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Probing nucleon strangeness with neutrinos: Nuclear model dependences
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The extraction of the nucleon’s strangeness axial chargeDs from inclusive, quasielastic neutral current
neutrino cross sections is studied within the framework of the plane-wave impulse approximation. We find that
the value ofDs can depend significantly on the choice of nuclear model used in analyzing the quasielastic
cross section. This model dependence may be reduced by one order of magnitude whenDs is extracted from
the ratio of total proton to neutron yields. We apply this analysis to the interpretation of low-energy neutrino
cross sections and arrive at a nuclear theory uncertainty of60.03 on the value ofDs expected to be determined
from the ratio of proton and neutron yields measured by the LSND Collaboration. This error compares
favorably with estimates of the SU~3!-breaking uncertainty in the value ofDs extracted from inclusive,
polarized deep-inelastic structure function measurements. We also point out several general features of the
quasielastic neutral current neutrino cross section and compare them with the analogous features in inclusive,
quasielastic electron scattering.@S0556-2813~96!04010-1#

PACS number~s!: 25.30.Pt, 13.60.Hb, 14.20.Dh
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I. INTRODUCTION

Inclusive, quasielastic~QE! weak neutral-current~NC! re-
actions have received considerable attention recently a
means of probing the strange quark content of the nucle
@1#. In particular, analyses of the Brookhaven experime
E734@2–4# have generated bounds on the nucleon’s stran
ness axial-vector matrix element which are essentially c
sistent@10# with the values forDs, the strange-quark contri-
bution to the nucleon spin determined from polarized de
inelastic scattering@5–9#. Less stringent bounds on th
strangeness vector current form factors have also been
tracted from the Brookhaven data@3,4#. In a similar vein, one
expects a determination of the ratio of proton and neutr
yields in the LSND experiment at Los Alamos@11# to pro-
duce even more stringent limits on some of these form f
tors @12,13#. The results from these studies should comp
ment the results from several parity-violating~PV! elastic
and QE electron scattering measurements currently un
way at MIT-Bates@14,15# and planned for both CEBAF
@16–18# and Mainz@19#. Indeed, this program of semilep
tonic NC scattering measurements affords one with a uniq
low-energy window on the nonvalence quark structure of t
nucleon@1#.

Since the neutrino NC reactions of interest require t
detection of a final-state nucleon knocked out of a nucle
target, a proper interpretation of the results in terms
single-nucleon physics requires that one have a sufficien
reliable understanding of the nuclear, many-body impact
the neutrino cross sections. Thus far, nuclear calculati

*On leave from the Department of Physics, Old Dominion Un
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have been performed using a relativistic Fermi gas~RFG!
model @4# and a continuum random phase approximatio
~RPA! approach@13#. In the present paper, we place thes
studies in the context of a more general framework by poin
ing out several features of QE neutral current scattering n
previously realized in the literature. Specifically, we note th
complementarity of inclusive, QE NC electron scattering, i
which the outgoing electron is detected, and QE NC neutrin
scattering, in which the detected particle is a nucleon. The
two processes—to which we refer ast-inclusive and
u-inclusive scattering, respectively—explore different re
gions of the two-parameter missing energy (E) and missing
momentum (p) space. Consequently, in the plane-wave im
pulse approximation~PWIA!, these two types of QE NC
scattering may display different sensitivities to the many
body physics which enters the one-body spectral functio
S(p,E).

We use this framework to arrive at the first~to our knowl-
edge! published estimate of the nuclear theory uncertain
associated with the extraction ofDs from the BNL and
LSND measurements@20#. Our approach in doing so is the
following. By varying the nuclear model used in analyzing
the QE cross section, we changeS(p,E) and, consequently,
obtain different extracted values forDs. To be as conserva-
tive as possible, we choose two simple, tractable models
ing near the extremes of the spectrum of reasonable nucl
models. Specifically, we employ the RFG model and a h
brid model~HM! involving harmonic oscillator shell model
wave functions for the bound nucleons and plane waves
the continuum states. The former represents the ‘‘maxima
unconfined’’ extreme, since it employs plane waves fo
bound and continuum single-particle states; additionally,
discussed below, only the on-shell electroweak current m
trix elements occur@21#. The latter is ‘‘overconfined’’ in the
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54 1955PROBING NUCLEON STRANGENESS WITH . . .
sense that a harmonic oscillator basis is used, implying t
the long-range behavior of the bound single-particle wa
functions is Gaussian rather than exponential as should
the case with finite potentials. Our approach in the prese
work is to model only these extremes to explore the ‘‘wors
case scenario’’ for extractingDs from QE neutrino scatter-
ing.

In fact, these two models reproduce rather well the expe
mental QE response for inclusive electron scattering, es
cially for integrated quantities such as the Coulomb sum ru
@22# or the responses discussed in the present work, des
the significant differences found in the behavior of the r
spective spectral functions in (E,p) space. We expect that
the spread in extracted values ofDs obtained using more
sophisticated treatments of the response, such as those w
include the effects of correlations and more realistic sing
particle wave functions, will be reasonably characterized
the difference between the RFG and HM values. We take
an estimate of the nuclear theory errordnuc(Ds) the differ-
ence betweenDs~RFG! and Ds~HM!. We find that at the
kinematics of the LSND experiment,dnuc(Ds)'60.25
when the individual proton or neutron knockout cross se
tions are used. This error is roughly as large in magnitude
the average value forDs determined from the deep-inelastic
measurements. If, however, one considers the ratioRn of
proton to neutron yields rather than the individual cross se
tions, as has been proposed for the interpretation of
LSND data@12,13#, we find that the magnitude ofdnuc(Ds)
is reduced by more than an order of magnitude. In this ca
the nuclear theory uncertainty is significantly smaller tha
estimates of the theoretical SU~3!-breaking uncertainty in the
deep-inelastic values forDs @23,24#. From this standpoint,
our results complement those of Ref.@13# which analyzed
the impact of final-state interactions~FSI’s! on the extraction
of Ds from QE neutrino cross sections and which found th
use ofRn , as compared with the individual cross section
significantly reduces one’s sensitivity to distortion in the ou
going nucleon’s wave function.

In the remainder of this paper, we discuss these featu
in more detail. A reader primarily interested in the applica
tion of our analysis to the extraction ofDs is encouraged to
read Secs. V and VI, along with Eqs.~32!–~35! of Sec. III.
The reader interested as well in the general features ofu- and
t-channel QE cross sections is directed to Sec. II, where
discuss the difference between QE neutral current neutr
and electron scattering in general terms; Sec. III, in which w
consider the implications of this difference for the~PWIA!
analysis of QE scattering; and Sec. IV, where we spec
further to the RFG. Section VII summarizes our conclusio
and is followed by an appendix.

II. INCLUSIVE t- AND u-CHANNEL SCATTERING

The leading order exclusive QE cross section is genera
by the Feynman amplitude associated with the diagram
Fig. 1. Here, a leptonl scatters off anA-body nucleus to a
final lepton statel 8 via the exchange of a vector bosonV. In
the scattering, a nucleonN is knocked out, leaving behind an
(A21)-body daughter nucleus generally in an excited sta
We let Km5(e,k) andK8m5(e8,k8) denote the initial and
final lepton momenta, respectively,PN
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momentum of the ejected nucleon, and2p the three-
momentum of the recoiling daughter nucleus.

Following @25# we define the missing energyE as

E[Ap21MA21* 2 2Ap21MA21
2 , ~1!

where MA21 and MA21* are the masses of the recoiling
nucleus in its ground and excited states, respectively. Th
the missing energy used in this work actually corresponds
the excitation energy of the residual nucleus in a fram
where it is moving with a momentum2p. The conditions for
four-momentum conservation in the laboratory frame~target
nucleus at rest! read

e1MA5e81EN1E1Ap21MA21
2 , ~2a!

k5k81pN2p. ~2b!

If we further introduce the nucleon kinetic energy
TN5EN2mN , the nuclear recoil energy TA21

5Ap21MA21
2 2MA21, and the positive nuclear separation

energyES5MA211mN2MA , then one may rewrite Eq.
~2b! as

e5e81TN1E1TA211ES . ~3!

