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We present theoretical results on the non-flux-averdg®b(v. e ) ?*®Bi and ?%®Pb(v,, , ") **®Bi reaction
cross sections, obtained within the charge-exchange random-phase-approximation. A detailed knowledge of
these cross sections is important in different contexts. In particular, it is necessary to assess the possibility of
using lead as a detector in future experiments on supernova neutrinos, such as OMNIS and LAND, and
eventually detect neutrino oscillation signals by exploiting the spectroscopic propertféBiofVe discuss the
present status on the theoretical predictions of the reaction cross sections.
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I. INTRODUCTION supernova neutrino oscillations. In Rgt0], for example, it
has been shown that the measurement of events where two
The study of reactions induced by neutrinos on nuclei is aheutrons are emitted by°®Bi excited in the reactionv,
present an active field of research. A detailed knowledge of-2%Pb—2%8Bj+ e~ is both flavor specific and very sensitive
the reaction cross sections is interesting for different doto the mean energy of the.. In case whenv, ,v.— v,
mains, going from high energy physics to astrophy$ids oscillations take place, the hotteg would increase the num-
For example, they are necessary in the interpretation of cuiber of two neutron events by a factor of 400]. Another
rent experiments on neutrinos as well as in the evaluation gbossible signal has been proposed in RE5), that is that the
possible new detectors for future experiments. The imporenergy distribution of the neutrons emitted in the same CC
tance of neutrino-nuclei reactions in astrophysical processesgaction should have a peak at low energy more or less pro-
such as the-process nucleosynthesis, is also being attennounced according to whether the oscillations occur or not.
tively studied[2,3]. In particular, v-Pb reactions have at- This peak would come from the excitation of a peak at
tracted much interest recently. Lead has been used asamound 8 MeV in the Gamow-Teller strength distribution.
shielding material in the recent experiments on neutrino os¢One should, however, note that this peak has never been
cillations performed by the LSND Collaboratio#,5] so that  observed experimentallyBoth the estimate of the C&-Pb
estimates of the-Pb reaction cross sections are necessaryeaction cross section in Rdfl0] and the microscopic cal-
for the evaluation of backgrounds in these experiments; alsoulations of Ref[15] show that a possible oscillation signal
projects on lead-based detectfd, such as OMNIS7,8]  relies strongly on the knowledge of the spectral properties of
and LAND[9], are being studied for the purpose of detecting?°3Bi. In fact, the CC reaction cross section induced iy
supernova neutrinos. These detectors might provide informascales almost as the square of the electron energy and is
tion on neutrino properties, such as oscillations in matteparticularly sensitive to the detailed structure of the excita-
[10] or the masg11] by measuring the time delay and/or tion spectrum as was already pointed out for the casE®f
spreading in the neutrino signi@,9] as well as help in test- [16]. It is then important either to get the cross sections di-
ing supernova models. From the practical point of view,rectly from the experiment or/and to obtain different theoret-
lead-based detectors seem to present several of the charéeal estimates in order to know the theoretical uncertainties
teristics required to be supernova observatories, namely, higénd how they affect the reaction cross sections. This is cru-
sensitivity to neutrinos of all flavors, simplicity, and reliabil- cial when the impinging neutrino energy increases because
ity with inexpensive materialg9]. Large cross sections for not only the allowed Gamow-TelléGT) and isobaric analog
neutrinos in the supernova energy range are also an impostate(IAS) contribute significantly to these cross sections but
tant condition since they determine the possible rates andiso forbidden transitions, of first, second, third or@iehich
therefore the maximum observable distance. Actuallyare not very well known experimentally
v-nucleus reaction cross sections increase strongly with the In this paper, we present new theoretical results for the
charge of the nucleus. For example, if the neutrinos com&C v+ 2°%Pb—2%Bj+e" reaction cross section. Our calcu-
from the decay-at-resfDAR) of u™, the cross sections of lations, as opposed to Refl5], are performed in a self-
the flux-averaged charged-curre(@C) reaction ve+ Xy consistent charge-exchange random-phase approximation
—2.1X{_1+€ goes from about D410 %2 cn? for 2C  (RPA) with effective Skyrme forces. Contrary to all the pre-
[12—14, to 2.56x 10 *° cn? in ®6Fe[15] and is estimated Vviously published calculations, we present non-flux-averaged
to be 3.6 10 *°in 2%®Pp[15]. In addition to these practical cross sections, obtained for both low-energy and high-
features which are essential in the choice of the nucleus tenergyv, . These reaction cross sections given as a function
use to detect neutrinos, another important feature is the speof neutrino energy span a large energy range. They can be
troscopic properties which may suggest attractive signals afised to convolute with different neutrino fluxes in various
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contexts, for example, for future experiments with astro-lowing the results of Refl19], as in Ref[15], for v, [20],

