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Charged current neutrino-nucleus reaction cross sections at intermediate energies
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Inclusive and semi-inclusive neutrino-nucleus reaction cross sections at intermediate energies~20 MeV
<En<500 MeV! are calculated throughout the Periodic Table for the most interesting nuclei from an experi-
mental point of view. The method used had previously proved to be very accurate in calculating the inclusive
reaction cross section for light nuclei (12C and 16O! and in the study of other similar processes and has been
further improved to deal with low energy neutrinos. The electron neutrino (ne) and muon neutrino (nm) cross
sections weighted by their energy distributions are also calculated and discussed in conjunction with the
existing experimental results at LAMPF and the KARMEN Collaboration.

PACS number~s!: 25.30.Pt, 13.15.1g
ge
to
er-

ns

in
be
m
s
nd
ole

of
n-
the

mi-

l
ro
es

d

of
oss
e
io-

for
in
I. INTRODUCTION

The study of total cross sections in the neutrino-nucle
reactions

n l1~A,Z!→ l21X,n̄ l1~A,Z!→ l11X,l5e,m ~1!

is of great importance in neutrino detection@1–5#, in particu-
lar for nuclear targets used in the existing neutrino detect
@1,6# and promising nuclear isotopes proposed@2# to be used
as neutrino detection targets@6,7#. For the existing detectors
it is interesting to know reliable estimates of the neutrin
nucleus cross section forEn at least up to a few hundred
MeV, e.g., for the radiochemical experiments we need sem
inclusive cross sections while for the Cerenkov or liqu
scintillation experiments we need inclusive reaction cro
sections. On the other hand, for reactions of neutrinos w
some nuclei proposed as promising nuclear targets in n
trino detectors@2#, such as81Br, 98Mo, 115In, 127I, 205Tl, the
knowledge of a reliable cross-section calculation is a fund
mental prerequisite@7–13#.

So far, neutrino-nucleus cross sections have been ca
lated for some nuclear targets by using the following met
ods.

~i! Term-by-term sum@14#: This method needs the explici
construction of the final states in the context of a nucle
model and it is reliably applicable for low neutrino energie
for light and medium nuclei when the transitions to defini
nuclear states~ground-state or some low-lying excitations!
could be dominant.

~ii ! Closure approximation@15#: With this method one
avoids the tedious construction of the excited nuclear sta
if a suitable mean excitation energyĒ could be chosen. The
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results of this method depend on the assumed value ofĒ and
it is more reliable for neutrino energies 50 MeV<En<100
MeV.

~iii ! Fermi gas models@16#: The use of the non-relativistic
or relativistic Fermi gas model needs a choice of the avera
binding energy which defines the effective energy transfer
the nuclear target. The results are very sensitive to the av
age binding energy used~in particular at low neutrino ener-
gies! and more reliable estimates for neutrino cross sectio
can be obtained forEn>50 MeV where the details of the
specific nuclear states can be ignored.

~iv! Recently@4,17#, a new method has been developed
which the differential neutrino nucleus cross section can
expressed as a function of the local Fermi momentu
pF(r ), i.e., by using a local density approximation. In thi
way both bound as well as excited states of the proton a
neutron can be taken into account by using the particle-h
excitations included in a relativistic Lindhard function@4#. In
addition, one can also consider the very important effects
Coulomb distortion and renormalization of the operators i
volved in the elementary neutrino nucleon process inside
nucleus@18–20#.

In the present work we have improved method~iv! @4#
and calculated total cross sections for the inclusive and se
inclusive neutrino reactions of Eq.~1! throughout the Peri-
odic Table. In this version method~iv! takes into consider-
ation the gap for a minimum excitation energy of the fina
nucleus. Obviously, in infinite nuclear matter this gap is ze
but in the case of a finite nuclear system this value vari
from '6 MeV, for light nuclei, to'2–3 MeV, for heavy
nuclei. This is accounted for by means of the modifie
Lindhard function, discussed in Ref.@21#, which we have
used in the present calculations. A second improvement
the method has been done so that it can give us the cr
sections for particle-bound nuclear states with which w
have calculated the flux-averaged cross section for rad
chemical experiments.

