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Prospects for detecting supernova neutrino flavor oscillations
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The neutrinos from a type Il 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 hat, spectrum, and thus to enhanced charged current cross sections in terrestrial detectors.
Two recently proposed supernova nheutrino 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,
%Be,*Na,*Cl, and?%®Pb. 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
208, a signal emerges that is largely flavor specific and extraordinarily sensitive tQ tamperature, 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?8Ptheneutrino 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 conclugi®8556-282(99)04906-1

PACS numbdis): 14.60.Pq, 25.30.Pt, 26.50x

I. INTRODUCTION strategies, taking into account the considerable uncertainties

that exist in our understanding of supernova,v, and
In this paper we investigate some of the difficulties inheavy-flavor neutrino spectra.

detecting the effects of neutrino flavor oscillations on the An observation of neutrino flavor transformation, or the
neutrino spectra from type Il supernovae. In particular, wegemonstration that this phenomena does not occur over some
als in proposed, long-duration neutrino experiments such agportant consequences for both particle physics and astro-
the Observatory for Multiflavor Neutrln_os from S_uPemovaephysics(for a review see Ref4]). Neutrino flavor oscilla-
(OMNIS [1,2])) and the Lead Astronomical Neutrino Detec- i< arise in extended models in which neutrinos are mas-
tor (LAND [3]). These detectors would record neutrons Spal'sive or have magnetic moments, and in which the flavor and

led from nuclei following inelastic neutrino excitations. - o eigenstates are not coincident. The strength of the fla-

While neutrons can be produced in either neutral or charge L . :
. , : .Vor mixing can be greatly enhanced in matter, with two fa-
current interactions, the relative strength of these two contri- . . ) .
iliar examples being spin-flavor precessif#] and the

butions is sensitive to target thresholds and charge, and th ikheyev-Smimov-Wolfenstein (MSW) [6] mechanism,

can be adjusted through the choice of target material. ) : X
In this way sensitivity to neutrino flavor can be achieved,With the latter being the most popular proposed solution of

For example, one expects a target with low Z and a high€ solar neutrino problem. _ o
charged-current threshold to be characterized by a low The deficit of solar neutrinos relatlve_to the predictions of
(ve,€7) cross section, and thus to produce neutrons primathe standard solar model can be explainedvby> v, or ve
rily through neutral current interactions, particularly if the — v flavor oscillations(or by an oscillation to a sterile state
target is also characterized by a low neutron separatiome— vs). The favored MSW solution for the Sun suggests
threshold. Alternatively, a target with a high Z, so that Cou-that the mass-squared difference betwegrand the second
lomb effects enhance the phase space for emitted electrorseutrino involved in the oscillation i8m?~10"° eV [7]. If
and low (v.,e") threshold should have a much stronger re-this second neutrino is the,, then the seesaw mechanism
sponse to charge current interactions. The main purpose ¢8] predicts a mass hierarchy where thg mass~ few
this study is to explore what can be achieved with such targex 10 2 eV and thev, mass is in or near the cosmologically
interesting range, 1 to 100 e]@]. This is an attractive sce-
nario as it allows the to be a source of hot dark matter.
*Electronic address: gfuller@ucsd.edu If neutrino oscillations are responsible for the solar neu-
"Electronic address: haxton@phys.washington.edu trino problem, similar effects should arise for supernova neu-
fCurrent address: TRIUMF, 4004 Wesbrook Mall, Vancouver, trinos. Very general arguments lead to a hierarchy of average
B.C. Canada V6T2A3. Electronic address: gail@lin04.triumf.ca energies for supernova neutrin0$EvT)~(E;T)~<EVM>
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~<Eﬂ>><E7Q><EVQ' This pattern is established near the upper limit[12]. The KARMEN [15] experiment, which is

neutrinosphere(roughly the surface of the neutron Star Similar to LSND in its sensitivity tosm? and mixing angle,

where the neutrinos decouple from the matter at a density djaS not yet accumulated enough data to convincingly con-
~10" gem 3. firm or rule out the LSND result. But perhaps the strongest

indication of oscillations comes from the deficit of muons in

Neutrino oscillations can alter this pattern in a distinctive he int " f d goi ¢ heri i
way, producing a characteristic signature in terrestrial supell- € nteractions of upward going atmospheric neutrinos, as

nova detectors, given an MSW neutrino mass level crossinrecently reported by the SuperKamiokande Collaboration

outside the neutrinosphere. As the density at the neutrin €. The solar neutrino problem, atmospheric neutrino
. " anomaly, and LSND results all su t new physics, though
sphere is 10 orders of magnitude greater than that of the sol y, and LS es gges. New pnys oug

h . ¢ ded et Al of these anomalies together are difficult to reconcile with
core, SUch crossings occur for an extende rangé a simple pattern of neutrino masses and mixing angles aris-
=my—mg, wherem, andm,_ are the masses of the heavy g in theories with only three active neutrinfi7].
and I|ght5neut2r|no elzgenstateszbemg mixed. The resulting val- Important new constraints on neutrino properties can be
ues, 10° eV’<sm’<10* eV?, encompasses not only the eyiracted from observations of supernova neutrinos. One
MSW solutions discussed in connection with the solar neutechnique for measuring neutrino mass, effective whether or
trino problem, but also mixing that might be associated withnot neutrinos mix, exploits the time delay and/or spreading
cosmologically interesting tauon neutrino masses. in the neutrino signalsee for example Ref2]). The arrival

Neutrino flavor transformation can also have importantjme difference forv, and v, neutrinos with masses, and
T Ve

consequences for supernova dynamics and nucleosynthesis. . .
m,, , respectively, is

After collapse and core bounce, the energy spectra of neutri- "~

nos emitted from the neutrino sphere of the cooling proto-

neutron star are approximately Fermi-Dirac, with small 8t~0.51Ry0 ol (M, /E, )2—(m, /E, )?] 1)

chemical potentials. Although a crude equipartition of en- e Y el e

ergy between neutrino species is imposed by the weak equi-

librium that obtains in the core, the subsequent decoupling ovhereE, and EVe are the energies of the tauon and electron

the neutrinos from the matter at the neutrinosphere is ﬂa"‘,’ﬁeutrinosT,Rlo «eis the distance to the supernova in 10 kilo-

dependent and leads to the hierarchy of average energigs secqcomparable to the galactic radjygnd ot is mea-
noted above. The,,v,,v., andv, species decouple deep- sured in second§Alternatively, one can rewrite Eql) for a

est in the core because they lack charged current reactiorgngle flavor, but with arrival times dependent on the neu-
with nucleons and have smiller cross sections for scatteringino energy] The result is a characteristic spreading of the
off electrons than the, and v, species. The'.'s have the neutrino pulse, with arrival times correlated with the neutrino
lowest average energy because they are the last to decouptergy and/or flavor. Neutrino masses, or limits on masses,
matter near the neutrinosphere is partially deleptonized andan be deduced by comparing an observed neutrino signal
thus rich in neutrons, enhancing,+n—p+e~. For ex- with the spectra and time-dependent luminosities arising in

ample, in one study the,,v,,v,, and v, have average Plausible supernova models. .
energies(E, )~25 MeV, while the electron neutrinos and ~ Measurements made by Kamiokande and IMB at the time
antineutrinog have energieéE; )~16 MeV and (E, ) of SN 1987A were argued to provide a limit on thg mass.

e © These analyses were limited by the small number of detected

\;vlall ol\;lter:g [sﬁ?]'ean%%t;gzch%\?g :/(va;ipc):cr)]n:tltajllles }cgrr;git rr?l;_neutrino events and by uncertainties in modeling the super-
X \ P! ; ' nova mechanism and associated neutrino emigdi8h As a
merical simulations at a radius of around 200—-400 km abov

Fesult, th limits span a considerable range. Clearl
the surface of the protoneutron star shortly after core bounce. oot 1€ deduced S span a considerable range. Clearly

S - . ._8uch astrophysical uncertainties will also affect future time-
tpy~0.1 s. Neutrino interactions in the nucleon gas left in phy

the wake of the shock wav nd 't considerable ener of-flight neutrino mass limits derived from new detectors
€ wake of the shock wave can deposit considerable eneray, o ‘oyiNis and LAND. Yet these detectors should have
providing the push needed for a successful explosion. Oscil:

) ) o WO important advan . First, th romi large num-
lations can enhance this effect: Ifig< v, oscillation took b 0 important advantages. First, they promise a large nu

r of neutrino events for a galactic supernova, possibly giv-
place betwgen the edge of th_e neutron star ar_1d th(_a stallqu us a detailed time history of neutrino emission associated
shock at this epoch, the resulting more energefi¢lux in-

. i with the supernova. For example, it was recently argued that
creases the rate of neutrino heat[dd]. Neutrino flavor os- P b yarg

