lie in the
middle of shells, so consequently both the (ne ,e2) and
( n̄e ,e1) channels are open. In these cases GT strength
tributions are taken from shell model calculations in whi
all configurations in the 1p or 2s1d shells, as appropriate
are allowed to interact. This guarantees that the Ikeda s
rule is preserved. The interactions used are Cohen
Kurath @33# and Brown-Wildenthal@34#. These calculations
of course, determine both the integrated GT strength and
distribution. We usegA

e f f;1 to take into account the empiri
cal discrepancy between the results of such sum-r
preserving calculations and experimental estimates
quenching in the region of the GT resonance.

In allowed neutral current neutrino scattering, the ana
of the Fermi operator only contributes to elastic scatteri
Thus inelastic allowed transitions are governed by the n
tral current GT transition probability

uMGT
NCu25

1

2Ji11
u^Jf uu(

i 51

A

s~ i !
t3~ i !

2
uuJi&u2. ~14!

This operator is closely connected to the isovector M1
erator, as the spin contribution to the M1 operator tends
dominate because of the large isovector magnetic mom
mV54.706. The distribution of M1 strength in208Pb has
been the subject of a great deal of study. Experimen
searches for the M1 strength@35,36# and theoretical efforts to
identify the quenching effects of correlations@37,38# has led
to a reasonably consistent picture of the underlying phys
The simplest closed-shell description attributes the M1
sponse to proton (h9/2)(h11/2)

21 and neutron (i 11/2)( i 13/2)
21

particle-hole excitations. The residual interaction mixes th
configurations, with the symmetric combination that sa
rates the isoscalar response centered at an excitation en
of about 5.8 MeV, while the isovector response~the quantity
of interest to us! is centered on a resonance straddling
neutron breakup threshold at 7.368 MeV. The quenchi
attributed to more complicated multi-particle-hole corre
tions, reduces the naive isovector B~M1! from ;50mN

2

~nucleon Bohr magnetons squared! to ;20 mN
2 . Experiment

finds 8.8mN
2 below the neutron breakup threshold, and 6.8mN

2

immediately above. Theory@37# finds a weak tail of strength
at excitation energies between 10 and 20 MeV of ab
0.6mN

2 .
The integrated isovector B~M1! strength~in units of mN

2 )
can be related to the neutral current response

B~M1!5
3mV

2

4p
uMGT

NCu2h2 ~15!

where
5-5
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h511

^Jf uu(
i 51

A

l ~ i !t3~ i !uuJi&

mV^Jf uu(
i 51

A

s~ i !t3~ i !uuJi&

. ~16!

We find h50.894 using the simple particle-hole descripti
of the 208Pb isovector M1 resonance~in effect assuming tha
a ratio of orbital and spin matrix elements will not be grea
changed when correlations responsible for quenching
turned on!. The choices EGT57.32 MeV and D
50.6 MeV yield a reasonable fit to the measured width
the isovector M1 response and the proper straddling of
neutron breakup threshold. So adopting the experimenta
ovector M1 strength of~8.816.810.6!mN

2 , the distribution
of allowed strength for neutral current neutrino scattering
obtained:

~gA
e f f!2uMGT

NC~E!u2;
6.1

DAp
exp@2~E2EGT!2/D2#,

208Pb~n i ,n f !
208Pb, ~17!

whereE5En i
2En f

is the nuclear excitation energy in208Pb.
Approximately 55% of this distribution lies below neutro
breakup threshold and thus does not contribute to the sp
tion. The corresponding allowed cross section is

s~En i
!5

GF
2

p
En f

2 ~gA
eff!2uMGT

NCu2. ~18!

Average energies of heavy-flavor neutrinos are su
ciently high that odd-parity transitions generated by fir
forbidden operators — those proportional either to
momentum-energy transfer or to nucleon velocities — m
be considered. In the case of the simplest nucleus un
study, 9Be, the charged and neutral current responses w
evaluated by including the full momentum transfer dep
dence of the weak interaction operators, following Re
@39,40#, and summing to all 0\v and 1\v final states. The
1\v shell model space is formed from the one-particle-o
hole excitations of the form 1p(1s)21 and 2s1d(1p)21; the
corresponding cross shell interactions are the Serber-Yuk
force and the Millener-Kurath interaction@41#. As the Slater
determinants are formed from harmonic oscillator ba
states, the calculation is complete for all first-forbidden o
erators, which is our main concern. While high multipolar
operators are also included in the calculation, the spac
final states is not complete for these. Nor are these opera
significant numerically.

As the analogous shell model spaces for the heavier
clei of interest become somewhat unwieldy, in these ca
we estimate the first forbidden response in the Goldha
Teller model@42#. This model satisfies the Thomas-Reich
Kuhn ~TRK! sum rule for the E1 response as well as
generalization for L51 axial responses. That is, the full s
permultiplet of giant resonances is described. Transit
strengths are carried by doorway states placed in the ce
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of the giant resonance region, which we identify with the
photoabsorption peak for neutral current reactions. Note
the model as implemented here assumes N5Z, which is
clearly not the case for208Pb. However the underlying TRK
sum rule is proportional to NZ/A5(A/4)$12@(N
2Z)/A#2%. Therefore, even for208Pb the total strength pre
diction, NZ/A;A/4 is good to 5%. Recently continuum
RPA calculations of first-forbidden neutrino responses w
compared to Goldhaber-Teller predictions for very neutr
rich nuclei @43#. The cross sections agreed to better th
40%. Thus the expected uncertainties in using this appr
mation are not dissimilar to some of those we encountere
our discussions of the allowed responses.

