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Inclusive neutrino scattering in *2C: Implications for v, to v, oscillations

S. K. Singh'? Nimai C. Mukhopadhyay:® and E. Osét
Departamento de Bica Tewica and IFIC, Centro Mixto Universidad de Valencia-CSIC, 46100 Burjassot (Valencia), Spain
2Department of Physics, Aligarh Muslim University, Aligarh, India 202002
3Department of Physics, Applied Physics and Astronomy, Rensselaer Polytechnic Institute, Troy, New York 12180-3590
(Received 15 September 1997

We study inclusivev, and v,, cross sections if°C in a theory that takes into account significant nuclear
renormalization of strengths. Our calculation is in excellent agreement with the measured inclusive muon
capture rate and the flux-averageg cross section, but overestimates the flux-averaggdnclusive cross
section. These reactions are of crucial relevance to the issue of poggitile, oscillations. We also calculate
the flux-averaged cross sectionsit€ and 2’Al, which are found to be consistent with the available experi-
mental result[S0556-28138)04605-4

PACS numbgs): 25.30.Pt, 13.15:g, 14.60.Pq, 23.40.Bw

I. INTRODUCTION E225[8] and LSND[9,10] experiments at the Los Alamos
Meson Physics Facilitf{LAMPF) and the experiments by

evfrﬁgaffgpngaz”e;”t;riﬁfet'r’]‘tg dghgﬁ'gj C‘:‘Lgcr;:l'l °§,n53$eagﬁi§ethe KARMEN Collaboratiorf11,17 at the ISIS facility, with
b b y Y o beam from muon decays at redDAR), given by the

to understand the physics background in that setting. A goo ichel spectrum. The flux-averaged cross sections from the

example of this is the search for neutrino oscillations, and _ - ; . ) . L
hence physics beyond the standard model, in the liquid scip/arious experiments are given in Table I. Particularly inter

tillator neutrino detectofLSND) related experiments, with esting to us are the most recent values of the cross section for
L . . .__the reaction(1)

profound implications for particle physics, nuclear physics,

and astrophysics. The LSND group has advanced evidence o(vg)=(14.8+0.7+ 1.1 X 10~ *2 cn?, (33)

for the v,,— v, oscillations in a recent experiment with neu-

trinos from pion decays in flightL]. Our trusts in this claim  {om the LSND experimenfi10] and
depend crucially upon the performance of these experiments

in benchmark reactions on nucleons and nuclei initiated by 0(ve)=(15.2-1.0+1.3) X 10 *2 cne, (3b)
neutrinos. Some of these benchmark reactions are exclusive
ones on proton;“C, and*°O targets, while others are inclu- from the KARMEN Collaboratiod12]. In Eg. (3), the inclu-
sive processes in complex nuclei. Given separate claims Gfive cross sections are obtained by adding the cross sections
agreements with experiment and lack of it in recent theoretteading to ground state and excited states, with their errors
ical calculationg2—6] of inclusive neutrino reactions iffC,  added in quadrature. Within their errors, these experimental
this is of topical interest and deserves a careful examinatiortesults overlap. The reactid®), on the other hand, has been

In this paper, we are going to discuss inclusive neutrinaneasured over the last five years at LAMPIB—15 using
reactions in nuclear targetéC, °C, and?’Al, concentrating v, beam from pion decays in fligiDIF). The earlier E764

on the theory of the reactiorig] experiment of Koetkeet al. [13] used a neutrino beam of
L - slightly higher energy than used in later experiments and

C+re—X+e, (1) gave a cross section for the reacti@ too large when com-

pared to the theoretical predictiofd-6]. This reaction was

et v, —X+u, (2)  further studied by Alberet al. [14] with more massive de-

tectors and larger exposure than usedl1i8], using a beam
where the producel is not observed. Thus, generically, we of neutrinos with energy around 180 MeV. These authors
can indicate the reactiorf4) and(2) as *2C(»;,I )X where  obtained considerably smaller cross section than that by
X is the unspecified nuclear state dnid the charged lepton. Koetkeet al. The recent studies by the LSND Collaboration
At low energies, the reactiofl) has been measured by the [15] have improved the experimental situation, providing the

TABLE I. A summary of flux-averaged, andv,, cross sections as obtained in various experiments done
with a *2C target. The unit for thes, cross section is 10* cn? and for v, cross section is 10 cn?.