L ) large event rates would allow experimentalists to map out the
g|llat|ons can also alter supernova nucleosynthesis at Iateéxpected initial sharp rise in neutrino emission following
tlmestpb23 s[10]. . . core bounce, a feature in the neutrino cooling curve that
Terrestrial experiments exploiting accelerator or reactol, ) 14 pe exploited to significantly tighten mass linit9)]
neutrino sources, such as LAMPF’s Liquid Scintillator Neu- ; : : j

) ' . Second, complimentary information from other new detec-
trino Detector(LSND [12]) and the CERN experiments NO- P Y

. . tors, such as SuperKamiokand0], will reduce the degree
MAD [13] a_nd .CHORUS[14]’ are placmg constralnt_s ON o which analyses must depend on poorly understood aspects
vacuum oscillations. To date, no evidence fgr— v, mix-

. of supernova models. The spectrum and flavor of supernova
ing has been found at NOMAD or CHORUS. LSND has neutrinos will be more accurately characterized given a

attributed an excess of events above backgroundfo complement of detectors with different thresholds and flavor
—vg, although these events have also been interpreted as aensitivities. Flavor specificity in time-of-flight measure-
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ments is quite important because competing laboratory limitshift in the distribution of forward-peaked events towards
on thev, andv, masses, 24 MeV and 170 keV, respectively, higher energy from neutrino-electron scattering. This is be-
are so poor. cause thevc-electron cross section is approximately six
If neutrinos mix, supernovae could provide an importanttimes the cross section for heavy flavor neutrinos. In turn,
consistency check on models of neutrino masses and aldbis effect may provide a signal for flavor oscillatiof2s!].
possibly on time of flight derived neutrino masses. Flavor Another interesting possibility, suggested quite recently
oscillations, enhanced by matter effects, can lead to transfof25], is the detection of the 5-10 Meyrays produced in
mation betweenvg’s and either thes, or v, leading to an cascades following the neutral current breakuplt®. A
anomalously energetie, spectrum. This departure from the SuP€rmnova at a distance of 10 kpc would produce a few hun-
usual hierarchy of average neutrino energies is a powerfufréd such events from,, and v interactions in SuperKa-
test for new physics because it will occur for an extended‘?")ka”de- A tauon mass could then be extracted from analy-
range ofém? and mixing angles. In fact, the neutrino massSiS Of the time evolution of the signf26].
level crossings become increasingly adiabatic for larger ©One of the arguments for detectors such as OMNIS and
sm2, with adiabatic flavor transformation occurring for mix- LAND s that they could remain in operation over a long
ing angles sifg=10"5. Thus the observation of an excess p_enod of time, making the probablllty of observing a galac-
of supernovav, events provides an opportunity to probe neu-tic supernova reaso_nably high. These detectors would recc_)rd
trino phenomena that may be inaccessible otherwise. neutrons produced in the neutral current breakup of nuclei,

Several detectors, both in operation and proposed, could
detect neutrinos from a galactic superno(apartial review
can be found if21].) Two of particular note are the light \herei represents all neutrino and antineutrino species. Here
water Cerenkov detector SuperKamiokande, which has a t1qz N) denotes a nucleus with Z protons and N neutrons. A
tal volume of 50 kilotons and has been in operation for apsimilar signal can arise for the analogous charged current
proximately two years; and the Sudbury Neutrino Observaygactions
tory [22], a heavy water Cerenkov detector whose inner
vessel will contain one kiloton of fD. SNO is currently in vet+(Z,N)—(Z+1,N-2)+e +n 3
its commissioning phase and should be fully operational by
the end of 1998. In SNO charged and neutral current reacand
tions will produce distinct signals. The neutral current neu- .
trino reaction Dg,,v,)np produces free neutrons. These vet+(Z,N)—(Z—1,N)+e* +n. 4
will be detected either by theirn(y) reactions on3Cl, ) ) _
which will be introduced by dissolving salt in the water, or By itself, the observation of a neutron in OMNIS or
by their interactions in specially designed counters utilizing-AND provides no information on the type of initiating neu-
the 3He(n,p) reaction. The charged current reaction fino reaction. The goals of this paper ]r_lclude calculating the
D(v.,e”)pp produces energetic electrons that will be ob-Cross sections and spallation probabilities for these detgctors
served through Cerenkov lightThe absence of coincident More carefully than has be_en attempted before;_explorlng to
o . . — .+ what extent the use of multiple nuclear targets might enhance
neutrons distinguishes this reaction from:iR(e")nn.] A S ;
) o flavor sensitivity; and exploring what can be learned by com-
supernova neutrino burst altered by~ v, /v, oscillations

will produce an enhanced{,e~) signal, while leaving the paring the rates for one and two neutron spallation. Idgally
rest unchanged ' ' one would hope to find targets with very different relative

) . , . .. sensitivities tov, and neutral current reactions. The success
SuperKamiokande is of particular interest because of it$

size and its likely longevity: the Collaboration hopes to op_of such a strategy clearly depends on our ability to accurately

erate the detector for three decades, a period approaching tﬁglculate(qr measurg thg heutrino responses of the targets,
and to estimate uncertainties in supernova flux predictions.

timescale for a galactic supernova. However the enormous | ; o .

- ) n Sec. Il we discuss neutrino-induced neutron spallation
event rate for ¢e,e™) off free protons tends to obscure, in i, poth high Z and low Z target materials, describing the
the case of flavor oscillations, the, sig_nal of inFerest. Per- underlying nuclear structure physics governing the re-
haps the best opportunity for measuring thés is through  sponses. We also provide estimates of cross sections for four
the reaction*®O(ve,e"), which produces a back-angle en- possible target materialSBe Na,3°Cl and 2%%Pb. In Sec.
hancement in the electron distribution that will distort the )| we discuss strategies for determining whether the neutrino
known (and nearly isotropicdistribution from @.,e*) [23].  flux has been altered by oscillations. Although our study is

In contrast, the flavor oscillation effects on the forward-by no means exhaustive, it appears that the tactic of looking
peaked events from-electron scattering are very subtle and for changes in total spallation cross sections is rather chal-
difficult to extract. This cross section is approximately linearlenging. It is very difficult, even using multiple targets, to
in the neutrino energy and so there is no net change in thachieve the necessary degree of sensitivity tathempera-
event rate due to flavor oscillations. The event rate is theture. The primary difficultly is our uncertain knowledge of
proportional to the luminosity, which we noted earlier wasthe spectrum of supernova neutrinos in the absence of oscil-
approximately independent of flavor. Note that this contrast$ations. The one exception we found to this general rule is
with semileptonic interactions, where cross sections scale aie two neutron spallation channel #1%b, which appears
E? or faster, depending on nuclear thresholds. Yet there is to provide an exquisitely sensitive, thermometer. The un-

Vi+(Z,N)—>(Z,N_1)+Vi+n, (2)
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derlying physics involves the first-forbidden contributions to2 and argument.¢;, required to normalize the above distri-
the charged and neutral current channels which have ndiution to unity. The Fermi integrals of ordkiare defined by
been considered previously. We suggest some experimental

work that would help in characterizing tH&€%b response to F _(~ xkdx 7
neutrinos. k(m)= o EXX— 7)1’ (7)
II. NEUTRINO-NUCLEUS INTERACTIONS The flux d®, of neutrinos with energies betweds, and

_ ) _ _ ~ E,+dE, a large distance from a supernova can then be
In this section we discuss supernova neutrino reactiongitten

with nuclear targets which lead to the spallation of one or

more neutrons. There are three main physics issues. The first ,

is estimating the target response: what is the distribution of do (E,)=—-—% =<f(E,)dE,, €)]
; : . 471 (E,)

final nuclear states that will result when target nuclei interact

with an incident spectrum of neutrinos? For the rEIat'VEIy_WhereLV is the luminosity of the neutrino species of interest.

low neutrino energies of interest, the nuclear response iR _ ;
; ) ; » ote that(E,) =T ,F3(7ef1)/F2(7ef5) and is~3.15T, when
dominated by allowed and first-forbidden transitions. Fortu-ne”:0 and~3.99T, when 7= 3.

nately we have a number of experimental tests of these re- Predictions of neutrino energy spectra and luminosities

Sponses, anq there exist approx'|mate sum ruleg that are b%gry between different supernova neutrino transport codes,
important guides to and constraints on calculations. thus producing different values of.(; andT, when approxi-

The second issue is the probability that a neutrino mter-mated as in Eq(7). For example, the transport calculations

action will result in the emission of a neutron, thus producing y Janka yield spectra with~3 for all neutrino species
a signal in the detector. Neutron emission can only occur i