We have studied total neutrino-nucleus cross sections
the most important nuclear isotopes in neutrino detection
of
1409 © 1996 The American Physical Society
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1410 53T. S. KOSMAS AND E. OSET
the energy region 20 MeV<En<500 MeV. These neutrino
energies, which cover the high energy supernova neutrin
the solar flare neutrinos, etc., can excite good enough nucl
states such that, the integration over the continuum involv
in the method used here is a very good approximation f
En>50 MeV, in the region of light nuclei, and forEn>20
MeV, in the region of medium and heavy nuclei.

The calculated cross sections are useful in the study
atmospheric neutrinos which carry neutrino energies betwe
a few MeV to some GeV and can be observed, e.g., in a lar
water Cerenkov detector. Also the interesting quantity of th
ratio of the muon-neutrino flux to that of the electron
neutrino flux for atmospheric neutrinos can be calculated
using the results of total neutrino cross sections.

From the neutrino cross sections obtained we have cal
lated the experimentally important ‘‘flux-averaged cross se
tions’’ and compared them with the corresponding value
found for various electron- and muon-neutrino reactions
the KARMEN @8,9# and LAMPF @10–13# Collaborations.

II. BRIEF DESCRIPTION OF THE FORMALISM

For the neutrino-induced reactions of Eq.~1! the effective
transition operatorHeff can be written in a covariant form as

Heff5
Gcosuc

A2
j mJm , ~2!

whereG is the weak coupling constant (G51.166431025

GeV22) anduc the Cabibbo angle (cosuc50.974). The lep-
tonic currentj m is the familiar one

j m5ūl~pl !g
m~12g5!un~pn!, ~3!

whereun , ul are Dirac spinors for the neutrino and lepto
having four-momentumpn , pl , respectively, with the nor-
malization ūu51. The hadronic currentJm in Eq. ~2! is
given by @4#

Jm5ūp~pp!FF1~q
2!gm1F2~q

2!isml

ql

2M
1FA~q2!gmg5

1FP~q2!qmg5Gun~pn! ~4!

(M is the nucleon mass!. The functions of the four-
momentum transferq2 ~with q5pp2pn): F1 , F2 , FA , and
FP are the well-known Dirac, Pauli, axial vector, and pseu
doscalar form factors, respectively. In the convention used
the present workq2 is written as

q25qmqm5q0
22q25~El2En!22~pl2pn!2. ~5!

pi denotes the three-momentum of the particles involved
the process.

For the antineutrino-induced reaction the leptonic an
hadronic currents are the complex conjugates of Eqs.~3! and
~4!, respectively.
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A. The local density approximation

The calculation of the total neutrino-nucleus reactio
cross sections, according to method~iv! mentioned in the
Introduction and modified as indicated below, is given by@4#

s52
2G2cos2uc

p E
0

R

r 2drE
pl
min

pl
max

pl
2dpl

3E
21

1

d~cosu!
1

EnEl
(
¯

( uTu2ImŪ@En2El

2Q1Qth2VC~r !,q#Q@El1VC~r !2ml #, ~6!

where the quantity(̄(uTu2 represents the sum and averag
over final and initial spins of the leptons and nucleons~for
the analytic form ofuTu2 see Appendix of Ref.@4#!. The
functionQ@El1VC(r )2ml # is thetheta function,VC is the
Coulomb energy of the lepton, andQ is theQ value of the
process. The function ImŪ(q0,q) represents the imaginary
part of the modified Lindhard function@21# which contains
the particle-hole excitation of proton-neutron type. The min
mum (pl

min50) and maximum$pl
max5@(El

max)22mm
2 #1/2%

lepton momentum are determined by the kinematics, i.e.,

El
max5En2VC~r !2Q. ~7!

The quantityQth in Eq. ~6! is the difference of the proton and
neutron local Fermi energies

Qth5EpF
2EnF

. ~8!