LSND Collab. LAMPF E225 KARMEN Collab.
a(ve) 14.8+0.7=1.1[9,10] 14.1+2.3[8] 16.8+1.4+1.7[11]
15.2+1.0+1.3[12]
o(v,) 8.3+0.7+1.6[14] LAMPF E764
11.2+0.3+1.8[15] 159+ 26+ 37 [13]
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latest measured value for this cross section. We give, imors. Therefore, they represeatreal discrepancywith the
Table 1, the results of all of these experiments, but use in ouexperiment. It is possible to explain the observed neutrino
theoretical discussion the latest result, reported by the LSNRross sections in the calculations of Auerbattal. with an-

Collaboration[15]: other version of their residual nuclear forces by varying the
0 model parameters, but this version predicts a NMC capture
o(v,)=(11.2£0.3+1.8)x 10 “° cn?. (4)  rate of 3.0 10* s, which is rather small compared to the

) . value quoted in Eq(6).
We also calculate the flux-averaged neutrino cross sections Finally, to complete this survey, we would like to mention

H 13 27
in ~C and “’Al as benchmarks for our theory. These arenat a Fermi gas model calculation with a Fermi momentum
found to be reasonably consistent with the available experig_—225 MeV gives a much higher value of 24.1
mental result$8]. _ _ X10 % cn? for the flux-averaged i, ,u~) cross section.
Current generation of calculations of the above reactionsp;s is reduced to 225710 %° cn?. when the effects of me-
can be grouped into two classes, depending on their predicon exchange currents are taken into accé8htin another
tions for the flux-averaged cross sections for the pro@ss  c5|cyation, the method of so-called “elementary particle
those thatsubstantially exceethis observed cross section odel” extended to inclusive reactions. has been used. to
[2,3,7 and others thdind agreemerii4,6]. The deficit of the  Jpiain a cross section of 13<110-% cr? '[6] which is in
flux-averaged cross sections may ([i¢ a manifestation of 4,4 agreement with the experimental value. However, the
theoretical problem, of not being able to do a correct enougllyension of the elementary particle model to the inclusive

nuclear calculation(2) an experimental problem of not do- ,oactions makes use of several assumptions, which have not
ing a precise and reliable enough experiment. Since botRee tested in the energy region of the LSND experiments.

theoretical calculations and experimental analysis are ingere this method is expected to underestimate the inclusive
volved in the determination of the excess events inithe . 4qq section§s, 14,24.

channel in the LSND neutrino oscillation experimé, it This survey brings us to our calculation, which we briefly

is important to have a clear understanding of the nucleagegcribe in Sec. Il and discuss the results and conclusions of
physics related uncertainties in this reaction. The purpose gf, gec. |1

this paper is to narrow down the options by examining the
first point very critically from our point of view7].

A reaction which can be regarded as a benchmark in the
context of processed) and(2) in general, and?2) in par- The matrix element for the neutrino nucleon reaction for a
ticular, is the nuclear capture of muotMC) from the  neutrino of flavorl (I=e,u), i.e.,
atomic 1S state by the charged weak curr¢h6,17:

Il. FORMALISM

vi(K)+n(p)—17 (k") +p(p"), )
2CHp (19— X+v,. (5)
is given by
This process serves as an excellent check, in the low and
intermediate energy transfer region, of our ability to control Geosh— "
the theoretical uncertainti¢$7]. The inclusive NMC rate\ . T= 2 u(k") y*(1=ys)u(k)d,, ®)

for process(5) is very accurately known. Taking the world
average of the best experimental determinations of the incluyhere
sive muon capture raté . [18,19 with their errors added in
quadrature, we obtaifl7] — . q”
3, =u(p)| F1(0)) 7, +F3(@D)io,, 5
A.=(3.80+-0.10 x10* s~ 1. (6)

Thus, we have here a weak reaction rate, which is closely +FX(A) v, 75+ FEa)a,ys|u(p). 9
related to processd4) and(2) and is known at an accuracy
of athJut 2.5% ,hposing a tliemelndous challenge to tlhe theqn Eq. (9), q,,=k,—k/,, is the four momentum transfer, and
retical approaches to weak nuclear reactions in nuclei. V gV gV v

Various theoretical approaches to calculate reactidns F1, F2, Fa, andFy are the_ known weak_ nucleo,n f_orm