: . .128]. While this choice also produces a good fit to theand
the daughter nucleus is excited above the neutron separati ) )
energy. The branching ratio into this channel also depend¥e SPectra of Wilson and Maylg27], their heavy-flavor neu-

on the competition with other open channels, such as protoHi”O spectra more closely resemble a black-body distribution

or @ emission. We estimate these in Hauser-Feshbach calc{yZert~0). Such differences are an important source of un-

lations. certainties in predicting neutron counting rates in a detector,
The third issue is the supernova neutrino spectrum. Be2 Point we will return to in Sec. IlI. . _

cause the threshold for neutron spallation can be substantial, Y& now tum to the issue of the neutrino reaction cross

often the high energy tail of the neutrino spectrum is espeSections. At typical supermnova neutrino energies one expects

cially important in determining the overall rate. Various nu- the total cross section for the charged current reaction

merical simulations of supernova explosions differ in the ap{¥e € ) on a parent nucleus of charge Z to be dominated by
proximations made in treating neutrino diffusion, the allowed transitions to the isobaric analog stétes) and

convection, etc. Thus, while there is qualitative agreement’® Gamow-Teller(GT) resonance states in the daughter

about the average energy hierarchy discussed in the introduBtcleus. The allowed cross section is
tion, there are differences in the precise value of the average

energy and in the details of the spectrum shape. The resulting o _ Gf cogb, K.EF(Z+1E,)
uncertainties clearly have an influence on predictions of flux- Ve e e
averaged nuclear cross sections. 5 effy2 )

The last of these issues, the neutrino spectrum, enters in X[IMg[*+(ga)*IMar|“], 9)

evaluating the flux-averaged cross section . )
whereGg is the Fermi constanE, andk, are the energy and

- three-momentum of the outgoing electron, respectivelyis
(@:J' f,(E,)o(E,)dE,, (5  the Cabibbo angle, anB(Z+1E.) accounts for the Cou-
Etn lomb distortion of the outgoing electron wave function,
which we take from the tabulations of Behrends and Janecke
whereEy, is the threshold energy for the reactidn,is the  [29]. In several cases we will study below, the total BGT
normalized neutrino spectrum, ang(E,) is the nuclear strength is taken from shell model calculations that satisfy
cross section for an incident neutrino of energy. The the Ikeda sum rule implicitlysee below. Phenomenologi-
supernova neutrino energy spectra predicted by transpogally it is known that these approaches will overestimate
codes can be represented approximately by modified Fermiew-lying BGT strength unless an effective axial-vector cou-

Dirac distributions of the forn27,28 pling constanigS'~1 is used, rather than the bare nucleon
) value 1.2¢30]. Thus we allow for such a renormalizg@ﬁ.
_ 1 E. ©) The allowed Fermi and GT transition strengths are
" TOF 2 merr) |OXP(E, /T, — meg) +1° L A
. Mg|?= J IENE 10
Here T, and 7.¢; are the neutrino temperature and degen- Ml 2Ji+1|< f”; (D119 (19

eracy parametefchemical potential divided by ,), respec-
tively, andF,(7q¢) is the relativistic Fermi integral of order and
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1 A GT transitions of known strength among heavier nuclei.
|MGT|2:m|<Jf||E a(i) 7. (][I (1)  However, the “universal scaling” approach, which depends
- on the (,n)/B decay proportionality derived primarily from

thter nuclei, would reduce the integrated strength in the
respectively. To evaluate the cross section one must speci 8i peak to 64% of the above val(ig2]. Therefore it is not
the distribution of these transition probabilities over the final

n—_r& 0, -
states of the daughter nucleus. All of the formulas above alsgnreasonable o assig 0% uncertainty to this GT reso
nance estimate.

apply to (ve.e") provided the corresponding Coulomb cor- tp light nuclei of interest’Be,>*Na, and®*Cl, lie in the
rectionF(Z—1E,) is evaluated for a positron and the isos- iqqie of shells, so consequently both the, (e) and

in operators are replaced i). — .
P InF;he limit of gorz)d iso:girg )the Fermi strengtM |2 (ye,g+) channels are open. In these cases G.T str.ength'dls-
—|N—2| is carried entirely by the IAS in the dauF hter tributions are taken from shell model calculations in which
nucleus. Al of the )r/wc)I/ei of present intgrest all configurations in the A or 2s1d shells, as appropriate,
(%Be 23N'a 35C),2080p) are neutron rich, so Fermi transitions are a_IIowed to interact. This guarantees that the lkeda sum
contribute only to the ¥.,e~) direction. The Fermi transi- rule is preserved. The _lnteractlons used are Cohen and

Kurath[33] and Brown-Wildenthal34]. These calculations,

tions for the first three nuclei populate the mirror groundof course, determine both the integrated GT strength and its
states of the daughter nuclei, none of which decays by neu
glstrlbutlon We us@S''~1 to take into account the empiri-

tron emission. Thus they are of no interest to us. The analo
al discrepancy between the results of such sum-rule-

state in?%®Bi, however, is located at an excitation energy of eulat q wal estimat ;
15.16 MeV, well above the neutron breakup threshold an®'€Serving calculations and experimental estimates o
quenching in the region of the GT resonance.

just barely(0.2 MeV) above the two-neutron breakup thresh-
J Y v P In allowed neutral current neutrino scattering, the analog

old. Therefore of the Fermi operator only contributes to elastic scattering.
IMe(E)|2=448cg,  2%%Ph(ve,e7) 2B (120  Thus inelastic allowed transitions are governed by the neu-
tral current GT transition probability
whereE=E,—E, is the nucleafnot atomi¢ excitation en-
ergy measured relative to the parent ground staté’fRb, NCI2
andE’'~17.53 MeV. IM&r*=53 +1|<Jf||2
The GT strength is more complex. The difference be-
tween the GT strength in the’{,e™) channel and that in the Thjs operator is closely connected to the isovector M1 op-
(ve,e ) direction is governed by the Ikeda sum rule, erator, as the spin contribution to the M1 operator tends to
>¢|Mg7]2~3(N—2), but this sum rule is generally not satu- dominate because of the large isovector magnetic moment,
rated by the low-energy GT resonance found finn) stud-  u,=4.706. The distribution of M1 strength iR°®%Pb has
ies. Presumably the missing strength is pushed to higher ebeen the subject of a great deal of study. Experimental
citation energies, where it would influence low-energysearches for the M1 strendiB5,36 and theoretical efforts to
neutrino reactions very little. Thus the relevant issue for us isdentify the quenching effects of correlatiof87,3§ has led
to determine how much of the sum rule is exhausted byo a reasonably consistent picture of the underlying physics.
accessible strength. In the case ¥fPb, the naive shell The simplest closed-shell description attributes the M1 re-
model descriptior(closed proton and neutron major shell at sponse to protonh,)(h11/) ~* and neutron iy, (i1z) ~*
82 and 126, respectivelypredicts that thei,,e*) direction  particle-hole excitations. The residual interaction mixes these
iS Completely b|ocked The Strength in thﬂa(ef) direction Configurat.ions, W|th the Symmetl’iC Combination' that satu-
has been measured by forward-angen) scattering[31]. ~ rates the isoscalar response centered at an excitation energy
Consistent with the general trends of GT strength distribu®f about 5.8 MeV, while the isovector resporigiee quantity
tions with N-Z, the centroid of the distribution for this neu- Of interest to usis centered on a resonance straddling the
tron rich nucleus is quite low, just 0.4 MeV above the posi-neutron breakup threshold at 7.368 MeV. The quenching,
tion of the IAS. The resonance is quite narrow and can pattributed to more complicated multi-particle-hole correla-
reasonably fit by a Gaussian with a full width at half maxi- tions, reduces the naive isovector(MaL) from ~50u§
mum T'=2(In2)"2A~4 MeV and with total strength (nucleon Bohr magnetons squayéol~20 wg . Experiment
equivalent to about 46% of the lkeda sum r[@#2]. Thus finds 8. &LN below the neutron breakup threshold, and,diB
immediately above. Theofy87] finds a weak tail of strength
gefhy2 , 96.2 S at excitation energies between 10 and 20 MeV of about
)?[Mgr(E)| NFGXF{ (E-Egn)/A7], 0.6u2.
The integrated isovector(Bl11) strength(in units of,uﬁl)
208ppy 1, e) 2%, (13)  can be related to the neutral current response

DIz (19

2

~ ~ - 3u
whereEgt~17.9 MeV andA~2.4 MeV. The strength as B(Ml)— |MN°2 2 (15)

signed above comes from normalizing therf) cross sec-
tion to that for the Fermi transitiof82], which is probably
the most reliable normalization given the paucity of strongwhere
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A of the giant resonance region, which we identify with the E1
<Jf||2 (i) 73(i)]]3;) photoabsorption peak for neutral current reactions. Note that
=1 (16) the model as implemented here assumesZN which is

