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Abstract

Neutrino-nucleus reactions at low and intermediate energies up to £, = 500M eV
are investigated for the most interesting nuclei from an experimental point of view.
We mainly focus on calculations of neutrino-nucleus cross sections for semi-inclusive
processes, for which recent measurements from radiochemical experiments at LAMPF
and KARMEN have been obtained. Inclusive cross sections are also calculated and
discussed. The method employed uses the Lindhard function for the description of
the particle-hole excitations of the final nucleus via a local density approximation.

1 Introduction

The fundamental role which play the neutrinos in various astrophysical phe-
nomena has been found a special experimental and theoretical interest by
many authors in the last years [1-5]. For terrestrial observations of astro-
physical neutrinos, i.e. solar-, supernova-, atmospheric-neutrinos etc., some
favorable nuclear isotopes have been used or proposed to be used as neutrino
detectors via the neutrino-nucleus reactions

n+(AZ) =1 +X (1)

i+ (@2 F+X

where [ = e, uu. For these reactions, reliable estimates of neutrino-nucleus cross
section for £, up to a few hundred MeV and especially for semi-inclusive
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and inclusive processes are very important [3-5]. For the special type of the
ongoing radiochemical experiments, which register events from only particle-
bound states of the final nucleus, semi-inclusive cross sections for 3C'l, at Davis
experiment, and for " Ga, at GALLEX and SAGE experiments are needed.
Also, for reactions of neutrinos with some isotopes proposed as promising
nuclear targets in neutrino detectors, like 8 Br, ® Mo, 11%n, 127] 2057 the
knowledge of a reliable cross section calculation is a fundamental prerequisite
[6-13]. We mention that in the case of the Cerenkov or liquid scintillation
experiments we need inclusive cross sections for much higher energies than
those of the radiochemical type experiments.

A thorough discussion of the various methods used so far [14-16] for neutrino
nucleus cross section calculations has been done in ref. [5]. In the context of
the method used in the present work, the differential neutrino nucleus cross
section is expressed in terms of the local Fermi momentum pp(r). In this way
both bound as well as excited states of the proton and neutron are taken
into account by using the particle-hole excitations included in a relativistic
Lindhard function. This function, primarly constructed for the infinite nuclear
matter, has been modified [4] so as to take into account the gap for a minimum
excitation energy of the final nucleus (see sect. 3).

The method used here is also appropriate to give the cross sections for particle-
bound nuclear states with which the "flux averaged cross section” & for radio-
chemical experiments can be calculated. This is experimentally a very impor-
tant quantity. In the present work we have calculated the flux averaged cross
sections for v, and v, neutrinos and compared them with the corresponding
values found for various electron- and muon-neutrino reactions in the KAR-
MEN [8,9] and LAMPF [10-13] collaborations. The cross section & is obtained
by folding the ordinary neutrino cross sections with an appropriate energy
distribution of the outgoing lepton (see sect. 4).

We have also studied total neutrino-nucleus cross sections for the most im-
portant neutrino detection nuclear isotopes for low and intermediate energies
20MeV < E, > 500MeV . These neutrino-energies, which cover the high en-
ergy supernova neutrinos, the solar flare neutrinos etc., can excite a great
number of nuclear states such that, the integration over the continuum in-
volved in the method used here is a very good approximation.

2 Description of the method

The construction of the effective Hamiltonian which describes processes (1)
has been done in ref. [4]. By assuming local density approximation the total
neutrino-nucleus reaction cross section o, is written as [5]
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2G2 cos?0), 7 2 K 2 h 1 5= 2
T = ._—7r_____/r dr / p,dp;/d(cosB)E”ElEZ | T |
0 1

min -
P

xImU(E, — E; — Q + Qu — Ve(r),q) O(E; + Vo(r) — my) (2)

where the quantity 3.5 | 7' |? represents the sum and average over final and
initial spins of the leptons and nucleons (scc appendix of ref. [5]). The function
O(E; + Ve(r) — my) is the theta function, V¢ is the Coulomb energy of the
lepton and @ is the Q-value of the process. The function ImU(¢°, q) represents
the imaginary part of the modified Lindhard function [17]. The minimum
(pp» = 0) and maximum (p*** = ((E***)? — m?)!/2) lepton momentum are
determined by the kinematics i.e.

