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Probing nucleon strangeness with neutrinos: Nuclear model dependences
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The extraction of the nucleon’s strangeness axial chargdrom inclusive, quasielastic neutral current
neutrino cross sections is studied within the framework of the plane-wave impulse approximation. We find that
the value ofAs 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 magnitudesaiberxtracted 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®03 on the value oA s 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 $B)-breaking uncertainty in the value &s extracted from inclusive,
polarized deep-inelastic structure function measurements. We also point out several general features of the
guasielastic neutral current neutrino cross section and compare them with the analogous features in inclusive,
quasielastic electron scatterif&0556-281®6)04010-1

PACS numbg(s): 25.30.Pt, 13.60.Hb, 14.20.Dh

[. INTRODUCTION have been performed using a relativistic Fermi gagG)
model [4] and a continuum random phase approximation
Inclusive, quasielastitQE) weak neutral-currerfNC) re-  (RPA) approach[13]. In the present paper, we place these
actions have received considerable attention recently as siudies in the context of a more general framework by point-
means of probing the strange quark content of the nucleoing out several features of QE neutral current scattering not
[1]. In particular, analyses of the Brookhaven experimentpreviously realized in the literature. Specifically, we note the
E734[2-4] have generated bounds on the nucleon’s strangesomplementarity of inclusive, QE NC electron scattering, in
ness axial-vector matrix element which are essentially conwhich the outgoing electron is detected, and QE NC neutrino
sistent[10] with the values forAs, the strange-quark contri- scattering, in which the detected particle is a nucleon. These
bution to the nucleon spin determined from polarized deepwo processes—to which we refer asinclusive and
inelastic scattering(5—9]. Less stringent bounds on the u-inclusive scattering, respectively—explore different re-
strangeness vector current form factors have also been egions of the two-parameter missing enerd@y énd missing
tracted from the Brookhaven ddta4]. In a similar vein, one momentum p) space. Consequently, in the plane-wave im-
expects a determination of the ratio of proton and neutrorpulse approximationfPWIA), these two types of QE NC
yields in the LSND experiment at Los Alam@$1] to pro-  scattering may display different sensitivities to the many-
duce even more stringent limits on some of these form facbody physics which enters the one-body spectral function
tors [12,13. The results from these studies should comple-S(p,¢).
ment the results from several parity-violatitBV) elastic We use this framework to arrive at the fifgd our knowl-
and QE electron scattering measurements currently undeedge published estimate of the nuclear theory uncertainty
way at MIT-Bates[14,15 and planned for both CEBAF associated with the extraction dfs from the BNL and
[16-18 and Mainz[19]. Indeed, this program of semilep- LSND measurement0]. Our approach in doing so is the
tonic NC scattering measurements affords one with a uniquépllowing. By varying the nuclear model used in analyzing
low-energy window on the nonvalence quark structure of thehe QE cross section, we chang§f,£) and, consequently,
nucleon[1]. obtain different extracted values fars. To be as conserva-
Since the neutrino NC reactions of interest require theive as possible, we choose two simple, tractable models ly-
detection of a final-state nucleon knocked out of a nucleaing near the extremes of the spectrum of reasonable nuclear
target, a proper interpretation of the results in terms ofmodels. Specifically, we employ the RFG model and a hy-
single-nucleon physics requires that one have a sufficientlyprid model(HM) involving harmonic oscillator shell model
reliable understanding of the nuclear, many-body impact onwave functions for the bound nucleons and plane waves for
the neutrino cross sections. Thus far, nuclear calculationthe continuum states. The former represents the “maximally
unconfined” extreme, since it employs plane waves for
bound and continuum single-particle states; additionally, as
“On leave from the Department of Physics, Old Dominion Uni- discussed below, only the on-shell electroweak current ma-
versity, Norfolk, VA 23529. trix elements occuf21]. The latter is “overconfined” in the
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sense that a harmonic oscillator basis is used, implying that
the long-range behavior of the bound single-particle wave
functions is Gaussian rather than exponential as should be Pi
the case with finite potentials. Our approach in the present Q*
work is to model only these extremes to explore the “worst- TTTT
case scenario” for extractings from QE neutrino scatter-

ing

K® P

In fact, these two models reproduce rather well the experi- K* Py
mental QE response for inclusive electron scattering, espe-

ciaIIy for integrated quantities such as the Coulomb sum rule FIG. 1. Feynman diagram for exclusive lepton scattering in the
[22] or the responses discussed in the present work, despitée-boson exchange approximation. Heté, (K'#) denotes the
the significant differences found in the behavior of the re-initial (final) lepton four-momentum;P4 (P4_,) is the target
spective spectral functions irf(p) space. We expect that (daughter nucleus four-momentumPf and Q* give the four-
the spread in extracted values Ak obtained using more momenta of the outgoing nucleon and neutral gauge bosoor (
sophisticated treatments of the response, such as those whiéh), respectively.

include the effects of correlations and more realistic single-

particle wave functions, will be reasonably characterized bynomentum of the ejected nucleon, an€dp the three-
the difference between the RFG and HM values. We take asiomentum of the recoiling daughter nucleus.

an estimate of the nuclear theory eri@y,{As) the differ- Following [25] we define the missing energyas
ence betweem\s(RFG and As(HM). We find that at the . , . ,
kinematics of the LSND experiment§, ,{As)~ +0.25 E=\p*+MxZ— P+ M5 _;, 1)

when the individual proton or neutron knockout cross sec- N
tions are used. This error is roughly as large in magnitude a¢here Ma_; and Mj_, are the masses of the recoiling
the average value faks determined from the deep-inelastic nucleus in its ground and excited states, respectively. Thus
measurements. If, however, one considers the mtjoof the missing energy used in this work actually corresponds to
proton to neutron yields rather than the individual cross secthe excitation energy of the residual nucleus in a frame
tions, as has been proposed for the interpretation of th#here itis moving with a momenturm p. The conditions for
LSND data[12,13, we find that the magnitude aof,,{As) four-momentum conservation in the laboratory fratteeget

is reduced by more than an order of magnitude. In this casdlucleus at restread

the nuclear theory uncertainty is significantly smaller than

estimates of the theoretical £8)-breaking uncertainty in the e+ Mpa=e'+En+E+VPP+MA_y, (28)
deep-inelastic values faks [23,24]. From this standpoint, ,

our results complement those of R¢L3] which analyzed k=k'+py—p. (2b)

the impact of final-state interactiofBSI’s) on the extraction
of As from QE neutrino cross sections and which found tha

use ofR,, as compared with the individual cross sections, "~ —~—>-- " .
significantly reduces one’s sensitivity to distortion in the out- " P"+Mjy_1—Ma-y, and the positive nuclear separation

going nucleon’s wave function. energy Es=M,_;+my—M,, then one may rewrite Eq.

In the remainder of this paper, we discuss these feature@b) as
in more detail. A reader primarily interested in the applica-
tion of our analysis to the extraction dfs is encouraged to

read Secs. V and VI, along with Eq82)—(35) of Sec. III. At this point, we refer to Eqg2b) and(3) along with Fig.