In the local density approximation, the magnitude of the m
mentapFn and pFp are given in terms of the neutron and

proton nuclear densitiesrn(r ) andrp(r ), respectively, as

pFn5@ 3p2rn~r !#1/3, pFp5@ 3p2rp~r !#1/3. ~9!

In a good approximationrn and rp are obtained from the
total charge density of the nucleusr(r ) via the relations
rn(r )5r(r )N/A andrp(r )5r(r )Z/A. In Eq. ~6! we letR
take the valueR5C115 fm whereC1 represents the radius
parameter of a two-parameter Fermi density distribution~see
Table I below!.

In the case of the neutrino reaction of Eq.~1! the total
energies of the neutron (En) and proton (Ep) are written as

En5Apn21Mn
2,

Ep5A~pn1q!21Mp
2'Apn21q21Mp

2, ~10!

where the approximation inEp holds if q•pn'0.
For the antineutrino-nucleus process, since in this case

role of the proton and neutron is interchanged~we neglect
the proton-neutron mass difference!, one can calculate the
cross section by using the same expression foruTu2 as for
neutrino scattering and changing the sign of terms involvi
the productsF1FA andF2FA in the expression of the Appen-
dix of Ref. @4#. In additionQth will have an opposite sign to
the one of Eq.~8!.

The renormalization of the currents mentioned in the I
troduction is done by allowing the propagation of theph in
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TABLE I. Characteristics of some neutrino- and antineutrino-nucleus reactions employed in neutri
detection.C1 ~radius parameter! and C2 ~thickness parameter! describe a two-parameter Fermi density
distribution of the target nucleus and Q~in MeV! represents theQ value of the corresponding reaction, equal
to M (A,Z11)2M (A,Z), for neutrino scattering andM (A,Z21)2M (A,Z), for antineutrino scattering,
where (A,Z) refers to the original nucleus.

Nucleus Density Parameters Neutrino processes Antineutrino processes

N
A
X C1 C2 Reaction Q Reaction Q

17
37Cl 3.535 0.524

17
37Cl(n l ,l

2)18
37Ar 0.303 17

37Cl( n̄ l ,l
1)16

37S 5.365

18
40Ar 3.530 0.542

18
40Ar(n l ,l

2)19
40K 0.994 18

40Ar( n̄ l ,l
1)17

40Cl 8.006

31
71Ga 4.445 0.580

31
71Ga(n l ,l

2)32
71Ge 20.276 31

71Ga(n̄ l ,l
1)30

71Zn 3.328

35
81Br 4.640 0.572

35
81Br(n l ,l

2)36
81Kr 20.189 35

81Br( n̄ l ,l
1)34

81Se 2.096

42
98Mo 5.107 0.569

42
98Mo(n l ,l

2)43
98Tc 1.169 42

98Mo( n̄ l ,l
1)41

98Nb 4.074

49
115In 5.357 0.563

49
115In(n l ,l

2)50
115Sn 21.005 49

115In( n̄ l ,l
1)48

115Cb 1.959

53
127I 5.405 0.552

53
127I(n l ,l

2)54
127Xe 0.152 53

127I( n̄ l ,l
1)52

127Te 1.206

81
205Tl 6.495 0.540

81
205Tl(n l ,l

2)82
205Pb 20.451 81

205Tl( n̄ l ,l
1)80

205Hg 2.049
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the nuclear medium. Theph response is substituted by a
RPA response accounting forph and delta-hole components
which interact by means of the spin-isospin effective nucle
interaction. This renormalization procedure took good a
count of the renormalization of the currents in muon captu
@18# and in beta decay@19#.