nomical neutrinos which are at present under study, for theve treat Coulomb corrections by interpolating between the

very recent terrestrial experiments such as the LSND onetsvo approximate treatments. To interpolate, we take the cross

[15] to estimate the background, or in thgrocess nucleo- section calculated with the Fermi function at low electron

synthesis. energies, and the one calculated with EMA when the latter
We will emphasize the importance of the contribution of becomes smaller than the former.

forbidden transitions and how it evolves as a function of To get flux-averaged cross sections it is necessary to con-

neutrino energy. This is often not taken into account in manyolute Eq.(1) by the neutrino fluxf(E,), that is,

presentr-process nucleosynthesis calculations and so the

neutrino-nuclei cross sections are underestimdiedRef. %

[17] only the importance of first forbidden transitions in <0'>f:f dE,o(E,)f(E,), 2

neutron-rich nuclei was emphasized Fo

We will compare our results with presently available cal- i )
culations[10,15. With this aim, we will present two differ- Eo Deing the threshold energy. The choicefE,) depends

ent flux-averaged cross sections, where the neutrino fluxe the neutrino source and can be taken, for example, equal
are given by either the DAR qi* and decay in-flightDIF)  t© the supernova neutrino energy spectrum given by transport
of 7+ or by a Fermi-Dirac spectrum for a supernovae ex-codes or the neutrino fluxes produced by a beam dump. .
plosion. Finally, we will discuss our results in relation to the . 1€ nuclear structure model used to evaluate the transi-
suggested possible oscillation signals that would use thHON probabilities M in Eq. (1) is the charge-exchange
spectroscopic properties 8fBi. random—phase—approxmaudﬁzPA). The details of_ the ap-
proach can be found in Ref2l]. The calculations we
present have been obtained in a self-consistent approach: the
HF single-particles energies and wave functions as well as
The general expression for the differential cross section athe residual particle-hole interaction are derived from the
a function of the incident neutrino ener@y, for the reaction ~same effective forces, namely, the S[#2] and SGII[23]
v+ 2%%Pb— 1+ 2%Bj (I=e, u) is[18] Skyrme forces. We have found that the model configuration
. . space used is large enough for the Ikeda and Fermi sum rule
to be satisfied as well as the non energy-weigthed and
o(E,)= ECOSZ@CZ PiE fﬁld(cosﬁ)MB, (D) energy-weighted sum rules for the forbidden transitic.

The GT strength distribution we have obtained is peaked at
whereG cosé, is the weak coupling constart,is the angle  19.2 MeV, in agreement with the experimental value. This
between the directions of the incident neutrino and the outmain peak exhausts about 60% of the lkeda sum rule. The
going leptonE,=E,—E;(p,) is the outgoing lepton energy AS results at 18.4 MeV and this value compares again well
(momentun), E; being the energy transferred to the nucleus With the experimental finding18.8 MeV). Apart from these
andM  are the nuclear Gamow-Teller and Fermi type tran-Wo resonances and the spin dipole, the experimental knowl-
sition probabilities18]. edge about states of higher multipolarity is rather poor. The

In a nucleus as heavy as Pb the distortion of the outgoin§ecent experiment of Ref25] shows that isovector mono-
lepton wavefunction due to the Coulomb field of the daugh-Pole strength exists if°Bi between 30 and 45 MeV and in
ter nucleus becomes large and affects the integrated crofe present calculation we find some strength in the same
section considerably. In our treatment of this effect we fol-€Nnergy region.
low the findings of Ref[19]. In Ref.[19] it is found that the