The reader interested as well in the general features ahd 1 o describe the difference between QEe/)N and QE
t-channel QE cross sections is directed to Sec. Il, where wey, N),’ kinematics. In the former case, the initial and final
discuss the difference between QE neutral current neutrinpton energies and three-momenta are fixed experimentally.
analysis of QE scattering; and Sec. IV, where we specifigrly selecting the beam energy and momentum and the lep-

If we further introduce the nucleon kinetic energy
n=En—Mmy, the nuclear recoil energy Ta

626,+TN+8+TA_1+E5. (3)

and is followed by an appendix. variant for this process isQ?=w?—¢?<0 and we
correspondingly refer to this process asificlusive” scat-
IIl. INCLUSIVE t- AND u-CHANNEL SCATTERING tering. Further, by combining Eqs2b) and (3), we may

] ) o obtain the following relation between the missing energy and
The leading order exclusive QE cross section is generateghcoil momentum:

by the Feynman amplitude associated with the diagram of

Fig. 1. Here, a leptor” scatters off amtA-body nucleus to a EpP)=w—Ta_1— Es—[‘/mﬁﬁ(PﬁL 1 )
final lepton state”’ via the exchange of a vector bosgnin

the scattering, a nucledw is knocked out, leaving behind an where the quantity in the square brackets is jlgt Note
(A—1)-body daughter nucleus generally in an excited statethat T,_; also carries a dependence pA. However, for
We let K#=(¢,k) andK'#=(€’,k’) denote the initial and typical targets in QE scatteringe.g.}?C), To_; is much
final lepton momenta, respectively=(Ey.py) the four-  smaller than the other energies involved in the problem so
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q=500 MeV/c
(=) =100 MeV —(Mp_1+my)]

Es=8 MeV 7
s e ~w—Es. 7)

I,<0
N For typical QE kinematics, one hds,,,~100 MeV.
Parenthetically, we note that the regibhdepends on the
independent kinematic variables for the inclusive process.
For example, when the cross section for an outgoing electron
0 . Iz(lol L luiol pvos tlago' . fol)c; . '1'200 of a specified energy and scattering angle is considered, one
S St St S has D=D(€’,6,). When the energy- or angle-integrated
200 — ) ! ! ! 4=500 MeV /¢ cross sec_tion is of interest, the reg'@mo.nsists Qf the union
©=210 MeV of all regionsD(€', 6,) allowed by the kinematics.
Es=8 MeV In the case of QE NC neutrino scattering, the final lepton
is undetected and the four-momentum of the outgoing
— nucleon is specified.Thus, the experimentally fixed vari-

ables become

100

UOZG_EN, (Sa)

o |ENAN] | 11 1 1 | 1111 | i1 1 | 11 ] 1 | 11 1N]
0 200 400 600  BOO 1000 1200 u=k—py- (8b)
p (MeV/c)

The corresponding Lorentz invariant in this case is
FIG. 2. The domainD over which one integrates for the U?=uj—|u®> and we refer to this process as
t-inclusive cross section at typical values of momentum and energy U-inclusive” scattering. From the conservation relations
transfer. Note the more complex structure of the boundary when thEEgs. (2a) and (2b)], one has
interceptl, given by Eq.( 5) is positive.
U0=5+6'+TA,1+ES—mN, (ga)
that one may usually neglect it without introducing any sig- ,
nificant error. Equation(4) actually defines a continuous u=k'—p. (9b)
family of curves, parametrized by the angle betwgeand
g- This family is accordingly bounded by the curve we de-
note by&~, corresponding to cop(g)=—1 (p andq antipar-
allel), and the curve€™, for which Q=1 nd
e o ch cosp-g=1 (p and g E(p)=Up—Es+my—To 1—[u+p. (10
To get thet-inclusive cross section, one must integrategquation(10) is the u-channel analog of the relation in Eq.

over the three-momenta of the undetected particdesighter  (4). Neglecting the smalb2-dependent recoil kinetic energy
nucleus and outgoing nucleprAs we show below, this cor-  and defining a quantity as

responds to integrating over the region in th&p) space

Since the neutrino is massless, one has that
€' =|k'|=|u+p|, so that Eq(9b) may be rewritten as

lying between the two curve§™ and&~. In fact two situa- S=ug—Eg+my, 11
tions may actually occur, depending upon the sign of the
vertical intercept of these curves: we obtain the following boundaries for the regi@h over
which one should integrate to get theinclusive cross sec-
1,=£7(0)=£(0)=w—Ta_1— Es— (VG?+mg—my). tion:
5
® Ef=6—(u+p), u and p parallel, (129

For1,=<0, the integration region, which we dend?e will be B
bounded by (p) and thep axis [Fig. 2a)], while, for & =6—|u—p|

1,=0, D is bounded by~ (p), £7(p) and thep axis [Fig. - S (u— d fi lel. u>
2(b)]. Note that in the figures, as an orientation, we have - Ef (U=p), uandp an fpara & u=p,
taken typical values fog (500 MeVk) andw (100 and 170 E-=06—(p—u), u and p antiparallel, u<p.
MeV, respectively and Es=8 MeV. Furthermore, we have (12b)

included only the portions of the curves existing in the upper

right quadrant, since botf and p are by definition non- We note that the reason for the appearance of two cases for
negative. For this region, the maximum value of the missinge™ is that the undetected particle in this instance is massless.
energy occurs fof21] Consequently,e’—and thereforeé—depends linearly on

|[u+pl|. In the t-channel case, the undetected outgoing par-
_ _ Ma-1 6
p_pmax_q—MA—l+mN (6)
in practice, detectors include the full solid angle for the outgoing

and has the value nucleon.
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ticle is massive, rendering the dependenceadn |g+ p|
quadratic and the relative magnitudesgfand p inconse-
guential.

To assess the extent and the shape of the reBidmelps
to observe that in thae-inclusive scattering the maximum of
the curve&™ occurs for

P=Pmax= U, (13

where&™ (p) assumes the value

E (Pmay) = 6. (14

The relations in Eq913) and(14) are theu-channel versions

of Egs.(6) and (7). In both cases, the location of the maxi-
mum depends linearly on the magnitude of the independent
vector quantity § or u) while the height of the maximum is
linear in the independent timelike quantity (Or ug).

For future reference, we specify the two values of the
momentum p_ andp-) where£™ vanishes. They are given
by o F 1000 2000 E

p (MeV/c)

p-=u—4 and p<=u+34, (15
FIG. 3. The same as Fig. 2 for theinclusive cross sectioria)
p- being positive definite wheregs. can be either positive LSND kinematics €&=200 MeV, Ty=60 MeV); (b) BNL kine-

or negative. On the other hanﬂf(p) vanishes for matics €=1.3 GeV,Ty=60 MeV). The boundaries shown all
involve £~ except for line BF which involve€™. Note that when
pt=é6-u, (16) the neutrino and outgoing nucleon momenta are antiparallel quite

remote regions of the& p) plane are explored.
which can be positive or negative.

Again in complete analogy with thiechannel the curves ~ As 6y is varied from antiparallel (180°) to parall€d®)
£ (p) andET(p) intercept each other g@=0, where their ~While keepingk and py fixed the value ofu decreases and

common value is the triangle moves continuously in the leftward direction.
Whenl, is positive, thenD(6y) becomes quadrangular, as
[,=E (0)=E"(0)=6—u. 17 displayed in Fig. &) for the case in whictk and py are