With respect to Ref.@4# the present formalism has incor
porated the use of the modified Lindhard function
Ū(q0,q) of Ref. @21#. The use of this function becomes nec
essary when studying the neutrino cross sections at low
ergies. The reason for it is that, the ordinary Lindhard fun
tion @22# has a pathological behavior atq050 andq→0. Let
us see this. The ordinary Lindhard function@22# for p,n
excitation is given by

Ū~q0,q!52E d3p

~2p!3 H n~p!@12n~p1q!#

q01«~p!2«~p1q!1 i e

1
n~p!@12n~p2q!#

2q01«~p!2«~p2q!1 i e J , ~11!

wheren(p) is the occupation number of the Fermi sea an
«(p) the nucleon kinetic energy.

Whenq050 and in the limit ofq→0, Eq.~11! leads to an
expression of the type 0/0 which has a finite limit, and act
ally uReŪ(0,q→0)u has a maximum there. However, th
response function for a finite nucleus with closed shells
zero, since one has matrix elements of the type^nueiq•ru0&,
with u0& the ground state andun& standing for excited states
This matrix element vanishes forq→0. Hence the disagree-
ment between nuclear matter and finite nuclei in this limit
extreme. Actually, the numerator of Eq.~11! vanishes when
q→0. The difference between a Fermi sea and the fin
nucleus is that the denominator of Eq.~11! vanishes when
q050 andq→0, while in finite nuclei it does not. This is
n
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because in nuclear matter one has a continuum of sta
while in finite nuclei there is a minimum energy needed
excite the first excited state. This gap of energy is wh
makes the denominator of the response function differe
from zero for finite nuclei.

In view of this, the Lindhard function was modified@21#
to account for the gap of the excited states and we have u
it here. The use of this modified Lindhard function has bee
essential to cure some numerical pathologies which appea
in the evaluation of the neutrino cross section at low energ
for some nuclei.

The pathologies disappear throughout the Periodic Ta
as soon as a gap of around 1 MeV is used and the results
then not much sensitive to the precise value of the gap us
Since the purpose of the gap is to avoid the numerical ins
bilities we have used a constant value for the gap, rather th
using a precise value for each nucleus. For this value
have chosen 3 MeV, which already provides very stable r
sults. As an example, taking instead a gap of 6 MeV chang
the cross sections below the level of 2% in all the range
energies and nuclei studied.

B. Michel distribution

The electron neutrino beams used in experiments~e.g., at
LAMPF, KARMEN, etc.! are produced from the decay o
muons resulting from the decay of slow pions and therefo
they have relatively low energies. Such neutrinos do not co
stitute a monochromatic beam. Their energy distribution
approximately described by the Michel distribution

dNn

dEn
[W~En!'En

2~En
max2En!, ~12!

where
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1412 53T. S. KOSMAS AND E. OSET
En
max'

mm
22me

2

2mm
. ~13!

For comparison of the theoretical semi-inclusive cross se
tion with experimental data we can calculate the flu
averaged cross section given by

s̄5
*
0
En
max

s~En!W~En!dEn

*
0
En
max

W~En!dEn

. ~14!

The numerator of Eq.~14! represents the folding of the neu
trino cross section with the energy distribution of Eq.~12!.
The denominator stands for normalization requirements. T
maximum energy in the upper limit of this integral is
En
max'52.8 MeV.
In order to obtains̄ in the case of muon neutrinos one ca

make the same average as in Eq.~14! with the distribution of
neutrinos given in Refs.@12,13#, and putEn

max'280.0 MeV.

III. DESCRIPTION OF NEUTRINO DETECTION
REACTIONS

In the present work we deal with the neutrino-nucleu
cross sections of eight nuclei which have been conside
important in neutrino detection experiments. The basic rea
tions and the quantities needed for the present calculati
are shown in Table I@23,24#. The nuclear distribution param-
eters~columns 2 and 3! refer to a two-parameter Fermi den
sity which we have used in Eq.~6!. These parameters eithe
have been obtained directly from experimental data@23# or
by interpolation using the experimental data@23# and Ref.
@20#.