PP . . factors. The double differential cross sectiog(g?,k’) is

and (2) [2-5], when applied to the inclusive muon capture,then iven b '
reproduce the NMC raté . quoted in Eq.(6) rather well, 9 y

within the limits of their theoretical accurady,18,21. In , 2

the case of inclusive neutrino reactions, however, the situa- (g2 k’)= §2|T|26(E— E'+E,—Ep),
tion is different. The calculations of Kolbet al. reproduce 47EE’ EnEp

the (ve,e”) rather well, but overestimate thes(,u~) by (10

about 50%. Auerbacét al, on the other hand, use the set of _

parameters for their model, which explain the incIusiveYVherezE|T|2 represents the sum and the average, respec-
muon capture rate. They predict cross sections for the nedively, over the final and the initial spins of the leptons and
trino reactions, which are 20 and 15 % larger than the exthe nucleons and is evaluated exactly, using the matrix ele-
perimental values for reaction&l) and (2), respectively, mentT defined in Eq(8). Its analytic expression is given in
quoted in Egs(3) and(4). These overestimates are from the Ref. [7]. In a nucleus, the neutrino scatters frclm a neutron
maximum experimental values allowed within the quoted erimoving in the finite nucleus of neutron densjty(r), with a
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local neutron occupation number,(p,r). Then the cross The renormalization of weak currents in the nuclear me-
section in the local density approximation and in the freedium is taken into account by calculating the effect of propa-
nucleon picture is given by gation of the particle-holep(h) excitations in the nuclear
medium on various terms occurring 2| T|2. The ph re-
sponse is then replaced by a random phase approximation
(RPA) response accounting for thgh and theAh compo-
nents, which interact through an effective spin-isospin
nuclear interaction described by the Landau-Migdal poten-
tial. The details of this renormalization procedure as well as
those of Eq.(15) are given in[7]. However, we have made
Ihere the following improvements, which considerably reduce
Ifge theoretical uncertainties in our calculations from the pre-

. dp .
G2k =2 f drﬁnnmr)ao(qz,k’), (11

where the neutron enerds, and the proton enerdy, in the
expression ofro(q%,k’), given in Eq.(10), are replaced by
En(p) and E,(p'), respectively,p and p’ being the mo-
menta of the neutron and proton in the nucleus. Howeve
neutrons and protons are not free and their momenta a

constrained to satisfy the Pauli principle i.@<pg, and

P’'>pgp, Wherepg, andpg, are the local Fermi momenta,

given by

Prn(r)=[37pn(1) 1% and pey(r)=[37%pn(r)]*~.
(12

vious versions of our mode{1l) Our new Lindhard function
makes use of a strated23] that avoids the pathologies of

the ordinary{ 7] Lindhard functions in the limit ofjy,q both
going to zero,q, being the momentum transferred to the
nucleus in the processes of interd&). The nuclear response
function is renormalized by thph and theAh correlations
in nuclei [7], effects of which are quite large for low and

Moreover, in the finite nucleus, there is a threshold energyntermediate energy neutrino scattering. The physics of this

for the reaction to proceed, also called Qevalue, and this

renormalization depends, among other things, on the

should be taken into account. Finally, the charged lepton andau-Migdal spin-isospin parametgt [24]. This itself
produced in reactiongl) and (2) moves in the nucleus and has an uncertainty of 0.1 around its preferred value of 0.7
its energy is modified by the Coulomb interaction, which[25]. We take into account the theoretical uncertainties of
should be accounted for. In our approach, these effects agyr estimates of(v,) ando( v,) due to this variation of’.

incorporated by modifying the argument of thdunction in
Eq. (10, from E—E'+E,—E, to E—E’—V(r)+E,(p)
—Ex(p), and replacing the factorf [dp/(27)3] na(p,
r) (M?/E,Ep) S(E—E’+E,—E,) occurring in Eq.(11) by
— (1/7) ImU(y,q), Where

go=E—-E'-V.—Q+Q’". (13

In Eq. (13), V(r) is the Coulomb energy of the lepton and
Q' =Egp—Eg,, is introduced to take into account the un-

equal Fermi sea in the case N~ Z nuclei.
U(qo,&), is the Lindhard function given by

d®p  ny(Pl-ny(p+q)] M2

(2m)° Go+En(p) —Ep(q+p)+ie EnEp’
(14)

U<qo,ci>=f

With these modifications, the total cross sectie(E,) is
given ag[7]

4 (= 2 plmax 12 ’ . 1
a(EV)z——f rdrf _k dkf d(cod)
mJo p:“'” 1 EVE|

XS 3| T|2IMULE,— E;—Q+Q’ —V(r),q]

XO[E+V(r)—m]. (15

The kinematic limitsp"™®™" for the lepton momenturk’

are easily computed in our special c4g¢ For the numeri-

(3) Finally, the target nucleus?C has intrinsic parametric
uncertainties in the radial density function. The effect due to
this uncertainty in our cross-section estimate is taken into
account by repeating our calculation in several radial para-
metric settingg26]. Overall, we achieve a theoretical accu-
racy around*=10% for o(ve) and a(v,). This significant
improvement in theoretical accuradg even better in the
case of the NMC rate for the inclusive procé5s[18]. We
estimate here an uncertainty af2% due to nuclear radial
effects and=5% due to the variation of the spin-isospin
parameteg’. Treating these two uncertainties independently
and adding them in quadrature, we get a theoretical error of
about+6% and obtairf 18]
A.=(3.60+0.22x10* s 1, (16)
in excellent agreement with the precise experimental data
[Eqg. (6)]. The inclusive nuclear muon capture provides us
with a critical benchmark, an independent accurate check of
our ability to describe nuclear inclusive weak processes
clearly related to the neutrino scattering.