5 clearly not the case fof°Pb. However the underlying TRK
'“V<‘]f||241 a(i)7s(1)][3) sum rule is proportional to NZ/A=(A/4){1—[(N
—Z7)/A]1%}. Therefore, even fof%Pb the total strength pre-
We find »=0.894 using the simple particle-hole descriptiondiction, NZ/A~A/4 is good to 5%. Recently continuum
of the 2%%b isovector M1 resonandi effect assuming that RPA calculations of first-forbidden neutrino responses were
a ratio of orbital and spin matrix elements will not be greatly compared to Goldhaber-Teller predictions for very neutron
changed when correlations responsible for quenching argch nuclei [43]. The cross sections agreed to better than
turned on. The choices Egr=7.32 MeV and A  40%. Thus the expected uncertainties in using this approxi-

=0.6 MeV yield a reasonable fit to the measured width ofmation are not dissimilar to some of those we encountered in
the isovector M1 response and the proper straddling of thgur discussions of the allowed responses.
neutron breakup threshold. So adopting the experimental is- For 23Na and 3°Cl, the giant resonance excitation ener-

ovector M1 strength of8.8+6.8+0.6)uy, the distribution  gies; relative to the parent ground states, were taken to be 19
of al!owed strength for neutral current neutrino scattering isasng 20 MeV, respectively, for both charged and neutral cur-
obtained: rent excitations. These values are consistent with the ob-
6.1 served E1 photoabsorption peaks. For neutral current excita-
eff\ 2|\ aNC Y2 _(E_ 2/A2 tions in Pb, we again use the E1 photopeak, 14 MeV, to fix
(92 ) IMr(E)| \/;exp[ (E-Een)™A%), the excitation energy. Fot®®Pb(ve,e7), the centroid of the
spin L=1 strength seen irfp,n) scattering lies about 6.5
208ph 1, , v4)2%%PD, (177 MeV above the isobaric analog state%Bi, corresponding
to an excitation energy of 24.1 MeV relative the ground state
whereE=E, —E, is the nuclear excitation energy #Pb.  of 2%%pp. Thus we adopt this as the excitation energy. The
Approximately 55% of this distribution lies below neutron strongest first-forbidden contributions to neutrino reactions
breakup threshold and thus does not contribute to the spallare spin modes (0, 17, and 2°).

n=1+

tion. The corresponding allowed cross section is We do not use the Goldhaber-Teller model to estimate the
G2 20%ph(y,,e™) cross section because, in this direction, the
2 e . )
U(Evi)=7E§ (g8M2IMNSJ2, (18)  first-forbidden response in largely blocked: only the

1hi1Ap)— Lliq1AN) transition is allowed in the naive shell

A . fh f . i model. The N-Z assumption thus cannot be used. However,
_ Average energies of neavy-flavor heutrinos are SUMyhile we provide no estimate of the cross section, the almost
ciently high that odd-parity transitions generated by first-

forbidden_ operators — those proportional either to thecomplete blocking of both the allowed and first-forbidden
P brop o esponse combined with the Coulomb suppression of posi-
momentum-energy transfer or to nucleon velocities — mus o . i .
fon emission should make this cross section quite small.

be considered. In the case of the simplest nucleus und The total inelast " ized in Tabl
study, °Be, the charged and neutral current responses were € total Inelastic cross sections are summarized in Table

evaluated by including the full momentum transfer depen-" Results are shown for ten representative neutrino spectra

dence of the weak interaction operators, following Refg.and for all of the relevant interactions, so that any oscillation
[39,40, and summing to all Bw and T w final states. The scenario can be explored. The first four, in the absence of
1#iw shell model space is formed from the one-particle-oneQSCi”atiO”Sg would be_ appropria’_[e for heavy flavor neutrinos,
hole excitations of the formp(1s) ~* and Z1d(1p)~L: the anq we belleve_ the differences in th.es.e spectra are represen-
corresponding cross shell interactions are the Serber-Yukaw&tive of plausible spectral uncertainties. The first three of
force and the Millener-Kurath interactiga1]. As the Slater these haveye =0, motivated by the Wilson and Mayle cal-
determinants are formed from harmonic oscillator basiulations, with a range of average energies of 30, 25, and 20
states, the calculation is complete for all first-forbidden op-MeV. That is, while 25 MeV might be a best guess for the
erators, which is our main concern. While high multipolarity N€avy flavor neutrino mean energy, we want to consider the
operators are also included in the calculation, the space &onsequences of &20% uncertainty in average neutrino
final states is not complete for these. Nor are these operatof§'€rgy, which we think in not unreasonable given supernova
significant numerically. modeling uncertainties. The fourth case corre§ponds toa 25

As the analogous shell model spaces for the heavier nUMeV average energy, but hag = 3.0, producing a shape
clei of interest become somewhat unwieldy, in these casedore similar to the numerical spectrum of Janka. The last six
we estimate the first forbidden response in the GoldhabeSPectra all have;=3.0; the first three of these correspond to
Teller model[42]. This model satisfies the Thomas-Reiche-average neutrino energies of 19.2, 16, and 12.8 MeV, and
Kuhn (TRK) sum rule for the E1 response as well as itsthus are typical of supernove,’s, assuming a 20% uncer-
generalization for =1 axial responses. That is, the full su- tainty around a best value of 16 MeV. Similarly, the last
permultiplet of giant resonances is described. Transitiothree spectra, with averages energies of 13.2, 11, and 8.8
strengths are carried by doorway states placed in the cent&feV, are typical of they,’s.
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TABLE I. Total inelastic neutral current and charged current cross sections for neutrino reactions on
20%ph 35C1,%%Na and °Be, given in units of 10%° cn?. In each case both allowed and first-forbidden con-
tributions to the cross sections have been calculated. The results correspond to normalized neutrino spectra
with a shape defined by the average enefBYy and », as discussed in the text. The first four columns
describe a range of heavy flavor neutrino spectra centered af@ysd25 MeV; the next three are appro-
priate for ves with (E)~16 MeV; and the last three corresponditgs 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

n 0 0 0 3 3 3 3 3 3 3

20%p (v, v)

allowed 0.810 0.517 0.290 0.453 0.223 0.131 0.0644 0.0714 0.0379 0.0158
forbidden 6.423 4.032 1996 3.388 1.288 0.527 0.157 0.188 0.0612 0.0125
total 7233 4549 2286 3.841 1451 0.658 0.221 0.259 0.099 0.028
2080 (3. 7)

allowed 0.810 0.517 0.290 0.453 0.223 0.131 0.0644 0.0714 0.0379 .0158
forbidden 5220 3.308 1664 2.825 1.046 0.457 0.139 0.166 0.055 0.0114
total 6.03 3825 1954 3268 1.272 0588 0.203 0.237 0.093 0.027
208pp (ve,e7)

allowed 3422 2032 1045 17.28 7.28 353 1202 1414 0501 0.107
forbidden 6192 37.67 17.39 30.22 9.37 3.38 0.736 0.927 0.213 0.024
total 96.14 5799 27.84 4750 1665 691 1938 2341 0.714 0.131
35Cl (v, v)

allowed 0.2221 0.1488 0.0863 0.1354 0.0671 0.0389 0.0185 0.0206 0.0107 0.0044
forbidden 0.2155 0.1038 0.0370 0.0643 0.0154 0.0049 0.0010 0.0013 0.0003 0.00004
total 0.4377 0.2527 0.1233 0.1998 0.0825 0.0438 0.0195 0.0219 0.0109 0.0044
35CI (v.2)

allowed 0.1820 0.1251 0.0746 0.1162 0.0594 0.0350 0.0170 0.0189 0.0099 0.0042
forbidden 0.1597 0.0792 0.0293 0.0509 0.0127 0.0042 0.0009 0.0011 0.0003 0.00003
total 0.3416 0.2044 0.1039 0.1671 0.0721 0.0392 0.0179 0.0200 0.0102 0.0042
35Cl(ve,e7)

allowed 0.6623 0.4229 0.2311 0.3696 0.1695 0.0932 0.0420 0.0471 0.0236 0.0096
forbidden 0.8306 0.3980 0.1411 0.2455 0.0589 0.0189 0.0039 0.0049 0.0011 0.0001
total 1.4929 0.8209 0.3723 0.6152 0.2284 0.1121 0.0459 0.0519 0.0247 0.0098
35¢]I (;e ,e+)

allowed 0.0962 0.0683 0.0432 0.0649 0.0364 0.0233 0.0127 0.0139 0.0081 0.0039
forbidden 0.2229 0.1120 0.0423 0.0735 0.0190 0.0064 0.0014 0.0017 0.0004 0.0001
total 0.3191 0.1804 0.0855 0.1383 0.0554 0.0297 0.0141 0.0156 0.0085 0.0040
BNa (v,v)