For 23Na and 35Cl, the giant resonance excitation ene
gies, relative to the parent ground states, were taken to b
and 20 MeV, respectively, for both charged and neutral c
rent excitations. These values are consistent with the
served E1 photoabsorption peaks. For neutral current ex
tions in Pb, we again use the E1 photopeak, 14 MeV, to
the excitation energy. For208Pb(ne ,e2), the centroid of the
spin L51 strength seen in~p,n! scattering lies about 6.5
MeV above the isobaric analog state in208Bi, corresponding
to an excitation energy of 24.1 MeV relative the ground st
of 208Pb. Thus we adopt this as the excitation energy. T
strongest first-forbidden contributions to neutrino reactio
are spin modes (02, 12, and 22).

We do not use the Goldhaber-Teller model to estimate
208Pb(n̄e ,e1) cross section because, in this direction, t
first-forbidden response in largely blocked: only th
1h11/2(p)→1i 11/2(n) transition is allowed in the naive she
model. The N;Z assumption thus cannot be used. Howev
while we provide no estimate of the cross section, the alm
complete blocking of both the allowed and first-forbidd
response combined with the Coulomb suppression of p
tron emission should make this cross section quite small

The total inelastic cross sections are summarized in Ta
I. Results are shown for ten representative neutrino spe
and for all of the relevant interactions, so that any oscillat
scenario can be explored. The first four, in the absence
oscillations, would be appropriate for heavy flavor neutrin
and we believe the differences in these spectra are repre
tative of plausible spectral uncertainties. The first three
these havehe f f50, motivated by the Wilson and Mayle ca
culations, with a range of average energies of 30, 25, and
MeV. That is, while 25 MeV might be a best guess for t
heavy flavor neutrino mean energy, we want to consider
consequences of a620% uncertainty in average neutrin
energy, which we think in not unreasonable given supern
modeling uncertainties. The fourth case corresponds to a
MeV average energy, but hashe f f53.0, producing a shape
more similar to the numerical spectrum of Janka. The last
spectra all haveh53.0; the first three of these correspond
average neutrino energies of 19.2, 16, and 12.8 MeV,
thus are typical of supernovan̄e’s, assuming a 20% uncer
tainty around a best value of 16 MeV. Similarly, the la
three spectra, with averages energies of 13.2, 11, and
MeV, are typical of thene’s.
5-6
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TABLE I. Total inelastic neutral current and charged current cross sections for neutrino reactio
208Pb,35Cl,23Na and 9Be, given in units of 10240 cm2. In each case both allowed and first-forbidden co
tributions to the cross sections have been calculated. The results correspond to normalized neutrino
with a shape defined by the average energy^E& and h, as discussed in the text. The first four colum
describe a range of heavy flavor neutrino spectra centered around^E&525 MeV; the next three are appro

priate for n̄es with ^E&;16 MeV; and the last three correspond tones with ^E&;11. Cross sections are
given for each spectrum so that arbitrary oscillation scenarios can be explored.

^E& 30 25 20 25 19.2 16 12.8 13.2 11 8.8
h 0 0 0 3 3 3 3 3 3 3

208Pb (n,n)
allowed 0.810 0.517 0.290 0.453 0.223 0.131 0.0644 0.0714 0.0379 0.0
forbidden 6.423 4.032 1.996 3.388 1.288 0.527 0.157 0.188 0.0612 0.0
total 7.233 4.549 2.286 3.841 1.451 0.658 0.221 0.259 0.099 0.0
208Pb (n̄,n̄)
allowed 0.810 0.517 0.290 0.453 0.223 0.131 0.0644 0.0714 0.0379 .01
forbidden 5.220 3.308 1.664 2.825 1.046 0.457 0.139 0.166 0.055 0.0
total 6.03 3.825 1.954 3.268 1.272 0.588 0.203 0.237 0.093 0.0
208Pb (ne ,e2)
allowed 34.22 20.32 10.45 17.28 7.28 3.53 1.202 1.414 0.501 0.1
forbidden 61.92 37.67 17.39 30.22 9.37 3.38 0.736 0.927 0.213 0.0
total 96.14 57.99 27.84 47.50 16.65 6.91 1.938 2.341 0.714 0.1
35Cl (n,n)
allowed 0.2221 0.1488 0.0863 0.1354 0.0671 0.0389 0.0185 0.0206 0.0107 0.
forbidden 0.2155 0.1038 0.0370 0.0643 0.0154 0.0049 0.0010 0.0013 0.0003 0.0
total 0.4377 0.2527 0.1233 0.1998 0.0825 0.0438 0.0195 0.0219 0.0109 0.0
35Cl ( n̄,n̄)
allowed 0.1820 0.1251 0.0746 0.1162 0.0594 0.0350 0.0170 0.0189 0.0099 0.
forbidden 0.1597 0.0792 0.0293 0.0509 0.0127 0.0042 0.0009 0.0011 0.0003 0.0
total 0.3416 0.2044 0.1039 0.1671 0.0721 0.0392 0.0179 0.0200 0.0102 0.0
35Cl (ne ,e2)
allowed 0.6623 0.4229 0.2311 0.3696 0.1695 0.0932 0.0420 0.0471 0.0236 0.
forbidden 0.8306 0.3980 0.1411 0.2455 0.0589 0.0189 0.0039 0.0049 0.0011 0.
total 1.4929 0.8209 0.3723 0.6152 0.2284 0.1121 0.0459 0.0519 0.0247 0.0
35Cl ( n̄e ,e1)
allowed 0.0962 0.0683 0.0432 0.0649 0.0364 0.0233 0.0127 0.0139 0.0081 0.
forbidden 0.2229 0.1120 0.0423 0.0735 0.0190 0.0064 0.0014 0.0017 0.0004 0.
total 0.3191 0.1804 0.0855 0.1383 0.0554 0.0297 0.0141 0.0156 0.0085 0.0
23Na (n,n)
allowed 0.2071 0.1401 0.0833 0.1282 0.0663 0.0404 0.0211 0.0232 0.0133 0.
forbidden 0.1857 0.0878 0.0309 0.0536 0.0129 0.0042 0.0009 0.0011 0.0003 0.0
total 0.3928 0.2279 0.1141 0.1818 0.0792 0.0446 0.0220 0.0243 0.0136 0.0
23Na (n̄,n̄)
allowed 0.1659 0.1153 0.0706 0.1076 0.0575 0.0357 0.0191 0.0209 0.0122 0.
forbidden 0.1353 0.0662 0.0242 0.0421 0.0106 0.0035 0.0008 0.0010 0.0002 0.0
total 0.3012 0.1815 0.0948 0.1497 0.0681 0.0393 0.0199 0.0218 0.0124 0.0
23Na (ne ,e2)
allowed 0.6992 0.4671 0.2739 0.4231 0.2160 0.1306 0.0677 0.0743 0.0423 0
forbidden 0.6245 0.2929 0.1022 0.1776 0.0426 0.0139 0.0029 0.0037 0.0009 0.
total 1.3237 0.7599 0.3761 0.6007 0.2586 0.1444 0.0706 0.0780 0.0431 0.0
23Na (n̄e ,e1)
allowed 0.0772 0.0518 0.0303 0.0474 0.0238 0.0138 0.0066 0.0073 0.0037 0
forbidden 0.2140 0.1061 0.0397 0.0689 0.0179 0.0061 0.0014 0.0017 0.0004 0.
total 0.2913 0.1580 0.0700 0.1163 0.0417 0.0200 0.0079 0.0090 0.0041 0.0
085005-7
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TABLE I. ~Continued!.

