
Japan

PHYSICAL REVIEW C, VOLUME 62, 015501
Microscopic theories of neutrino-12C reactions
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In view of the recent experiments on neutrino oscillations performed by the LSND and KARMEN Collabo-
rations as well as future experiments, we present new theoretical results of the flux-averaged12C(ne ,e2)12N
and 12C(nm ,m2)12N cross sections. The approaches used are charge-exchange random-phase approximation
~RPA!, charge-exchange RPA among quasiparticles~QRPA!, and the shell model. With a large-scale shell-
model calculation the exclusive cross sections are in nice agreement with the experimental values for both
reactions. The inclusive cross section fornm coming from the decay-in-flight ofp1 is 15.2310240 cm2 ~when
Hartree-Fock wave functions are used!, to be compared to the experimental value of 12.460.361.8
310240 cm2, while the one due tone coming from the decay-at-rest ofm1 is 16.4310242 cm2 which agrees
within experimental error bars with the measured values. The shell-model prediction for the decay-in-flight
neutrino cross section is reduced compared to the RPA one, namely 19.2310240 cm2. This is mainly due to
the different kind of correlations taken into account in the calculation of the spin modes~in particular, because
of the quenching in the 11 channel! and partially due to the shell-model configuration basis which is not large
enough, as we show using arguments based on sum rules. Results for exclusive and inclusive muon capture
rates andb decay are given and are close to the experimental findings.

PACS number~s!: 25.30.Pt, 21.60.Cs, 21.60.Jz, 23.40.Bw
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I. INTRODUCTION

For many years, weak processes in nuclei such asb decay
and muon capture have been studied, on the one han
deepen our knowledge of the weak interaction in nuclei a
on the other hand, to yield information on nuclear structu
Both aspects are important when one considers other w
processes in nuclei, namely reactions induced by scatt
neutrinos. A description of the latter processes is not o
important in our attempts to better understand the natur
such reactions but also it has significant practical importa
in the current experimental studies of neutrinos. In fact,
clei are often used as neutrino detectors so that the kn
edge of reactions induced by neutrinos on nuclei becom
crucial step for the interpretation of experiments on neu
nos, such as the ones aiming to go beyond the stan
model looking for neutrino oscillations and masses or th
measuring solar neutrinos to test the standard solar mod

A clear example is given by the recent experiments p
formed both by the LSND and the KARMEN Collabora
tions, looking fornm→ne @1,2#, n̄m→ n̄e @3,4# or nm→nx @5#
oscillations with neutrinos produced by accelerators. The
tectors used in these measurements are mainly compos
protons and12C. Reactions of neutrinos on this nucleus a
used to check neutrino fluxes and efficiencies@6#. In the ne
→nx disappearance experiment of Ref.@5# with ne coming
from the decay-at-rest~DAR! of m1, the charged-curren
~CC! reactionne112C→e2112Ng.s. is used to detect neutri
nos. In Ref.@1# the nm→ne appearance experiment withnm
coming from the decay-in-flight~DIF! of p1, 12C is used to
detect neutrinos via the CC reactionne112C→e2112N. In
both cases, the extracted oscillation probabilities rely dire
0556-2813/2000/62~1!/015501~11!/$15.00 62 0155
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on the knowledge of the cross section for these reactio
The exclusive cross section forne112C→e2112Ng.s. ~where
12N is left in the ground state! has been measured by diffe
ent collaborations@7–9# and its value can be obtained in
model-independent way by using form factors deduced fr
the measurements of related weak processes such asb decay
and muon capture as it is done in the elementary part
theory~EPT! @10#. Concerning the inclusive cross section f
ne112C→e2112N ~where 12N is left either in the ground
state or in an excited state!, because of the universality of th
weak interaction we expect this reaction to be described
the same effective Hamiltonian as the reactionnm112C
→m2112N with nm coming from the DIF ofp1. A problem
concerning this reaction has emerged which has been ex
sively investigated recently, namely the theoretical cross s
tion overestimates the experimental value@6# by about 50%
within charge-exchange random-phase approximation~RPA!
@11,12# or by about 30–40 % in@13#. An attempt has also
been made within an extension of the EPT@14#, but it is
based on several assumptions which have not been teste
@15#. In a recent shell-model~SM! calculation@16# the value
of the cross section is reduced in agreement with the exp
mental value. The reaction cross section with neutrinos co
ing from the DIF of p1 has been measured only by th
LSND collaboration up to now@6,17#. Because the sam
detector used for these measurements has been used to
sure the neutrino oscillations, it is important to know wh
we can say about these reaction cross sections from the
oretical point of view, keeping in mind that every nucle
structure model necessarily contains approximations.

The weak interaction in nuclei being well known, an a
curate prediction of these cross sections is a challeng
problem from the nuclear structure point of view. In fac
©2000 The American Physical Society01-1
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these observables rely on transition densities which can
obtained only in calculations which take into account t
different aspects of the structure of the nuclei involved
these reactions. First, it has been known for a very long t
@18# that 12C is not a true closed subshell nucleus or, in oth
words, that the ground-state wave function can be only
scribed by an intermediate coupling scheme and cont
configuration mixing, including deformed components. S
ond, if on one hand, in the DAR experiments the neutrin
have impinging energies of the order of several tens of M
in the DIF experiment the energy goes up to around 3
MeV. As a consequence, the DAR reaction cross sectio
dominated by the Gamow-Teller~GT! transition to the
ground state of12N for which information on the transition
probabilities can be obtained from other related weak p
cesses like12N(b1)12C, 12B(b2)12C, and 12C(m2)12B. On
the contrary, in the DIF reaction the energy and moment
transferred to the nucleus is quite large so that12N can be
left in an excited state of several tens of MeV, that is, in a
above the giant resonance region. If the transition to12Ng.s.

represents 2/3 of the total reaction cross section in the D
case, the cross section given by transitions to the exc
states is 200 times larger than the transition to the12Ng.s., if
the neutrinos come from the DIF of pions. This means tha
have an accurate prediction for these cross sections we
nuclear structure models which are not only capable of t
ing into account configuration mixing in the ground-sta
wave function of12C but also of describing high-lying state
in 12N. This is a quite difficult task within the present nucle
structure models.