parallel and for kinematics typical of the BNL experiment.
Let us denote byD(48,) the allowed region in thed;p) The area of the quadrangle is given by&®- u?.
plane at fixeddy, the anglé betweerk andpy . Two situa- For an experimental situation in which nucleons are de-
tions can then occur corresponding to two different shapetected over the full 4 solid angle(as in LSND, the global
for this region: Eithell , is positive or negative. In the latter integration regionD will be given by taking the union of
casep_ is positive andD(#@y) is a triangle, lying of course subregionsD(6) for all 6. For example, as illustrated in
in the physical quadrant of the(p) plane. The area of the the two panels of Fig. 3 for cases with<0 and1,>0,
triangle is 6% hence, it is fixed once the moduli of the mo- respectively, the region® are defined by the lines whose
menta of the incoming neutrino and outgoing nucleon arevertices are labeledABCD (1,<0: quadrangle and
given. On the other hand, thgosition of the triangle in the ABCDE (I,>0: pentagoh respectively.
(&,p) plane depends orfy, as well as onk=|k| and
pn=|pn| (indeed, according to Eq13), the upper vertex of
the triangle is fixed by, whose value also depends on these
variables[see Eq.(8h)]). Much of the interest in the inclusivee(e’)N and
This situation is illustrated in Fig. 3a for kinematics typi- (»,N)v’ scattering reactions stems from an interpretation of
cal of the LSND experiment, namely, by choosiag200  the cross sections employing the PWIA. Invoking the PWIA
MeV andTy=60 MeV (py=341 MeVL). We thus see that corresponds to modeling the shaded vertex in Fig. 1 as illus-
when py and k are antiparallel §y=180°), I, is indeed trated in Fig. 4. Here, one assumes that only one nucleon
negative, andD is given by the triangle on the right-hand participates in the scattering by absorbing the virtual vector
side of the figure. bosonV, the remainder of the nucleus acting just as a spec-
tator. Three-momentum conservation in the laboratory sys-
tem requires that the struck nucleon have momergimce
2As in thet-channel case, the integration region depends on thé¢he initial nucleus is at rest and the daughter nucleus recoils
two independent kinematic variables. In the present context, it isvith momentump,_,=—p. Before absorbing th&/, the
useful to choose one of them to Isg and to suppress the depen- struck nucleon has enerdy and in general does not lie on
dence ofD on the other. the mass shell. In the limit that final-state interactions are

Ill. PLANE-WAVE IMPULSE APPROXIMATION
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tor, and where the appropriate average over initial and sum

-t "
- Py " over final hadronic states is understood in E@S)—(22h).
Ph1 Furthermore, in Eq(22b) the spinors are normalized accord-
Q* ing to the Bjorken-Drell conventiori®7] and the weak ver-
-t tices are given by the usual expressions.
K+

In the PWIA framework only the one-body component of
the nucleonic current, namely,
Py
- d*k [ dk 1 1 .
FIG. 4. Plane-wave impulse approximation version of the dia- J}\ZE J (277)3 (277)3 2E. 2E ,(277) o(k'—k—=q)
gram in Fig. 1. s;s' k &=k

o . . Xu(k',s)TRu(k,s)al(k’,s")a(k,s), (23
neglected, as is indeed the case in the PWIA, the outgoing
nucleon is assumed to be on the mass shell with an energy kept. In the abové@'(k,s) anda(k,s) are, respectively
En=vVpy+my. Under these assumptions, the differentialthe operators that create and annihilate bound nucléans
cross section can be written in terms of kinematic and phasg, momentum space, having Fourier componlergnd spin
space factors, the square of the invariant amplitude for scajgjections) andI'\ is the Lorentz structure associated with
tering of the incident lepton from a single nucleon — half off 4 single-nucleon current matrix elemé@6]. Normalizing

shell, since the struck nucleon is in general off shad] — the states according to RéR7]
and a functionS(p,£), referred to as the spectral function, '

which carries information on the probability of finding a (pla)y=(2m)32E, 8(p—u) (24)
nucleon inside the nucleus with momentynand energy P ’
E=M,— \/m—f- (18) 3;?d:ubstltutmg the expression in E@3) into Eq. (22b)
It reads 112
- = At _ _ 114
d B 1 Wz d3k/ dapN d3pA—1 W/.LV_SES, (ZEp) <A|a (prs)|A 1><A 1|a(pas)|A>
7 4|<|\/|A| | (2m)32€’ (2m)32En(27)32EL_,

XW,(LV(prN)I (25)

X (2m) 48 (K+Pa—K'—Py—Pa_1), (19

where

where P4=(M,,0) is the four-momentum of the target o o
nucleus,P%_;=(Ea_1,—p) is the four-momentum of the w,,(p,pny)=u(p,s)I" u(py,s")u(py,s )T, u(p,s) (26)
daughter nucleusM is the invariant lepton-nucleus scatter-
ing amplitude, and where the bar ovet denotes the appro- is the so-called single-nucleon tensor and the |Ket 1)
priate average over initial spins and sum over final spinstepresents the daughter nucleus in either its ground state or
Performing the integral oves, ; gives one of its excited states. The replacementEyf_; with

7—[EI:|—E(A°_)1 inside the§ function appearing in Eq(20)

do= 1 WZ d*k’ d*py 2m allows one to perform a sum over all daughter-nucleus states
AKkM 5 (27)32€’ (2)°2Ey 2Ex_, by making use of the closure relation. One then obtains
><(5(E+MA_E,_EN_EX_1). (20) 1 1 2
o _ - do= W(ZW)(E) 9*Dv(Q?)2L,,> W (p,py)
The general form for the square of the invariant amplitude is A s,s’
- At o _ 0
[MPP=g*Dy(Q)L,, W, (2) (AR (P.S) 3t Ma=e’~EnEny
. . . -~ Skr dspN
whereg is the strength of the fermion-vector boson coupling, —H)a(p,s)|A) (27

39 1 3 .
DV(Q?)=(Q*>-~MZ+is) "%, My is the electroweak vector (2m)"2€" (2m) 2By

boson massl ,, is the usual leptonic tensor appearing in
semileptonic scattering, and,,, is the corresponding had-
ronic tensor. They are given by the following well-known

Noticing thatE=Ey— e+ ¢’ and defining the chemical po-
tential u=M,—ES_, (not to be confused with a Lorentz

expressions: index), one has
L,,=3sTrlu(k’,s")I u(k,s)uk’,s"I'u(k,s)], (229 2m* 1
1% 8 [ ( M ( ( ( ] do= ok E 94DV(Q2)2LWW“"(p,pN)S(p,g)
W, = (AL, 1A), (22b) ,
I3 M " d3k dspN (28)
where|A) is the initial target nucleudf) is the final had- (2m7)32€" (2m)32Ey’

ronic state,I’, is a Lorentz structure associated with the
lepton-vector boson verted, is the hadronic current opera- where the spectral function is
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Sg_l 1 1 d?o _11pN14fd de
(P.O=755328) | oM, d0ndEy 2732 € ud PP E
X(Ala"(p,s) S(E+H—p)a(p,s)|A). (29 XS(p,E)L,,, WA (p,pn)Dy(Q?)? (35
A further elementary elaboration of E28) leads to the . ) ] ]
exclusive cross section for thet- andu-inclusive cross sections, respectively, follow.
Note that the azimuthal integration has already been carried
d4o 1 1 1 . - out, introducing an azimuthally averaged single-nucleon ten-
T = 2 50 5= 9 Dv(Q?) sor (or, equivalently, single-nucleon cross secjias done,
dQ’dk'dQndBy - (2m)" 2k 2B for example, in Refs[25,21].
, k' pn The formula given in Eq(34) constitutes the conven-
XL W (PPN S(P.E) 5 5 tional starting point for the analysis of inclusive QE,¢’)

scattering in the PWIA. Previously reported treatments of
(30 QE (v,N) scattering, however, have not made use of this
) framework[13,4]. The advantage of writindo(v,N) in the
From Egs. (28) or (30) one obtains thet-channel fom of Eq.(32) is twofold: First, it makes explicit the de-
(u-channel inclusive cross section by integrating over the hendence of the QE cross section on the experimentally fixed
undetected nucleoflepto momentum. In so doing, it is  inematic variables,,u) via the specification of the inte-
convenient to convert to integrals over the variatpeand  gration regionD and the appearance afin the integration
€. To this end, we first make use of thse fact tsipatqurp measure . Second, it makes the role of the one-body
andk’=u+p, so that forsﬁxedq one hagl*py=d"p and for  pclear spectral function explicit, thereby making the nuclear
fixed u one ‘has d°k’=d"p. Second, we writt model dependence of the cross section more transparent.
d3p=d¢d cosgpdp, where @, ¢) are defined with respect When the single-nucleon tensar“”(p,py) refers to an
to g in the case ot-channel scattering and with respect t0 gn-shell nucleon, the expressions in E@2) and(34) carry
u in the case ofi-channel scattering. Third, we make use of 3 dependence on the free-nucleon form factors. For general
the (£,p) relations in Egs.(3) and (7) to transform from  neytral current scattering, three such form factors contribute:

d cos to d&, obtaining Gi(Q?), wherei =E, M, or A denotes the Sachs electric and
magnetic form factors and the axial-vector form factor, re-

q _ [ (En/pa)dé, t channel, 31) spectively{1]. In the case of-channel scattering, one is then