At this point, we refer to Eqs.~2b! and~3! along with Fig.
1 to describe the difference between QE (e,e8)N and QE
(n,N)n8 kinematics. In the former case, the initial and fina
lepton energies and three-momenta are fixed experimenta
Thus, one may specify a given value of the energy transf
v5e2e8 and three-momentum transferq5k2k8 by prop-
erly selecting the beam energy and momentum and the le
ton detector settings. The experimentally fixed Lorentz in
variant for this process isQ25v22q2,0 and we
correspondingly refer to this process as ‘‘t-inclusive’’ scat-
tering. Further, by combining Eqs.~2b! and ~3!, we may
obtain the following relation between the missing energy an
recoil momentum:

E~p!5v2TA212ES2@AmN
21~p1q!22mN#, ~4!

where the quantity in the square brackets is justTN . Note
that TA21 also carries a dependence onp2. However, for
typical targets in QE scattering~e.g.,12C!, TA21 is much
smaller than the other energies involved in the problem s

FIG. 1. Feynman diagram for exclusive lepton scattering in th
one-boson exchange approximation. Here,Km (K8m) denotes the
initial ~final! lepton four-momentum;PA

m (PA21
m ) is the target

~daughter! nucleus four-momentum;PN
m and Qm give the four-

momenta of the outgoing nucleon and neutral gauge boson (g or
Z0), respectively.
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that one may usually neglect it without introducing any si
nificant error. Equation~4! actually defines a continuous
family of curves, parametrized by the angle betweenp and
q. This family is accordingly bounded by the curve we d
note byE2, corresponding to cos(p̂•q̂)521 (p andq antipar-
allel!, and the curveE1, for which cos(p̂•q̂)51 (p and q
parallel!.

To get thet-inclusive cross section, one must integra
over the three-momenta of the undetected particles~daughter
nucleus and outgoing nucleon!. As we show below, this cor-
responds to integrating over the region in the (E,p) space
lying between the two curvesE1 andE2. In fact two situa-
tions may actually occur, depending upon the sign of t
vertical intercept of these curves:

I t[E1~0!5E2~0!5v2TA212ES2~Aq21mN
22mN!.

~5!

For I t<0, the integration region, which we denoteD, will be
bounded byE2(p) and thep axis @Fig. 2~a!#, while, for
I t>0, D is bounded byE2(p), E1(p) and thep axis @Fig.
2~b!#. Note that in the figures, as an orientation, we ha
taken typical values forq ~500 MeV/c) andv ~100 and 170
MeV, respectively! andES58 MeV. Furthermore, we have
included only the portions of the curves existing in the upp
right quadrant, since bothE and p are by definition non-
negative. For this region, the maximum value of the missi
energy occurs for@21#

p5pmax5q
MA21

MA211mN
~6!

and has the value

FIG. 2. The domainD over which one integrates for the
t-inclusive cross section at typical values of momentum and ene
transfer. Note the more complex structure of the boundary when
interceptI t given by Eq.~ 5! is positive.
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E~pmax![Emax5v2ES2@Aq21~MA211mN!2

2~MA211mN!#

.v2ES . ~7!

For typical QE kinematics, one hasEmax'100 MeV.
Parenthetically, we note that the regionD depends on the

independent kinematic variables for the inclusive process
For example, when the cross section for an outgoing electro
of a specified energy and scattering angle is considered, on
has D5D(e8,ue). When the energy- or angle-integrated
cross section is of interest, the regionD consists of the union
of all regionsD(e8,ue) allowed by the kinematics.

In the case of QE NC neutrino scattering, the final lepton
is undetected and the four-momentum of the outgoing
nucleon is specified.1 Thus, the experimentally fixed vari-
ables become

u05e2EN , ~8a!

u5k2pN . ~8b!

The corresponding Lorentz invariant in this case is
U25u0

22uuu2 and we refer to this process as
‘‘ u-inclusive’’ scattering. From the conservation relations
@Eqs.~2a! and ~2b!#, one has

u05E1e81TA211ES2mN , ~9a!

u5k82p. ~9b!

Since the neutrino is massless, one has tha
e85uk8u5uu1pu, so that Eq.~9b! may be rewritten as

E~p!5u02ES1mN2TA212uu1pu. ~10!

Equation~10! is theu-channel analog of the relation in Eq.
~4!. Neglecting the smallp2-dependent recoil kinetic energy
and defining a quantityd as

d[u02ES1mN , ~11!

we obtain the following boundaries for the regionD over
which one should integrate to get theu-inclusive cross sec-
tion:

E15d2~u1p!, u and p parallel, ~12a!

E25d2uu2pu

5H E.
25d2~u2p!, u and p antiparallel, u.p,

E,
25d2~p2u!, u and p antiparallel, u,p.

~12b!

We note that the reason for the appearance of two cases f
E2 is that the undetected particle in this instance is massles
Consequently,e8—and thereforeE—depends linearly on
uu1pu. In the t-channel case, the undetected outgoing par

1In practice, detectors include the full solid angle for the outgoing
nucleon.
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54 1957PROBING NUCLEON STRANGENESS WITH . . .
ticle is massive, rendering the dependence ofE on uq1pu
quadratic and the relative magnitudes ofq and p inconse-
quential.

To assess the extent and the shape of the regionD it helps
to observe that in theu-inclusive scattering the maximum of
the curveE2 occurs for

p5pmax5u, ~13!

whereE2(p) assumes the value

E2~pmax!5d. ~14!

The relations in Eqs.~13! and~14! are theu-channel versions
of Eqs.~6! and ~7!. In both cases, the location of the maxi
mum depends linearly on the magnitude of the independ
vector quantity (q or u) while the height of the maximum is
linear in the independent timelike quantity (v or u0).

For future reference, we specify the two values of th
momentum (p,

2 andp.
2) whereE2 vanishes. They are given

by

p,
25u2d and p.

25u1d, ~15!

p.
2 being positive definite whereasp,

2 can be either positive
or negative. On the other hand,E1(p) vanishes for

p15d2u, ~16!

which can be positive or negative.
Again in complete analogy with thet-channel the curves

E2(p) andE1(p) intercept each other atp50, where their
common value is

I u[E2~0!5E1~0!5d2u. ~17!

Let us denote byD(uN) the allowed region in the (E,p)
plane at fixeduN , the angle2 betweenk andpN . Two situa-
tions can then occur corresponding to two different shap
for this region: EitherI u is positive or negative. In the latter
casep,

2 is positive andD(uN) is a triangle, lying of course
in the physical quadrant of the (E,p) plane. The area of the
triangle isd2; hence, it is fixed once the moduli of the mo
menta of the incoming neutrino and outgoing nucleon a
given. On the other hand, thepositionof the triangle in the
(E,p) plane depends onuN , as well as onk5uku and
pN5upNu „indeed, according to Eq.~13!, the upper vertex of
the triangle is fixed byu, whose value also depends on thes
variables@see Eq.~8b!#….

This situation is illustrated in Fig. 3a for kinematics typi
cal of the LSND experiment, namely, by choosinge5200
MeV andTN560 MeV (pN5341 MeV/c). We thus see that
when pN and k are antiparallel (uN5180°), I u is indeed
negative, andD is given by the triangle on the right-hand
side of the figure.

2As in the t-channel case, the integration region depends on t
two independent kinematic variables. In the present context, it
useful to choose one of them to beuN and to suppress the depen
dence ofD on the other.
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As uN is varied from antiparallel (180°) to parallel(0°)
while keepingk andpN fixed the value ofu decreases and
the triangle moves continuously in the leftward direction
When I u is positive, thenD(uN) becomes quadrangular, as
displayed in Fig. 3~b! for the case in whichk and pN are
parallel and for kinematics typical of the BNL experiment
The area of the quadrangle is given by 2ud2u2.

For an experimental situation in which nucleons are de
tected over the full 4p solid angle~as in LSND!, the global
integration regionD will be given by taking the union of
subregionsD(uN) for all uN . For example, as illustrated in
the two panels of Fig. 3 for cases withI u,0 and I u.0,
respectively, the regionsD are defined by the lines whose
vertices are labeledABCD (I u,0: quadrangle! and
ABCDE (I u.0: pentagon!, respectively.