The microscopic theoretical approaches used so far
either the charge-exchange random-phase-approxima
~which we refer to as RPA! @19# or the shell model@20#. The
former includes only partial configuration mixing in th
ground state, while it can easily include high-lying o
particle-one hole (1p-1h) configurations. On the other han
the shell model can give a good description of the grou
state wave function whereas the prediction of high-lyi
states requires a large model space which may be very d
cult to treat numerically.

In this paper we try to improve the existing calculatio
within the two microscopic approaches just mentioned. Fi
we use a charge-exchange RPA approach applied to q
particles~which we refer to as QRPA!, in order to improve
the poor description of the ground state of12C within the
RPA. The configuration mixing is introduced by includin
ad hocpairing correlations in this nucleus. This is done
see if the configuration mixing that is missing in the RP
ground-state wave function can be at the origin of the d
crepancy between the measured reaction cross section
the theoretical predictions as it was first suggested in@12#. It
was shown in@12# that the inclusion of fractional occupan
cies within the RPA approach reduces the exclusive cr
section from a factor of 3–4 to a 50% discrepancy. In R
@21# an RPA calculation with partial occupancies was p
formed and it led to similar results for the exclusive cro
section while the inclusive cross section was shown to
crease by a few percent. However, the authors of@12,21# did
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not show the results of a full QRPA calculation as we
here.

Next, we perform shell-model calculations within a larg
model space. Our space is larger than that actually use
@16# where the results in the same space we use are obta
by extrapolation only. We will compare our results to th
experimental findings@6–9,17# and to the other microscopi
theoretical predictions@12,16,21#. We will conclude by sum-
marizing the present status of the problem.

In Sec. II we briefly review the general theory describi
neutrino scattering on nuclei, muon capture andb decay. In
Sec. III we present the essential features of the microsco
models used in our calculations, i.e., the QRPA and the s
model. In Sec. IV results from the above-mentioned we
processes are presented focusing in particular on the c
sections for the reactionsn l1

12C→ l 112N ( l 5e, m), both
inclusive and exclusive, withne coming from DAR ofm1

and with nm coming from the DIF ofp1. Conclusions are
drawn in Sec. V.

II. GENERAL THEORY

The theoretical framework to study nuclear responses
weak probes is discussed extensively in the literature. A
tailed description can be found in@22#. Here we will just
present the main ingredients of the calculation necessary
the discussion.

The general expression for the cross section of the re
tion n l1

12C→ l 112N ( l 5e, m) is @23#

s5~2p!4(
f
E d3pld~El1Ef2En2Ei !

3u^ l ~pl !; f uHeffun l~pn!; i &u2, ~1!

where Ef (Ei) is the energy of the final~initial! nuclear
state,En (pn) is the incident neutrino energy~momentum!,
andEl (pl) is the outgoing lepton energy~momentum!. The
effective single-particle HamiltonianHeff is derived by car-
rying out the Foldy-Wouthuysen transformation and reta
ing terms up toO„(uqu/M )3

… (M is the nucleon mass andq
is the momentum transfer!, since the momentum transfer in
volved in nuclear scattering of neutrinos produced by acc
erators can be large. The expression forHeff can be found in
@23#. If the nuclear recoil effects are ignored, we have

s5
G2

2p
cos2uC(

f
plElE

21

1

d~cosu!Mb , ~2!

whereG cosuC is the weak coupling constant,u is the angle
between the directions of the incident neutrino and the o
going lepton, andMb is given by

Mb[MFu^ f u1̃u i &u21MG0

1

3
u^ f us̃u i &u21MG2L, ~3!

where the squared nuclear matrix elements are
1-2
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u^ f u1̃u i &u25
4p

~2Ji11! (
l

u^Jf i(
k

t1~k! j l~qrk!Yl~ r̂ k!iJi&u2,

~4!

u^ f us̃u i &u25
4p

~2Ji11! (
l ,K

u^Jf i(
k

t1~k! j l~qrk!@Yl~ r̂ k!

3s# (K)iJi&u2, ~5!

L[S 5

6D
1
2

(
l ,l 8,K

~21! l /22 l 8/21KA2l 11A2l 811S l l 8 2
0 0 0D

3H 112
l 8lK J 4p

~2Ji11!
^Jf i(

k
t1~k! j l~qrk!@Yl~ r̂ k!

3s# (K)iJi&^Jf i(
k8

t1~k8! j l 8~qrk8!@Yl 8~ r̂ k8!

3s# (K)iJi&
†, ~6!

wherek labels the space and spin-isospin coordinates of
kth nucleon,l, l 8 are the orbital angular momenta, andK is
the total angular momentum of the transition operators. T
coefficientsMF , MG0, and MG2 @23# appearing in Eq.~3!
depend on the momentum transferred to the nucleus@q
5(q,iq0)5pl2pn# and the standard nucleon form facto
f V(q2), f A(q2), f W(q2), f P(q2). Second-class current form
factors are ignored.

A correction to Eq.~2! must be introduced to account fo
the distortion of the outgoing lepton wave function due to
Coulomb field of the daughter nucleus. For reactions on12C
with neutrinos from the DAR ofm1, the quantityplRA (RA
is the radius of the nucleus! is of the order of 0.5. In this
case, the cross section~2! may be multiplied by the Ferm
functionF(Zf ,El) @24#, whereZf is the charge of the daugh
ter nucleus andEl is the energy of the charged lepton. Wh
the neutrinos come from the DIF ofp1, the outgoing muons
haveplRA.0.5. With relativistic leptons, the effect due t
the Coulomb field may be included by using the effect
momentum approximation@25#. In this approximation the
lepton energy and momentum are modified by a cons
electrostatic potential within the nucleus, i.e.,El ,eff5El

2V(0) and pl ,eff5(El ,eff
2 2m2)1/2 with V(0)523Zfa/2R.