EM*=E,—Ve(r)-Q, (3)

The quantity Q) in eq. (2) is the difference of the proton and neutron local
Fermi energies

ch = Epp- = Enp (4)

The magnitudes of the momenta pr, and pr, are given in terms of the neu-
tron and proton nuclear densities, via a local density approximation. In our
convention ¢? is written as

C=¢qu=¢-¢ =(E-E)-@-p) (5)

where p; denotes the three-momentum of the particles involved in the process.

3 The use of the modified Lindhard function

In the infinite nuclear matter the gap for a minimum excitation is zero but
in the case of a finite nuclear system this gap varies from ~ 6MeV, for light
nuclei, to &~ 1 —3MeV, for heavy nuclei. The sensitivity of the results on the
minimum excitation energy (gap) of the participating nucleus is studied in
table 1, for the total cross sections and in table 2, for the radiochemical ones.

As has been discussed in ref. [4], the use of the modified Lindhard function
U(q°,q) becomes necessary when studying the neutrino cross sections at low
energies. The reason for it is that, the ordinary Lindhard function [18-21] for
p,n excitation given by
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p)[l —n(p+q) n(p)[l —n(p —q)]
o9 = /( {°+€(P)—€(P+Q)+ze ‘q0+€(P)—5(P—Q)+ie}(6)

where n(p ) is the occupation number of the Fermi sea and ¢(p ) the nucleon
kinetic energy, has a pathological behaviour at ¢° = 0 and q — 0 for the
following reason.

When ¢° = 0 and in the limit of q — 0, eq. (6) leads to an expression of the
type 0/0 which has a finite limit, and actually |Rel/(0,¢q — 0)| has a maximun
there. However, the response function for a finite nucleus with closed shells
is zero, since one has matrix elements of the type < n|e’dT|0 >, with |0 >
the ground state and |n > standing for excited states. This matrix element
vanishes for g — 0. Hence the disagreement between nuclear matter and finite
nuclei in this limit is extreme. Actually, the numerator of eq. (6) vanishes when
q — 0. The difference between a Fermi sea and the finite nucleus is that the
denominator of eq. (6) vanishes when ¢° = 0 and q — 0, while in finite nuclei
it does not. This is because in nuclear matter one has a continuum of states
while in finite nuclei there is a minimum energy needed to excite the first
excited state. This energy gap is what makes the denominator of the response
function different of zero for finite nuclei.

Table 1. Inclusive (total) cross sections (all accessible final states contribute)
for v.-nucleus reactions obtained by using various values of the minimum ez-
citation energy A in the modified Lindhard function. (04 in 10738cm?).

E, o1t for 3Clve,e”3TAr | o1 for 2°Ti(v,,e )3 Pb
(MeV )| 1MeV 3MeV 6MeV | 1MeV  3MeV  6MeV
30 0.01538 0.01249 0.01260 | 0.13902 0.10751 0.10882
50 0.06968 0.05456 0.05074 | 0.49621 0.37060  0.34424
100 0.50260 0.45194 0.41399 | 2.96007 2.60926 2.36321
150 1.53978 1.46552 1.39360 | 8.67884  8.22220  7.78100
200 3.14425 3.05769 2.96632 | 17.56398 17.03447 16.47959

250 5.03576 4.94517 4.84223 | 28.08149 27.52524 26.90237
300 6.92839 6.83780 6.72994 | 38.57010 38.01504 37.36728
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Table 2. Semi-inclusive (radiochemical) cross sections (particle-bound states
only contribute) for v.-nucleus reactions obtained by using various values of
the minimum ezcitation energy A in the modified Lindhard function. (0,44 in
10~38cm?).

E, Orad for 3TCl(ve, e 3T Ar | 0raa for 25Tl(ve, e )3 Pb
(MeV ) | 1MeV  3MeV  6MeV | 1MeV  3MeV  6MeV
30 0.01262 0.01121. 0.01144 | 0.06079 0.05934 0.06268

50 0.03448 0.03291 0.03315 | 0.11165 0.11196 0.11700
100 0.08915 0.08791 0.08927 | 0.21410 0.21718 0.22578
150 -0.11862 0.11787 0.11960 | 0.32257 0.32591 0.33387
200 0.16355 0.16333 0.16487 | 0.34087 0.34320 0.34975
250 0.13014 0.13022 0.13199 | 0.41679 0.41907 0.42770

300 0.13035 0.12987 0.13161 | 0.51134 0.51114 0.52125

In order to cure this pathological behaviour of the Lindhard function in the
case of finite nuclear systems, this function was modified [17] by introducing
a parameter A in the denominator of eq. (6) which accounts for the gap of
the first excited state. In this way, the numerical difficulties appeared in the
evaluation of the neutrino cross section at low energies for some nuclei are
removed.