- (e'/lpu)d&, u channel, able to employ Eq(32) to extract information on the single-

nucleon form factors at a single value @f. Sincet is fixed
respectively. Finally, we obtain, for the cross section, experimentally in this case, one may factor the form factors
out of the integral over §,p,¢), leaving only an integral
over the spectral function and various kinematic factors re-
do=(2m) fDd‘f’j pdpf d&s(p, &) sulting from the contraction of ,, andw*”. To the extent
that one’s choice 08(p,£) is realistic and that the PWIA is
1 4 . Wd ¢ valid, one obtains a more or less reliable determination of the
Teeg |9 Pv(QI) L, W(p.py) e (832 G,(Q?. An important feature of-channel scattering is that
g, w, and the electron scattering anglgcan all be fixed in

X

where an inclusive measurement, allowiig the plane-wave Born
approximation the various longitudinal L), transverse
dQ; 1 d3’ _(T), etc., had_ronic responses tp be separated beforg attempt-
> q2ni2e t channel, (338 ing to determine th&s;(Q?). This feature contrasts with the

situation discussed below farchannel inclusive scattering.
3 In contrast, even were the on-shell approximation to be a
ﬁ: 1 d°pw u channel (33b) good one,u-channel neutrino scattering does not allow one
p  u(2m)2Ey’ ’ to extract the; at a single value o©?. SinceU? rather than
Q? is fixed, the value of)? varies as one integrates over the
D denoting the allowed region of integration in th&,§)  allowed region in €,p) space. For example, for kinematics
plane[for the case of electrons, we have assumed the eXypical of the LSND experimenfisee Figs. @) and 5, Q2

treme relativistic limit k=¢€)]. _ varies over the rangésee the next section and Fig. 5 in
From the above, the explicit expressions particulay 0<|Q?/<0.06 (GeVk)? as€ andp vary over the

, , allowed regionD (allowing the neutrino scattering angle to
d%o 11k Eg“DV(QZ)Z vary over all possible valugsSimilarly, for kinematics typi-

dQ'de’ 2w 32 € q cal of the BNL experiment{2], e=1.3 GeV and, say,

de Ty=500 MeV, the corresponding range is<(Q?/<2.3
Xfppdpj £ SP.OLLW(ppy) (34

3Typically, one sees integrations ovErrather thant in the lit-
and erature.
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which are rederived here via the alternative route of integrat-
ing in proper regions of thef p) plane, and partly to estab-

lish analytic expressions for some general features of the
RFG u-inclusive cross section not presently available in the

1Q% (GeV®/c?)

\\\‘\\i\i\\\ literature to our knowledge.

,,(//mm\\\\\\\\\\\\ A - i . . o
\‘zz«;::.'_,‘}{“\\\‘}\\\\\\\t\\\ As discussed briefly in the previous section, while in the
‘S:.'.‘iﬂ‘l“\\\\\&\\\\\\\ t channel it turns out to be possible to obtain a compact,

““.\\'llll\ \\\\ simple expression for the RFG inclusive cross sections or,

equivalently, for the longitudinaR, and the transversB;
response functions, this is not so in thehannel. The reason
p(MeV/c) is precisely the one mentioned at the end of the previous
400 section, namely, th€? dependence arising from the pres-
100 ence of the single-nucleon form factors. For thiaclusive
case,Q? is fixed so that the nucleon form factors may be

FIG. 5. Variation of the squared four-momentum transfer in thefaCtored Oug of t_he integrals _°V€fa”‘?'p- By _Cor_maSt in the
(£,p) plane for the kinematical conditions of the LSND experiment. U channelQ< varies over the integration regid hence, the

Note the rather mild dependence 8and the strong dependence on Nucleon’s form factors cannot be brought out of the integrals
p. except(and then only approximatelyin special kinematic

situations where th&;(Q?) vary gently overD.

(GeV/c)2. In either case, the form factors associated with the 10 Provide an appreciation for the behawor@? in the
struck nucleon contribute to thechannel cross section over (£:P) plane we display its variation in Fig. 5 for the same
a range ofQ2. In order to extract information about the form Kinematical situation of Fig. (&), considering, as an ex-
factors from this cross section, one is forced to adopt som@MPple, the instance qdy andkzbemg parallel. The explicit
parametrization for the)? dependence of the form factor dependence upafiandp of Q< turns out to be
and fit the parameters to the measured cross section. Further- "
more, as alluded to above, inchannel inclusive scattering 2_ 2 T e a2
the values ofg, », and the neutrino scattering angte all Q*=(Tn+Est &)™+ [k* |[(k Tn=Es=9
vary when performing the integrations. Consequently, no 22
separation into isolated, T, etc., hadronic responses is pos- +(kFpn)*=p7, (37
sible. _ _

All of these aspects ofi-channel inclusive scattering Where the uppeflower) sign corresponds tk andpy being
stand in contrast with thechannel situation discussed above Parallel (antiparalle). From Fig. 5, it clearly appears that

X 3 . ) R 3 2 . . . . .
in which a parametrization-independent form factor determiQ” varies rapidly withp but only mildly with £. _
nation is possible. Only in the case of elastic scattering from Notwithstanding this feature we try to express analytically

A=1 targets arai- andt-channel processes equivalent. In & féw general properties of the RR@inclusive cross sec-
the latter case, one has tion. To this end, we reca|R1] that the RFG spectral func-

tion reads
(K+Pa)2+ Q%3+ U%=2m% +2m?, (36)

SrraP. &) =20(ke — P) S(E—\KE+ M+ Vp?+ ),

where m, is the mass of the Ilepton and (38
(K+Pp)?=(e+my)?—k?~mZ—2emy in the laboratory
frame. For scattering from a single-nucleon target, thenwhere the factor of 2 accounts for the spin degeneracy. Note
specifyingU? is equivalent to specifyin@?. Consequently, that the above cannot be directly derived from the expression
u-channel scattering can be used to perform an Eq.(29), where the states are normalized according to Eq.
parametrization-independent form factor determination in(24). Instead, one requires the normalization
this case.