^E& 30 25 20 25 19.2 16 12.8 13.2 11 8.8
h 0 0 0 3 3 3 3 3 3 3

9Be (n,n)
allowed 0.1354 0.0933 0.0574 0.0862 0.0473 0.0305 0.0173 0.0188 0.0116 0
forbidden 0.0964 0.0428 0.0145 0.0250 0.0062 0.0022 0.0006 0.0007 0.0002 0
total 0.2317 0.1362 0.0719 0.1112 0.0535 0.0327 0.0179 0.0195 0.0119 0
9Be (n̄,n̄)
allowed 0.1053 0.0750 0.0478 0.0709 0.0404 0.0267 0.0155 0.0168 0.0106 0
forbidden 0.0659 0.0309 0.0111 0.0191 0.0050 0.0019 0.0005 0.0006 0.0002 0
total 0.1712 0.1059 0.0589 0.0899 0.0455 0.0285 0.0161 0.0174 0.0108 0
9Be (ne ,e2)
allowed 0.7233 0.5066 0.3202 0.4723 0.2692 0.1796 0.1077 0.1156 0.0754 0
forbidden 0.3268 0.1465 0.0504 0.0866 0.0222 0.0082 0.0023 0.0027 0.0009 0
total 1.0500 0.6531 0.3707 0.5589 0.2914 0.1877 0.1099 0.1184 0.0763 0
9Be (n̄e ,e1)
allowed 0.0145 0.0084 0.0040 0.0067 0.0025 0.0011 0.0004 0.0004 0.0001 0
forbidden 0.0715 0.0317 0.0103 0.0180 0.0039 0.0012 0.0002 0.0003 0.0001 0
total 0.0860 0.0401 0.0143 0.0247 0.0064 0.0023 0.0006 0.0007 0.0002 0
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There are some generic features of the cross section
light nuclei in Table I. As one would expect, the charged a
neutral current cross sections are dominated by allowed t
sitions for lower neutrino temperatures, with the forbidd
contributions becoming increasingly important as the te
perature rises. For the most energetic spectra, these two
tributions are comparable. Furthermore, for the highest e
gies which are typical of heavy flavor neutrinos, the ratio
the charged current cross section to the neutral current c
sections~per flavor! is in the range of 3 to 5. Neither of thes
observations is particularly welcomed from the experimen
viewpoint. The presence of an appreciable forbidden con
bution enhances the sensitivity of the spectrum-avera
cross section to the particular shape of the distributi
Crudely speaking, the forbidden cross sections contain
extra powers of the neutrino energy. Therefore it appe
that, in the absence of an independent measurement o
shape of the energy distribution of the heavy neutrino sp
trum, plausible spectral uncertainties could change rate
dictions by a factor of three or more. The charged to neu
current cross section ratio is unfortunate because it sugg
that the electron and heavy flavor neutrinos would make
the most favorable case of a hotne spectrum following an
oscillation, comparable contributions to total counting rat
In this case there would be no strong flavor sensitivity. F
example, making the assumption of the same luminosity
flavor, a ne→nt oscillation would result in an overall in
crease in the rate of inelastic neutrino scattering events
factor of;1.8 in the case of23Na, takingne ,n̄e , and heavy
flavor average energies of 11, 16, and 25 MeV, and assum
he f f50.0 for the heavy flavor spectrum. Furthermore
will soon see that most of this enhancement provides
neutrons and is thus not detectable. Thus the rate chan
comparable to the~probably optimistic! estimates we made
above of cross section uncertainties (650%), and is dwarfed
by the factor-of-several uncertainties associated with p
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sible spectrum variations. While our main discussion of th
issues is deferred to the next section, it is already clear
tricks will be needed to extract oscillation signals from ne
tron spallation yields.

The 208Pb cross sections require separate discuss
given that estimates have already been made by Harg
@3#. His allowed neutral current cross section is about a f
tor of six larger than ours; a factor of about 1.5 of this a
pears attributable to his somewhat less detailed treatmen
the M1 strength profile. The remainder of the discrepan
may be a mistake in the normalization of hisb strength
function, which appears to lack the factor of 2 found in E
~14!. ~Hargrove also placed all of his strength above the n
tron threshold, while we noted that in excess of 55% of
isovector response is to bound states. Thus our allowed c
sections for neutron emission differ by more than an orde
magnitude.! However Hargrove did not include first
forbidden contributions, which we find dominate the cro
sections for all but the least energetic spectra. For exam
our he f f50,̂ E&525 MeV cross section is 4.55
310240 cm2, 89% of which comes from first forbidden
contributions. The importance of first forbidden contrib
tions in 208Pb is not surprising given the dependence of
Thomas-Reiche-Kuhn sum rule on N and Z,;NZ/A;A/4,
and the lower energy of the208Pb dipole peak. This tota
cross section can be compared to that of Hargrove, 3
310240 cm2. The end results are not too different, ev
though most of our cross section is generated by first forb
den operators not previously considered.