The cross section~2! has then to be multiplied by a facto
pl ,effEl ,eff /(plEl).

To obtain the flux-averaged cross sections^s& f that can
be compared with the experimental data, the ener
dependent cross section~2! has to be folded with the norma
ized neutrino fluxf̃ (En) ~depending on the neutrino sourc
used!

^s& f5E dEns~En! f̃ ~En!, ~7!

where
01550
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f̃ ~En!5
f ~En!

E
E0

`

dEn8 f ~En8!

, ~8!

f (En) being the initial flux andE0 the threshold energy.
Closely related to this neutrino capture reaction is the c

ture of a negative muon bound in an atomic orbit,m2

1(A,Z)→(A,Z21)* 1nm . In the 1S capture the inclusive
rateLc is given by

Lc5
mm

2

2p
uf1Su2@GV

2MV
21GA

2MA
21~GP

2 22GPGA!M P
2 #,

~9!

if we neglect the recoil term which represents a correction
a few percent @26#. The function f1S is the muon
1S-bound-state wave function evaluated at the origin, i
uf1Su25R(Zam8)3/p, R being a reduction factor accoun
ing for the finite size of the nuclear charge distributionR
50.86 for 12C) @22# andm8 being the muon reduced mas
The constantsGV ,GA ,GP @27# are the ‘‘effective coupling
constants’’ which depend only slightly on the neutrino m
mentumpn . This can be simply obtained from the energ
and momentum conservation,pn5m82(mn2mp)2uEm

Bu
2Ef i , where mn ,mp are the neutron and proton masse
uEm

Bu is the binding energy of the muon in the 1S orbit, and
Ef i is the nuclear excitation energy measured with respec
the parent nucleus ground state. The capture rate can be
torized as in Eq.~9! if we neglect the dependence of th
coupling constants onpn . The square of the vector, axia
vector, and pseudoscalar matrix elements are

MV
254p(

l
~2l 11!

3(
f

S pn

mm
D 2

u^Jf u(
k

t1~k! j l~pnr k!Yl0~ r̂ k!uJi&u2,

~10!

MA
254p(

l ,K
~2K11!(

f
S pn

mm
D 2

u^Jf u(
k

t1~k! j l~pnr k!

3@Yl~ r̂ k!3s#K0uJi&u2, ~11!

M P
2 54p (

l ,l 8,K
~2K11!

3(
f

S pn

mm
D 2

u^Jf u(
k

t1~k!uP~K !uJi&u2, ~12!

where
1-3
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uP~K !5HA K

~2K11!
j l~pnr k!@Yl~ r̂ k!3s#K0

1A ~K11!

~2K11!
2 j l8~pnr k!@Yl 8~ r̂ k!3s#K0J ,

~13!

with l 5K21 andl 85K11. Theb decay corresponds to th
limit of zero momentum transfer of the transition probab
ties in Eq.~3!, that is

Mb
0[ f V

2~0!u^ f u1u i &u21 f A
2~0!

1

3
u^ f usu i &u2, ~14!

where

u^ f u1u i &u25
1

2Ji11
u^Jf i(

k
t1~k!iJi&u2, ~15!

u^ f usu i &u25
1

2Ji11
u^Jf i(

k
t1~k!s~k!iJi&u2, ~16!

and the transition operators are of the usual Fermi
Gamow-Teller type. Thef t value is given by

f t5
2p3 ln 2

~G2 cos2uCme
5!

1

Mb
0

. ~17!

The neutrino reaction cross section~2!, the muon capture
rate~9!, and thef t value for theb decay~14! depend on the
wave functions of the initial and final nuclear states involv
in these processes. The microscopic models used in
work to evaluate these wave functions and the correspon
transition probabilities are described in the next section.

III. MICROSCOPIC MODELS

A. RPA and QRPA

Transition-matrix elements of the type entering in Eq
~3!,~9!,~14! can be calculated within the framework of RP
or QRPA. In the present work, the starting point is a Hartr
Fock ~HF! calculation of the ground state of12C, performed
in coordinate space by using the Skyrme-type effective in
actions SIII @28# and SGII @29#. The SGII force was built
with the purpose of obtaining a proper description of sp
isospin nuclear properties. The HF solution determines
mean-field and single-particle~s.p.! occupied levels of12C
which has a closed-subshell structure in this description.
unoccupied levels of12C are obtained by diagonalizing th
HF mean-field using a harmonic-oscillator basis. Therefo
the continuum part of the s.p. spectrum is discretized
discrete particle-hole~ph! configurations coupled toJp are
used as a basis in order to cast the RPA equations in
matrix form. The details of this procedure can be found
@30#. This RPA calculation is self-consistent since the
sidual interaction among ph states is derived from the sa
Skyrme force used to produce the mean field.
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To go beyond the closed-subshell approximation for
12C ground state, pairing correlations are taken into acco
in the HF1BCS approximation. Constant pairing gapsDp
andDn for protons and neutrons are introduced and are se
4.5 MeV. A large pairing gap is unrealistic for states far fro
the Fermi surface, and an energy cutoff is required, such
the states above this cutoff haveD 5 0. The cutoff is set at
the 2s1/2 state. On top of the HF1BCS calculation, the
QRPA matrix equations can be written with a procedu
which parallels what was described above, with the tw
quasiparticle~2qp! configurations replacing the ph ones. W
do not present here the details of the QRPA formalis
which is found in the literature~see, e.g., Ref.@31#!. We
simply note that the particle-particle matrix elements a
here renormalized by means of a parametergpp that has been
chosen to be smaller than 1~typically 0.7! to avoid the well-
known ground-state instabilities.

For the multipolarities studied, it is found that the spa
used for the RPA~QRPA! calculations satisfies well~up to a
few percent! the energy-weighted sum rule associated w
operators of the type

(
k

t1~k!r k
l Yl~ r̂ k!, (

k
t1~k!r k

l @Yl~ r̂ k!3s# (J), ~18!

which are the small-q limit of those defined in the precedin
section.