In summary, our method used in this paper is essentially
an RPA approach built up from single particle states of an
uncorrelated local Fermi sea. This method is, in practice,
found to be a very accurate tool, when the excitation energy
is sufficiently large such that relatively many states contrib-
ute to the process, in particular, if a large fraction of it comes
from excitation to the continuum, as in the present case. The
adaptation of this method to finite nuclei via the local density
approximation has proved to be rather advantageous to deal

cal integrations, we use Gaussian quadrature with highvith inclusive reactions and has been successfully applied to
enough accuracy for our purpose. The radial integration ithe photonuclear reactiong®7], electron scatterind 28],

Eq. (15) is performed up to a radiuld=c,+5 fm, wherec,,

deep inelastic scatterinf@9], and muon capturgl8,30Q.

is the radius parameter in the two-parameter harmonic oscil- The numerical evaluation of the neutrino-nucleus reaction
lator and Fermi density distributions used for the nuclei, con<ross section is done using Ed.5) and the results are pre-

sidered in Sec. Ill.

sented in Sec. Ill below.
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TABLE Il. Flux-averagedv,. Four radial parameter sets are TABLE lll. Flux-averagedv, cross section. Radial parameter
chosen from the literaturg26], with parameterg; andc, in fm. sets andy’ values are as in Table Il. The, flux is taken fromS,
The Landau-Migdal parametay’ is taken asg’=0.7+0.1. The [15]. The unit for cross section is 16° cn?.
unit for cross section is 10*? cn?.

(o (o g'=0.6 g'=0.7 g’'=0.8
C C2 g =06 g =07 g =08 1.687 1.067 18.35 16.82 15.61
1.687 1.067 16.87 15.69 14.72 1.672 1.150 18.19 16.67 15.45
1.672 1.150 16.65 15.49 14.53 1.649 1.247 17.91 16.38 15.17
1.649 1.247 16.30 15.15 14.20 1.692 1.082 18.45 16.92 15.70
1.692 1.082 16.99 15.80 14.52

From Table IV, we can provide our best estimate of
Il. RESULTS AND CONCLUSIONS ;(Ve) and;(vﬁ) as follows:
In order to compare with the experimental results of
KARMEN [12] and LSND Collaboration§8], we compute o(ve)=(15.48+1.13 X 10" cn?, (18)
the flux-averaged cross section

. o(v,)=(16.65:1.37)x 10 * cn?. (19
JEV o(E,)o(E,)dE,
o= 0 (17) We are in excellent agreement with the experimental value
gmax EdE ’ of o(ve), butour lower limit o(v,) is 15% higher than the
Eo (E,)dE, higher limit of o(v,) measured by the LSND Collaboration.

For 13C, we obtain a flux averaged cross section of 7.25
. _ _ o X 10”41 cn? for Michel spectrum, using the density distri-
Where the neutrino profile function(E,) is given (|_.e., the  pution parameters given if26]. This should be compared
Michel spectrum ir, and the spectrum &, provided by  with the calculations of Arafunet al. [31], who obtain a
the LSND experiment The lower limit Eq in Eq. (17) is cross section of 9.5810 %! cn? for the transition to the
taken to be zero for theyg ,e™) reaction and 123.1 MeV for ground state and first excited state of the final nucleus, which
the (v, ,u") reaction[13]. together give 85% of the total cross section. This implies an