The first-forbidden contributions to charged current cro
sections are also very important, about twice the allow
contribution for ^E&;25 MeV. Their influence for lower
temperatures is not as great because of the substan
higher threshold for exciting S51 L51 giant resonances
Making the same comparison as above to Hargrove, we
our allowed cross sections forh50.0 and̂ E&525 MeV are
5-8
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in excellent agreement, 20.3 vs 21.9 in units of 10240 cm2.
But our total cross section is substantially larger, 58.0, du
the giant resonance contributions. These differences bec
particularly interesting when we examine the correspond
spallation cross sections.

The last issue is the probability for producing a signal
one or more spalled neutrons. In the case of the lighter
clei, unbound states reached by neutrino interactions
quently decay by competing n, p, or alpha channels. We h
estimated the neutron emission portion of this cross sec
by doing Hauser-Feshbach calculations of the decay p
abilities as a function of nuclear excitation energy, foldi
these with the various neutrino cross sectionss(En) corre-
sponding to the total cross sections in Table I. The resul
neutron emission probabilities are given in Table II. O
Hauser-Feshbach calculations are reasonably simple in
they employ a nuclear density-of-states formula that is in
pendent of spin and parity and optical potentials of
Wood-Saxon type without spin-orbit interactions. No attem
is made to estimate direct reaction contributions. Our tre
ment is identical to that used by Woosleyet al. and employs
the same code and optical model parametrization@44#. One
combines the neutron emission probabilities in Table II w
the cross sections in Table I to obtain the needed spectr
averaged neutron spallation cross sections.

The case of208Pb is simpler because the enormous Co
lomb barrier strongly suppresses charged particle emiss
In the case of neutral current excitations, the M1 strengt
concentrated in a resonance straddling the neutron emis
threshold of 7.37 MeV, as described previously. The neut
resonance measurements of Ref.@36# show that neutron
emission dominates over gamma decay even immedia
above threshold. Thus the allowed contribution to single n
tron emission can be calculated by integrating the cross
tion over the continuum. The first forbidden cross sect
was estimated in the Goldhaber-Teller model, with the do
way state placed at the peak of the photoabsorption g
dipole response at;14 MeV. This again straddles an im
portant threshold, as two-neutron emission can occur ab
14.1 MeV.

The systematics of two-neutron vs. single neutron em
sion are well studied. For heavy nuclei there is a surprisin
sharp transition between these two channels occurring t
cally 2.2 MeV above the two-neutron threshold@45#. As this
transition is sharp compared to the breadth of the photo
sorption peak, which has a full width at half maximumG
;4.3 MeV @46#, it is a very reasonable approximation
associate transitions below 16.3 MeV with single neutr
emission, and transitions above this energy with two neut
emission.

The emission probabilities in Table II were calculated
smearing the Goldhaber-Teller results over doorway st
distributed according to the measured photoabsorption p
described as a Gaussian with the above value ofG. We find
that neutral current excitations almost always lead to sin
neutron emission. The two neutron emission contributions
not exceed 3%. The result that neutral current reactions
duce very few multiple neutron events is rather insensitive
the precise description of the photopeak. For example, if
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width is increased by a factor of two, the two-neutron em
sion probability still remains below 10%.

We will argue that this conclusion—that neutral curren
effects can be filtered out by observing multiple neutr
events—is quite important for oscillation searches. It d
pends on an assumption, that the spin dipole resonance
located at about the same place as the photoabsorption
dipole resonance.

Spallation following the charged current reactio
208 Pb(ne ,e2)208Bi differs in an important way. Transitions
to states above 6.89 MeV in208Bi can emit a neutron, above
14.98 MeV can emit two neutrons, and above 22.02 M
can emit three. The peak of the Gamow-Teller distribution
at 15.5 MeV. Thus a small fraction (;10%) of the allowed
charged current cross section can produce multiple neutr
However the L51 strength, which dominates the case whe
ne’s have high energy due to neutrino flavor transformat
neutrino cross section, is centered at;21.7 MeV, far above
the two neutron threshold, and thus always produces mult
neutrons.

Table II gives the resulting neutron emission probabilitie
In these calculations, we again attribute all transitions
states above 17.2 MeV in208Bi ~i.e., 2.2 MeV or more above
the two-neutron threshold! to multiple-neutron decay. While
the single proton emission channel is also open, the Coulo
barrier provides large suppression. Our Hauser-Feshbach
culations yield a very small ratio of single proton to sing
neutron emission throughout the excitation energy reg
spanned by the Gamow-Teller and spin-flip giant resona
peaks.

We repeat for Pb the calculation performed earlier
35Cl. That is, we evaluate rates with and without ane↔nt

oscillation for the canonical temperatures in Table I and
der the assumption of a fixed luminosity per flavor, cons
ering all spallation events. One finds that oscillations
crease the rate for all neutron producing events by a facto
;4, which is comparable to the effects of a620% change in
the heavy neutrino spectrum temperature. This is an inter
ing change, but perhaps not enough to convince skeptics
thent has a mass. The situation is improved relative to35Cl
because the enhanced charged current cross sections fo
high Z target yield a favorable ratio of charged to neut
current cross sections. Thus the change in the charged
rent rate due to oscillations, a huge factor of;36, is discern-
ible despite neutral current contributions from all other fl
vors.