III. PLANE-WAVE IMPULSE APPROXIMATION

Much of the interest in the inclusive (e,e8)N and
(n,N)n8 scattering reactions stems from an interpretation o
the cross sections employing the PWIA. Invoking the PWIA
corresponds to modeling the shaded vertex in Fig. 1 as illu
trated in Fig. 4. Here, one assumes that only one nucle
participates in the scattering by absorbing the virtual vecto
bosonV, the remainder of the nucleus acting just as a spe
tator. Three-momentum conservation in the laboratory sy
tem requires that the struck nucleon have momentump since
the initial nucleus is at rest and the daughter nucleus reco
with momentumpA2152p. Before absorbing theV, the
struck nucleon has energyE and in general does not lie on
the mass shell. In the limit that final-state interactions ar

he
is
-

FIG. 3. The same as Fig. 2 for theu-inclusive cross section:~a!
LSND kinematics (e5200 MeV, TN560 MeV!; ~b! BNL kine-
matics (e51.3 GeV, TN560 MeV!. The boundaries shown all
involve E2 except for line BF which involvesE1. Note that when
the neutrino and outgoing nucleon momenta are antiparallel qu
remote regions of the (E,p) plane are explored.
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neglected, as is indeed the case in the PWIA, the outgo
nucleon is assumed to be on the mass shell with an ene
EN5ApN21mN

2 . Under these assumptions, the differenti
cross section can be written in terms of kinematic and ph
space factors, the square of the invariant amplitude for s
tering of the incident lepton from a single nucleon — half o
shell, since the struck nucleon is in general off shell@26# —
and a functionS(p,E), referred to as the spectral function
which carries information on the probability of finding
nucleon inside the nucleus with momentump and energy

E5MA2Ap21MA21
2 2E. ~18!

It reads

ds5
1

4kMA
uMu2

d3k8

~2p!32e8

d3pN
~2p!32EN

d3pA21

~2p!32EA21*

3~2p!4d~4!~K1PA2K82PN2PA21!, ~19!

where PA
m5(MA ,0) is the four-momentum of the targe

nucleus,PA21
m 5(EA21 ,2p) is the four-momentum of the

daughter nucleus,M is the invariant lepton-nucleus scatte
ing amplitude, and where the bar overM denotes the appro-
priate average over initial spins and sum over final spi
Performing the integral overpA21 gives

ds5
1

4kMA
uMu2

d3k8

~2p!32e8

d3pN
~2p!32EN

2p

2EA21*

3d~e1MA2e82EN2EA21* !. ~20!

The general form for the square of the invariant amplitude

uMu25g4DV~Q2!2LmnW
mn, ~21!

whereg is the strength of the fermion-vector boson couplin
DV(Q

2)5(Q22MV
21 i«)21, MV is the electroweak vector

boson mass,Lmn is the usual leptonic tensor appearing
semileptonic scattering, andWmn is the corresponding had
ronic tensor. They are given by the following well-know
expressions:

Lmn5 1
8 Tr@ ū~k8,s8!Gmu~k,s!ū~k8,s8!Gnu~k,s!#, ~22a!

Wmn5^AuĴm
† u f &^ f uĴnuA&, ~22b!

where uA& is the initial target nucleus,u f & is the final had-
ronic state,Gm is a Lorentz structure associated with th
lepton-vector boson vertex,Ĵl is the hadronic current opera

FIG. 4. Plane-wave impulse approximation version of the d
gram in Fig. 1.
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tor, and where the appropriate average over initial and su
over final hadronic states is understood in Eqs.~20!–~22b!.
Furthermore, in Eq.~22b! the spinors are normalized accord
ing to the Bjorken-Drell conventions@27# and the weak ver-
tices are given by the usual expressions.

In the PWIA framework only the one-body component o
the nucleonic current, namely,

Ĵl5(
s,s8

E d3k

~2p!3
E d3k8

~2p!3
1

2Ek

1

2Ek8
~2p!3d~k82k2q!

3ūN~k8,s8!Gl
Nu~k,s!â†~k8,s8!â~k,s!, ~23!

is kept. In the aboveâ†(k,s) and â(k,s) are, respectively,
the operators that create and annihilate bound nucleons~i.e.,
in momentum space, having Fourier componentk and spin
projections) andGl

N is the Lorentz structure associated with
the single-nucleon current matrix element@26#. Normalizing
the states according to Ref.@27#,

^puq&5~2p!32Epd~p2u!, ~24!

and substituting the expression in Eq.~23! into Eq. ~22b!
yields

Wmn5(
s,s8

S 1

2Ep
D 2^Auâ†~p,s!uA21&^A21uâ~p,s!uA&

3wmn~p,pN!, ~25!

where

wmn~p,pN!5ū~p,s!Gmu~pN ,s8!ū~pN ,s8!Gnu~p,s! ~26!

is the so-called single-nucleon tensor and the ketuA21&
represents the daughter nucleus in either its ground state
one of its excited states. The replacement ofEA21 with
H[Ĥ2EA21

(0) inside thed function appearing in Eq.~20!
allows one to perform a sum over all daughter-nucleus sta
by making use of the closure relation. One then obtains

ds5
1

4kMA
~2p!S 1

2ED 2g4DV~Q2!2Lmn(
s,s8

wmn~p,pN!

3^Auâ†~p,s!d~e1MA2e82EN2EA21
0

2Ĥ!â~p,s!uA&
d3k8

~2p!32e8

d3pN
~2p!32EN

. ~27!

Noticing thatE5EN2e1e8 and defining the chemical po-
tential m[MA2EA21

0 ~not to be confused with a Lorentz
index!, one has

ds5
~2p!4

2k S 1

2EDg4DV~Q2!2Lmnw
mn~p,pN!S~p,E!

3
d3k8

~2p!32e8

d3pN
~2p!32EN

, ~28!

where the spectral function is

ia-
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S~p,E!5
1

~2p!3 S 1

2ED S 1

2MA
D

3^Auâ†~p,s!d~E1Ĥ2m!â~p,s!uA&. ~29!

A further elementary elaboration of Eq.~28! leads to the
exclusive cross section

d4s

dV8dk8dVNdEN
5

1

~2p!2
1

2k

1

2E
g4DV~Q2!2

3Lmnw
mn~p,pN!S~p,E!

k8

2

pN
2
.

~30!

From Eqs. ~28! or ~30! one obtains the t-channel
(u-channel! inclusive cross section by integrating over th
undetected nucleon~lepton! momentum. In so doing, it is
convenient to convert to integrals over the variablesp and
E. To this end, we first make use of the fact thatpN5q1p
andk85u1p, so that for fixedq one hasd3pN5d3p and for
fixed u one has d3k85d3p. Second, we write
d3p5dfd cosup2dp, where (u,f) are defined with respect
to q in the case oft-channel scattering and with respect t
u in the case ofu-channel scattering. Third, we make use o
the (E,p) relations in Eqs.~3! and ~7! to transform from
d cosu to dE, obtaining

d cosu5H ~EN /pq!dE, t channel,

~e8/pu!dE, u channel,
~31!

respectively. Finally, we obtain, for the cross section,

ds5~2p!E
D
dfE pdpE dES~p,E!

3S 1

16eEDg4DV~Q2!2Lmnw~p,pN!mn
dQf

r
, ~32!

where

dQf

r
5
1

q

d3k8

~2p!32e8
, t channel, ~33a!

dQf

r
5
1

u

d3pN
~2p!32EN

, u channel, ~33b!

D denoting the allowed region of integration in the (E,p)
plane @for the case of electrons, we have assumed the
treme relativistic limit (k5e)#.

From the above, the explicit expressions

d2s

dV8de8
5

1

2p

1

32

k8

e

1

q
g4DV~Q2!2

3E
D
pdpE dE

E
S~p,E!Lmnw

mn~p,pN! ~34!

and
e

o
f

ex-

d2s

dVNdEN
5

1

2p

1

32

pN
e

1

u
g4E

D
pdpE dE

E

3S~p,E!Lmnw
mn~p,pN!DV~Q2!2 ~35!

for the t- andu-inclusive cross sections, respectively, follow.
Note that the azimuthal integration has already been carri
out, introducing an azimuthally averaged single-nucleon te
sor ~or, equivalently, single-nucleon cross section! as done,
for example, in Refs.@25,21#.

The formula given in Eq.~34! constitutes the conven-
tional starting point for the analysis of inclusive QE (e,e8)
scattering in the PWIA.3 Previously reported treatments of
QE (n,N) scattering, however, have not made use of thi
framework@13,4#. The advantage of writingds(n,N) in the
form of Eq. ~32! is twofold: First, it makes explicit the de-
pendence of the QE cross section on the experimentally fix
kinematic variables (u0 ,u) via the specification of the inte-
gration regionD and the appearance ofu in the integration
measure 1/r. Second, it makes the role of the one-body
nuclear spectral function explicit, thereby making the nuclea
model dependence of the cross section more transparent.