For each multipolarity, every eigenstate of the RPA
QRPA equations is characterized by itsXf andYf amplitudes
and the transition-matrix element for a generic operatorÔ(k)
is written as

^Jf u(
k

Ô~k!uJi&5(
a,b

^au(
k

Ô~k!ub&~Xab
f uavb

1Yab
f vaub!, ~19!

wherea andb label a given ph or 2qp states,u andv are the
BCS occupation amplitudes~which reduce to 1 and 0 in the
HF-RPA case!, and^au(kÔ(k)ub& are single-particle matrix
elements. WithD54.5 MeV, the occupation probabilitie
for the 1p3/2 and 1p1/2 states arevp3/2

2 50.84 and vp1/2

2

50.19, respectively. The latter one is smaller than the o
used in@12,21#.

B. Shell model

We also evaluate transition-matrix elements for neutr
and muon capture reactions using a large shell-model sp
It is desirable to use extended spaces as much as possib
order to treat both inclusive and exclusive reactions. He
we take the 0s-0p-1s0d-1p0 f shell-model space and in
clude configurations up to 3\v excitations for negative par
ity states and up to 2\v excitations for positive parity states
No 4He core is assumed in the present calculatio
The configurations taken for positive parity states inA512
nuclei are
1-4
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~0s!4~0p!81~0s!4~0p!6~1s0d!21~0s!4~0p!7~1p0 f !1

1~0s!3~0p!8~1s0d!11~0s!2~0p!10, ~20!

and those for negative parity states are

~0s!4~0p!7~1s0d!11~0s!3~0p!9

1~0s!4~0p!6~1s0d!1~1p0 f !11~0s!4~0p!5~1s0d!3

1~0s!3~0p!8~1p0 f !11~0s!3~0p!7~1s0d!2

1~0s!2~0p!9~1s0d!1. ~21!

In the shell-model calculations of Ref.@16# of the present
problem, computations were carried out with configuratio
up to 1\v excitation for negative parity states and up
2\v excitation for positive parity states.

The spurious center-of-mass states are eliminated her
using the method of Lawson@32#. The spurious states ar
pushed up to higher energies with the addition of a fictitio
term in the Hamiltonian which acts only on the center-
mass excitations. The number of spurious states remove
;1000–4000 for each negative parity multipo
(02, . . . ,42) and;100–400 for each positive parity mult
pole (01, . . . ,61). The number of states~without the spu-
rious center-of-mass components! amounts to ;2800–
10 600 for the negative parity multipoles and;250–1500 for
the positive parity multipoles. The number of states is v
large for the negative parity multipoles compared to the w
in Ref. @16#, in which the number was;50–150 and in-
cluded up to 1\v excitation only.

We adopt here the effective interaction of Warburton a
Brown ~WBT! @33# for use in the present 0s-0p-1s0d-1p0 f
model space, and we use the set WB10@34#, which is based
on the WBT interaction@33#. This interaction was obtaine
by fitting binding energies and energy levels, includi
cross-shell data. The interaction describes well the low e
tation energy spectra forA510–22 nuclei. It has also bee
used to investigate Gamow-Tellerb-decay rates forA<18
nuclei @35#.

In the shell model, the reduced matrix elements of tran
tion operators are expressed as linear combinations of
reduced matrix elements of single-particle states with coe
cients given by one-body density matrix elements

^JfTf uuÔltuuJiTi&5(
j i j f

Cj i j f

lt ^ j f uuÔltuu j i&. ~22!

The form factors in Eq.~3! have to be corrected for th
center-of-mass motion. This is done by multiplying the m
trix elements by the Tassie-Barker function, exp(b2q2/2A),
with b being the oscillator length parameter@36#.

IV. DISCUSSION OF THE RESULTS

A. Theory versus experiment

Using the above formalism we calculate results for
flux-averaged cross sections for neutrinos coming from
DIF of p1, (nm ,m2)DIF, and for neutrinos coming from th
DAR of m1, (ne ,e2)DAR. The flux-averaged cross section
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are obtained by taking neutrino fluxes from@37#. As far as
RPA and QRPA are concerned, we discuss in the follow
results obtained by using the force SIII. We have check
that the interaction SGII gives very similar results. We co
pare our results to the shell-model~SM! results of Ref.@16#
and to the continuum RPA~CRPA! results of Ref.@21#. Con-
cerning the latter, we have not divided them by the adju
ment factor of 1.5 used by Kolbeet al. in order to compare
their and our results on the same footing.