But we now see that the situation can be made mu
much better. The neutral current signal can be all but tur
off by counting only multiple neutron events, while th
charged current contribution after oscillations is only mo
estly reduced. That is, the definitive signal ofne↔nt oscil-
lations in a208Pb detector is a dramatic enhancement in m
tiple neutron events. A repetition of the calculation above
multiple neutron events yields a ratio of multineutron eve
with oscillations to those without of;40. In the next section
we turn to a more quantitative exploration of this and oth
strategies for detecting oscillations.
5-9
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TABLE II. Neutron spallation probabilities for allowed, forbidden, and all neutrino induced transition
Be, Na, Cl, and Pb. The calculations are Hauser-Feshbach type, except in the case of Pb, as discuss
text. The Pb results are given separately for single and multiple neutron spallation.

^E& 30 25 20 25 19.2 16 12.8 13.2 11 8.8
h 0 0 0 3 3 3 3 3 3 3

208Pb (n,n) 1n
allowed 0.443 0.441 0.438 0.440 0.435 0.430 0.422 0.423 0.415 0.
forbidden 0.969 0.970 0.972 0.972 0.975 0.978 0.982 0.981 0.985 0.
total 0.910 0.910 0.904 0.910 0.932 0.869 0.821 0.828 0.782 0.6
208Pb (n̄,n̄) 1n

allowed 0.443 0.441 0.438 0.440 0.435 0.430 0.422 0.423 0.415 0.
forbidden 0.969 0.970 0.972 0.972 0.975 0.978 0.982 0.981 0.985 0.
total 0.898 0.898 0.893 0.901 0.878 0.856 0.806 0.815 0.752 0.6
208Pb (ne ,e2) 1n
allowed 0.904 0.908 0.914 0.912 0.922 0.931 0.942 0.940 0.950 0.
forbidden 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
total 0.321 0.318 0.343 0.332 0.403 0.476 0.584 0.568 0.667 0.7
208Pb (n,n) 2n
allowed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
forbidden 0.031 0.030 0.028 0.028 0.025 0.022 0.018 0.019 0.015 0.
total 0.028 0.026 0.024 0.025 0.022 0.018 0.013 0.014 0.009 0.0
208Pb (n̄,n̄) 2n

allowed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
forbidden 0.031 0.030 0.028 0.028 0.025 0.022 0.018 0.019 0.015 0.
total 0.027 0.026 0.024 0.024 0.021 0.017 0.012 0.013 0.009 0.0
208Pb (ne ,e2) 2n
allowed 0.096 0.092 0.086 0.088 0.078 0.069 0.058 0.060 0.050 0.
forbidden 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
total 0.678 0.682 0.657 0.668 0.597 0.524 0.415 0.432 0.333 0.2
35Cl (n,n)
allowed 0.0032 0.0029 0.0025 0.0026 0.0021 0.0017 0.0012 0.0012 0.0009 0
forbidden 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0
total 0.0468 0.0394 0.0292 0.0313 0.0188 0.0118 0.0058 0.0064 0.0033 0.
35Cl ( n̄,n̄)
allowed 0.0032 0.0029 0.0025 0.0026 0.0021 0.0017 0.0012 0.0012 0.0008 0
forbidden 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0
total 0.0446 0.0373 0.0276 0.0298 0.0179 0.0112 0.0056 0.0062 0.0031 0
35Cl (ne ,e2)
allowed 0.0013 0.0011 0.0009 0.0010 0.0007 0.0005 0.0003 0.0003 0.0002 0
forbidden 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0
total 0.0090 0.0079 0.0063 0.0066 0.0044 0.0030 0.0015 0.0017 0.0008 0.
35Cl ( n̄e ,e1)
allowed 0.4468 0.4346 0.4150 0.4278 0.3988 0.3723 0.3311 0.3374 0.2968 0
forbidden 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0
total 0.7666 0.7266 0.6571 0.6810 0.5720 0.4867 0.3867 0.3998 0.3262 0
23Na (n,n)
allowed 0.0478 0.0419 0.0344 0.0375 0.0277 0.0208 0.0131 0.0141 0.0087 0
forbidden 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0
total 0.1698 0.1436 0.1078 0.1166 0.0729 0.0476 0.0247 0.0273 0.0144 0.
23Na (n̄,n̄)
allowed 0.0487 0.0429 0.0352 0.0386 0.0284 0.0213 0.0133 0.0143 0.0088 0
forbidden 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0
total 0.1642 0.1388 0.1044 0.1138 0.0716 0.0470 0.0246 0.0271 0.0144 0
085005-10
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TABLE II. ~Continued!.