When the single-nucleon tensorwmn(p,pN) refers to an
on-shell nucleon, the expressions in Eqs.~32! and~34! carry
a dependence on the free-nucleon form factors. For gene
neutral current scattering, three such form factors contribut
Gi(Q

2), wherei5E, M , orA denotes the Sachs electric and
magnetic form factors and the axial-vector form factor, re
spectively@1#. In the case oft-channel scattering, one is then
able to employ Eq.~32! to extract information on the single-
nucleon form factors at a single value ofQ2. Sincet is fixed
experimentally in this case, one may factor the form factor
out of the integral over (E,p,f), leaving only an integral
over the spectral function and various kinematic factors re
sulting from the contraction ofLmn andw

mn. To the extent
that one’s choice ofS(p,E) is realistic and that the PWIA is
valid, one obtains a more or less reliable determination of th
Gi(Q

2). An important feature oft-channel scattering is that
q, v, and the electron scattering angleue can all be fixed in
an inclusive measurement, allowing~in the plane-wave Born
approximation! the various longitudinal (L), transverse
(T), etc., hadronic responses to be separated before attem
ing to determine theGi(Q

2). This feature contrasts with the
situation discussed below foru-channel inclusive scattering.

In contrast, even were the on-shell approximation to be
good one,u-channel neutrino scattering does not allow on
to extract theGi at a single value ofQ

2. SinceU2 rather than
Q2 is fixed, the value ofQ2 varies as one integrates over the
allowed region in (E,p) space. For example, for kinematics
typical of the LSND experiment@see Figs. 3~a! and 5#, Q2

varies over the range~see the next section and Fig. 5 in
particular! 0<uQ2u<0.06 (GeV/c)2 asE andp vary over the
allowed regionD ~allowing the neutrino scattering angle to
vary over all possible values!. Similarly, for kinematics typi-
cal of the BNL experiment@2#, e51.3 GeV and, say,
TN5500 MeV, the corresponding range is 0<uQ2u<2.3

3Typically, one sees integrations overE rather thanE in the lit-
erature.
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(GeV/c)2. In either case, the form factors associated with t
struck nucleon contribute to theu-channel cross section ove
a range ofQ2. In order to extract information about the form
factors from this cross section, one is forced to adopt so
parametrization for theQ2 dependence of the form facto
and fit the parameters to the measured cross section. Fur
more, as alluded to above, inu-channel inclusive scattering
the values ofq, v, and the neutrino scattering angleun all
vary when performing the integrations. Consequently,
separation into isolatedL, T, etc., hadronic responses is po
sible.

All of these aspects ofu-channel inclusive scattering
stand in contrast with thet-channel situation discussed abov
in which a parametrization-independent form factor determ
nation is possible. Only in the case of elastic scattering fr
A51 targets areu- and t-channel processes equivalent.
the latter case, one has

~K1PA!21Q21U252mN
212ml

2 , ~36!

where ml is the mass of the lepton and
(K1PA)

25(e1mN)
22k2'mN

222emN in the laboratory
frame. For scattering from a single-nucleon target, th
specifyingU2 is equivalent to specifyingQ2. Consequently,
u-channel scattering can be used to perform
parametrization-independent form factor determination
this case.

Finally, as discussed in Sec. V and the Appendix, anot
issue to be confronted is the fact that in general the stru
nucleon is initially off shell and accordingly the relationsh
to on-shell single-nucleon form factors is not obvious. In t
present work we use a generalization of the popularcc1
prescription of de Forest@26# when modeling this type of
behavior. At least within the context of this approach w
shall see that this model dependence is rather weak for
observables of interest~see Sec. VI!.

IV. RFG PREDICTIONS FOR u-INCLUSIVE SCATTERING

Although already considered in Ref.@4#, we wish to re-
visit in this section the RFG predictions for theu-inclusive
scattering partly to complement the findings of that wor

FIG. 5. Variation of the squared four-momentum transfer in t
(E,p) plane for the kinematical conditions of the LSND experimen
Note the rather mild dependence onE and the strong dependence o
p.
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which are rederived here via the alternative route of integr
ing in proper regions of the (E,p) plane, and partly to estab
lish analytic expressions for some general features of
RFG u-inclusive cross section not presently available in t
literature to our knowledge.

As discussed briefly in the previous section, while in th
t channel it turns out to be possible to obtain a compa
simple expression for the RFG inclusive cross sections
equivalently, for the longitudinalRL and the transverseRT
response functions, this is not so in theu channel. The reason
is precisely the one mentioned at the end of the previo
section, namely, theQ2 dependence arising from the pres
ence of the single-nucleon form factors. For thet-inclusive
case,Q2 is fixed so that the nucleon form factors may b
factored out of the integrals overE andp. By contrast in the
u channelQ2 varies over the integration regionD; hence, the
nucleon’s form factors cannot be brought out of the integr
except ~and then only approximately! in special kinematic
situations where theGi(Q

2) vary gently overD.
To provide an appreciation for the behavior ofQ2 in the

(E,p) plane we display its variation in Fig. 5 for the sam
kinematical situation of Fig. 3~a!, considering, as an ex-
ample, the instance ofpN andk being parallel. The explicit
dependence uponE andp of Q2 turns out to be

Q25~TN1ES1E!21
k

uk7pNu @~k2TN2ES2E!2

1~k7pN!22p2#, ~37!

where the upper~lower! sign corresponds tok andpN being
parallel ~antiparallel!. From Fig. 5, it clearly appears tha
Q2 varies rapidly withp but only mildly with E.

Notwithstanding this feature we try to express analytica
a few general properties of the RFGu-inclusive cross sec-
tion. To this end, we recall@21# that the RFG spectral func-
tion reads

SRFG~p,E!52u~kF2p!d~E2AkF21mN
21Ap21mN

2 !,
~38!

where the factor of 2 accounts for the spin degeneracy. N
that the above cannot be directly derived from the express
in Eq. ~29!, where the states are normalized according to E
~24!. Instead, one requires the normalization

^puq&52EpVdk,p , ~39!

V being the~large! volume enclosing the Fermi gas. Clearly
the support in Eq.~38! in the (E,p) plane is nonzero only
along the curve

ERFG5AkF21mN
22Ap21mN

2 . ~40!

It is then natural to expect the maximum of theu-inclusive
cross section to correspond to the situation whereD encom-
passes the whole of the RFG spectral function. In the st
RFG model this requires

I u5AkF21mN
22mN5eF2mN5TF.0, ~41!

he
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which ensures that the piece of the boundaries ofD stem-
ming fromE1 does not cut off a section of the curve define
by Eq. ~40!.

For kinematic conditions under which theGi(Q
2) vary

mildly over the integration regionD and over variations in
(u0 ,u), it follows from Eq. ~41! that the maximum of the
cross section will occur for the following kinetic energy o
the outgoing nucleon:

TN
max5

k cos2uN
11mN /~2k!1k/~2mN!sin2uN

. ~42!

For purposes of comparison, we note that the same princ
of maximum overlap between the support of the spect
function andD leads to the following result for the maxi
mum of the cross section:

vmax5Aq21mN
22mN⇒vmax5uQmax

2 u/2mN

[@q22vmax
2 #/2mN , ~43!

in the t channel ~see Ref.@21#!. Actually Eq. ~43! holds
exactly for properly reduced RFG response functions wh
the single-nucleon form factor dependences are removed~see
Ref. @28#!. If not so reduced, then at high momentum trans
the prediction in Eq.~43! is appreciably altered by the single
nucleon physics. For theu-channel case, we find that th
expression in Eq.~42!, which provides the maximum for the
cross section, is valid only for largek and smalluN , where it
turns out that the single-nucleon physics has less of an
pact.

A novel feature of the RFGu-inclusive cross section,
with respect to thet-inclusive one, is its unexpected vanish
ing in some range ofTN . To illustrate this feature, we recal
that theu-inclusive cross section is fixed by three paramete
k, pN , and uN . Now for p,

25u2d.kF no overlap exists
betweenD and the curve of Eq.~40!: hence the vanishing of
the cross section. This situation clearly corresponds to
negative value of the interceptI u . However, when the inter-
cept I u is positive, the cross section might also vanish, pr
vided thatp15d2u is larger thankF @see the point labeled
F in Fig. 3~b!#. One is thus led to consider the equation

uu2du5kF , ~44!

which admits two real, positive roots, namely,

TN
65

2mNk
2cos2uN2a~2k2a!~k1mN2a!6kucosuNuAD

2~k1mN2a1k cosuN!~k1mN2a2k cosuN!
,

~45!

with

D54mN
2k2cos2uN2a~2k2a!~2mN2a!~2k12mN2a!,

~46!

if, and only if,

cosuN>
Aa~2mN2a!~2k2a!~2k2a12mN!