The important role which each of the isotopes plays stu
ied here in neutrino detection is discussed in detail in oth
works @5–7#. However, we find it helpful to the reader to
mention some of their characteristics. The majority of the
nuclides37Cl, 71Ga, 81Br, 98Mo, 127I, and 205Tl, is appropri-
ate for experiments of radiochemical type, while40Ar and
115In can be employed in direct counting experiments. Mor
over, the 37Cl detector, operating since many years ago
Homestake@1,7#, is sensitive only to neutrino energies abov
Ethres50.814 MeV. The two71Ga solar neutrino detectors, a
@6# Gran Sasso and Baksan, have a threshold of only 0.2
MeV and have been used for measuring the flux of p-p ne
trinos. The 81Br, proposed as a solar neutrino detector@7#,
has a threshold energyEthres50.471 MeV. The127I can be
used as a promising solar neutrino candidate to cover
region between71Ga and the water detector Cerenkov cham
ber. Measurements of127I can be used to calibrate the cros
sections of the8B and 7Be neutrinos, since127I is sensitive
to both of them. At present an experiment with127I is under
way at LAMPF ~see Sec. IV!.

The two promising detectors205Tl and 98Mo could be
used in geochemical experiments. The one with98Mo has
already been developed in LAMPF, since the98Mo detector
could be used for measuring the flux of8B neutrinos aver-
aged over the past several milion years. The threshold for
neutrino reaction98Mo(ne ,e

2)98Tc isEthres51.68 MeV but,
because the ground state and the first excited state of98Tc
are forbidden, effectivelyEthres.1.74 MeV. The use of
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205Tl as a solar neutrino detector would have the smalles
threshold energy,Ethres50.062 MeV, which reflects its sen-
sitivity in p-p neutrinos. The proposal for a geochemica
experiment with205Tl @5# suggests the measure of the con-
centration of the205Pb isotope produced by solar neutrinos in
natural ores.

From the promising direct counting detectors, the liquid
40Ar detector at Gran Sasso~ICARUS experiment! is opti-
mized to observe solar neutrinos and it has a threshold e
ergyEthres55.885 MeV. The115In isotope has been proposed
@2# as a liquid scintillator solar neutrino detector, because
has a very low thresholdEthres50.119 MeV. The produced
115Sn is in the second excited (7

2
1) state.

Before closing this section we should mention that from
the corresponding (p,n) reactions of the above nuclides the
Gamow-Teller strengths are determined, from which th
cross sections for solar neutrino absorption have been calc
lated @7#.

IV. RESULTS AND DISCUSSION

The main goal of the present work was the calculation o
inclusive and semi-inclusive neutrino and antineutrino
nucleus cross sections throughout the Periodic Table with th
accurate method of Ref.@4#, modified as discussed in Sec. II.
To our knowledge no systematic study of the inclusive an
semi-inclusive cross section for intermediate neutrino ene
gies has been carried up to now.

The results of the total cross sections as a function o
neutrino energiesEn for eight nuclear targets are presented in
Fig. 1. These results enable us to study the dependence of
neutrino-nucleus cross section on the nuclear charge Z a
massA. The common characteristics of the cross section
shown in Fig. 1 is that they rise appreciably at low energie
but the growth becomes moderate at higher energies. In t
same nucleus there are differences between the neutrino a
antineutrino reactions but for each target the electron ne
trino cross sections in the region 300<En<500 MeV are
about equal to the corresponding muon-neutrino cross se
tions and the electron-antineutrino cross sections are abo
equal to those of the muon antineutrino.

There are few experimental data to compare with in thi
energy regime. One of the reactions for which there ar
measurements is thene cross section on12C both from the
KARMEN @8,9# and Los Alamos Collaborations@10,11#. The
cross sections are the averaged ones with the Michel dist
bution, and although there are still some discrepancies in th
amount of strength that goes into the excitation of the12N
~g.s! and the excited states, the totalne cross section is about
the same in both experiments~see Table II!. In the present
work, by using our modified method, we have repeated th
calculation done fors̄ of 12C in Ref. @4#. Our results, with a
cross section ofs̄50.14310240 cm2 agree well with experi-
ments. In Ref.@4# we make a thorough discussion of the
results of other methods and we omit this here.