allowed 0.2071 0.1401 0.0833 0.1282 0.0663 0.0404 0.0211 0.0232 0.0133 0.0066
forbidden 0.1857 0.0878 0.0309 0.0536 0.0129 0.0042 0.0009 0.0011 0.0003 0.00004
total 0.3928 0.2279 0.1141 0.1818 0.0792 0.0446 0.0220 0.0243 0.0136 0.0066
23N (7,;)

allowed 0.1659 0.1153 0.0706 0.1076 0.0575 0.0357 0.0191 0.0209 0.0122 0.0061
forbidden 0.1353 0.0662 0.0242 0.0421 0.0106 0.0035 0.0008 0.0010 0.0002 0.00003
total 0.3012 0.1815 0.0948 0.1497 0.0681 0.0393 0.0199 0.0218 0.0124 0.0062
ZNa (ve,e7)

allowed 0.6992 0.4671 0.2739 0.4231 0.2160 0.1306 0.0677 0.0743 0.0423 0.020
forbidden 0.6245 0.2929 0.1022 0.1776 0.0426 0.0139 0.0029 0.0037 0.0009 0.0001
total 1.3237 0.7599 0.3761 0.6007 0.2586 0.1444 0.0706 0.0780 0.0431 0.0205
23Na (:e ‘e+)

allowed 0.0772 0.0518 0.0303 0.0474 0.0238 0.0138 0.0066 0.0073 0.0037 0.001
forbidden 0.2140 0.1061 0.0397 0.0689 0.0179 0.0061 0.0014 0.0017 0.0004 0.0001
total 0.2913 0.1580 0.0700 0.1163 0.0417 0.0200 0.0079 0.0090 0.0041 0.0015
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TABLE I. (Continued.

(E) 30 25 20 25 19.2 16 12.8 13.2 11 8.8

n 0 0 0 3 3 3 3 3 3 3

°Be (v,v)

allowed 0.1354 0.0933 0.0574 0.0862 0.0473 0.0305 0.0173 0.0188 0.0116 0.0063
forbidden 0.0964 0.0428 0.0145 0.0250 0.0062 0.0022 0.0006 0.0007 0.0002 0.0001
total 0.2317 0.1362 0.0719 0.1112 0.0535 0.0327 0.0179 0.0195 0.0119 0.0063
°Be (v,v)

allowed 0.1053 0.0750 0.0478 0.0709 0.0404 0.0267 0.0155 0.0168 0.0106 0.0058
forbidden 0.0659 0.0309 0.0111 0.0191 0.0050 0.0019 0.0005 0.0006 0.0002 0.0001
total 0.1712 0.1059 0.0589 0.0899 0.0455 0.0285 0.0161 0.0174 0.0108 0.0059
°Be (ve,€7)

allowed 0.7233 0.5066 0.3202 0.4723 0.2692 0.1796 0.1077 0.1156 0.0754 0.0442
forbidden 0.3268 0.1465 0.0504 0.0866 0.0222 0.0082 0.0023 0.0027 0.0009 0.0002
total 1.0500 0.6531 0.3707 0.5589 0.2914 0.1877 0.1099 0.1184 0.0763 0.0444
*Be (ve,e")

allowed 0.0145 0.0084 0.0040 0.0067 0.0025 0.0011 0.0004 0.0004 0.0001 0.0000
forbidden 0.0715 0.0317 0.0103 0.0180 0.0039 0.0012 0.0002 0.0003 0.0001 0.0000
total 0.0860 0.0401 0.0143 0.0247 0.0064 0.0023 0.0006 0.0007 0.0002 0.0000

There are some generic features of the cross sections faible spectrum variations. While our main discussion of these
light nuclei in Table I. As one would expect, the charged andssues is deferred to the next section, it is already clear that
neutral current cross sections are dominated by allowed tranricks will be needed to extract oscillation signals from neu-
sitions for lower neutrino temperatures, with the forbiddentron spallation yields.
contributions becoming increasingly important as the tem- The 2°%b cross sections require separate discussion,
perature rises. For the most energetic spectra, these two cogiven that estimates have already been made by Hargrove
tributions are comparable. Furthermore, for the highest enef3]. His allowed neutral current cross section is about a fac-
gies which are typical of heavy flavor neutrinos, the ratio oftor of six larger than ours; a factor of about 1.5 of this ap-
the charged current cross section to the neutral current croggars attributable to his somewhat less detailed treatment of
sectiong(per flavo) is in the range of 3 to 5. Neither of these the M1 strength profile. The remainder of the discrepancy
observations is particularly welcomed from the experimentamay be a mistake in the normalization of his strength
viewpoint. The presence of an appreciable forbidden contrifunction, which appears to lack the factor of 2 found in Eq.
bution enhances the sensitivity of the spectrum-averaged4). (Hargrove also placed all of his strength above the neu-
cross section to the particular shape of the distributiontron threshold, while we noted that in excess of 55% of the
Crudely speaking, the forbidden cross sections contain twisovector response is to bound states. Thus our allowed cross
extra powers of the neutrino energy. Therefore it appearsections for neutron emission differ by more than an order of
that, in the absence of an independent measurement of thgagnitude. However Hargrove did not include first-
shape of the energy distribution of the heavy neutrino specforbidden contributions, which we find dominate the cross
trum, plausible spectral uncertainties could change rate presections for all but the least energetic spectra. For example,
dictions by a factor of three or more. The charged to neutrabur  7.;;=0(E)=25 MeV cross section is 4.55
current cross section ratio is unfortunate because it sugges$s10=4° cn?, 89% of which comes from first forbidden
that the electron and heavy flavor neutrinos would make, irtontributions. The importance of first forbidden contribu-
the most favorable case of a hoeg spectrum following an tions in 2°%b is not surprising given the dependence of the
oscillation, comparable contributions to total counting ratesThomas-Reiche-Kuhn sum rule on N and -ZNZ/A~ A/4,

In this case there would be no strong flavor sensitivity. Forand the lower energy of thé%Pb dipole peak. This total
example, making the assumption of the same luminosity pefross section can be compared to that of Hargrove, 3.13
flavor, a ve— v, oscillation would result in an overall in- x1074° cn?. The end results are not too different, even
crease in the rate of inelastic neutrino ScaEering events by mough most of our cross section is generated by first forbid-
factor of ~1.8 in the case of°Na, takingv,,v., and heavy den operators not previously considered.

flavor average energies of 11, 16, and 25 MeV, and assuming The first-forbidden contributions to charged current cross
7ett=0.0 for the heavy flavor spectrum. Furthermore wesections are also very important, about twice the allowed
will soon see that most of this enhancement provides neontribution for(E)~25 MeV. Their influence for lower
neutrons and is thus not detectable. Thus the rate changetsmperatures is not as great because of the substantially
comparable to théprobably optimisti¢ estimates we made higher threshold for exciting 1 L=1 giant resonances.
above of cross section uncertainties§0%), and is dwarfed Making the same comparison as above to Hargrove, we find
by the factor-of-several uncertainties associated with plaueur allowed cross sections far=0.0 and{E)=25 MeV are
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in excellent agreement, 20.3 vs 21.9 in units of 4D cn?. width is increased by a factor of two, the two-neutron emis-
But our total cross section is substantially larger, 58.0, due t&ion probability still remains below 10%.
the giant resonance contributions. These differences become We will argue that this conclusion—that neutral currents
particularly interesting when we examine the correspondingffects can be filtered out by observing multiple neutron
spallation cross sections. events—is quite important for oscillation searches. It de-
The last issue is the probability for producing a signal ofpends on an assumption, that the spin dipole resonances are
one or more spalled neutrons. In the case of the lighter nuecated at about the same place as the photoabsorption giant
clei, unbound states reached by neutrino interactions fredipole resonance.
quently decay by competing n, p, or alpha channels. We have Spallation following the charged current reaction
estimated the neutron emission portion of this cross sectioA% pp(,, e~)2°Bij differs in an important way. Transitions
by doing Hauser-Feshbach calculations of the decay proliy states above 6.89 MeV #%Bi can emit a neutron, above
abilities as a func’qon of nu<_:lear excnatlor) energy, folding14 98 MeV can emit two neutrons, and above 22.02 MeV
these with the various neutrino cross sectior{&,) corre-  can emit three. The peak of the Gamow-Teller distribution is
sponding to the total cross sections in Table I. The resulting;; 15 5 pMeV. Thus a small fraction(10%) of the allowed

neutron emission probabilities are given in Table Il. Ourcharged current cross section can produce multiple neutrons.