Finally, as discussed in Sec. V and the Appendix, another (play=2E,Q 8, (39
issue to be confronted is the fact that in general the struck
nucleon is initially off shell and accordingly the relationship Q) being the(large volume enclosing the Fermi gas. Clearly,
to on-shell single-nucleon form factors is not obvious. In thethe support in Eq(38) in the (£,p) plane is nonzero only
present work we use a generalization of the populet along the curve
prescription of de Foredt26] when modeling this type of
behavior. At least within the context of this approach we ERFC= \kZ+ mi— \JpZ+ m3. (40)
shall see that this model dependence is rather weak for the
observables of interegsee Sec. Vl

It is then natural to expect the maximum of thenclusive
cross section to correspond to the situation wh2rencom-
IV. RFG PREDICTIONS FOR u-INCLUSIVE SCATTERING passes the whole of the RFG spectral function. In the strict

Although already considered in Rd#], we wish to re- RFG model this requires

visit in this section the RFG predictions for theinclusive
lo=VkE+mi—my=

scattering partly to complement the findings of that work, eg—My=Tg>0, (41)
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which ensures that the piece of the boundarieDastem- k2

. . : 2 2 F
ming from&* does not cut off a section of the curve defined Es=my— VKptmy=—5 - (48)
by Eq. (40). N

For kinematic conditions under which th@,(Q?) vary
mildly over the integration regio® and over variations in IS thenegativeseparation energy of the RFGee Ref[21]).
(up,U), it follows from Eg. (41) that the maximum of the It is then easily verified that fof  <T\<Ty one always
cross section will occur for the following kinetic energy of has|u— &|>ke.

the outgoing nucleon: It thus appears that there exists a critical an@jesuch
that for cogy=cosf, the u-inclusive cross section vanishes
e k cos Oy 42 in the rangeTy<Ty<T, . Note that, for a given value of

1+ mN/(zk)+k/(2mN)sin29N' a, 6y depends upok only. In this case its asymptotic value
for large lepton momenta turns out to be 52° whigh
For purposes of comparison, we note that the same principle 225 MeVk. Notably, 6, exists only fork=kz. When
of maximum overlap between the support of the spectrak=k. then §y=0° and the two roots in Eq45) coincide,
function andD leads to the following result for the maxi- namely,

mum of the cross section:
v T{=T&=—Es. 49
Wmax— q2+ mlz\l_ MN= Omax= |Q§1a>J /sz N N S (49)

=[0°— wnad/2My, (43 For k>ke the maximum distance between the roots in Eq.

. (45) (the maximum range over which the cross section van-
in the t channel(see Ref.[21]). Actually Eqg. (43) holds ishes occurs fory=0°. Then it gradually decreases g
exactly for properly reduced RFG response functions where i -reased from 0° t@,.

the single-nucleon form factor dependences are rem(sel
Ref.[28)]). If not so reduced, then at high momentum transferp
the prediction in Eq(43) is appreciably altered by the single-
nucleon physics. For tha-channel case, we find that the

expression in Eq(42), which provides the maximum for the sequently, one does not expect the RFG cross section to be

cross section, Is val!d only for Iargeand'smaIIHN, where it ._credible untilq>2kg. In the u channel, Pauli correlations
turns out that the single-nucleon physics has less of an 'mr'nay also be incorporated, although one may debate the ap-
pact. . , , propriate method for treating them. At the crudest level of

_A novel feature_of th(_a RFGu-l_nc_Iuswe Cross sectlo_n, approximation, for example, one may model these correla-
with respect to the-inclusive one, is its unexpected vanish- iong simply by requiring that the cross section vanish for
ing in some range of . To illustrate this feature, we recall pn<ke (Ty<Tg). Importantly for comparisons with the
that theu-inclusive cross section is fixed by three parameterg g\p measurements, an experimental cut is made at
K, pn, and fy. Now for p_=u—&>ke no overlap exists T —g0 MeV (py~340 MeV), lessening the impact of such
betweerD and the curve of Eq40): hence the vanishing of modeling.
the cross section. This situation clearly corresponds to a e note in passing that this cut &f,= 60 MeV ensures
negative value of the intercepf. However, when the inter-  hat the ejected nucleons arise only from the QE NC process
ceptl, is positive, the cross section might also vanish, pro+gr the following reasonst1) 60 MeV is the maximum en-
vided thatp* = 6—u is larger tharkg [see the point labeled ergy that can be transferred to a free nucleon from ithe
F in Fig. 3(b)]. One is thus led to consider the equation  peam produced at the Los Alamos facility bymadecay in

_ flight [12]. (2) The decay-in-flight beam contains, . In the
u=dl=ke, (44) corresponding charge changing reactior, (v ), the kine-

matics associated with the muon mass implies that only low-
lying final states are accessd@®) The stopped beam pro-
. 2myk2co@dy— a(2k— a)(k+my— a) + k|cosdy| JA duces only neutrinos with energies below about 53 MeV.

N Kk K K K , Let us now conclude this section by presenting some typi-
2(kt My~ atk cosy) (k- My — a—k cos) cal u-inclusive neutrino cross sections using the RFG. For

A final consideration relates to the traditional handling of
auli blocking in the RFG. In thé channel, this blocking
gives rise to the experimentally unsupported linear energy
behavior of the cross section at lawwheng<2kg. Con-

which admits two real, positive roots, namely,

(45 this purpose we first recall that the RFG is a symmetric sys-
with tem with equal number of protons and neutrons
(Z=N=A/2), all of them on the mass shell. Then we insert
A=4m2k2cog Oy — a(2k— o) (2my— a)(2k+2my— a), the spectral function of Eq38) into Eqg. (35), yielding
(46)
d?o 1 1 1py/gl\?
if, and only if, =N= — NP S
. and only | d0WE Vo 20 16 1 (MV
Va(2my— a)(2k— a)(2k— a+2my) S
rrc(P,€)
cohn= 2myk . 47 XJDdPPJ dé—F——L,w*"(p.pn),

wherea=Eg+ kg and (50
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FIG. 6. Theu-inclusive double-differential cross section for FIG. 7. The same curves as in Fig. 6, but now for BNL kine-
protons(solid) and neutrongdashedifor LSND kinematics and two  matics. Note the double-peak behavior of the cross section at
different orientations ok and py: (@) RFG model,(b) HM with On=20° (see text for discussionNote also that, although we dis-
harmonic oscillator wave functions, afg) as for(b), butincluding  play the results over the whole allowed rangeTgf, in the BNL
a spreading width, or equivalently, a complex nucleon self-energyexperiment only nucleons witfi,>200 MeV are actually detected.
Note the negligible effect of the last. Note also that, although we
display the results over the whole allowed rangeTgf, in the  rgle. In contrast to the situation for low-energy neutrinos, the
LSND experiment only nucleons witfiy>60 MeV are actually  cross sections increase witl . In addition, the previously
detected. noted possibility of a vanishing-inclusive cross section for

certain values ofly appears in Fig. (&): A sizable gap in the
where p=2kZ/(37?) is the Fermi gas density ant indi-  cross section occurs faih,=20°, but not forfy=60°, since
cates either the protorZj or the neutron ) number. Fur-  the value of the limiting angle in this case turns out to be
thermore, when applied to neutrino scattering, the coupling,=25.7°.
to mass ratio which enters (4 cohyMz)= \/GF/(Z;]Z),

G being the Fermi constafive have assumed tiieparam- vy PREDICTIONS FOR u-INCLUSIVE SCATTERING
eter to be equal to unity for simplicityand[4]

We next turn to the hybrid harmonic oscillator shell

L, WA (p,pn) = 2[ Vyy+ Vyat Vaal, (51) m_odel [21]_ and its extgnsions to inclusion of a sprea_ding
width. While these choices clearly do not exhaust the list of

where explicit expressions both for the on- and off-shellPossibilities — in particular in this work we do not deal with

quantities in Eq(51) are given in terms of the weak neutral the final-state dynamics issues that were tr_eated in[Réj. _
current form factors in the Appendix. — we are able to set a scale for the theoretical uncertainty in