2mNk
, ~47!

wherea5ES1kF and
d
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ES5mN2AkF21mN
2'2

kF
2

2mN
~48!

is thenegativeseparation energy of the RFG~see Ref.@21#!.
It is then easily verified that forTN

2<TN<TN
1 one always

hasuu2du.kF .
It thus appears that there exists a critical angleu0 such

that for cosuN>cosu0 the u-inclusive cross section vanishes
in the rangeTN

2<TN<TN
1 . Note that, for a given value of

a, u0 depends uponk only. In this case its asymptotic value
for large lepton momenta turns out to be 52° whenkF
5225 MeV/c. Notably, u0 exists only fork>kF . When
k5kF then uN50° and the two roots in Eq.~45! coincide,
namely,

TN
~1!5TN

~2!52ES . ~49!

For k.kF the maximum distance between the roots in Eq
~45! ~the maximum range over which the cross section va
ishes! occurs foruN50°. Then it gradually decreases asuN
is increased from 0° tou0.

A final consideration relates to the traditional handling o
Pauli blocking in the RFG. In thet channel, this blocking
gives rise to the experimentally unsupported linear ener
behavior of the cross section at lowv whenq,2kF . Con-
sequently, one does not expect the RFG cross section to
credible untilq.2kF . In the u channel, Pauli correlations
may also be incorporated, although one may debate the
propriate method for treating them. At the crudest level o
approximation, for example, one may model these corre
tions simply by requiring that the cross section vanish fo
pN,kF (TN,TF). Importantly for comparisons with the
LSND measurements, an experimental cut is made
TN560 MeV (pN'340 MeV!, lessening the impact of such
modeling.

We note in passing that this cut atTN560 MeV ensures
that the ejected nucleons arise only from the QE NC proce
for the following reasons:~1! 60 MeV is the maximum en-
ergy that can be transferred to a free nucleon from then
beam produced at the Los Alamos facility by ap decay in
flight @12#. ~2! The decay-in-flight beam containsnm . In the
corresponding charge changing reaction (nm ,m

2), the kine-
matics associated with the muon mass implies that only lo
lying final states are accessed.~3! The stopped beam pro-
duces only neutrinos with energies below about 53 MeV.

Let us now conclude this section by presenting some typ
cal u-inclusive neutrino cross sections using the RFG. F
this purpose we first recall that the RFG is a symmetric sy
tem with equal number of protons and neutron
(Z5N5A/2), all of them on the mass shell. Then we inse
the spectral function of Eq.~38! into Eq. ~35!, yielding

d2s

dVNdEN
5N

1

r

1

~2p!4
1

16

pN
u S g

MV
D 4

3E
D
dppE dE

SRFG~p,E!
E

Lmnw
mn~p,pN!,

~50!
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wherer52kF
3/(3p2) is the Fermi gas density andN indi-

cates either the proton (Z) or the neutron (N) number. Fur-
thermore, when applied to neutrino scattering, the coupli
to mass ratio which enters isg/(4 cosuWMZ)5AGF /(2A2),
GF being the Fermi constant~we have assumed ther param-
eter to be equal to unity for simplicity!, and@4#

Lmnw
mn~p,pN!52@VVV1VVA1VAA#, ~51!

where explicit expressions both for the on- and off-she
quantities in Eq.~51! are given in terms of the weak neutra
current form factors in the Appendix.

Since our focus in this work is on12C, we takekF5225
MeV/c. The results of our calculations are displayed in Fi
6~a!, where we again consider kinematics typical of th
LSND experiment (e5200 MeV! and, for purposes of illus-
tration, we explore two different orientations between th
incoming neutrino and the outgoing nucleon~either proton or
neutron!, namely,uN520° and 60°. We observe the follow-
ing.

~i! The cross section decreases with the angleuN for low
values ofk, at least for not too large values ofuN .

~ii ! The neutron cross section is larger than the prot
cross section.

In Fig. 7~a! the neutrino cross sections for the RFG~but
with only outgoing protons! are calculated using kinematics
corresponding to the average energy of the Brookhaven n
trinos (e51.3 GeV!. In this case, the experimental cut is
made atTN5200 MeV and so Pauli blocking plays a mino

FIG. 6. The u-inclusive double-differential cross section fo
protons~solid! and neutrons~dashed! for LSND kinematics and two
different orientations ofk and pN: ~a! RFG model,~b! HM with
harmonic oscillator wave functions, and~c! as for~b!, but including
a spreading width, or equivalently, a complex nucleon self-energ
Note the negligible effect of the last. Note also that, although w
display the results over the whole allowed range ofTN , in the
LSND experiment only nucleons withTN.60 MeV are actually
detected.
ng

ll
l
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e

e
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r

role. In contrast to the situation for low-energy neutrinos, th
cross sections increase withuN . In addition, the previously
noted possibility of a vanishingu-inclusive cross section for
certain values ofuN appears in Fig. 7~a!: A sizable gap in the
cross section occurs foruN520°, but not foruN560°, since
the value of the limiting angle in this case turns out to b
u0525.7°.

V. HM PREDICTIONS FOR u-INCLUSIVE SCATTERING

We next turn to the hybrid harmonic oscillator shel
model @21# and its extensions to inclusion of a spreadin
width. While these choices clearly do not exhaust the list
possibilities — in particular in this work we do not deal with
the final-state dynamics issues that were treated in Ref.@13#
— we are able to set a scale for the theoretical uncertainty
the extracted value ofGA

(s) , as discussed in the next section
The HM developed in Ref.@21# differs from the RFG in

that it has the states below the Fermi surface confined, the
fore requiring the struck nucleon to be off shell~see the
Appendix!. In the PWIA the states above the Fermi surfac
are taken to be plane waves. Accordingly in this model on
accounts for the confinement of the nucleons in the initi
state, which is of course important for a realistic descriptio
of low-energy neutrino-nucleus inelastic scattering, howev
at the expense of losing the Lorentz covariance characteris
of the RFG. In other words the hybrid model is only sem
relativistic.

In principle, this confinement is generated by a Hartre
Fock well; in practice, as a simple, tractable model we use
harmonic oscillator as the confining potential, namely,

V~r !5 1
2mNv0

2r 22V̄, ~52!

r

y.
e

FIG. 7. The same curves as in Fig. 6, but now for BNL kine
matics. Note the double-peak behavior of the cross section
uN520° ~see text for discussion!. Note also that, although we dis-
play the results over the whole allowed range ofTN , in the BNL
experiment only nucleons withTN.200 MeV are actually detected.
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V̄ being a positive quantity fixed in such a way to reprodu
the experimental separation energiesEs515.96~18.72! MeV
for protons~neutrons!. For the oscillator frequency, we use
v0541/A1/3 MeV. The HM spectral function is then easily
found to be

SHM~p,E!5 (
N50

Nmax

d@E2~Nmax2N!v01DE#nN~p!

5 (
N50

Nmax

dFE2SN1
3

2Dv02V̄2mNGnN~p!,

~53!

where the shift in the excitation energyE stemming from the
binding of the nucleons is denoted byDE. In the above, the
momentum distribution for a given shell identified by th
quantum numberN52n1l is given by

nN~p!52(
nl

2l 11

4p
uwnl ~p!u2, ~54!

wherewnl (p) are the harmonic oscillator radial wave func
tions in momentum space. For simplicity~and in good ac-
cord, for example, with mean-field descriptions of ligh
N5Z nuclei! we assume the momentum distributions of pro
tons and neutrons in a given shell to be the same. In contr
with the RFG spectral function discussed above one fin
that the HM spectral function in Eq.~53! is nonzero on a set
of parallel lines in the (E,p) plane, one for each shell~e.g.,
two lines for 12C!, at variance with the case of the RFG
whose spectral function is nonzero on the single curve giv
by Eq.~40!. As mentioned in the Introduction, in the presen
work when considering the HM we employ only a harmon
oscillator basis with its overly strong confinement to provid
the strongest contrast with the RFG model—a sort
‘‘worst-case’’ scenario.

As one straightforward extension of the above formalis
where specific classes of correlations effects may be mode
we also allow the single-particle states to acquire a spread
width. This extension is implemented by adding a comple
self-energy to the single-particle energies, thus defining t
fermion propagator as

GHM
~SW!~p,E!5 (

N50

Nmax nN~p!