Recently, there have been some measurements in127I at
Los Alamos. They have the peculiarity of being experiment
of radiochemical type. This means that the127Xe in the final
state is chemically separated. Hence, this kind of experime
includes all final states in which the ground state of127Xe or
any excited state of this element~which will go to the ground
state by radiative decay! are produced.
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TABLE II. Flux-averaged cross sections̄ for ne obtained by folding the cross sections in a Michel
neutrino energy distribution@see Eq.~14!#. Column indicated as ‘‘Radiochemical’’ contains only the contri-
bution of particle bound states of the final nucleus.

Average cross sections̄ (10240 cm2)

(A,Z) Reaction Total
Radio-
chemical KARMEN expt. LAMPF expt.

6
12C

6
12C(ne ,e

2)7
12N 0.14 - 0.1560.03 Ref.@9# 0.146.03 Ref.@10#

17
37Cl

17
37Cl(ne ,e

2)18
37Ar 1.8 1.4

18
40Ar

18
40Ar(ne ,e

2)19
40K 1.9 1.3

31
71Ga

31
71Ga(ne ,e

2)32
71Ge 4.0 2.7

35
81Br

35
81Br(ne ,e

2)36
81Kr 4.5 3.2

42
98Mo

42
98Mo(ne ,e

2)43
98Tc 5.3 2.7

49
115In

49
115In (ne ,e

2)50
115Sn 7.2 4.7

53
127I

53
127I(ne ,e

2)54
127Xe 7.3 4.3 6.262.5 Ref.@11#a

81
205Tl

81
205Tl (ne ,e

2)82
205Pb 14.0 6.3

aaThis experiment is of a radiochemical type.

FIG. 1. Total cross sections of neutrino-nucleus induced reactions for certain promising neutrino detection nuclear targets. The
plotted refer to the reactions: (A,Z)(ne ,e

2)(A,Z11) ~solid line!, (A,Z)(nm ,m
2)(A,Z11) ~long-dashed line!, (A,Z)( n̄e ,e

1)(A,Z21)
~short-dashed line!, and (A,Z)( n̄m ,m

1)(A,Z21) ~dotted line!.



a

-

f

o

o

cal.
of

-
is-
f

n

h
ri-

of
t

eti-
e
e

of
lu-
er-
t
nt
e
cal
d
uli
e
o
ts
g

er
ates
rd
ate
ds
-

on

d.
ex-

.

1414 53T. S. KOSMAS AND E. OSET
In order to be able to calculate this cross section we h
modified the formalism of Ref.@4# in such a way that the
contribution of nuclear excited states above the thresh
energies for proton or neutron emissionEthres

N ~see Table III
@24#! is excluded. This was done by setting the integrand
Eq. ~6! to zero when

En2Ee.Q1Ethres
N 1VC ~15!

with Ethres
N , the smallest of the valuesEthres

p , Ethres
n , for pro-

ton or neutron emission.
In Table II we have computed thene cross sections aver

aged over the Michel distribution for several nuclei and w
show the results of the total cross section and those of
radiochemical cross sections. The12N nucleus has a very
low proton emission threshold which makes it unsuitable
such kind of radiochemical experiment, but all the other n
clei quoted in the Table I can in principle qualify for such a
experiment and we have evaluated this cross section.

We can compare our results with those of the recent
diochemical experiment at LAMPF@11# for 127I. The experi-
mental results quoted in@11# give a cross section of

s̄5~6.262.5!310240 cm2.

We get a value of

s̄54.2310240 cm2

for this cross section. It is also interesting to compare
results with two other recent theoretical results. On the o
hand, in Ref.@25# the values

s̄56.4310240 cm2

and

s̄53.0310240 cm2

are quoted using two different approaches, which rely b
on the closure approximation. We should recall, howev

TABLE III. Energies for proton emission Ethres
p

5M (A821,Z821)1Mp2M (A8,Z8) and neutron emissionEthres
n

5M (A821,Z8)1Mn2M (A8,Z8), for certain neutrino detection
targets. (A8,Z8) represents the daughter nucleus in the reaction

Nucleus Proton emission Neutron emission
(A,Z) Ethres

p ~MeV! Ethres
n ~MeV!