Hauser-Feshbach calculatpns are reasonably S'mp'? In th?fowever the I=1 strength, which dominates the case where
they employ a nuclear density-of-states formula that is inde-

pendent of spin and parity and optical potentials of theVe,S have high energy due to neutrino flavor transformation

Wood-Saxon type without spin-orbit interactions. No attemptneutrlno cross section, is centered-a2l1.7 MeV, far above_
is made to estimate direct reaction contributions. Our trea the two neutron threshold, and thus always produces multiple
ment is identical to that used by Woosleyal. and employs  neutrons. , o "
the same code and optical model parametrizafisl. One Table Il gives the resulting ntlautron.em|55|on probgp|l|t|es.
combines the neutron emission probabilities in Table 11 with!n these calculations, we again attribute all transitions to
the cross sections in Table | to obtain the needed spectrungtates above 17.2 MeV iff®Bi (i.e., 2.2 MeV or more above
averaged neutron spallation cross sections. the two-neutron thresholdo multiple-neutron decay. While
The case of%Pb is simpler because the enormous Cou-the single proton emission channel is also open, the Coulomb
lomb barrier strongly suppresses charged particle emissiolarrier provides large suppression. Our Hauser-Feshbach cal-
In the case of neutral current excitations, the M1 strength isulations yield a very small ratio of single proton to single
concentrated in a resonance straddling the neutron emissioreutron emission throughout the excitation energy region
threshold of 7.37 MeV, as described previously. The neutrospanned by the Gamow-Teller and spin-flip giant resonance
resonance measurements of RE36] show that neutron peaks.
emission dominates over gamma decay even immediately We repeat for Pb the calculation performed earlier for
above threshold. Thus the allowed contribution to single neu35C|, That is, we evaluate rates with and withouva— v,
tron emission can be calculated by integrating the cross segsscillation for the canonical temperatures in Table | and un-
tion over the continuum. The first forbidden cross sectionger the assumption of a fixed luminosity per flavor, consid-
was estimated in the Goldhaber-Teller model, with the doorgying 4| spallation events. One finds that oscillations in-
way state placed at the peak of the photoabsorption gianease the rate for all neutron producing events by a factor of
dipole response at-14 MeV. This again straddles an im- _, '\ hich is comparable to the effects of220% change in
pl)zrtlarl\l/':et\k}reshold, as two-neutron emission can occur abovt%e heavy neutrino spectrum temperature. This is an interest-

The systematics of two-neutron vs. single neutron emisi ' change, but perhaps not enough to convince skeptics that

sion are well studied. For heavy nuclei there is a surprising| he v, has a mass. The situation is improved relat|ye°’5©| .
sharp transition between these two channels occurring typEe caus® the en_hanced charged current Cross sections for this
cally 2.2 MeV above the two-neutron threshfi§]. As this igh Z target ylelq a favorable ratio of charged to neutral
transition is sharp compared to the breadth of the photoatUTTent cross sections. Thus the change in the charged cur-
sorption peak, which has a full width at half maximdm  rentrate QUe to oscillations, a huge fa}ctor~o36, is discern-
~4.3 MeV [46], it is a very reasonable approximation to ible despite neutral current contributions from all other fla-
associate transitions below 16.3 MeV with single neutronvors.
emission, and transitions above this energy with two neutron But we now see that the situation can be made much,
emission. much better. The neutral current signal can be all but turned
The emission probabilities in Table Il were calculated byoff by counting only multiple neutron events, while the
smearing the Goldhaber-Teller results over doorway statesharged current contribution after oscillations is only mod-
distributed according to the measured photoabsorption peakstly reduced. That is, the definitive signal - v, oscil-
described as a Gaussian with the above valuE.diVe find  lations in a?%®Pb detector is a dramatic enhancement in mul-
that neutral current excitations almost always lead to singléiple neutron events. A repetition of the calculation above for
neutron emission. The two neutron emission contributions denultiple neutron events yields a ratio of multineutron events
not exceed 3%. The result that neutral current reactions prawith oscillations to those without of 40. In the next section
duce very few multiple neutron events is rather insensitive tave turn to a more quantitative exploration of this and other
the precise description of the photopeak. For example, if thetrategies for detecting oscillations.
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TABLE Il. Neutron spallation probabilities for allowed, forbidden, and all neutrino induced transitions in
Be, Na, Cl, and Pb. The calculations are Hauser-Feshbach type, except in the case of Pb, as discussed in the
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

7 0 0 0 3 3 3 3 3 3 3

20%p (v, v) 1n

allowed 0.443 0441 0438 0.440 0435 0430 0422 0423 0415 0.403
forbidden 0.969 0970 0972 0972 0975 0978 0982 0981 0.985 0.992
total 0.910 0910 0904 0910 0932 0.869 0.821 0.828 0.782 0.670
208ph (1,7) 1n

allowed 0.443 0441 0438 0440 0.435 0430 0422 0423 0415 0.403
forbidden 0.969 0970 0972 0972 0.975 0978 0982 0981 0.985 0.992
total 0.898 0.898 0.893 0.901 0.878 0.856 0.806 0.815 0.752 0.655
20%ph (v,,e7) in

allowed 0.904 0908 0914 0912 0922 0931 0942 0.940 0.950 0.962
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 0403 0476 0584 0568 0.667 0.786
20%p (v, v) 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 0.008
total 0.028 0.026 0.024 0.025 0.022 0.018 0.013 0.014 0.009 0.004
208ppy (;’;) 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 0.008
total 0.027 0.026 0.024 0.024 0.021 0.017 0.012 0.013 0.009 0.003
20%ph (v, ,e7) 2n

allowed 0.096 0.092 0.086 0.088 0.078 0.069 0.058 0.060 0.050 0.038
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 0415 0432 0.333 0.214
35CI (v, v)

allowed 0.0032 0.0029 0.0025 0.0026 0.0021 0.0017 0.0012 0.0012 0.0009 0.0005
forbidden 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917
total 0.0468 0.0394 0.0292 0.0313 0.0188 0.0118 0.0058 0.0064 0.0033 0.0012
*Cl(v,)

allowed 0.0032 0.0029 0.0025 0.0026 0.0021 0.0017 0.0012 0.0012 0.0008 0.0005
forbidden 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917 0.0917
total 0.0446 0.0373 0.0276 0.0298 0.0179 0.0112 0.0056 0.0062 0.0031 0.001
35Cl (ve,e7)

allowed 0.0013 0.0011 0.0009 0.0010 0.0007 0.0005 0.0003 0.0003 0.0002 0.000
forbidden 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152 0.0152
total 0.0090 0.0079 0.0063 0.0066 0.0044 0.0030 0.0015 0.0017 0.0008 0.0003
35 (;e ’e+)

allowed 0.4468 0.4346 0.4150 0.4278 0.3988 0.3723 0.3311 0.3374 0.2968 0.2368
forbidden 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046 0.9046
total 0.7666 0.7266 0.6571 0.6810 0.5720 0.4867 0.3867 0.3998 0.3262 0.245
BNa (v,v)

allowed 0.0478 0.0419 0.0344 0.0375 0.0277 0.0208 0.0131 0.0141 0.0087 0.0040
forbidden 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058
total 0.1698 0.1436 0.1078 0.1166 0.0729 0.0476 0.0247 0.0273 0.0144 0.0055
23N (;’;)

allowed 0.0487 0.0429 0.0352 0.0386 0.0284 0.0213 0.0133 0.0143 0.0088 0.004
forbidden 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058 0.3058
total 0.1642 0.1388 0.1044 0.1138 0.0716 0.0470 0.0246 0.0271 0.0144 0.005
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TABLE II. (Continued.

(E) 30 25 20 25 19.2 16 12.8 13.2 11 8.8

n 0 0 0 3 3 3 3 3 3 3

ZNa (ve,e7)

allowed 0.0041 0.0032 0.0022 0.0025 0.0014 0.0009 0.0004 0.0004 0.0002 0.0001

forbidden 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936 0.0936

total 0.0463 0.0380 0.0271 0.0294 0.0166 0.0098 0.0043 0.0048 0.0021 0.0006

23Na (;e‘e+)

allowed 0.3561 0.3449 0.3265 0.3362 0.3075 0.2820 0.2437 0.2495 0.2136 0.1650

forbidden 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822 0.5822

total 0.5222 0.5043 0.4716 0.4819 0.4255 0.3741 0.3019 0.3123 0.2514 0.1810

°Be (v,v)

allowed 0.7360 0.7444 0.7545 0.7500 0.7626 0.7716 0.7826 0.7811 0.7896 0.7990

forbidden 0.5208 0.5191 0.5150 0.5155 0.5071 0.4997 0.4904 0.4916 0.4849 0.4799

total 0.6465 0.6735 0.7063 0.6973 0.7330 0.7531 0.7728 0.7704 0.7835 0.7961

°Be (v,v)

allowed 0.7350 0.7431 0.7533 0.7482 0.7612 0.7704 0.7816 0.7801 0.7889 0.7984

forbidden 0.5267 0.5245 0.5198 0.5204 0.5117 0.5042 0.4949 0.4961 0.4896 0.4853

total 0.6548 0.6794 0.7093 0.6999 0.7335 0.7530 0.7724 0.7700 0.7831 0.7956

%Be (ve,e")

allowed 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

forbidden 0.0068 0.0055 0.0040 0.0040 0.0023 0.0014 0.0007 0.0007 0.0003 0.0001

total 0.0021 0.0012 0.0005 0.0006 0.0002 0.0001 0.0000 0.0000 0.0000 0.0000

°Be (ve.e")

allowed 0.6599 0.6279 0.5832 0.5932 0.5263 0.4714 0.3943 0.4056 0.3368 0.2481

forbidden 0.9435 0.9560 0.9698 0.9700 0.9831 0.9895 0.9947 0.9942 0.9969 0.9987

total 0.8958 0.8873 0.8618 0.8673 0.8050 0.7367 0.6242 0.6415 0.5323 0.3851
. STRATEGIES FOR DETECTING FLAVOR forbidden responses in Table | f8Be,>*Na, and®*Cl, even
OSCILLATIONS: RESULTS AND CONCLUSIONS though the last two were evaluated in the somewhat sche-