Let us first discuss our results for the inclusive cross s
tions ~Table I!. In the SM case, cross sections obtained b
in the 0s-0p-1s0d @(01112)\v# model space and in the
0s-0p-1s0d-1p0 f @(0111213)\v# model space are
shown. Results in the smaller space are only given for co
parison with@16#. Two different types of radial wave func
tions have been used, the harmonic oscillator~HO! with b
51.64 fm ~HO wf! and Hartree-Fock wave functions~HF
wf!. HO wave functions are used even though their rad
behavior is known not to give good results of12C(p,n) re-
actions cross sections. The reason for using them is twof
~i! the spurious center-of-mass motion is exactly substrac
only in this case;~ii ! they are employed in order to show th
sensitivity of the calculated cross sections to the choice
the radial wave functions. Cross sections can be indeed q
sensitive to the radial wave functions since going from H
to HF wave functions in the (nm ,m2)DIF case produces
changes of about 30%, whereas in the (ne ,e2)DAR case we
have variations of a few percent only~see Table I!. For com-
parison we also show the results of Ref.@16# obtained by
extrapolation in the 0s-0p-1s0d-1p0 f space with Woods-
Saxon wave functions. The results obtained within t
Skyrme RPA and QRPA are larger than in SM. The QRP
values are sligthly larger than the RPA ones for the inclus
cross section. This is due to the fact that in QRPA t
particle-particle residual interaction~on the average attrac
tive! competes with the~on the average repulsive! particle-
hole residual interaction. As a consequence, the QR
strength distribution is slightly shifted towards lower ene
gies. This fact produces a few percent increase of the fl
averaged cross sections due to the dependence of the d
ential cross sections~2! on the energy and momentum of th
outgoing lepton and also due to the flux averaging~7!,~8!. In
Refs.@12,21#, on the contrary, the introduction of fractiona
occupancies shifts the strength distribution to higher ener
and this gives a few percent decrease of the flux avera
cross section with respect to their RPA results. From Tabl
we see that the (nm ,m2)DIF cross sections are compatib
with those of Ref.@21#, but there is a ratio of about a facto
of 3 for the (ne ,e2)DAR case. Most of the disagreement
due to the bad description of the ground-state to ground-s
transition ~its contribution represents 2/3 of the total cro
section!, some of it arises because of the ground-state ene
of 12N which is not close to the experimental value. In@21#
the single-particle energies were fitted to the experime
values whereas our single-particle energies are kept as
come out from our Skyrme HF or HF-BCS calculation. T
single particle energies are particularly important to get
energy of the12N ground state with respect to12C ground
state close to its experimental value of 17.338 MeV. In fa
1-5
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TABLE I. Flux-averaged inclusive cross sections^s& f within the different approaches used, namely t
shell model~SM!, the random-phase approximation~RPA!, and the quasiparticle RPA~QRPA!. Different SM
results are given according to various choices of radial wave functions, i.e., oscillator functions with
parameterb51.64 fm ~HO wf! and Hartree-Fock wave functions~HF wf! and for either (01112)\v or
(0111213)\v model space. Comparison with CRPA with fractional occupancies@21# and a recent shell-
model calculation@16# is made. In the former case the results are obtained with the finite-rangeG matrix
derived from the BonnNN potential~BP! and with the Landau-Migdal~LM ! force ~in brackets!. In the latter
case, Woods-Saxon wave functions~WS wf! have been used and the results within the (0111213)\v
model space~in brackets! are obtained by extrapolation.

(nm ,m2)DIF (ne ,e2)DAR
^s& f(10240 cm2) ^s& f(10242 cm2)

SM~HO wf! (01112)\v 18.71 14.21
SM~HF wf! (01112)\v 13.33 13.94
SM~WS wf! (01112)\v @16# 11.1 12.1
SM~HO wf! (0111213)\v 21.08 16.70
SM~HF wf! (0111213)\v 15.18 16.42
SM~WS wf! (0111213)\v @16# (13.2) (12.3)
RPA 19.23 55.10
QRPA 20.29 52.0
CRPA @21# 18.18~17.80! 19.28~18.15!
Expt. 12.460.361.8 @6,21# 14.161.661.9 @8#

14.860.761.4 @7#

14.061.2 @9#
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within RPA this transition corresponds to the 1p3/2→1p1/2
transition, and with the Skyrme forces employed in this wo
the energy of this transition is 13.4 MeV.

In Table II, we see the importance of including config
ration mixing as well as of having the energy of this tran
tion close to its experimental value. This can also be s
from Table III, where we give the inclusive (ne ,e2)DAR
cross sections calculated without the contribution of
ground-state to ground-state transition. In this case, our R
cross section is very close to the experimental value as fo
in @12,21#.

We discuss now the theoretical predictions versus the
perimental findings. For the (nm ,m2)DIF case, we see from
Table I that our results within SM~with HF wf! are close to
the experimental value when the error bars are taken
account, sligthly overestimating it. The WS results in@16#
agree even better. On the other hand, the RPA, QRPA,
01550
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e
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nd

CRPA with fractional occupancies@21# overestimate the ex
perimental value by about 50%. Concerning t
(ne ,e2)DAR cross sections, we see that the SM resu
(0s-0p-1s0d-1p0 f with HF wf! are compatible with the
experimental values when error bars are taken into acco
as those of Ref.@16#. Again the CRPA results of Ref.@21#
overestimate the experimental values by about 30%~while
our RPA predictions are far off for the reasons explain
above!.

Let us discuss the exclusive cross sections together
various related processes likeb decay and muon capture
First, we can see from Table II that our shell-model resu
agree nicely with the experimental values for both the D
and the DAR cases. The calculated values are not very
sitive to the choice of the radial wave functions and confi
those calculated in@16#. Our RPA prediction for the
(nm ,m2)DIF is about a factor of 3 larger than the expe
TABLE II. Same as Table I for flux averaged exclusive cross sections.

(nm ,m2)DIF (ne ,e2)DAR
^s& f(10240 cm2) ^s& f(10242 cm2)

SM~HO wf! (01112)\v 0.70 8.42
SM~HF wf! (01112)\v 0.65 8.11
SM~WS wf! (01112)\v @16# 0.58 8.4
RPA 2.09 49.47
QRPA 1.97 42.92
CRPA @21# 1.06~1.03! 13.88~12.55!
Expt. 0.6661.061.0 @6# 10.561.061.0 @8#

9.160.460.9 @7#

9.160.560.8 @9#
1-6
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MICROSCOPIC THEORIES OF NEUTRINO-12C REACTIONS PHYSICAL REVIEW C 62 015501
mental value as found also in@11#, whereas the introduction
of fractional occupancies brings the RPA predictions close
the experimental value@12,21#. As far as the QRPA is con
cerned, the value obtained is slightly lower than in RPA,
within QRPA there are difficulties in choosing the grou
state of 12N because the lowest state is not the most coll
tive one. Therefore, all the results concerning the exclus
transition have been obtained by summing the strength of
energy levels within the first 3 MeV above the lowest st
and attributing it to a single state at an average energy w
is not much different from the RPA one. Our RP
(ne ,e2)DAR exclusive cross section results are a factor
4–5 larger than the experimental values as found in@11#. A
related process is the12N→12C b1 decay. In this case the
transition operator does not have a radial dependence. F
Table IV, we see that the SMf t value is in reasonable agree
ment with the experimental one whereas RPA gives val
four times smaller as it is well known@11,21#. The f t value
for the b2 decay from12B to 12C is not given, but similar
arguments hold since12B and 12N are mirror nuclei. Finally,
let us look at the exclusive muon capture rates~Table V!.
The SM results are very close to the experimental value
agreement with what was found in@16#, while as in @21#
RPA overestimates it by about a factor of 4. The nice agr
ment between experiment and theory obtained within SM~at
variance with standard RPA! shows clearly that the inclusio
of configuration mixing is necessary for a good descript
of the mentioned processes.