E2@eN1S~eN!2eF#
, ~55!

whereeN5mN1(N1 3
2)v02V̄ represents the energy of the

nucleon in theNth shell. The self-energyS, of course, arises
from second-~or higher-! order insertions on the fermion
propagation lines: Here, we adopt the point of view of p
rametrizing it in terms of the function@32#

S~e!5D~e!2 i
g~e!

2
, ~56!

with

g~e!52a
e2

e21e0
2

e1
2

e21e1
2 u~2e!, ~57!
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whereasD(e) is obtained fromg(e) via a subtracted disper-
sion relation. We follow Refs.@33,34# in settinga510.75
MeV, e0518 MeV, ande15110 MeV. The spectral function
is proportional to the imaginary part of the hole propagato
SHM
(SW)5ImGHM

(SW)/p. Hence, in principle, the spreading width
extends the support of the spectral function to the whole fir
quadrant of the (E,p) plane; in practice,SHM

(SW) remains con-
centrated around the lines where the spectral function for
pure harmonic oscillator is nonvanishing.

We turn now to an examination of some of the mode
dependences that we obtain. In Figs. 6 and 7, we display
neutrino cross sections for the HM and its extended versi
with a spreading width for the same kinematical condition
explored above using the RFG. One sees from the figur
that, although the basic features of the RFG cross sectio
studied in Sec. IV do not appear to be much altered by t
nucleons’ confinement, yet some differences do show up.
particular, the peaks of the cross sections in the HM appe
shifted and the phenomenon of the vanishing of the cro
section, which is characteristic of the RFG, is still present
the hybrid model, although in a narrower range of energie
Note also in comparing panels~b! and ~c! that the effect of
the spreading width, and therefore this particular class
correlation effects, is negligible and is henceforth ignored.

While the nuclear modeling used in these comparisons
RFG and HM results can obviously be extended in man
directions, including the use of alternative mean-field boun
wave functions and incorporation of final-state interactio
effects, the theoretical uncertainties are likely reasonab
characterized by the present ‘‘extreme’’ situations. Eac
model has its own merits. In particular, the RFG maintain
covariance, which becomes more relevant for the BNL kin
matics, whereas the HM brings in the confinement of th
~off-shell! struck nucleon, albeit at the expense of covar
ance. Since the former involves only plane-wave nucleo
while the latter has rather strongly confined harmonic osc
lator ~HO! wave functions for the struck nucleons, mos
other choices might be expected to fall somewhere betwe
the results presented here. If the span of predictions given
the figures for the double-differential cross section is taken
face value, then substantial nuclear model dependences
anticipated and any hope of using absolute cross sections
the purpose of learning about axial-vector strangeness in
nucleon is correspondingly low. As we discuss in the ne
section, however, there does appear to be a strategy wher
one can mitigate this model dependence in the extraction
Ds from neutrino observables.

VI. STRANGE AXIAL-VECTOR FORM FACTOR

We now address the use of neutrino scattering to pro
nucleon strangeness. To this end, we recall that the nucleo
NC axial-vector form factor may be written as@1,29# ~see the
Appendix!

G̃A5@jA
T51GA

~3!t31jA
T50GA

~8!1jA
~0!GA

~s!#, ~58!

where

GA
~3!5~1/2!~D1F !GD

A~t!, ~59a!
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GA
~8!5~1/2A3!~3F2D !GD

A~t!, ~59b!

GA
~s!5gA

~s!GD
A~t!, ~59c!

D1F51.257 ~59d!

are SU~3! octet axial-vector form factors,D andF are the
associated SU~3! reduced matrix elements,gA

(s)[Ds is the
strange quark contribution to the nucleon’s axial charge, a
t5uQu2/4mN

2 . The coefficientsjA
(a) are determined by the

axial-vector coupling of theZ0 to the quarks, and take on, a
the tree level in the standard model, the values22, 0, and
1 for a beingT51, T50, and 0, respectively. For neutrin
scattering, electroweak radiative corrections are
O(a/4p) @30,31#, and so for purposes of this analysis, w
may employ the tree-level values. Under this approximatio
any isoscalar component of the nucleon’s axial-vector fo
factor arises solely from the strange quark term.

The quantityGD
A(t) is a dipole parametrization for the

Q2 dependence of the axial-vector form factors. In princip
one has no rigorous justification for choosing a dipole for
and for assuming that the different form factors in Eq.~59!
display the sameQ2 behavior. In the case of high-energ
neutrino scattering, where values foruQ2u on the order of 1
(GeV/c)2 are achieved, these assumptions can have ra
drastic consequences for one’s determination ofDs. As in-
dicated in Refs.@2,3#, the value ofDs is strongly correlated
with the dipole mass parameterMA . As far as a high-energy
neutrino scattering determination ofDs is concerned, the im-
pact of choosing a different parametrization or of allowin
the octet and singlet form factors to display differentQ2

behavior is unknown. At kinematics relevant to the LSN
experiment, the issue of nonleadingQ2 dependence is much
less serious. In this case, one may view the dipole form f
tors as a way to include the first derivative term in a Tayl
expansion of the form factor~with respect toQ2). Moreover,
as shown in Refs.@1,4#, the correlation betweenDs and
MA is negligible. Thus, we may safely employ the dipo
parametrization for purposes of analyzing low-energy sc
tering without introducing significant uncertainty.

To illustrate the relationship betweenDs and the choice
of nuclear model, we first plot in Fig. 8 the differential cros
section as a function of outgoing nucleon kinetic energy
two different values ofDs: 0 and20.2. The latter value
corresponds roughly to the largest value~in magnitude! of
Ds derived from the deep-inelastic measurements. The
sults for kinematics typical of the LSND experiment a
shown in Figs. 8~a! and 8~b! while those typical of the BNL
measurements are given in Fig. 8~c!. We note that in the case
of the LSND experiment, for which the target is
CH2-based scintillator and for which the incident neutrino
are produced by the decay of pions in flight, a cut onTN of
.60 MeV guarantees that only nucleons knocked out of c
bon nuclei are detected@12#. For these energies, one see
from Figs. 8~a! and 8~b! that the nuclear model dependenc
is sufficiently large to prevent an unambiguous extraction
Ds. For example, in the case of the proton knockout cro
section, the difference between the RFG prediction
Ds50 and the HM prediction forDs520.2 is comparable
to or smaller than the difference between the RFG pred
nd
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tions withDs50 andDs520.2. This feature does not ap-
pear to persist at higher energies@Fig. 8~c!# where the model
dependence for a given value ofDs is significantly smaller
than the dependence on the value ofDs.

The authors of Ref.@12# proposed that instead of analyz-
ing the proton and neutron cross sections separately, o
ought to consider theratio of total proton to neutron yields.
In contrast to the situation with the individual cross section
the yield ratio is insensitive to one of the primary experimen
tal uncertainties—the normalization of the incident neutrin
flux. Moreover, it was shown in Ref.@13# that the yield ratio
is less sensitive to final-state interactions than are the in
vidual cross sections. Thus, the use of thep/n ratio would
appear to minimize the impact of experimental and theore
cal uncertainties on the extraction ofDs from QE neutrino
scattering data. In what follows, we illustrate the degree
which the use of this ratio can also reduce one’s sensitivity
the choice of nuclear model. We work with the ratio of cros
sections rather than yields, assuming as in Ref.@12# that the
incident fluxes are peaked at some energyē and that working
with the cross sections ate5 ē is sufficient. To that end, we
first show in Fig. 9 the ratio of differential proton knockou
and neutron knockout cross sections as a function ofTN .
From these curves, we deduce that the spread due to
choice of nuclear model for a given value ofDs andTN is
roughly 20%~or less! of the change in the ratio obtained by
varyingDs from zero to20.2.