In this section we will discuss event rates and possibldnatic Goldhaber-Teller model. . .
strategies for LAND, OMNIS, and similar neutron spallation Because of urgent issues suph as a cosmologically inter-
supernova neutrino observatories. The calculations present€gting muon and/or tauon neutrino mass, proposed supernova
in the previous section were performed for specific isotope&Ulrin0 observatories have as their goal the observation of
of the materials that have been proposed for these target@t 1€ast the entire galaxy. Thus a typical horizon for such

For example,?°%Pb comprises slightly more than half of etectors is on the order of the galactic radiusl0 kpc.
natural lead, whileCl and 23Na comprise 75% and 100% We begin by expressing the neutrino fluence at earth normed

of natural chlorine and sodium, respectivelPne of the to such a galactic distance. The total number fluence of a

proposed target materials in OMNIS is saTherefore a  given neutrino specie@.g., ve,ve, v, , etc) is
simplification we make is to treat these target materials as
being composed of the principal isotopes. Given that we are 5 2( Eexplosion s) ( MeV) 1
. . L ®,~2.67<10"% cm
concerned with neutrino spectrum uncertainties that can v 3x10% ergs | (E,)
change rates by factors of3, more detailed modeling is
difficult to justify. In the case of Pb, the responses are gov- (19)
erned by sum rules proportional to N-Z or NZ/A, quantities assuming a total energy in neutrinos of 30°° ergs, and an
that vary little from A=208 to A=206, for example. For equipartition of energy among the six neutrino species, a
chlorine one anticipates that our charged current allowedesult consistent with most transport calculatidese, e.g.,
cross sections will be a bit low, given that the ignored iso-Ref.[27]). The exact distribution of energy among the neu-
tope *’Cl has N-Z=3 and is more neutron rich thafiCl. trino species will be an additional source of error, but con-
Interest has been expressed 3Be because its neutron siderably smaller than that associated with the uncertain
emission thresholds are so Id#7]. In some sense it can be spectral distribution. The distance to the supernoygyp.,
viewed as a neutron target. Its inclusion is also interesting ais given here in units of 10 kiloparsecs. As a consequence of
a theory benchmark, since full shell model calculations satthe equipartition of energy, a neutrino species characterized
isfying both the allowed and first-forbidden sum rules couldby a lower average energy will have a higher fluence than
be performed. There is general consistency among the firstbne with higher average energy. All of our detector event

2
o kpc
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TABLE lll. The total number of neutron events for one kiIotonneG(Jkg) Pb, Na, Cl, and Be targets,
given a neutrino fluence corresponding ta §0°? ergs per neutrino or antineutrino type type, (76, etc),
a supernova distance of 10 kpc, and average neutrino energiéé):(E;#):(EVT):(E;T)
=25 MeV(E, )=16 MeV(E,)=11 MeV, in the absence of flavor transformation. Results are shown
separately in the case of Pb, for single and multiple neutron evéntsontrast in Fig. 1, total events, not
single neutron events are plottedh all tables and figures an “event” is defined as a neutrino scattering
interaction which produces one or more neutrons.

Vﬂ‘l’;ﬂ‘i’ v+, Ve Ve Total
208Pb
1n 440 38 24 500
2n 13 17 0.5 30
In, ve v, OF Ve v, 330 680 24 1000
2N, Vg v, OF Voo v, 10 1200 0.5 1200
SSCI
alln 6.4 0.023 4.2 11
alln, ve—v, Or v v, 4.6 3.0 4.2 12
23Na
all n 32 0.18 4.0 36
alln, vee v, Or vees v, 23 17 4.0 44
°Be
alln 230 15 26 270
alln, veem v, OF ve v, 180 65 26 270

totals will be calculated with this standard fluence; results fo(v,,e~) reaction moves one to the proton-rich side of the
other distances and total explosion energies can be obtainggrent nucleus, yielding neutron spallation probabilities of at
by appropriately scaling to E¢19). most a few percent. The net result is that the oscillation-
In Table Ill we present the resulting neutr@amd multiple  induced change in total neutron events is quite modest, and
neutron Phsupernova events, summed over flavor, for onewould be obscured by existing uncertainties in heavy flavor
tonne Pb, NaCl, and Be targets, given our assumed normakpectra. To illustrate this point, in Fig. 1 we plot neutron
ized neutrino fluence of E@19) for a standard distance of 10 eyents with and without oscillations. In each case there is a
kpc. In the_ case of neutral current interactions, total inelasti¢; g of values corresponding to the range of spectrum
cross sections of these targétisat is, summed over all sub-  nices ysed in Tables | and I, reflecting existing uncertain-
sequent decay channglare not very dlfferent yvhen quoted ties in our knowledge of the neutrino spectra. As the bands,
per target mastor per nucleof values are within a factor of with and without oscillations, overlap substantially, it is clear

two of 1.2<10 *2 cn? per nucleon for E~25 MeV. . o ) ;
This is consistent with naive expectations. The forbiddenthat neutrino spectral uncertainties will obscure plausible

contributions are significant and scale, according to theoscillation—induced enhancements of the charged current

Thomas-Reiche-Kuhn sum rule, approximately as A. Targetgvems'9 . . :

are distinguished, however, by the ease with which they emit 1€ ~B€ case is somewhat different. The neutron yields

neutrons. In the case oPCl and 2Na, the greater phase following (v.,e™) are e_xceptlonally small, regardless of os-

space for proton emission tends to dominate over Coulombillations. The reactioni, ,e*) has a small cross section but

effects, leading to neutral current neutron spallation proba high neutron yield per reaction; but even in the event of

abilities of only ~10%. But?°%Pb and®Be are more favor- antineutrino oscillations, the effect on the total yiéhutral

able cases, the former because of inhibiting Coulomb barriand charged, summed over flaya about 10%. Thu$Be is

ers and the latter because of an exceptionally low threshold relatively clean neutral current detector.

for neutron emission. Thus neutron emission is the dominant This property of a®Be target suggests the possibility of

decay channel for Pb and Be, producing about an order afducing spectral uncertainties by comparing ratios of rates

magnitude more signal than in a salt detector of equal massor different nuclear targets. Given thdBe measures the
While the neutron yield is important in efforts to constrain neutral current response and has perhaps the most easily cal-

neutrino masses kinematically, flavor specificity may beculable cross section, it can be considered a monitor of the

more crucial inv,— v, oscillation tests. That is, does an heavy flavor temperature: the neutral current rate is not al-

anomalously hov, spectrum produce a distinctive signal in tered by oscillations. Thus, by comparing the event rate in a

a detector? A salt detector, unfortunately, remains problemtarget with a strong charged current response to thdBef

atic. Such an oscillation raises the charged current cross seone might hope to remove much of the uncertainty associ-

tion from an insignificant level to a value comparable to theated with unknown aspects of the andv,, spectra. Studies