TABLE III. Same as Table I for flux-averaged inclusive cro
sections but excluding the ground state.

(ne ,e2)DAR
^s& f(10242 cm2)

SM~HO wf! (01112)\v 5.79
SM~HF wf! (01112)\v 5.83
SM~WS wf! (01112)\v @16# 3.7
SM~HF wf! (0111213)\v 8.28
SM~HO wf! (0111213)\v 8.31
SM~WS wf! (0111213)\v @16# (3.8)
RPA 5.63
QRPA 9.08
CRPA @21# 5.4~5.6!
Expt. 5.461.9 @8#

5.760.660.6 @7#

5.160.8 @9#

TABLE IV. f t value for theb1 decay from12Ng.s. to
12Cg.s..

f t~s!

SM~HF wf! (01112)\v 17 008
SM~HO wf! (01112)\v 16 425
RPA 3032
Expt. 13 18261. @42#
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We now turn to the discussion of the inclusiv
(ne ,e2)DAR cross section without the contribution of th
ground-state to ground-state transition~see Table III!. There
are two main differences with the results in@16#: ~i! our
(ne ,e2)DAR cross sections are not very sensitive to t
choice of the wave functions;~ii ! the calculated value is
twice the one obtained in@16#. In order to understand poin
~i!, we show the strength distribution obtained for the mu
polarity Jp511, calculated either with HO or HF wave
functions, withq50.2 fm21 in Eq. ~5! as a ‘‘typical’’ value
of the momentum transferred in the (ne ,e2)DAR reaction
~Fig. 1! and q51.0 fm21 as a ‘‘typical’’ value for the
(nm ,m2)DIF case~Fig. 2!. We see that the strength distr
butions obtained forq50.2 fm21 are the same for the two
s.p. wave functions, while forq51.0 fm21 there are signifi-
cant differences. In fact, the inclusive (ne ,e2)DAR cross
section is sensitive to the asymptotic behavior of the wa
functions which is the same for our HF and HO, whereas
inclusive (nm ,m2)DIF one is sensitive also to differences
small distances. This explains the sensitivity to the choice
the wave functions of the results of Tables I and III. Co
cerning point~ii !, from Eq. ~2! we see that the differentia
cross sections scale as the square of the lepton energy i
case of electrons~because of its negligeable mass!. As a
consequence, small shifts in the strength distributions
have large effects on the cross sections as we have alr
seen in Table II. Because neutrino-nucleus reactions w

TABLE V. Same as Table I for the exclusive muon capture ra
Lc .

m2(12C,12Bg.s.)nm

(104 s21)

SM~HO wf! (01112)\v 0.50
SM~HF wf! (01112)\v 0.48
SM~WS wf! (01112)\v @16# 0.66
RPA 2.54
CRPA @21# 2.37~2.43!
Expt. 0.6260.03 @43#

FIG. 1. Strength distributions for theJp511 states obtained

with the transition operatorÔ5(kt1(k) j 0(qrk)@Y0(r k)3s#1 with
q50.2 fm21, using both HO~full line! and HF wave functions
~dotted line!. The lines are the results of a folding with a Lorentzia
of 1 MeV width.
1-7



th
s

q
e

ha
n
e

th

s

nd
nd
ur
ct-
he
o

ce

to
re
ia
to

e

tial
ac-

nce
ec-

re-
two

ally

ac-
he
pe-

the

be-

re

ults
e-

ults
e-

an

VOLPE, AUERBACH, COLÒ, SUZUKI, AND VAN GIAI PHYSICAL REVIEW C 62 015501
electronic neutrinos are so sensitive to the details of
strength distribution, they could eventually be used a
probe of nuclear structure.

Inclusive muon capture rates, calculated according to E
~9!–~12! are given in Table VI. The SM results in the larg
space and with HF wave functions are about 20% lower t
in @16# and 10% lower than the experimental values. Co
cerning the results obtained within RPA, the disagreem
between calculations~present results and Ref.@21#! and the
experimental value is again due to the bad description of
ground states, as it can be seen from Table V.

The contributions of the most important multipolaritie
with J<6 included in the inclusive (nm ,m2)DIF and
(ne ,e2)DAR cross sections are shown in Tables VII a
VIII, respectively. We see that the contributions in RPA a
QRPA are essentially the same, showing that the config
tion mixing induced by the pairing correlations is not affe
ing very much the inclusive cross sections. In Table VII t
results of the SM calculations again depend significantly
the choice of the s.p. wave functions. Significant differen
are also evident going from RPA to SM~HF wave func-
tions!, for example, for the 11, 12, 21, and 32. On the
contrary, the contributions of the different multipolarities
the (ne ,e2)DAR cross sections are almost equal in the th
approaches, except for the remarkable difference assoc
with the 11 states~and in particular with the ground-state
ground-state contribution!.

In view of future experiments using12C as detector for
neutrinos, with impinging neutrino fluxes different from th

TABLE VI. Same as Table I for the inclusive muon captu
ratesLc .

m2(12C,12B)nm

(104 s21)

SM~HF wf! (0111213)\v 3.32
SM~WS wf! (0111213)\v @16# (4.06)
RPA 5.12
CRPA @21# 5.79~5.76!
Expt. 3.860.1 @44#

FIG. 2. Strength distributions for theJp511 states obtained

with the transition operatorÔ5(kt1(k) j 0(qrk)@Y0(r k)3s#1 with
q51.0 fm21, using both HO~full line! and HF wave functions
~dotted line!. The lines are the results of a folding with a Lorentzi
of 1 MeV width.
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ones used up to now, in Figs. 3 and 4 we give the differen
cross sections obtained both in RPA and in SM for the re
tions 12C(ne ,e2)12N and 12C(nm ,m2)12N as a function of
neutrino energies up to 300 MeV.