In Fig. 10 we give the total cross sections, integrated ov
outgoing nucleon energy~with TN.60 MeV in the case of

FIG. 8. ~a! The effect of axial-vector strangeness in the RFG
and HM proton ejection cross sections for LSND kinematics inte
grated over angle for two values ofgA

(s) : 0.0 and20.2 ~shown in
parentheses!. Note the significant increase of the cross section in
duced by a negative value forgA

(s) ~b! The same as~a!, but now for
neutrons. Note the significant reduction of the cross section induc
by a negative value forgA

(s) . ~c! The same as~a!, but now for BNL
kinematics.



ing
r:

is
to
ual
e a

of
ted

lso
ell
lts

unt
f
be
e-
be
re-
sur-
ical
lar
r-
rva-
-

ity
-

c-

of
orm
r-

ns

54 1965PROBING NUCLEON STRANGENESS WITH . . .
low-energy neutrinos andTN.200 MeV for high-energy
neutrinos!, as functions ofDs. In the case of the LSND ex-
periment, it is the total proton and neutron yields that will b
obtained, making these curves more directly relevant to
interpretation of the experiment. From Figs. 10~a! and 10~b!,
one sees that the model sensitivity of one’s extracted va
of Ds is nontrivial in the case of low-energy neutrino sca
tering. For a given value of the total cross section, the t
would yield values ofDs differing by about 0.5. Thus, we
would take a reasonable nuclear theory error bar on the va
of Ds extracted from the single cross section to b
dnuc(Ds)560.25. This uncertainty is as large in magnitud
as the value ofDs determined from deep-inelastic scatterin

FIG. 9. Ratio between the angle-integrated cross sections
proton and neutron ejection at LSND kinematics. Both the RF
~dashed line! and HM ~solid line! results are displayed.

FIG. 10. Total cross section~integrated over angle and energy!
versus the strangeness content of the nucleon for outgoing pro
~a! and neutrons~b! at LSND kinematics and~c! for protons at BNL
kinematics: dashed lines, RFG; solid lines, HM.
e
the

lue
t-
wo

lue
e
e
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For higher-energy scattering, however, the correspond
nuclear model uncertainty is much smalle
dnuc(Ds)560.015@see Fig. 10~c!#.

Finally, in Fig. 11 we give the ratioRn of proton to neu-
tron total cross sections for low-energy scattering. In th
case, one finds that the ratio is significantly less sensitive
the choice of nuclear model than in the case of the act
cross sections themselves. Indeed, we would deduc
nuclear theory uncertainty inDs of '60.015 from the
curves in Fig. 11. This uncertainty represents an order
magnitude improvement from the uncertainty associa
with the use of the individual cross sections.

One other issue involving model dependence was a
briefly examined, namely, that of the on- versus off-sh
current descriptions employed. We evaluated the HM resu
using the on-shell single-nucleon current and found thatRn

in that case is lower than the RFG curve by about the amo
it is higher for the off-shell results shown in Fig. 11. O
course, such a calculation is not strictly correct and should
used only as a rough indication of the sensitivity to the pr
scription for the current, since some off shellness must
used for the HM as demanded by the kinematics of the
action. In fact, the rather weak dependence found is reas
ing and suggests that, at least for the specific kinemat
choices that are relevant here, the issue of what particu
single-nucleon current to employ is likely even less impo
tant than the nuclear model dependence. To be as conse
tive as possible, we will multiply by 2 the uncertainty de
duced from Fig. 11 and take4 dnuc(Ds)560.03.

The reason for this reduction in nuclear model sensitiv
when usingRn is straightforward to understand. At the kine
matics typical of the LSND experiment, the range ofQ2

accessed as one integrates over the allowed regionD(uN) is
small, as discussed in Secs. III and IV~see also Fig. 5!.
Consequently, the nucleon form factors and kinematic fa

4Our estimate of the theory error does not include the impact
uncertainties associated with the strangeness vector current f
factors which also enterRn . The impact of these correlated unce
tainties was analyzed in Refs.@1,4,12,13#. We refer the reader to
those studies for a more detailed consideration of this issue.

for
G

tons

FIG. 11. The ratio of the proton and neutron total cross sectio
for LSND kinematics: dashed line, RFG; solid line, HM.
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tors vary gently and, to a first approximation, may be fa
tored out of the integral in the expression of Eq.~35!. One is
then left with a product of the squared single-nucleon inva
ant amplitude and an integral of the one-body spectral fu
tion. Differences between model predictions would th
arise from different distributions of strength in the spectr
function over the allowed domain in the (E,p) plane. In the
ratio of proton and neutron cross sections, the integrals of
spectral functions should cancel, assuming the proton
neutronS(p,E) are identical. In this case, the ratio is inde
pendent of nuclear model and is determined only by t
single-nucleon form factors. Any model dependence wh
appears in the ratio would then arise from one of the follo
ing sources:~i! the variation in form factors and kinemati
factors over the integration regionD(uN), so that the factor-
ization into a product of single-nucleon and many-bo
physics is not exact;~ii ! differences between proton and neu
tron spectral functions;~iii ! contributions going beyond the
PWIA. In the case of low-energy neutrino scattering fro
carbon forTN.60 MeV, one expects the effects~i! and ~ii !
to be small. Indeed, our results indicate that effects of ty
~i! generate roughly a 10% variation in the ratio for a give
value ofDs, which translates into the nuclear theory unce
tainty quoted above.

In arriving at our estimate of the nuclear theory unce
tainty, we make no pretense of having performed definitiv
state-of-the-art nuclear model calculations of the kind
ported in Refs.@12,13#. Rather, our goal was to give a rea
sonable upper bound on the expected spread in model ca
lations. We anticipate that any series of more sophistica
model calculations would yield extractions ofDs from Rn

differing by no more than our value fordnuc(Ds). From this
standpoint, it is instructive to compare our RFG and H
results for this ratio with the mean-field calculation report
in Ref. @12#. For a given value ofDs, the mean-field results
and RFG results forRn are almost identical, while the HM
results differ by less than 10%. This agreement holds in sp
of much larger differences which appear when one compa
the mean-field, RFG, and HM predictions for the individu
differential cross sections and for the ratio of differenti
cross sections as a function ofTN . We further believe that
this robust nature ofRn will persist when one compares dif
ferent model calculations which not only reproduce expe
mental results for the inclusivet-channel QE responses bu
also include FSI’s in theu-channel case. It was demonstrate
in Ref. @13# that the inclusion of FSI’s in the mean-field
approach can increase the predicted value ofRn by more
than 10% over the mean-field and RFG predictions. T
increase would imply a shift in the extracted value ofDs by
more than 0.03. Thus, it appears that any realistic mo
which is used in this extraction must include FSI’s. Neve
theless, we would argue that thespreadin extracted values
of Ds corresponding to the use of different nuclear mode
which include FSI’s would remain smaller thandnuc(Ds).
Indeed, an important check on our first estimate
dnuc(Ds) would be to compare model calculations which in
corporate FSI’s as well as to explore the impacts of corre
tions and charge symmetry breaking.

Finally, we compare the nuclear theory uncertainty in t
neutrino scattering determination ofDs with the theory un-
certainties associated with the extraction ofDs from mea-
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surements of theg1(x,Q
2) deep-inelastic structure function.

We first remind the reader that one does not necessarily
pect the values ofDs obtained from these two different pro-
cesses to agree. It has long been known, but perhaps
widely appreciated in the nuclear physics community, th
Ds is a renormalization-scale-dependent quantity. In dee
inelastic scattering, this scale is typically taken to be th
same as the meanAuQ2u of the reaction~betweenA2 and
A11 GeV/c), whereas the scale appropriate to the quasiela
tic neutrino value is somewhere below the charm qua
mass. The latter corresponds to the scale below which o
includes only the three lightest quarks in an effective axia
vector NC@35#. It is often assumed that the QCD evolution
of Ds between the two scales is rather gentle, based
leading-order perturbative calculations, yet it is conceivab
that nonperturbative effects could invalidate this assumpti
@36#. At present, one can make no definitive statements r
garding the evolution ofDs between these two scales.

A separate issue pertaining to the use of polarized stru
ture functions to determineDs is the use of SU~3! symmetry.
In the standard operator product analysis of theg1 sum, one
employs an SU~3! parametrization of the octet axial-vector
matrix elementŝNuAm

(a)(0)uN& (a53,8 refers to the respec-
tive components of the octet! in order to derive a value for
Ds or DS. The latter denotes the nucleon’s singlet axia
charge or, in the quark-parton framework, the total ligh
quark (u, d, s) contribution to the nucleon spin. The value o
Ds determined in this fashion is quite sensitive to the qua
tity

2

A3
^NuAm

~8!~0!uN&5
1

3
~3F2D !. ~60!