neutral current cross section summed over flavors. But thef ratios of events might also prove helpful if the distance to
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FIG. 2. As in Fig. 1, except that ranges for the ratio of NaCl
FIG. 1. The ranges of expected neutron events given the starevents to Be events and Pb events to Be events are shown. The
dard neutrino fluences discussed in the text, corresponding to @mormalized Pb results are shown for all neutron events and for
supernova at a distance of 10 kpc from earth. The results are takenultiple neutron events onlflabeled by n. The inner error bars
from the cross sections and spallation probabilities of Tables | andorrespond to the spectral uncertainties, which are reduced because
Il, summed over both neutral and charged current reactions. Twa ratio has been taken. The outer error bars show the effects of cross
ranges are given, withouleft) and with (right) v, to v flavor  section uncertainties, which were taken-50% for both the nu-
transformatior(labeled by fi. The detector materials are Be, NaCl, merators(Pb,NaC) and denominatofBe) in taking the ratio of
and Pb, with cross sections equated to those of the principal isevents.
topes in each case. A clear signal of oscillations would correspond
to a pair of ranges with no overlap. Each range is determined fromegard such an uncertainty as an optimistic guess for what
assumed neutrino spectrum and nuclear physics uncertainties. Thgight be achievable, given additional work. It appears to us
neutrino spectra are allowed to range over #€)(7) valuesinthe  that a definitive claim of oscillations would be difficult to
tables, correspgnding t620% uncertainties in the canonical heavy make in a salt detector, even given a normalizing target such
flavor neutrino,v,, andv, average energies of 25, 16, and 11 MeV, g5 °Be.
respectively. The spectral uncertainties produce the inner error bars The conclusion from this exercise is that a comparison of
shown on each range. These errors have been further extended Ryq rates to extract an oscillation signal will be helpful only
+50% to indicate possible nuclear physics uncertainties in our esi (1) the cross section for the normalizing targ%é above
timated cross sections. Two sets of results are givertf¥&tb cor- is known very accurately of2) the change in the rates is so
responding to all neutron-producing events and to all multige o atic that cross section uncertainties are no longer an
noted by m neutron events. Almost all multiple neutron events will issue. Below we will discuss the one- and two-neutron spal-
be two neutron events and in our calculations we do not distinguish_.." " ~.
between two and three neutron events. Note the wide separation !anon yields from Pb qs an example @). Although our
9 “« ”
the Pb multiple neutron case between the bands with and withodft forts to use Be as an independent spectral .thermometer.
oscillations. were not particularly successful, that exercise does define
what we need for strategil): a target similar to°Be in its
o ] almost exclusive sensitivity to neutral currents currenés
the supernova were not known. Superficially this Sounol%ponse independent of flavor oscillatipnisut having a bet-
quite attractive as the heavy flavor spectrum also determinggr understood cross section. As long as SNO operates, the
the enhanced charged current response following oscillaneutral current signal from deuteron breakup can play this
tions. “thermometer” role. With SNO, the errors in Fig. 2 could be
To address this issue more quantitatively, we calculategeduced by almost a factor of two. This illustrates the impor-
the ratio of the NaCl events to Be events with and withoutiance of evaluating the capabilities of LAND and OMNIS in
oscillations. All neutron-producing channels are includedithe context of other neutrino burst detectors that may be
and the heavy flavor,., andv, spectra are allowed to vary operating in parallel.
over the ranges in Tables | and Il. The resulting ranges for The situation is much improved for a Pb detector. The
the ratios, which are narrower than those of Fig. 1, are showfirst effect apparent from Table | is the exceptionally strong
in Fig. 2. While this strategy clearly has helped in reducing(v.,e™) cross section, a result primarily of the Coulomb
sensitivity to variation in the spectra, there remain additionaenhancement of the cross section. As a result, transmutation
uncertainties that affect the ratio, particularly cross sectiorof v,'s to v,'s would increase the number of neutron events
uncertainties. The extended cross section error bars shown by a factor of four, as mentioned previously. Thus the com-
Fig. 2 result from combining a-50% uncertainty in the parisons in Figs. 1 and 2 are much more favorable. Even
cross section for each target materi8le and NaCl. We  more exciting, of course, in the flavor specificity provided by
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multiple neutron events. The results for multiple neutronwhereY, is the electron fraction. The relevant densities in
events are shown separately in Figs. 1 and 2. The enhancge supernova range frop=10"1! g cm 3 at the surface
ment resulting from a complete conversionigfs to ve'sis  of the neutron star tp~10 gcm 2 in the hydrogen enve-
so large, a factor of 40, that it could not be attributed tojope. Therefore, for small mixing angle, adiabatic flavor
spectral uncertainties. transformation can occur for a range &h? of 10* eV? to
We conclude that the ability to identify multiple neutron 190-5 e\2. The most stringent condition on the mixing angle

events with high efficiency in a Pb detector could be of great.;mes from the outer edges of the supernova. Taking densi-

importance. Perhaps the most important nuclear structure agas from Woosleyet al. [44], at this location we find an

sumption in the Pb calculations is the placement of the Sp'.népproximate condition on the mixing angle of %2®

flip dipole strength for neutral current excitation at the posi- 5 . . . .
tion of the measured E1 resonance: this leads to the weaflo. N ”OT“ Eq. (20). qu hlghgr Qen3|t|es, the adiabatic
ndition gives a less stringent limit.

neutral current production of multiple neutrons. Presumabl)(f‘o_l_h. ¢ 4 mixi that Id be ob
the location of the dipole spin-flip strength could checked by bl IS range o mas;esl ‘3” ;rr\:xmgs | a Wou" elo ,\jzr\\//v
spin transfer (p,) measurements. If this strength were lo- able In a supernova Includes the popuiar small-angie

cated substantially above the E1 giant resonance, our conclgo!ution to the solar neutr|2no pr_osblemz. This solution has a
sions would have to be reexamined. mass squared differencém“~10 > eV, see for example

This strategy for detecting neutrino oscillations clearly[50], and can occur either through transformation between
raises some experimental issues we are poorly equipped #e< V7, Ve ¥, OF betweernve— vs. In the first case, a simi-
address. To separate two-neutron from one-neutron events /&’ crossing would occur in the supernova at a similar den-
is essential that the neutron detection efficiency be knowssity, p~2100—10gcn 3. On the other hand, if this transfor-
(and extremely helpful if it can be highFurthermore, po- mation occurs byv«v,, then the seesaw mechanism
tential pitfalls include deadtime issues and pileup problemsvould predict av, mass of 2—100 eV6]. This would neces-
that could complicate estimates of the 2n detection effisitate a v, v, level crossing at high density~2.6
ciency. Our intent here is to motivate the experimenters tox 10°(sm?/1 eV?)(25 MeV/E,) gcm 3, or around p
address these issues, given that so much information resides1(o’ gcm 3. There is then an additionaj« v, crossing
in the comparative one neutron and two neutron rates.  at Jower density, given a standard mass hierarchy. Although
~ Itis important to bear in mind that neutrino bursts carry s |atter scenario presents a more complicated picture of the
information on neutrino properties that may not be readilyetring transformations occurring in the supernova, the ef-
available from solar, atmospheric, or terrestrial experimentsg .t in terms of neutron count rates seen in the detector is

For example, MSW:crossings m_volvmg co;molqglcally In- exactly the same. Therefore, either of these proposed MSW
teresting supernova tauon neutrinos are adiabatic for an ex-

tremelv broad range of mixina anales. Thus the effects o olutions to the solar neutrino problem would imply the pres-
y g 9 angles. ence of matter enhanced neutrino oscillations in the post-

small vacuum oscillation angles might be detectable in SU= o bounce subernova. Finding a sianature of matter en
pernova burst experiments, but nowhere else. This als supernova. Finding 9 .
anced neutrino oscillations in a supernova neutrino detector

means that our idealized assumption of complete flavo : . .
transformation, used throughout the calculations, is not enould provide a completely independent check of this solar

tirely inappropriate: the density gradient in a supernova ielution. And if the solar neutrino problem proved to have
sufficiently small in the resonance region that completeS0me other origin, the wider range of mass differences and
transformation often occurs. Ignoring neutrino backgroundMixing angles accessible to supernova neutrino experiments
effects (that is, ignoring neutrino-neutrino neutral current keeps possibilities open for new physics to emerge there.
forward exchange scattering contributions to the neutrino ef- Finally, we should stress that our primary focus in this
fective masg48,49), this condition on the vacuum mixing paper has been on a specific issue, that of finding a signal for

angle for adiabatic evolution may be expressefi6ds flavor oscillations, including those of the,. The selection
> of one target material over another would have to take into
Sir? 20= 4nE, X102 E, )(1 eV ) ( 1 km) account many other issues, e.g., their comparative utility in
Sm?H 25 MeV/)| om? H )’ testing the spreading of neutrino arrival times due to kine-

(200  matic effects of neutrino masses. Target materials will vary
in cost, in ease of neutron detection, and in ambient back-
N Hemis th density of ial grounds. Our efforts have been directed toward improved
r(—istcr)]na:]ce Eo?tlon. ﬁi'ier:s,; € irr':ag‘?r in‘:"ty (i) nrga_terla event rate estimates and questions of flavor specificity, in the
at the resonance position. Again, this expressionriog- hope that this information will help experimentalists make
nores neutrino background effects. The magnitude of the . .
. ; X 2 . optimal choices.
neutrino-neutrino forward scattering effects is discussed in
Refs.[48,49. For a neutrino energf, and mixing param-

etersém? and sirf 26 the resonance density is

whereH ~|(1/p)(dp/dr)| 1 is the density scale height at the
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