^E& 30 25 20 25 19.2 16 12.8 13.2 11 8.8
h 0 0 0 3 3 3 3 3 3 3

23Na (ne ,e2)
allowed 0.0041 0.0032 0.0022 0.0025 0.0014 0.0009 0.0004 0.0004 0.0002 0
forbidden 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0
total 0.0463 0.0380 0.0271 0.0294 0.0166 0.0098 0.0043 0.0048 0.0021 0
23Na (n̄e ,e1)
allowed 0.3561 0.3449 0.3265 0.3362 0.3075 0.2820 0.2437 0.2495 0.2136 0
forbidden 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0
total 0.5222 0.5043 0.4716 0.4819 0.4255 0.3741 0.3019 0.3123 0.2514 0
9Be (n,n)
allowed 0.7360 0.7444 0.7545 0.7500 0.7626 0.7716 0.7826 0.7811 0.7896 0
forbidden 0.5208 0.5191 0.5150 0.5155 0.5071 0.4997 0.4904 0.4916 0.4849 0
total 0.6465 0.6735 0.7063 0.6973 0.7330 0.7531 0.7728 0.7704 0.7835 0
9Be (n̄,n̄)
allowed 0.7350 0.7431 0.7533 0.7482 0.7612 0.7704 0.7816 0.7801 0.7889 0
forbidden 0.5267 0.5245 0.5198 0.5204 0.5117 0.5042 0.4949 0.4961 0.4896 0
total 0.6548 0.6794 0.7093 0.6999 0.7335 0.7530 0.7724 0.7700 0.7831 0
9Be (ne ,e2)
allowed 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0
forbidden 0.0068 0.0055 0.0040 0.0040 0.0023 0.0014 0.0007 0.0007 0.0003 0
total 0.0021 0.0012 0.0005 0.0006 0.0002 0.0001 0.0000 0.0000 0.0000 0
9Be (n̄e ,e1)
allowed 0.6599 0.6279 0.5832 0.5932 0.5263 0.4714 0.3943 0.4056 0.3368 0
forbidden 0.9435 0.9560 0.9698 0.9700 0.9831 0.9895 0.9947 0.9942 0.9969 0
total 0.8958 0.8873 0.8618 0.8673 0.8050 0.7367 0.6242 0.6415 0.5323 0
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III. STRATEGIES FOR DETECTING FLAVOR
OSCILLATIONS: RESULTS AND CONCLUSIONS

In this section we will discuss event rates and poss
strategies for LAND, OMNIS, and similar neutron spallatio
supernova neutrino observatories. The calculations prese
in the previous section were performed for specific isoto
of the materials that have been proposed for these targ
For example,208Pb comprises slightly more than half o
natural lead, while35Cl and 23Na comprise 75% and 100%
of natural chlorine and sodium, respectively.~One of the
proposed target materials in OMNIS is salt.! Therefore a
simplification we make is to treat these target materials
being composed of the principal isotopes. Given that we
concerned with neutrino spectrum uncertainties that
change rates by factors of;3, more detailed modeling is
difficult to justify. In the case of Pb, the responses are g
erned by sum rules proportional to N-Z or NZ/A, quantiti
that vary little from A5208 to A5206, for example. For
chlorine one anticipates that our charged current allow
cross sections will be a bit low, given that the ignored is
tope 37Cl has N-Z53 and is more neutron rich than35Cl.

Interest has been expressed in9Be because its neutro
emission thresholds are so low@47#. In some sense it can b
viewed as a neutron target. Its inclusion is also interesting
a theory benchmark, since full shell model calculations s
isfying both the allowed and first-forbidden sum rules cou
be performed. There is general consistency among the fi
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forbidden responses in Table I for9Be,23Na, and35Cl, even
though the last two were evaluated in the somewhat sc
matic Goldhaber-Teller model.

Because of urgent issues such as a cosmologically in
esting muon and/or tauon neutrino mass, proposed super
neutrino observatories have as their goal the observatio
at least the entire galaxy. Thus a typical horizon for su
detectors is on the order of the galactic radius,;10 kpc.
We begin by expressing the neutrino fluence at earth norm
to such a galactic distance. The total number fluence o
given neutrino species~e.g.,ne ,n̄e ,nm , etc.! is

Fn'2.6731012 cm22S Eexplosion

331053 ergs
D S MeV

^En&
D 1

r 10 kpc
2

~19!

assuming a total energy in neutrinos of 331053 ergs, and an
equipartition of energy among the six neutrino species
result consistent with most transport calculations~see, e.g.,
Ref. @27#!. The exact distribution of energy among the ne
trino species will be an additional source of error, but co
siderably smaller than that associated with the uncer
spectral distribution. The distance to the supernova,r 10 kpc,
is given here in units of 10 kiloparsecs. As a consequenc
the equipartition of energy, a neutrino species character
by a lower average energy will have a higher fluence th
one with higher average energy. All of our detector eve
5-11
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TABLE III. The total number of neutron events for one kilotonne (106 kg) Pb, Na, Cl, and Be targets

given a neutrino fluence corresponding to 531052 ergs per neutrino or antineutrino type type (ne ,n̄e , etc.!,
a supernova distance of 10 kpc, and average neutrino energies^Enm

&5^En̄m
&5^Ent

&5^En̄t
&

525 MeV,̂ En̄e
&516 MeV,̂ Ene

&511 MeV, in the absence of flavor transformation. Results are sh
separately in the case of Pb, for single and multiple neutron events.~In contrast in Fig. 1, total events, no
single neutron events are plotted.! In all tables and figures an ‘‘event’’ is defined as a neutrino scatte
interaction which produces one or more neutrons.

nm1 n̄m1nt1 n̄t
ne n̄e

Total

208Pb
1 n 440 38 24 500
2 n 13 17 0.5 30
1n, ne↔nm or ne↔nt 330 680 24 1000
2n, ne↔nm or ne↔nt 10 1200 0.5 1200
35Cl
all n 6.4 0.023 4.2 11
all n, ne↔nm or ne↔nt 4.6 3.0 4.2 12
23Na
all n 32 0.18 4.0 36
all n, ne↔nm or ne↔nt 23 17 4.0 44
9Be
all n 230 15 26 270
all n, ne↔nm or ne↔nt 180 65 26 270
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totals will be calculated with this standard fluence; results
other distances and total explosion energies can be obta
by appropriately scaling to Eq.~19!.

In Table III we present the resulting neutron~and multiple
neutron Pb! supernova events, summed over flavor, for o
tonne Pb, NaCl, and Be targets, given our assumed nor
ized neutrino fluence of Eq.~19! for a standard distance of 1
kpc. In the case of neutral current interactions, total inela
cross sections of these targets~that is, summed over all sub
sequent decay channels! are not very different when quote
per target mass~or per nucleon!: values are within a factor o
two of 1.2310242 cm2 per nucleon for En;25 MeV.