Since our focus in this work is of?C, we takekg =225 the extracted value g8, as discussed in the next section.
MeV/c. The results of our calculations are displayed in Fig. The HM developed in Ref.21] differs from the RFG in
6(a), where we again consider kinematics typical of thethat it has the states below the Fermi surface confined, there-
LSND experiment é=200 MeV) and, for purposes of illus- fore requiring the struck nucleon to be off shéllee the
tration, we explore two different orientations between theAppendiX. In the PWIA the states above the Fermi surface

incoming neutrino and the outgoing nucle@ither proton or ~ are taken to be plane waves. Accordingly in this model one
neutron, namely,fy=20° and 60°. We observe the follow- accounts for the confinement of the nucleons in the initial

ing. state, which is of course important for a realistic description
(i) The cross section decreases with the aigjdor low  Of low-energy neutrin_o-nucleus inelastic spattering, howeye_r
values ofk, at least for not too large values 6f; . at the expense of losing the Lorentz covariance characteng,tlc
(i) The neutron cross section is larger than the protorPf the RFG. In other words the hybrid model is only semi-
cross section. relativistic.
In Fig. 7(a) the neutrino cross sections for the REGt In principle, this confinement is generated by a Hartree-

with only outgoing protonsare calculated using kinematics Fock well; in practice, as a simple, tractable model we use a
corresponding to the average energy of the Brookhaven ned@rmonic oscillator as the confining potential, namely,

trinos (e=1.3 Ge\). In this case, the experimental cut is L 20 T

made afTy=200 MeV and so Pauli blocking plays a minor V(r)=zmywgr =V, (52)
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V being a positive quantity fixed in such a way to reproducevhereasi (e) is obtained fromy(¢) via a subtracted disper-
the experimenta| Separation ener@g 1596(1872 MeV sSion relat|0n. We fO”OW Refs[33,34| n Sett|ng o= 1075

for protons(neutrons. For the oscillator frequency, we use MeV, €=18 MeV, ande; =110 MeV. The spectral function
wo=41/AY3 MeV. The HM spectral function is then easily iS proportional to the imaginary part of the hole propagator,

found to be SEM=1mGEWV) 7. Hence, in principle, the spreading width
N extends the support of the spectral function to the whole first
max quadrant of the &, p) plane; in practiceSﬂS,\)lN) remains con-
SHM(D,5)=N2:0 O[E€= (Nmax— N)wo+AE]ny(p) centrated around the lines where the spectral function for a

pure harmonic oscillator is nonvanishing.
We turn now to an examination of some of the model
nn(p), dependences that we obtain. In Figs. 6 and 7, we display the
neutrino cross sections for the HM and its extended version
(53)  with a spreading width for the same kinematical conditions
explored above using the RFG. One sees from the figures
where the shift in the excitation energystemming from the  that, although the basic features of the RFG cross sections
binding of the nucleons is denoted B\E. In the above, the studied in Sec. IV do not appear to be much altered by the
momentum distribution for a given shell identified by the nucleons’ confinement, yet some differences do show up. In
quantum numbeN=2n+/"is given by particular, the peaks of the cross sections in the HM appear
shifted and the phenomenon of the vanishing of the cross
2/+1 2 54 section, which is characteristic of the RFG, is still present in
A len AP (54) the hybrid model, although in a narrower range of energies.
Note also in comparing panelb) and (c) that the effect of
where ¢, (p) are the harmonic oscillator radial wave func- the spreading width, and therefore this particular class of
tions in momentum space. For simplicitgnd in good ac- correlation effects, is negligible and is henceforth ignored.
cord, for example, with mean-field descriptions of light While the nuclear modeling used in these comparisons of
N=Z nucle) we assume the momentum distributions of pro-RFG and HM results can obviously be extended in many
tons and neutrons in a given shell to be the same. In contraglirections, including the use of alternative mean-field bound
with the RFG spectral function discussed above one findwave functions and incorporation of final-state interaction
that the HM spectral function in E@53) is nonzero on a set effects, the theoretical uncertainties are likely reasonably
of parallel lines in the &€ p) plane, one for each shel.g., characterized by the present “extreme” situations. Each
two lines for 12C), at variance with the case of the RFG, model has its own merits. In particular, the RFG maintains
whose spectral function is nonzero on the single curve givegovariance, which becomes more relevant for the BNL kine-
by Eq.(40). As mentioned in the Introduction, in the present matics, whereas the HM brings in the confinement of the
work when considering the HM we employ only a harmonic (off-shell) struck nucleon, albeit at the expense of covari-
oscillator basis with its overly strong confinement to provideance. Since the former involves only plane-wave nucleons
the strongest contrast with the RFG model—a sort ofwhile the latter has rather strongly confined harmonic oscil-
“worst-case” scenario. lator (HO) wave functions for the struck nucleons, most
As one straightforward extension of the above formalismother choices might be expected to fall somewhere between
where specific classes of correlations effects may be modeldghe results presented here. If the span of predictions given in
we also allow the single-particle states to acquire a spreadinie figures for the double-differential cross section is taken at
width. This extension is implemented by adding a complexface value, then substantial nuclear model dependences are
self-energy to the single-particle energies, thus defining thanticipated and any hope of using absolute cross sections for

Nmax 3 .
=> 5[E—(N+§ wo—V—my

nN<p>=2§

fermion propagator as the purpose of learning about axial-vector strangeness in the
nucleon is correspondingly low. As we discuss in the next
Nmax nn(p) section, however, there does appear to be a strategy whereby

Gia(p,E)= >,

, 55 iti i i i
=0 E—[ent > (en) —er] (55 one can mitigate this model dependence in the extraction of

As from neutrino observables.

where ey=my+ (N+ 3)w,— V represents the energy of the
nucleon in theNth shell. The self-energy;, of course, arises VI. STRANGE AXIAL-VECTOR FORM FACTOR
from second-(or higher) order insertions on the fermion
propagation lines: Here, we adopt the point of view of pa-
rametrizing it in terms of the functiofB82]

2(6)=A(6)—i@, (56)

We now address the use of neutrino scattering to probe
nucleon strangeness. To this end, we recall that the nucleon’s
NC axial-vector form factor may be written pk,29] (see the
Appendiy

Ga=[én 160+ 8 %GR +60GY], (58
with

where

ne=2e g @ gt 57 G¥'=(1/2)(D+F)Gh(7), (598
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G¥'=(1/23)(3F—D)G5(7), (59b) L IS B
o RFG ... (.88 |
G = g¥GA(7) (590 s ome oo el
A A DAL 5, €=200 MeV =~ —|
F X . p knockout
D+F=1.257 (590 N 1