In an SU~3!-symmetric fit to hyperon semileptonic decays
the combination of reduced matrix elements 3F2D takes on
a value of about 0.6@24#. Because it involves a cancellation
between two quantities, this number is rather sensitive
uncertainties in the fit as well as to corrections arising fro
SU~3! breaking in the octet matrix elements. Several anal
ses have been carried out recently@23,24,37,38# in which the
hyperon decays were refit with allowance for SU~3! break-
ing. While different schemes for the incorporation of SU~3!
breaking were employed in each case, a general trend d
emerge: SU~3! breaking may reduce the matrix element in
Eq. ~60! by 50% or more compared to its SU~3!-symmetric
value, with an uncertainty of comparable magnitude. Such
reduction would imply a value ofDs'0 from deep-inelastic
data, in contrast to the current average of the measureme
Ds'20.1. The authors of these studies caution that prec
numerical value for the SU~3!-breaking correction to the
quantity in Eq.~60! is not highly reliable, due to the nature
of the aforementioned cancellation. To be conservative, the
we take the SU~3!-breaking uncertainty in this matrix ele-
ment to be 50% of its SU~3!-symmetric value. The corre-
sponding uncertainty in the strange-quark axial charge
dDIS(Ds)'60.1, a value having the same magnitude as th
present average forDs under the assumption of good SU~3!
symmetry in the hyperon semileptonic decays. The scale
this uncertainty is consistent with the scale of the error o
tained with the heavy-baryon chiral perturbation theor
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analysis of Ref.@23# and with the range of estimates fo
SU~3!-breaking corrections given in Refs.@24,37,38#. The
presence of this SU~3! uncertainty weakens the standard co
clusion drawn from inclusive, polarized deep-inelastic me
surements that the strange quarks are polarized opposite
the direction of the nucleon’s spin and that the magnitude
the ss̄ contribution is about one-third the total quark contr
bution,DS.

By way of comparison, we note thatdnuc(Ds) is about
one-third as large asdDIS(Ds). Moreover, the analysis of the
QE neutrino cross sections does not suffer from the kind
SU~3!-breaking corrections and uncertainties which enter
interpretation of theg1-sum results. Although the same prob
lematic combination of SU~3! reduced matrix elements
3F2D enters the decomposition of the nucleon’s axia
vector NC form factor@see Eqs.~58!–~59!#, its contribution
is suppressed by the couplingjA

T50 . The latter is identically
zero at the tree level in the standard model and is on
order of 0.01 when one-loop electroweak corrections are
cluded. From this standpoint, then, it appears that the ra
Rn provides a theoretically cleaner window on the strang
quark contribution to the nucleon’s spin than does inclusi
polarized deep-inelastic scattering. The primary limitation
the former case appears to be experimental error.

VII. CONCLUSIONS

The study of low- and intermediate-energy semilepton
processes has played an important role in helping unco
the nature of fundamental interactions. In the case of QC
semileptonic scattering is poised to illuminate the way t
strong interaction is realized in the structure of the nucle
As with the use of semileptonic scattering to test the stand
model and its possible extensions, the efficacy of this pro
of the nucleon’s structure is limited by the reliability with
which one can compute theoretically, or determine expe
mentally, the other hadron and nuclear structure contri
tions to the relevant observables. It is important, then, t
where hadron structure or many-body theory is brought
bear on the interpretation of such observables, an attemp
made to quantify the theoretical uncertainty.

In the present work, we have attempted to provide a th
retical error bar for the determination ofDs from quasielastic
neutrino NC scattering. The nucleon’s strange quark ax
charge is of interest since it has the quark-parton interpre
tion as giving the strange-quark contribution to the spin o
polarized nucleon. A large value for this quantity would im
ply that the nonvalence quarks play a more central role in
low-energy characteristics of the nucleon than implied by t
highly successful and intuitively satisfying quark model. T
the extent that one may extract the nucleon’s NC axial-vec
form factor from quasielastic neutrino scattering at low m
mentum transfer, one has a direct probe ofDs. In the ideal
situation, one would have in hand sufficient informatio
from quasielastic (e,e8N) measurements to perform this ex
traction without heavy reliance on theoretical calculations
the QE response. At present, sufficient (e,e8N) data are
lacking, rendering the use of nuclear models unavoidable

We have tried to argue that were one to rely on the in
vidual (n,N)n8 cross sections measured by LSND, th
nuclear theory error bar onDs would be sufficiently large to
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render the results inconclusive. Fortunately, the ratio of tot
proton to neutron yields (Rn) appears to be much less sens
tive to the choice of nuclear model, reducing by nearly on
order of magnitude the nuclear theory uncertainty inDs.
Based on the study of some simple nuclear models with qu
distinct assumptions regarding the many-body dynamics, w
estimate the nuclear theory error to bednuc(Ds)560.03. We
anticipate that the spread in values forDs obtained from
Rn and more sophisticated nuclear models will be small
than this value for the uncertainty. We further note tha
dnuc(Ds) is about a factor of 3 smaller in magnitude tha
dDIS(Ds), where the latter is derived from recent analyses
SU~3! breaking in the octet of baryon axial-vector matrix
elements. In contrast, the interpretation of QE neutrino cro
sections is relatively free from such SU~3! uncertainties.
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APPENDIX

The quantities appearing in Eq.~51! are given by the fol-
lowing expressions:

VVV52@V111V121V22#, ~A1!

VVA52@VA11VA2#, ~A2!

VAA52A, ~A3!

using the nomenclature of Ref.@4#. On shell one has from
that reference

V1154F̃ 1
2~P•KPN•K81PN•KP•K82mN

2K•K8!, ~A4!

V12524F̃1F̃2K•K8~PN2P!•~K2K8!, ~A5!

V225
2F̃ 2

2

mN
2 K•K8~P•KPN•K1P•K8PN•K81mN

2K•K8!,

~A6!

A54G̃ A
2~P•KPN•K81PN•KP•K81mN

2K•K8!, ~A7!

VA158G̃AF̃1~P•KPN•K82PN•KP•K8!, ~A8!

VA254G̃AF̃2K•K8~P1PN!•~K1K8!, ~A9!

whereP andPN are the initial and final four-momenta of the
nucleon,K andK8 the initial and final four-momenta of the
neutrino, andG̃A is the axial-vector form factor of the
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nucleon whereasF̃1 andF̃2 are the Dirac and Pauli weak NC
form factors of the nucleon, related to the Sachs NC fo
factors through the expressionsG̃E5F̃12tF̃2 and
G̃M5F̃11F̃2, with t5uQ2u/4mN

2 . For the nucleon’s form
factors we have used the Galster parametrization~see Refs.
@29,32#!. These can be combined as in Eqs.~A1!–~A3! to
obtain the following for the on-shell versions of the quan
ties in Eq.~51!:

VVV
on 5mN

4 H SY•ZmN
2 D 2W̃2216t~G̃E

22tG̃M
2 !J , ~A10!

VVA
on 5mN

4 H 16SY•ZmN
2 D tG̃MG̃AJ , ~A11!

VAA
on 5mN

4 H F SY•ZmN
2 D 2116t~11t!GG̃A

2 J . ~A12!

Here we have used the following four-vector
Q5K2K85PN2P, Y[K1K8, and Z[PN1P, where
thenQ•Y50 and for on-shell nucleonsQ•Z50. Further-
more, we define as usualW̃2[@G̃E

21tG̃M
2 #/(11t).

Off shell we use a generalization of thecc1 prescription
introduced by de Forest@26# for electron scattering; in our
case we now have analogous quantities involving both vec
and axial-vector neutral currents. Defining, as usu
rm

ti-

s:

tor
al,

Pm[PN
m2Qm5(E,p), letting P̄m[PN

m2Q̄m5(Ē,p) with
Ē[AmN

21p2 as in Ref. @26#, and in addition defining
Z̄m[PN

m1 P̄m, so thatQ•Y5Q̄•Z̄50, we obtain

VVV
off 5@~Q•Q̄!22~Q̄•Y!2#G̃M

2 14mN
2Q2G̃E8

2

1@~Y•Z̄!22~Q•Z̄!2#W̃28 , ~A13!

VVA
off 54@~Q•Z̄!~Q̄•Y!2~Q•Q̄!~Y•Z̄!#G̃MG̃A , ~A14!

VAA
off 5@~Q•Q̄!21~Y•Z̄!22~Q•Z̄!22~Q̄•Y!2

24mN
2Q2#G̃A

2 . ~A15!

In Eq. ~A13! we have introduced the following additional
single-nucleon form factors:

G̃E8[F̃12 t̄F̃2 , ~A16!

W̃28[
1

11 t̄
@G̃E8

21 t̄G̃M
2 #, ~A17!

in close analogy with the above on-shell quantities~see also
Ref. @39#!. The results given here for the half-off-shell cur
rents revert to the on-shell results in Eqs.~A10!–~A12! when
P and P̄ become the same, i.e., when the kinematics forc
the nucleon on shell.
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