For 1°C, we present our results in Tables Il and I, and inclusive cross section of 11310~ ! cn?. There could be
compare with experiments and other recent theoretical worka reduction of (16-15)%, if the momentum dependence of
in Table IV. Here are the main points of our analysis. In boththe form factors are taken into accoui&2]. This value
Tables Il and 1ll, rows 1 through 4 indicate four different seems to be in agreement with an unpublished result of Don-
choices of the radial parameters for the nuclear dei2@y.  nelly quoted by Krakaueet al. [8]. The calculations of
The columns represent different choices of the LandauArafune et al. [31] do not take into account the possible
Migdal spin-isospin parameteyr . In Table Ill, we have used quenching of the weak interaction operators in nuclei, which
the v, spectrum reported in the LSND papdts13] for a  is studied by Fukugit@t al.[33]. In this paper, the quench-
direct comparison with the experiments. The radial uncering of the matrix elements of the Gamow-Tell&T) opera-
tainties are typically about 2%, while tlgg variation repre- tors is obtained in an effective operator approach, which
sents at 7% spread, for they,,e™) case and-8% for the takes into account the effect of core polarization, isobar, and
(v.,u") case both around the central values correspondinghe meson exchange current processes. This leads to a 20%
to g’ =0.7. Thus, the overall spread from the theoretical erteduction in the flux-averaged cross section for the ground
ror, taking both of these effects in quadrature;+i%.3% for  state transition, while the cross section to the first excited
the (v.,e”) case and+8.2% for the ¢,,u") case. In state is reduced by a factor of 3. Assuming, as before, that
Table IV, we compare the presently available theoretical rethese two states together contribute 85% of the total cross
sults with the most recent experimental results for these resection, a flux-averaged cross section o514 4! cn? is
actions. inferred from the calculations of Fukugi&t al. [33].

TABLE IV. Summary of flux-averaged cross sections. Experimental results are inferred by adding ground
state and excited state contributions for, (€7). Theoretical results are from Kolbet al. [2], Auerbach
et al.[4], Uminoet al.[3], and this work. The units are 1¢? cn? for (v,,e”) and 10 *° cn? for (v, , ")
Cross sections.

Kolbe Auerbach Umino This work Expt.
et al.[2] et al. [4] et al.[3]
o(ve) 14.8 +1.0+1.5 [9,10]
15.6 12.9-22.7 15.48 1.13 15.2+1.4+1.8 [12]

a(v,) 19.3-20.3  135-152  22.7-241 1665137  11.20:0.3+1.8 [15]




57 INCLUSIVE NEUTRINO SCATTERING IN'2C: . .. 2691

We find that our flux-averaged cross section t6€, re- measured inclusive muon capture rate, now known very ac-
ported in this paper, is 35% smaller than that obtained byurately[19,2(. But we see a discrepancsat least by 15%
Arafuneet al. while itis 35% larger than the results of Fuku- in the flux-averagedv, cross section compared with the
gita et al. It will be interesting to test these predictions by LSND experiment[13], the theoretical prediction being
measuring this cross section in the low energy neutrino exhigher than the experiment. The discrepancies between the
periments with liquid scintillators, wher&’C forms part of ~ experimental and various theoretical results fog (u™) in-
natural carbon. In the experiments of Krakaateal.[8], it is clusive cross sections if’C should be taken seriouslyn

reported that view of its implications in present studies of neutrino oscil-
. . lations. Our results for the case &iC and /Al are consis-
0= 0.7237(v33C) + o (v2'Al) < 18.3x 10~ cn?. tent with the only experimental limit available at present. A

(200 high-quality experimental measurement of the inclusive
cross section, especially iC, will be very useful in under-
%’tanding the quenching of the GT strengths in this nucleus in
the light of the wide range of theoretical predictions for this
reaction. Finally, an experimental scrutiny of the neutrino
profile function is strongly recommended.

In our approach, we calculate the flux averaged cross se
tion in 2’Al to be 11.48<10™ %! cn? with g’ =0.7 and using
one set of parameters from Ré¢R6]. This, along with the
value obtained for the neutrino cross sectionti@, gives a
value of 16.510™* cn? for o, in Eq. (20). We associate
a theoretical uncertainty of 6% due ¢ and density varia-
tion of 2’Al on this average cross section. This value is con-
sistent with the available experimental information on these We thank H. C. Chiang, H. J. Kim, E. Kolbe, T. S. Kos-
reactions. mas, and W. Louis for various stimulating discussions and

We would like to emphasize that the renormalization ofcommunications. Two of ugN.C.M. and S.K.S. have the
nuclear strengths in our model produces a reduction of aboujreat pleasure of thanking E. Oset for his warm hospitality at
40% in the (.,e”) cross section to bring it in agreement the Universidad de Valencia. N.C.M. is grateful for the fi-
with the experimenf1]. Similarly large reductions also oc- nancial support of “IBERDROLA de Ciencia y Tecnolagi
cur in the @, ,u") case. and acknowledges the partial support of the U.S. Department

In summary, our calculations show no discrepancy withof Energy. S.K.S. thanks the Ministerio de EducacyoCul-
the measured flux-averaged cross sections ift?C, similar  tura for his sabbatical support. This work was also supported
to other authors calculations. We also nicely reproduce théy CICYT under Contract No. AEN-96-1719.
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