are SU3) octet axial-vector form factord) andF are the
associated S(3) reduced matrix elementg®=As is the
strange quark contribution to the nucleon’s axial charge, and
7=|Q|?4m%. The coefficientst® are determined by the
axial-vector coupling of th&° to the quarks, and take on, at
the tree level in the standard model, the value®, 0, and
1 for a beingT=1, T=0, and 0, respectively. For neutrino
scattering, electroweak radiative corrections are of
O(al4) [30,31], and so for purposes of this analysis, we 41
may employ the tree-level values. Under this approximation, by b
any isoscalar component of the nucleon’s axial-vector form iy
factor arises solely from the strange quark term. N,
The quantityGé(r) is a dipole parametrization for the \‘“\«-\_,‘ 1
Q? dependence of the axial-vector form factors. In principle, ol e TNy
one has no rigorous justification for choosing a dipole form 0 20 500 750 1000
and for assuming that the different form factors in E5Q) Ty (MeV)
display the sameQ? behavior. In the case of high-energy _ _
neutrino scattering, where values 2| on the order of 1 FIG. 8. (8) The effect of axial-vector strangeness in the RFG
(GeV/c)z are achieved, these assumptions can have rathélpd HM proton ejection cross sectlngs for LSND klnemat|c§ inte-
drastic consequences for one’s determinatiod\ sf As in- grated over angle for two \_/glues_gg - 0.0 and—0.2 (Shown.'n .
. . : parenthesegs Note the significant increase of the cross section in-
dicated in Refs[2,3], the value ofAs is strongly correlated duced b . (9
with the dipole mass parametkt, . As far as a high-ener ya negatuve_va!u_e fgh” () The same ag), but now for
. P . P LA . 9 . 9 neutrons. Note the significant reduction of the cross section induced
neutrino scatt(_enng de_termmatlon A6 |s_concerned, the im- by a negative value fag¥ . (c) The same a&a), but now for BNL
pact of choosing a different parametrization or of allowing ;- matics.
the octet and singlet form factors to display differedf
behavior is unknown. At kinematics relevant to the LSNDtions with As=0 andAs=—0.2. This feature does not ap-
experiment, the issue of nonleadi@f dependence is much pear to persist at higher energ{#sg. 8(c)] where the model
less serious. In this case, one may view the dipole form faceependence for a given value Af is significantly smaller
tors as a way to include the first derivative term in a Taylorthan the dependence on the valueAsf
expansion of the form factdwith respect taQ?). Moreover, The authors of Ref.12] proposed that instead of analyz-
as shown in Refs[1,4], the correlation betweehs and ing the proton and neutron cross sections separately, one
M, is negligible. Thus, we may safely employ the dipole ought to consider theatio of total proton to neutron yields.
parametrization for purposes of analyzing low-energy scatin contrast to the situation with the individual cross sections,
tering without introducing significant uncertainty. the yield ratio is insensitive to one of the primary experimen-
To illustrate the relationship betweexs and the choice tal uncertainties—the normalization of the incident neutrino
of nuclear model, we first plot in Fig. 8 the differential cross flux. Moreover, it was shown in Ref13] that the yield ratio
section as a function of outgoing nucleon kinetic energy foris less sensitive to final-state interactions than are the indi-
two different values ofAs: 0 and —0.2. The latter value vidual cross sections. Thus, the use of fia ratio would
corresponds roughly to the largest val(ie magnitude of  appear to minimize the impact of experimental and theoreti-
As derived from the deep-inelastic measurements. The recal uncertainties on the extraction Al from QE neutrino
sults for kinematics typical of the LSND experiment are scattering data. In what follows, we illustrate the degree to
shown in Figs. &) and 8b) while those typical of the BNL which the use of this ratio can also reduce one’s sensitivity to
measurements are given in Figc We note that in the case the choice of nuclear model. We work with the ratio of cross
of the LSND experiment, for which the target is a sections rather than yields, assuming as in REf] that the
CH,-based scintillator and for which the incident neutrinosincident fluxes are peaked at some enes@nd that working
are produced by the decay of pions in flight, a cutTqnof  with the cross sections at= € is sufficient. To that end, we
>60 MeV guarantees that only nucleons knocked out of carfirst show in Fig. 9 the ratio of differential proton knockout
bon nuclei are detectedl2]. For these energies, one seesand neutron knockout cross sections as a functior of
from Figs. &a) and 8b) that the nuclear model dependence From these curves, we deduce that the spread due to the
is sufficiently large to prevent an unambiguous extraction ofthoice of nuclear model for a given value &6 and Ty is
As. For example, in the case of the proton knockout crossoughly 20%(or lessg of the change in the ratio obtained by
section, the difference between the RFG prediction forvarying As from zero to—0.2.
As=0 and the HM prediction foAs=—0.2 is comparable In Fig. 10 we give the total cross sections, integrated over
to or smaller than the difference between the RFG prediceutgoing nucleon energfwith Ty>60 MeV in the case of

/N €=200 MeV
5 - \ n knockout —
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[do/dEN(p)]/[do/dEN(n)]
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FIG. 9. Ratio between the angle-integrated cross sections for FIG. 11. The ratio of the proton and neutron total cross sections
proton and neutron ejection at LSND kinematics. Both the RFGfOr LSND kinematics: dashed line, RFG; solid line, HM.

dashed linpand HM (solid line) results are displayed. . . .
( 4 ( ) pay For higher-energy scattering, however, the corresponding

nuclear  model uncertainty is  much  smaller:
Snud As)=*0.015[see Fig. 1()].

Finally, in Fig. 11 we give the rati®, of proton to neu-
fron total cross sections for low-energy scattering. In this
case, one finds that the ratio is significantly less sensitive to

the choice of nuclear model than in the case of the actual
of As is nontrivial in the case of low-energy neutrino scat- cross sections themselves. Indeed, we would deduce a

tering. For a given value of the total cross section, the twdwclear.the.ory uncer'gamty |ms. of ~=0.015 from the
would yield values ofAs differing by about 0.5. Thus, we curves in F[g. 11. This uncertainty represents an Order of
would take a reasonable nuclear theory error bar on the Valdg_agnltude improvement from the uncertainty associated

of As extracted from the single cross section to beW'th the use Of the ”?d""d@a' cross sections.
5..{As)=+0.25. This uncertainty is as large in magnitude One other issue involving model dependence was also

: , . - “briefly examined, namely, that of the on- versus off-shell
as the value oA s determined from deep-inelastic scattering. current descriptions employed. We evaluated the HM results

using the on-shell single-nucleon current and found Bat

low-energy neutrinos andy>200 MeV for high-energy
neutrinog, as functions ofAs. In the case of the LSND ex-
periment, it is the total proton and neutron yields that will be
obtained, making these curves more directly relevant to th
interpretation of the experiment. From Figs(d0and 1Qb),
one sees that the model sensitivity of one’s extracted valu

L LR BN in that case is lower than the RFG curve by about the amount
L (@ €=200 MeV | it is higher for the off-shell results shown in Fig. 11. Of
3 P knockout. _ 4 course, such a calculation is not strictly correct and should be
1tp—--—""" — used only as a rough indication of the sensitivity to the pre-
- scription for the current, since some off shellness must be
i used for the HM as demanded by the kinematics of the re-
0 4+{ ——— I ——— action. In fact, the rather weak dependence found is reassur-
o ®) €=200 MeV | ing and suggests that, at least for the specific kinematical
& T n knockout choices that are relevant here, the issue of what particular
T e L — single-nucleon current to employ is likely even less impor-
= T tant than the nuclear model dependence. To be as conserva-
¥ 1 tive as possible, we will multiply by 2 the uncertainty de-
ol e ey duced from Fig. 11 and takes,,{As)==0.03.
! ! The reason for this reduction in nuclear model sensitivity
6 when usingR, is straightforward to understand. At the kine-
matics typical of the LSND experiment, the range @f
5 e=1.3 GeV | accessed as one integrates over the allowed reB{@h,) is
il p knockout | small, as discussed in Secs. Ill and [8ee also Fig. b
PR AR R B Consequently, the nucleon form factors and kinematic fac-

0 0.1 0.2 0.3
_gA(s)
4Our estimate of the theory error does not include the impact of
FIG. 10. Total cross sectiofintegrated over angle and eneygy uncertainties associated with the strangeness vector current form
versus the strangeness content of the nucleon for outgoing protorigctors which also enteR, . The impact of these correlated uncer-
(a) and neutrongb) at LSND kinematics an¢t) for protons at BNL  tainties was analyzed in Refgl,4,12,13. We refer the reader to