This is consistent with naive expectations. The forbidd
contributions are significant and scale, according to
Thomas-Reiche-Kuhn sum rule, approximately as A. Targ
are distinguished, however, by the ease with which they e
neutrons. In the case of35Cl and 23Na, the greater phas
space for proton emission tends to dominate over Coulo
effects, leading to neutral current neutron spallation pr
abilities of only;10%. But 208Pb and9Be are more favor-
able cases, the former because of inhibiting Coulomb ba
ers and the latter because of an exceptionally low thresh
for neutron emission. Thus neutron emission is the domin
decay channel for Pb and Be, producing about an orde
magnitude more signal than in a salt detector of equal m

While the neutron yield is important in efforts to constra
neutrino masses kinematically, flavor specificity may
more crucial inne2nt oscillation tests. That is, does a
anomalously hotne spectrum produce a distinctive signal
a detector? A salt detector, unfortunately, remains probl
atic. Such an oscillation raises the charged current cross
tion from an insignificant level to a value comparable to t
neutral current cross section summed over flavors. But
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(ne ,e2) reaction moves one to the proton-rich side of t
parent nucleus, yielding neutron spallation probabilities o
most a few percent. The net result is that the oscillatio
induced change in total neutron events is quite modest,
would be obscured by existing uncertainties in heavy fla
spectra. To illustrate this point, in Fig. 1 we plot neutro
events with and without oscillations. In each case there
band of values corresponding to the range of spectr
choices used in Tables I and II, reflecting existing uncerta
ties in our knowledge of the neutrino spectra. As the ban
with and without oscillations, overlap substantially, it is cle
that neutrino spectral uncertainties will obscure plausi
oscillation-induced enhancements of the charged cur
events.

The 9Be case is somewhat different. The neutron yie
following (ne ,e2) are exceptionally small, regardless of o

cillations. The reaction (n̄e ,e1) has a small cross section bu
a high neutron yield per reaction; but even in the event
antineutrino oscillations, the effect on the total yield~neutral
and charged, summed over flavor! is about 10%. Thus9Be is
a relatively clean neutral current detector.

This property of a9Be target suggests the possibility o
reducing spectral uncertainties by comparing ratios of ra
for different nuclear targets. Given that9Be measures the
neutral current response and has perhaps the most easily
culable cross section, it can be considered a monitor of
heavy flavor temperature: the neutral current rate is not
tered by oscillations. Thus, by comparing the event rate i
target with a strong charged current response to that of9Be,
one might hope to remove much of the uncertainty ass
ated with unknown aspects of thent andnm spectra. Studies
of ratios of events might also prove helpful if the distance
5-12
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the supernova were not known. Superficially this soun
quite attractive as the heavy flavor spectrum also determ
the enhanced charged current response following osc
tions.

To address this issue more quantitatively, we calcula
the ratio of the NaCl events to Be events with and witho
oscillations. All neutron-producing channels are includ
and the heavy flavor,ne , andn̄e spectra are allowed to var
over the ranges in Tables I and II. The resulting ranges
the ratios, which are narrower than those of Fig. 1, are sho
in Fig. 2. While this strategy clearly has helped in reduc
sensitivity to variation in the spectra, there remain additio
uncertainties that affect the ratio, particularly cross sect
uncertainties. The extended cross section error bars show
Fig. 2 result from combining a650% uncertainty in the
cross section for each target material~Be and NaCl!. We

FIG. 1. The ranges of expected neutron events given the s
dard neutrino fluences discussed in the text, corresponding
supernova at a distance of 10 kpc from earth. The results are t
from the cross sections and spallation probabilities of Tables I
II, summed over both neutral and charged current reactions.
ranges are given, without~left! and with ~right! nt to ne flavor
transformation~labeled by ft!. The detector materials are Be, NaC
and Pb, with cross sections equated to those of the principal
topes in each case. A clear signal of oscillations would corresp
to a pair of ranges with no overlap. Each range is determined f
assumed neutrino spectrum and nuclear physics uncertainties
neutrino spectra are allowed to range over the (^E&,h) values in the
tables, corresponding to620% uncertainties in the canonical hea

flavor neutrino,n̄e , andne average energies of 25, 16, and 11 Me
respectively. The spectral uncertainties produce the inner error
shown on each range. These errors have been further extend
650% to indicate possible nuclear physics uncertainties in our
timated cross sections. Two sets of results are given for208Pb cor-
responding to all neutron-producing events and to all multiple~de-
noted by m! neutron events. Almost all multiple neutron events w
be two neutron events and in our calculations we do not disting
between two and three neutron events. Note the wide separati
the Pb multiple neutron case between the bands with and wit
oscillations.
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regard such an uncertainty as an optimistic guess for w
might be achievable, given additional work. It appears to
that a definitive claim of oscillations would be difficult t
make in a salt detector, even given a normalizing target s
as 9Be.

The conclusion from this exercise is that a comparison
two rates to extract an oscillation signal will be helpful on
if ~1! the cross section for the normalizing target (9Be above!
is known very accurately or~2! the change in the rates is s
dramatic that cross section uncertainties are no longer
issue. Below we will discuss the one- and two-neutron sp
lation yields from Pb as an example of~2!. Although our
efforts to use9Be as an independent spectral ‘‘thermomete
were not particularly successful, that exercise does de
what we need for strategy~1!: a target similar to9Be in its
almost exclusive sensitivity to neutral currents currents~re-
sponse independent of flavor oscillations!, but having a bet-
ter understood cross section. As long as SNO operates
neutral current signal from deuteron breakup can play
‘‘thermometer’’ role. With SNO, the errors in Fig. 2 could b
reduced by almost a factor of two. This illustrates the imp
tance of evaluating the capabilities of LAND and OMNIS
the context of other neutrino burst detectors that may
operating in parallel.