The pathologies disappear throughout the periodic table as soon as a gap
of around 1 MeV is used and the results are then not much sensitive to the
precise value of the gap used (see tables 1 and 2). Since the purpose of the
gap is to avoid the numerical instabilities, in ref. [4] we have used a constant
value for the gap, rather than using a precise value for each nucleus. For this
value we have chosen 3 MeV, which already provides very stable results. As
an example, taking instead a gap of 6 MeV changes the cross sections below
the level of 2% in all the range of energies and nuclei studied for both inclusive
and semi-inclusive processes (see tables 1 and 2).
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4 Cross sections calculations
4.1 Total and radiochemical cross sections

In the present work we study inclusive and semi-inclusive neutrino and antineutrino-
nucleus cross sections throughout the periodic table by using eq. (2).

The common characteristics of the total cross sections found in ref. [4] is that
they rise appreciably at low energies but the growth becomes moderate at
higher energies. In the saine nucleus there are differences between the neutri-
no and antineutrino reactions but for each target the electron neutrino cross
sections in the region 300 < £, < 500M eV are about equal to the correspond-
ing muon-neutrino cross sections and the electron antineutrino cross sections
are about equal to those of the muon antineutrino.

In order to be able to calculate the radiochemical cross section we have mod-
ified the formalism of ref. [5] in such a way that the contribution of nuclear
excited states above the threshold energies for proton or neutron emission
EJ ., is excluded. This was done by setting the integrand of eq. (2) to zero
when

EV - Ee > Q 4 EtIXres + ‘/C (7)
whith E} . the smallest of the values EF, ., EP _ . for proton or neutron
emission.

4.2 Averaged cross section &

The neutrino beams used in experiments (e.g. at LAMPF, KARMEN etc.) are
not monochromatic, but they present an energy distribution. In the electron
neutrino case, the neutrinos are produced from the decay of muons resulting
from the decay of slow pions and therefore they have relatively low ener-

gies. The energy distribution of such neutrinos is approximately described by
(Michel distribution)

dN, _

2 max
= v ~ - Eu
dE, W(E,) =~ E,(E] ) (8)
where
2 _ .2
By DT ©)
2m,,
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Thus, the maximum electron-neutrino energy is E'** ~ 52.8MeV. In the
case of muon neutrinos the energy distribution is different. In refs. [12,13], a
muon-neutrino energy distridution is presented in which E™** = 280.0MeV.

For comparison of the theoretical cross sections with experimental data we
define the flux averaged cross section & by

mazx

¥ " o(E,)W(E,)dE,
oo W(E,)dE,

(10)

The numerator of eq. (10) represents the folding of the neutrino cross sec-
tion with the appropriate energy distribution. The denominator stands for
normalization requirements.

5 Discussion of the results

There are few experimental data to compare with in this energy regime. One
of the reactions for which there are measurements is the v, cross section on
12C both from the KARMEN collaboration [8,9] and Los Alamos [10,11]. The
cross sections are the averaged ones with the Michel distribution, and although
there are still some discrepancies in the amount of strength that goes into the
excitation of the 2N (gs) and the excited states, the total v, cross section is
about the same in both experiments (see table 3). In the present work, using
the modified method, we have found that, & = 0.14 x 10~°cm?, which agrees

well with experiments. In ref. [5] a thorough discussion of the results of other
methods has been done.

Recently, there have been some measurements in 7] at Los Alamos obtained
by experiments of radiochemical type. This means that the >’ Xe in the final
state is chemically separated. Hence, this kind of experiment includes all final
states in which the ground state of 1>” Xe or any excited state of this element
(which will go to the ground state by radiative decay) are produced.