~12, 7! 0.6 15.97
~37,18! 8.72 8.80
~40,19! 7.58 7.81
~71,32! 8.29 7.43
~81,36! 9.05 7.83
~98,43! 6.18 7.29
~115,50! 8.75 7.56
~127,54! 7.70 7.24
~205,82! 6.72 6.74
ve

old
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that these are total cross sections and not radiochemi
They should be compared to our results in Table II
s̄57.3310240 cm2.

On the other hand, in Ref.@3# the authors evaluate a genu
ine radiochemical cross section by summing over the d
crete excited states of127Xe. They obtain a cross section o
s̄52.1310240 cm2, if gA521.0 is used, or s̄53.1
310240 cm2, if gA521.26 is used. Our method provides a
automatic renormalization ofgA by means of theph and
Dh RPA excitation which leads to quenched values ofgA
@19#. Hence, the results of Ref.@3#, are about a factor of 2
smaller than ours.

There is another recent experimental information whic
can be contrasted with our predictions. In a recent expe
ment at Los Alamos with muon neutrinos@13#, they obtain
the cross section

s̄5@8.36~stat!61.6~syst!#310240 cm2

averaged over thenm flux in the range of 123.7,En,280
MeV for the 12C(nm ,m

2)X reaction. Averaging over the
same distribution we obtain a cross section
s̄519310240 cm2. We should recall that this experimen
corrects considerably the previous data of Ref.@12#. Our val-
ues here are a bit smaller than thes̄525310240 cm2 quoted
in Ref. @4#, because thenm 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.@4#. It is also inter-
esting to compare these results with another recent theor
cal calculation@26# which uses a continuum random phas
approximation calculation and which provides the valu
s̄520310240 cm2.

V. SUMMARY AND CONCLUSIONS

In the present work we have done a systematic study
the charged current neutrino- and antineutrino-nucleus inc
sive and semi-inclusive cross sections for intermediate en
gies 20 MeV<En<500 MeV. We have chosen a set of eigh
nuclei which are very important from an experimental poi
of view in ongoing experiments and current proposals. W
have used a reliable method which is based on the lo
density approximation in finite nuclei and uses the modifie
Lindhard function to take into account the effects of the Pa
blocking and Fermi motion into the nuclear medium and th
finite gap for a minimum nuclear excitation energy. It als
takes into consideration the renormalization of the curren
involved in the process and the distortion of the outgoin
charged lepton due to the Coulomb field.

The method is considerably easier technically than oth
accurate methods, such as the direct sum over excited st
or continuum RPA calculations, and allows a straightforwa
evaluation in any nucleus. The method is also very accur
~a thorough discussion and comparison with other metho
was done in Ref.@4#! and can be used to make further pre
dictions in other isotopes of interest.

We made comparisons of our results with existing data
inclusive cross sections for the12C(ne ,e

2)X reaction mea-
sured at LAMPF and KARMEN, and the agreement is goo
We also made a comparison with a recent radiochemical
periment for the127I(ne ,e

2)127Xe reaction and found our
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results to be compatible with experiment within experimen
errors.

On the other hand, the cross section for the12C
(nm ,m

2)X reaction, which we obtain, is about a factor of
bigger than that of a recent experiment at LAMPF and e
sentially equal to other recent theoretical calculations for t
same reaction.

Although, some discrepancies with experiment still r
main, as shown in the last example, more serious disagr
ments found in the past, have been overcome with the adv
of new refined experiments. This strengthens our confide
in the method we use to evaluate neutrino cross sections
makes the predictions made here for different nuclei a ve
tal

2
s-
he

e-
ee-
ent
nce
and
ry

valuable information to be used in future experiments or in
the calibration of new neutrino detectors.
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