A question arises concerning the reason for the differe
between the RPA and SM results for the inclusive cross s
tion in the (nm ,m2)DIF case~Tables I,VII!, the value of
which has important implications on the recent measu
ments of neutrino oscillations. The two approaches have
major differences:~i! the type of correlations included;~ii !
the model space used. Concerning point~i!, we have already
seen in the previous section that correlations are actu
responsible for the quenching in the 11 ~ground-state to
ground-state! contribution ~Table VII! which is taken into
account more correctly in the SM. Due to the tensor inter
tion the effects of quenching and fragmentation of t
strength are also important for the spin-dipole mode, es
cially for the 12 component~see the discussion in Ref.@38#!.
The difference of cross sections between SM and RPA in
case of the 02 and 22 is rather small, while it is about 0.5
310240 cm2 for the 12. The difference in the type of the
correlations included explains half of the discrepancy
tween the SM and RPA results. Concerning~ii !, one impor-
tant constraint on nuclear models is due to sum rules@39#.

TABLE VII. Contribution of the most important multipolarities
Jp to the inclusive (nm ,m2)DIF cross sectionŝs& f(10240 cm2),
within the RPA, QRPA, and SM approaches. For the latter, res
obtained with two different choices of the wave functions, Hartre
Fock ~HF wf! and harmonic oscillator~HO wf!, are shown.

Jp RPA QRPA SM SM
HF wf HO wf

02 0.96 0.95 0.82 1.35
11 4.42 4.48 2.47 4.11
12 3.53 3.48 3.11 4.06
21 2.04 1.94 1.38 2.29
22 3.78 4.21 3.87 4.53
31 1.71 2.25 1.58 2.33
32 0.70 0.80 0.47 0.58
42 1.36 1.35 1.11 1.19

TABLE VIII. Contribution of the most important multipolarities
Jp to the inclusive (ne ,e2)DAR cross sectionŝs& f(10242 cm2),
within the RPA, QRPA, and SM approaches. For the latter, res
obtained with two different choices of the wave functions, Hartre
Fock ~HF wf! and harmonic oscillator~HO wf!, are shown.

Jp RPA QRPA SM SM
HF wf HO wf

02 0.3 0.5 0.6 0.6
11 50.0 45.6 9.6 9.8
12 1.7 2.0 2.1 2.2
21 0.1 0.1 0.1 0.1
22 3.0 3.7 4.0 3.9
31 0.0 0.1 0.0 0.1
1-8
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MICROSCOPIC THEORIES OF NEUTRINO-12C REACTIONS PHYSICAL REVIEW C 62 015501
The existence of sum rules imposes constraints on the m
spaces to be used in a given approach because one s
ensure that the model space used is large enough to sa
the corresponding sum rule for a given operator. This has
been considered in previous studies@11,16,21# and can ex-
plain some of the difference between the RPA and SM cr
sections. In the next subsection we discuss the role of
rules.

B. Sum rules

The processes studied involve operators of two kinds,
ther of Fermi type~4! or of Gamow-Teller type~5!. In the
low-q limit these operators become the standard multip
operators~18!. As an example we have calculated energ
weighted sum rules for the non-spin-flip statesJp512 and
Jp521 both in RPA and in SM. We have found that if fo
the 12 states, the corresponding energy-weighted sum ru
satisfied in the two approaches, the energy-weighted
rule for the 21 states is satisfied in the RPA whereas 20%
missing in SM when the largest space (0s-0p-1s0d-1p0 f )
is used. Figure 5 shows a comparison between the RPA
SM strength distributions obtained for the 21 states with the
Fermi-type operator,Ô5(kr k

2Y2(r k)t1(k). We can see tha
in the SM calculation some strength is missing at ab
40–60 MeV because of the truncation of the space. T

FIG. 3. Inclusive (ne ,e2)DIF differential cross section as
function of neutrino energy, calculated both in RPA~full line! and
in SM ~dotted line!.

FIG. 4. Inclusive (nm ,m2)DIF differential cross section as
function of neutrino energy, calculated both in RPA~full line! and
in SM ~dotted line!.
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missing strength at high energy gives a significant contri
tion to the flux-averaged (nm ,m2)DIF cross section.

In order to show this we have performed an RPA calc
lation of this cross section in the same space as used in
SM calculations (0s-0p-1s0d-1p0 f ). The results obtained
in the RPA, RPA in the restricted (3\v) model space, and
the SM are shown in Table IX. We see that for the 12 states,
for which the basis is large enough for the energy-weigh
sum rule to be satisfied, the corresponding cross sections
practically the same in the three cases. On the contrary,
21 contributions to the total cross section look quite diffe
ent, showing a reduction of about 10% going from RPA
RPA in the restricted space and to almost 30% in the S
This reduction is due to the missing strength as illustrated
Fig. 5 and is accompanied by energy-weighted sum rules
are not exhausted.

Finally, from Table IX we also see that restricting th
RPA space brings the total flux averaged cross section v
close to the SM one. This important result seems to indic
strongly that getting theoretical predictions in the she

TABLE IX. Comparison of the the inclusive (nm ,m2)DIF cross
sectionŝ s& f(10240 cm2) obtained within RPA, RPA in the sam
model space as the SM, and SM with HF wave functions.

Jp RPA RPA(3\v) SM ~HF wf!