The situation is much improved for a Pb detector. T
first effect apparent from Table I is the exceptionally stro
(ne ,e2) cross section, a result primarily of the Coulom
enhancement of the cross section. As a result, transmuta
of nt’s to ne’s would increase the number of neutron even
by a factor of four, as mentioned previously. Thus the co
parisons in Figs. 1 and 2 are much more favorable. E
more exciting, of course, in the flavor specificity provided
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FIG. 2. As in Fig. 1, except that ranges for the ratio of Na
events to Be events and Pb events to Be events are shown.
normalized Pb results are shown for all neutron events and
multiple neutron events only~labeled by m!. The inner error bars
correspond to the spectral uncertainties, which are reduced bec
a ratio has been taken. The outer error bars show the effects of c
section uncertainties, which were taken as650% for both the nu-
merators~Pb,NaCl! and denominator~Be! in taking the ratio of
events.
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multiple neutron events. The results for multiple neutr
events are shown separately in Figs. 1 and 2. The enha
ment resulting from a complete conversion ofnt’s to ne’s is
so large, a factor of 40, that it could not be attributed
spectral uncertainties.

We conclude that the ability to identify multiple neutro
events with high efficiency in a Pb detector could be of gr
importance. Perhaps the most important nuclear structure
sumption in the Pb calculations is the placement of the s
flip dipole strength for neutral current excitation at the po
tion of the measured E1 resonance: this leads to the w
neutral current production of multiple neutrons. Presuma
the location of the dipole spin-flip strength could checked
spin transfer (p,p8) measurements. If this strength were l
cated substantially above the E1 giant resonance, our con
sions would have to be reexamined.

This strategy for detecting neutrino oscillations clea
raises some experimental issues we are poorly equippe
address. To separate two-neutron from one-neutron even
is essential that the neutron detection efficiency be kno
~and extremely helpful if it can be high!. Furthermore, po-
tential pitfalls include deadtime issues and pileup proble
that could complicate estimates of the 2n detection e
ciency. Our intent here is to motivate the experimenters
address these issues, given that so much information res
in the comparative one neutron and two neutron rates.

It is important to bear in mind that neutrino bursts ca
information on neutrino properties that may not be read
available from solar, atmospheric, or terrestrial experime
For example, MSW crossings involving cosmologically i
teresting supernova tauon neutrinos are adiabatic for an
tremely broad range of mixing angles. Thus the effects
small vacuum oscillation angles might be detectable in
pernova burst experiments, but nowhere else. This
means that our idealized assumption of complete fla
transformation, used throughout the calculations, is not
tirely inappropriate: the density gradient in a supernova
sufficiently small in the resonance region that compl
transformation often occurs. Ignoring neutrino backgrou
effects ~that is, ignoring neutrino-neutrino neutral curre
forward exchange scattering contributions to the neutrino
fective mass@48,49#!, this condition on the vacuum mixing
angle for adiabatic evolution may be expressed as@6#

sin2 2u*
4pEn

dm2H
'631022S En

25 MeVD S 1 eV2

dm2 D S 1 km

H D ,

~20!

whereH'u(1/r)(dr/dr)u21 is the density scale height at th
resonance position. Herer is the matter density of materia
at the resonance position. Again, this expression forH ig-
nores neutrino background effects. The magnitude of
neutrino-neutrino forward scattering effects is discussed
Refs. @48,49#. For a neutrino energyEn and mixing param-
etersdm2 and sin2 2u the resonance density is

~rYe!res'2.63105 g cm23S dm2

1 eV2D S 25 MeV

En
D cos 2u,

~21!
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whereYe is the electron fraction. The relevant densities
the supernova range fromr'1010–11 g cm23 at the surface
of the neutron star tor'10 g cm23 in the hydrogen enve-
lope. Therefore, for small mixing angle, adiabatic flav
transformation can occur for a range ofdm2 of 104 eV2 to
1025 eV2. The most stringent condition on the mixing ang
comes from the outer edges of the supernova. Taking de
ties from Woosleyet al. @44#, at this location we find an
approximate condition on the mixing angle of sin2 2u
*1022, from Eq. ~20!. For higher densities, the adiabat
condition gives a less stringent limit.

This range of masses and mixings that would be obse
able in a supernova includes the popular small-angle M
solution to the solar neutrino problem. This solution has
mass squared difference,dm2;1025 eV2, see for example
@50#, and can occur either through transformation betwe
ne↔nt ,ne↔nm or betweenne↔ns . In the first case, a simi-
lar crossing would occur in the supernova at a similar d
sity, r'100210 g cm23. On the other hand, if this transfor
mation occurs byne↔nm , then the seesaw mechanis
would predict ant mass of 2–100 eV@6#. This would neces-
sitate a ne↔nt level crossing at high densityr;2.6
3105(dm2/1 eV2)(25 MeV/En) g cm23, or around r
'107 g cm23. There is then an additionalne↔nm crossing
at lower density, given a standard mass hierarchy. Altho
this latter scenario presents a more complicated picture of
neutrino transformations occurring in the supernova, the
fect in terms of neutron count rates seen in the detecto
exactly the same. Therefore, either of these proposed M
solutions to the solar neutrino problem would imply the pre
ence of matter enhanced neutrino oscillations in the p
core-bounce supernova. Finding a signature of matter
hanced neutrino oscillations in a supernova neutrino dete
would provide a completely independent check of this so
solution. And if the solar neutrino problem proved to ha
some other origin, the wider range of mass differences
mixing angles accessible to supernova neutrino experim
keeps possibilities open for new physics to emerge there

Finally, we should stress that our primary focus in th
paper has been on a specific issue, that of finding a signa
flavor oscillations, including those of thent . The selection
of one target material over another would have to take i
account many other issues, e.g., their comparative utility
testing the spreading of neutrino arrival times due to kin
matic effects of neutrino masses. Target materials will v
in cost, in ease of neutron detection, and in ambient ba
grounds. Our efforts have been directed toward improv
event rate estimates and questions of flavor specificity, in
hope that this information will help experimentalists ma
optimal choices.
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