Il. THEORETICAL FRAMEWORK

“effective momentum approximation{EMA) works well lIl. RESULTS AND DISCUSSION
for high-energy neutrinos. This approximation consists in us- _
ing an effective momenturpf™= \/EZ,—m? where E4=E In Figs. 1 and 2 we show the non-

—Ve(0) [Vc(0) is the Coulomb potential at the origim  flux-averaget?®b(ve &) 2Bi and*Pb(v,,,x ") **Bi in-
calculating the angle integrated cross section and multiplyin§lusive cross sections as a function of the neutrino energy,
Eq. (1) by (pf"/p;)2. Itis also shown that the modified EMA TOr @ mesh of energies, namelye=2.5 MeV forE, and
(MEMA) works better than EMA forv, of low and high AE=5.0 MeV for EV/J The dashed line in Fig. 1 shows the
energies. In this approximation Eql) is multiplied by cross section obtained when only the Fermi function is used
peEi/p E, . We use therefore this method in all our calcu-to include the Coulomb corrections. The results shown have
lations of the ¢,,u") cross sections. In the case of the been obtained with the SliI force, but we have found that
(ve,€7) process, the situation is somewhat more compli-with the SGII force we get quite similar results. All the mul-
cated. In fact, we see from Fig. 1 of R¢1L9] that the Fermi  tipolarities withJ<6 are included. We have checked that the
function stays close to the full DWBA results at low electron contribution coming fromJ=7 is small. [Note that, for
energieswherep,R<1, R is the nuclear radiysand over-  higher multipolarities, a mean field description, neglecting
estimates it as the electron energy increases. On the othtire particle-hole residual interaction, can be used to evaluate
hand, Fig. 2 of 19] shows that the cross section calculatedthe transition probabilities(1).] In the calculations we
with EMA ovestimates the full DWBA results at low lepton present the axial vector coupling constant has been taken
energies and gets close to it at high electron energies. Fokqual to 1.26. Note that the use of an effectjygo take into
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FIG. 1. Differential 2°%b(v, e )?%Bi cross section as a func- 20
tion of electron neutrino energy for a mesh of energitéeE(e
=2.5 MeV). As far as the treatment of the Coulomb distortion is

concerned, the results are obtained by interpolating between the
Fermi function, good at low electron energies and the modified
effective momentum approximation, good at high outgoing electron
energies. The dashed line shows the result obtained if only a Fernf](iar
function is used.
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FIG. 3. Contribution of the different multipolarities to the dif-
ential 2°Pb(v, e )?°®Bi cross section (10°° cn) of Fig. 1 for
E,.=15 MeV (up), 30 MeV (middle), 50 MeV (bottom.

account the problem of the “missing” GT strength will re- electron neutrino may have a higher average energy than it is
duce the reaction cross section by 10—15 % as it was alread)sually expected from current supernovae models.
discussed in Re{.16]. Let us now come to the comparison with other available
Figure 3 shows the contribution of the different multipo- calculations. Table | shows our flux-averaged cross sections,
larities to the total cross sectidfrig. 1), for the impinging  in comparison with those of Reff10,15. The low-energy
neutrino energieEVe= 15,30,50 MeV, which are character- neutrino flux is given by a Fermi-Dirac spectry,15
istic average energies for supernova neutrinos. WEen
=15 MeV (Fig. 3, up, o, is dominated by the allowed

Gamow-Teller ("=1%) transition. As the neutrino energy f(E,)
increasesFig. 3, middle, the allowed IAS and other forbid-
den transitions start to contribute significantly. Finally, when

E, =50 MeV (Fig. 3, botton), the GT and IAS transitions . .