01 0.15 0.14 0.15
02 0.96 0.81 0.82
11 4.42 3.76 2.47
12 3.53 3.14 3.11
21 2.04 1.78 1.38
22 3.78 3.09 3.87
31 1.71 1.23 1.58
32 0.70 0.40 0.47
41 0.18 0.07 0.07
42 1.36 1.13 1.11
51 0.39 0.24 0.15
61 0.01 0.00 0.00
Total 19.23 15.79 15.18

FIG. 5. Strength distributions for theJp521 obtained with the

Fermi-type operatorÔ5(kr k
2Y2(r k)t1(k) with the RPA approach

~full line! and SM~dotted line!. The lines are the results of a foldin
with a Lorentzian of 1 MeV width.
1-9
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VOLPE, AUERBACH, COLÒ, SUZUKI, AND VAN GIAI PHYSICAL REVIEW C 62 015501
model framework which come close to the experimental v
ues in the inclusive (nm ,m2)DIF can be an artifact becaus
the model spaces used for the calculations are not la
enough. When a more extended space is used, it is q
possible that the shell-model cross section will increase
proaching the RPA value and exceeding the experime
LSND result. However, we should also note that the incre
of cross sections with increasing configuration space is
the same for SM and RPA. The rate of increase of cr
sections is smaller for the SM case. This can be already s
from the difference of the rate of increase when going fr
1\v to 3\v spaces when we compare our SM results w
Ref. @16#. The rate of increase is 14% in our case while it
19% in Ref.@16#, where the cross section for 3\v space was
obtained from an extrapolation based on an RPA-like mo

C. The problem of quenching of spin strength

Finally, we would like to discuss more the problem
quenching of spin strength in nuclei. It is known for som
time that there is not enough strength in the main GT pe
Two explanations on the origin of this quenching have be
suggested:~i! the missing strength is shifted to very hig
energy due to the coupling of the nucleon internal struct
to the D resonance;~ii ! there is a shift of the strength t
energies up to about, or more than 50 MeV due to the c
pling to multiparticle multihole configurations. The quenc
ing and fragmentation of the spin strength due to these
fects would lead to quenching of the cross sections of the
mode and probably for the spin-dipole modes as well.
have made a test calculation in which we have introduced
effective axial vector coupling constant,gA

eff . Considering
high energies of neutrinos in the DIF experiments most
the missing strength due to the above multiparticle effect
picked up and also some portion of the strength due to
coupling to theD-resonance effect is recovered@40,41#.
Therefore, thegA

eff one should use here should be closer togA

as compared to the value found for the main GT pe
(gA

eff50.8gA).
In Table X, we show all the results concerning the diffe

ent processes using a quenching factor. For the sake of d
onstration we usegA

eff50.9gA . Using this value, thef t value
is increased as expected by 20% and the exclusive and
clusive muon capture is reduced by about 15–20 %. C
cerning the exclusive cross sections are reduced by a
15% and become smaller than the observed ones, whe

TABLE X. Results for the different processes obtained w
gA

eff50.9gA both within the RPA and SM.

RPA SM ~HF wf!

(nm ,m2)DIF ^s& f(10240 cm2) Exclusive 1.76 0.55
Inclusive 17.02 13.49

(ne ,e2)DAR ^s& f(10242 cm2) Exclusive 40.79 6.69
Inclusive 45.63 13.8

f t value~s! 3743 20 278
Lc (104 s21) Exclusive 2.05 0.387

Inclusive 4.11 2.78
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the inclusive ones are reduced by about 10–15 % and
closer to the experimental values. The exclusive neutr
cross sections we have seen are very sensitive to the c
lated wave functions and therefore cannot be a good tes
the quenching factor. The inclusive cross sections are
sensitive to nuclear structure and they seem to favor so
reduction ingA . There are many uncertainties in these arg
ments. We do not yet know for sure what is the mechan
of quenching ofgA ~although the experiment in@45# suggests
that the main role is played by the coupling with ma
particle-many hole states! and whether the same quenchin
factor should be applied to all multipolarities. It is quite co
ceivable that future studies of the neutrino-nucleus inter
tion will actually help to clarify this point about quenching

V. CONCLUSIONS

Microscopic approaches, namely charge-exchange R
charge-exchange QRPA and shell model, are used to ev
ate 12C(ne ,e2)12N and 12C(nm ,m2)12N cross sections both
for ne coming from the decay-at-rest ofm1 and fornm com-
ing from the decay-in-flight ofp1. Accurate knowledge of
these cross sections is important for the interpretation of
cent measurements of neutrino oscillations performed b
by LSND and KARMEN Collaborations and also for futur
experiments. The results show that the calculated exclu
cross sections, where12N is left in the ground state, are in
good agreement with the measured values when large-s
shell-model calculations are performed. In fact, in this fram
work it is easy to include properly the configuration mixin
present in the ground state of12C and, therefore, to have
good description of the ground-state wave functions. C
cerning the inclusive12C(nm ,m2)12N cross sections withnm
from DIF of p1, in which 12N is left either in the ground
state or in an excited state, we get in the shell model 1
310240 cm2 ~when Hartree-Fock wave functions are use!,
about 20% larger than the experimental value, which
12.460.361.8310240 cm2. The calculated cross section i
charge-exchange RPA is 50% larger than this value, nam
19.2310240 cm2. The most important difference betwee
the SM and RPA is the quenching in the 11 due to the
different correlations included in the two approaches. T
explains half of the difference between the two results. T
evaluation of sum rules for natural parity states has a
shown that the basis used in the shell-model calculation
not large enough to exhaust these sum rules whereas in
case of the RPA the sum rules are satisfied. This fact s
gests that the reduced cross section obtained in the s
model framework is partially due to the use of a basis wh
is not large enough. Enlarging the model space would t
add some strength at high energy and therefore increase
inclusive cross sections. From these arguments, we conc
that in both microscopic approaches the theoretical pre
tion is 20–30 % larger than the measured value. But eve
we could hope to extend further the shell-model calculat
and increase the basis, the calculated value will keep ha
10–20 % uncertainty due to a certain degree of arbitrarin
in the choice of the wave functions for the unbound sta
and also of the interactions. It would be interesting to exte
1-10
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the shell model calculations to larger configuration space
spite of the uncertainties above, to have more information
the correlations in spin-dipole modes and clarify the conv
gence of the cross sections as the space is extended.
cerning the inclusive12C(ne ,e2)12N cross section we ge
16.4310242 cm2 which agrees within the experimental e
ror bars with the measured value. Thef t value for theb
decay from12N to 12C, exclusive and inclusive muon cap
nd
cs

.

B

ys
-

.

01550
in
n

r-
on-

ture rates12B(m2,nm)12C are also evaluated and are in qu
good agreement with the measured values.
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