In table 3 we have computed the v, cross sections averaged over the Michel
distribution for several nuclei and we show results of the total and radiochem-
ical cross sections. The 12 N nucleus has a very low proton emission threshold
which makes it unsuitable for radiochemical experiment, but all the other nu-
clei quoted in the table 3 can in principle qualify for such an experiment and
we have evaluated this cross section.
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Table 3. Fluz averaged cross section & for v. obtained by folding the cross
section o in a Michel neutrino energy distribution (see tezt). &roq4 contains the
contribution of particle bound states only and 6, contains the contribution of
all accesible particle states of the final nucleus.

Reaction Gtot  Oraa | KARMEN Exp. LAMPF Exp.
$C(ve,e” 2N 014 - |0.15+0.03 ref. [9) 0.14 £ .03 ref. [10]
FCl(ve, e )L Ar 1.8 14
BAr(ve,e” 3K 1.9 13
B Ga(ve,e”)iGe 4.0 2.7
S Br(ve,e” )58 Kr 45 3.2
BMo(ve,e” )3T 53 2.7
BIn(ve,e” 4838n | 72 47
2 I(ve, e )3 Xe 7.3 43 : 6.2 £ 2.5 ref. [11]*
B5TI(ve, e )35 Pb | 14.0 6.3

* This ezperiment is of radiochemical type.

We can compare our results with those of the recent radiochemical experiment
at LAMPF [11] for 27]. The experimental results quoted in [11] give a cross
section of

7 = (6.2 +2.5) x 107" cm?

We get a value of

& =42 x 107¢m?

for this cross section. It is also interesting to compare our results with two
other recent theoretical results. On the one hand, in ref. [22] the values

7 =6.4x10"%cm? and & =3.0 x 107%cm?

are quoted using two different approaches, which rely both on the closure
approximation. We should recall, however, that these are total cross sections
and not radiochemical. They should be compared to our results in table 3 of
7= 1.3 x107%m?
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On the other hand, in ref. [3] the authors evaluate a genuine radiochemi-
cal cross section by summing over the discrete excited states of 127 Xe. They
obtain a cross section of & = 2.1 x 107*cm?, if g4 = —1.0 is used, or
7 = 3.1 x 107%em?, if g4 = —1.26 is used. Our method provides an au-
tomatic renormalization of g4 by means of the ph and Ah RPA excitation
which leads to quenched values of g4 [20]. Hence, the results of ref. 3], are
about a factor of two smaller than ours.

There is another recent experimental information which can be contrasted with
our predictions. In a recent experiment at Los Alamos with muon neutrinos
[13], they obtain the cross section

& = [8.3 & (stal.) & 1.6(syst.)] x 10™*cm?

averaged over the v, flux in the range of 123.7 < E, < 280MeV for the
2C(v,, p~)X reaction. Averaging over the same distribution we obtain a cross
section of & = 19 X 10~*%cm?2. We should recall that this experiment corrects
considerably the previous data of ref. [12]. Our values here are a bit smaller
than the & = 25 x 107*°cm? quoted in ref. [5], because the v, distribution
of ref. [13] has less strength at high energies than the one quoted in [12],
which was used to evaluate the results of ref. [5]. It is also interesting to
compare these results with another recent theoretical calculation [23] which
uses a continuum random phase approximation calculation and which provides
the value & = 20 x 10~ cm?.

6 Summary and conclusions

In the present work we have studied the charged current neutrino and an-
tineutrino nucleus inclusive and semi-inclusive cross sections for low and in-
termediate energies 20MeV < E, < 500MeV . We have chosen a set of eight
nuclei which are very important from an experimental point of view in ongoing
experiments and current proposals. The method used is reliable and consider-
ably easier technically than other accurate methods and can be used to make
further predictions in other isotopes of interest.

We made comparisons of our results with existing data on inclusive cross sec-
tions for the 2C(ve, e™)X reaction measured at LAMPF and KARMEN, and
the agreement is good. We also made a comparison with a recent radiochem-
ical experiment for the 27 (v, e~ )'?" Xe reaction and found our results to be
compatible with experiment within experimental errors. On the other hand,
the cross section for the 2C'(v,,u~)X reaction, which we obtain, is about a
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factor of two bigger than that of a recent experiment at LAMPF and essen-
tially equal to other recent theoretical calculations for the same reaction.

Although, discrepancies like the above with experiment still remain, more
serious disagreements found in the past, have been overcome with the advent
of new refined experiments. This strengthens our confidence in the method
used and makes the predictions made here for different nuclei a very valuable
information to be used in future experiments or in the calibration of new
neutrino detectors.
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