e o o ) izes the spectrum to unit flux. The values of the paramdters
are not dominating at all, the cross section is being sprea nd « have been chosen to be able to compare our results
over many muItipoIaritigs. These. results suggest tha\t7vith those of Refs[10,15. As we can see from Table |, our
f-process nucleosynthess palcul§t|ons such as Bﬂf' predictions are in close agreemétite difference is at most
which include neutrino-nuclei reactions, should take into ac—20_30% with Ref.[15]. The results of Ref;15] have been
coun_t forbidden transi_tions. This may be even more irnpor'obtained in a CRPA approach. A variation of 20-30% is
tant if v, v, —wve oscillations occur, because in this case,qa)ly to be expected for calculations based on the same

approach but using different parametrizatidar example,
1000 for single particle wave functions and effective particle-hole
L interaction), because of the sensitivity of the flux-averaged
cross sections to the detailed strength distributildr€, as
we will discuss further. On the contrary, our results and those
of Ref.[15] present significant differences with those of Ref.

1 E2
()T exd(E, /T)—a]+1’

©)

whereT, « are fitted to numerical spectra anfle) normal-

o

750 [

500 - TABLE |. Flux-averaged cross sections (18 cn?) obtained

by convoluting the inclusive cross sections of Fig. 1 by a Fermi-
Dirac spectrum(3) for neutrinos emitted in a supernova explosion.
Different temperature® and« values are considered. The results of
recent calculations are shown for comparison.

o 10 em?)

250 |-

O\...I\\‘.I\..I..\‘I..\\I...\

0 50 100 150 200 250 300

E,, (MeV) (6,0) 14.06 11 27.84

(8,0) 25.3 25 57.99

FIG. 2. Differential *°®Pb(v,, , . ~)?*®Bi cross section, obtained (10,0) 34.91 45 96.14
with the MEMA approximation, as a function of muon neutrino (6.26,3) 25.21 21 47.50
energy for a mesh of energieAEvfs.O MeV).

(T,a) This work Ref.[15] Ref.[10]
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[10], obtained using the allowed approximation and includ-the nucleus is as heavy as lead.
ing the IAS, the GT and the first-forbidden contributions Let us finally discuss the two possible neutrino oscillation
treated on the basis of the Goldhaber-Teller model. The threg ,,»_— v, signals based on the spectroscopic properties of
calculations satisfy the same constraints, namely they reprc®s; excited in the CC reaction that have been proposed
duce the centroid of the resonances and satisfy the sum rulggcently. In Ref.[10], it was shown that the two-neutron
We believe that the significant differencéy a factor of  events associated with the deexcitatio?¥Bi are very sen-
2) with Ref. [10] may have two origins. The first possible gjtive to the mean electron neutrino energy. This signal relies
origin might be the way the Coulomb corrections are treatedy, the fact that most of the IAS. GT and first-forbidden
In Ref. [10],'the Coulomb d|§tort|on of the outgomg e]ectron strength distributions are above th@ 2mission threshold
wave function was taken into account by multiplying the(l4.98 MeV) in 2%8i. Our results show that not only the
g]rcfoescst ;cezﬁg%rél())nl)ly taeFlscreTéif?Sr?gt?c?ﬁ ilrrllst?e r:g%;omZiien;haenallowed and spin-dipole strengths are above this threshold,
y but also a fraction of the strength distributions associated

interpolation between the Fermi function and the EMA ap- . . ) ; X
proximation, we have calculated the reaction cross section‘Q’Ith other forbidden transitiongig. 3) will contribute to the

using these two possible corrections. As Fig. 4 shows, then decay. All the arguments given in R¢L.0] are based on
two cross sections have a quite different behavior as a fundhe statistical calculations ofrland 2n decays. The direct
tion of the neutrino energy so that the difference on the flux-Ln emission represents about 50% of the total width in the
averaged cross section may vary according to the particul&i@se of the IAS, and 5-10% in the case of the [@T].
neutrino flux considered. To get a quantitative idea of the In Ref.[15], it was pointed out that the energy distribution
variation, we have calculated the flux-averaged cross se®f the neutrons in theri events should form a peak at low
tions by convoluting the two curves of Fig. 1 with Eg). If energy, more or less pronounced according to the occurence
we use the Fermi function only, the reaction cross sectionsr absence of oscillations. This peak comes from the GT
increase, on average, by 50%lote that this indicates that strength distribution at around 7.6 MeV which is located
the recent nucleosynthesis calculations where the Fermibove the h threshold emission at 6.9 MeV. Our GT dis-
function is systematically used may overestimate someibution also shows a peak at around 7.5 MeV. We have
neutrino-nuclei cross sectiops. _ _ checked that its location is not sensitive to the choice of the
The second possible origin of the discrepancies betweegffective forces used. Still one should be careful about con-
our work (in close agreement with Reff15]) and Ref.[10]  ¢jysjons, because predictions of different models about the

might be the sensitivity of the flux-averaged cross sections t%nergy location and strength of that peak are at variance.
the detailed strength distributions it?®Bi. In fact, it has

already been discussed in REE6], that for low-energy neu-
trinos, the flux-averaged cross sections are very sensitive to
the energy of the excited states in the final nucleus. The
reason is twofold. First, due to the small electron mass, the \we have presented the non-flux-averaged
non-flux-averaged cross secti¢h) scales as the square of 208pp(;,  o~)2088j ang 208, , ) ?%Bi reaction cross

energy of the states. Second, the energy dependence of tBgctions, calculated in a self-consistent charge-exchange
neutrino flux may emphasize differences in the non-flux-rangom-phase approximation with Skyrme effective forces.
averaged Cross sections du_e to variations in the energy of thghege predictions can be employed for very different pur-
states. As it was discussed in Riif6], these two effects may poses, such as for the interpretation of the recent experiments
modify the flux-averaged reaction cross sections by 20 npeutrino oscillations performed by the LSND Collabora-
30 %. _ ) ) tion (where reactions induced by neutrinos on lead contribute
To complete our comparison with the calculations of Ref.sjgnificantly to the backgroundind to evaluate the feasibil-
[15], we have calculated two more flux-averaged cross seGy of future projects in which lead should be used as detector
tions, using the neutrino fluxes of both, coming from the  for supernova neutrinos. We have emphasized that forbidden
DIF of 7" and ve coming from the DAR ofu™. The neu-  transitions contribute significantly to the neutrino-nuclei re-
trino fluxesf(E,) were taken from Re{.26]. These neutrino  action cross sections even at the “astrophysical neutrino en-
fluxes have been used in the recent experiments:ve  ergies” and they should be included in presefirocess nu-
[4,27], v,—ve [5,28, or v,— v, [29] performed by the cleosynthesis calculations. We have discussed the present
LSND and KARMEN Collaborations. The DAR({,e™) status on the theoretical predictions on the reaction cross
cross section calculated ispagr=44.39< 10" %° cn? which  sections for thes, having typical energies from present mod-
is very close to 36.2 10 %° cn? obtained in Ref[15]. On  els on supernovae. If on one hand our calculations agree with
the contrary, our DIFg,, ,17) is opp=399.2<10"° cn?;  those of Ref[15], which are also based on RPA; on the other
whereas the one of Rdfl5] is 115< 10" %% cn?. We believe  hand, they both significantly disagree with those of REd).
that some of the disagreement may come from differences ive point out that the origin of the discrepancy might be
the strength distributions of the high ordgrigher than 2 mainly the different treatment of Coulomb corrections, but
forbidden transitions. In fact, contrary to the reactions ofalso the sensitivity of the reaction cross sections to the de-
neutrinos on light nuclei such as carbon, where these statésiled energy spectrum of the final nucleus. We have also
contribute only by 20% to the total DIF cross section, theircompared our flux-averaged reaction cross sections wjth
contribution represents 65% of the total cross section wheaoming from the DIF ofz* and with v, coming from the

IV. CONCLUSIONS
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DAR of u™", with the ones of Ref[15]. As expected, the lead. Finally, we have discussed our results in relation with
DAR cross sections are very close. On the contrary our DIFecently proposed signals to measure supernova neutrino os-
cross section differs significantly from the one of Rdf5].  cillations.

We have pointed out that the two predictions may differ be-

cause of differences in the strength distributions of forbidden ACKNOWLEDGMENTS
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