kinematics: dashed lines, RFG; solid lines, HM. those studies for a more detailed consideration of this issue.
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tors vary gently and, to a first approximation, may be fac-surements of the;(x,Q?) deep-inelastic structure function.
tored out of the integral in the expression of E86). One is  We first remind the reader that one does not necessarily ex-
then left with a product of the squared single-nucleon invari-pect the values oAs obtained from these two different pro-
ant amplitude and an integral of the one-body spectral funccesses to agree. It has long been known, but perhaps not
tion. Differences between model predictions would thenwidely appreciated in the nuclear physics community, that
arise from different distributions of strength in the spectralAs is a renormalization-scale-dependent quantity. In deep-
function over the allowed domain in the&,p) plane. In the inelastic scattering, this scale is typically taken to be the
ratio of proton and neutron cross sections, the integrals of theame as the meatiQ?| of the reaction(between,/2 and
spectral functions should cancel, assuming the proton and11 GeVk), whereas the scale appropriate to the quasielas-
neutronS(p,£) are identical. In this case, the ratio is inde- tic neutrino value is somewhere below the charm quark
pendent of nuclear model and is determined only by thamass. The latter corresponds to the scale below which one
single-nucleon form factors. Any model dependence whichincludes only the three lightest quarks in an effective axial-
appears in the ratio would then arise from one of the follow-vector NC[35]. It is often assumed that the QCD evolution
ing sources{i) the variation in form factors and kinematic of As between the two scales is rather gentle, based on
factors over the integration regidp( 6y), so that the factor- leading-order perturbative calculations, yet it is conceivable
ization into a product of single-nucleon and many-bodythat nonperturbative effects could invalidate this assumption
physics is not exactji) differences between proton and neu- [36]. At present, one can make no definitive statements re-
tron spectral functionsiii) contributions going beyond the garding the evolution oAs between these two scales.
PWIA. In the case of low-energy neutrino scattering from A separate issue pertaining to the use of polarized struc-
carbon forTy>60 MeV, one expects the effedig and(ii)  ture functions to determin&s is the use of S(B) symmetry.
to be small. Indeed, our results indicate that effects of typén the standard operator product analysis of ghesum, one
(i) generate roughly a 10% variation in the ratio for a givenemploys an S(B) parametrization of the octet axial-vector
value ofAs, which translates into the nuclear theory uncer-matrix element$N|Aff’(0)|N> (a=3,8 refers to the respec-
tainty quoted above. tive components of the ocbein order to derive a value for

In arriving at our estimate of the nuclear theory uncer-As or AS. The latter denotes the nucleon’s singlet axial
tainty, we make no pretense of having performed definitivecharge or, in the quark-parton framework, the total light
state-of-the-art nuclear model calculations of the kind requark (u, d, s) contribution to the nucleon spin. The value of

ported in Refs[12,13. Rather, our goal was to give a rea- As determined in this fashion is quite sensitive to the quan-
sonable upper bound on the expected spread in model calcy

lations. We anticipate that any series of more sophisticated
model calculations would yield extractions afs from R, 2
differing by no more than our value fa, ,{As). From this —(N]|
standpoint, it is instructive to compare our RFG and HM V3
results for this ratio with the mean-field calculation reported
in Ref.[12]. For a given value oAAs, the mean-field results In an SU3)-symmetric fit to hyperon semileptonic decays,
and RFG results foR, are almost identical, while the HM the combination of reduced matrix elements-3D takes on
results differ by less than 10%. This agreement holds in spite value of about 0.624]. Because it involves a cancellation
of much larger differences which appear when one comparesetween two quantities, this number is rather sensitive to
the mean-field, RFG, and HM predictions for the individual uncertainties in the fit as well as to corrections arising from
differential cross sections and for the ratio of differential SU(3) breaking in the octet matrix elements. Several analy-
cross sections as a function ©f,. We further believe that ses have been carried out recefi,24,37,38in which the
this robust nature oR, will persist when one compares dif- hyperon decays were refit with allowance for (SUbreak-
ferent model calculations which not only reproduce experiing. While different schemes for the incorporation of (SU
mental results for the inclusivechannel QE responses but breaking were employed in each case, a general trend does
also include FSI's in the-channel case. It was demonstratedemerge: S(B) breaking may reduce the matrix element in
in Ref. [13] that the inclusion of FSI's in the mean-field Eqg. (60) by 50% or more compared to its $)-symmetric
approach can increase the predicted valueRpfby more  value, with an uncertainty of comparable magnitude. Such a
than 10% over the mean-field and RFG predictions. Thigeduction would imply a value ais~0 from deep-inelastic
increase would imply a shift in the extracted valueAaf by ~ data, in contrast to the current average of the measurements
more than 0.03. Thus, it appears that any realistic modehs~ —0.1. The authors of these studies caution that precise
which is used in this extraction must include FSI's. Never-numerical value for the S(@3)-breaking correction to the
theless, we would argue that thpreadin extracted values quantity in Eq.(60) is not highly reliable, due to the nature
of As corresponding to the use of different nuclear modelsof the aforementioned cancellation. To be conservative, then,
which include FSI's would remain smaller thaf (AS). we take the SI(B)-breaking uncertainty in this matrix ele-
Indeed, an important check on our first estimate ofment to be 50% of its S(3)-symmetric value. The corre-
Snud As) would be to compare model calculations which in- sponding uncertainty in the strange-quark axial charge is
corporate FSI's as well as to explore the impacts of correladps(As)~*=0.1, a value having the same magnitude as the
tions and charge symmetry breaking. present average faks under the assumption of good &)
Finally, we compare the nuclear theory uncertainty in thesymmetry in the hyperon semileptonic decays. The scale of
neutrino scattering determination Afs with the theory un-  this uncertainty is consistent with the scale of the error ob-
certainties associated with the extraction/o§ from mea- tained with the heavy-baryon chiral perturbation theory

(8) - 1
AP(0)|N)=5(3F-D). (60
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analysis of Ref[23] and with the range of estimates for render the results inconclusive. Fortunately, the ratio of total
SU(3)-breaking corrections given in Reff24,37,3§. The  proton to neutron yieldsR,) appears to be much less sensi-
presence of this S(3) uncertainty weakens the standard con-tive to the choice of nuclear model, reducing by nearly one
clusion drawn from inclusive, polarized deep-inelastic mea-order of magnitude the nuclear theory uncertaintyAs.
surements that the strange quarks are polarized oppositely Based on the study of some simple nuclear models with quite
the direction of the nucleon’s spin and that the magnitude oflistinct assumptions regarding the many-body dynamics, we
the ss contribution is about one-third the total quark contri- estimate the nuclear theory error to g{As) = +0.03. We
bution, AX. anticipate that the spread in values fhs obtained from

By way of comparison, we note thafi, {As) is about R, and more sophisticated nuclear models will be smaller
one-third as large adp5(As). Moreover, the analysis of the than this value for the uncertainty. We further note that
QE neutrino cross sections does not suffer from the kind ob,,,{As) is about a factor of 3 smaller in magnitude than
SU(3)-breaking corrections and uncertainties which enter thesy,g(As), where the latter is derived from recent analyses of
interpretation of they,-sum results. Although the same prob- SU(3) breaking in the octet of baryon axial-vector matrix
lematic combination of S(B) reduced matrix elements elements. In contrast, the interpretation of QE neutrino cross
3F—D enters the decomposition of the nucleon’s axial-sections is relatively free from such 8) uncertainties.
vector NC form factofsee Eqs(58)—(59)], its contribution
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processes has played an important role in helping uncové
the nature of fundamental interactions. In the case of QCD,
semileptonic scattering is poised to illuminate the way the APPENDIX

strong interaction is realized in the structure of the nucleon. 1o quantities appearing in E€1) are given by the fol-
As with the use of semileptonic scattering to test the standarg)wing expressions:

model and its possible extensions, the efficacy of this probe

of the nucleon’s structure is limited by the reliability with Vyy=2[Vi1+ Vot Vo], (A1)
which one can compute theoretically, or determine experi-

mentally, the other hadron and nuclear structure contribu- Vya=2[Var+Vasl, (A2)
tions to the relevant observables. It is important, then, that

where hadron structure or many-body theory is brought to Vaa=2A, (A3)
bear on the interpretation of such observables, an attempt be

made to quantify the theoretical uncertainty. using the nomenclature of Rg#4]. On shell one has from

In the present work, we have attempted to provide a theothat reference
retical error bar for the determination &% from quasielastic ~
neutrino NC scattering. The nucleon’s strange quark axiaV,,;=4F i(P-KPN-K’+PN~KP~K’—m§,K~K’), (A4)
charge is of interest since it has the quark-parton interpreta-

tion as giving the strange-quark contribution to the spin of a V= —4E1E2K ‘K'(Py—P)-(K—=K"), (A5)
polarized nucleon. A large value for this quantity would im-

ply that the nonvalence quarks play a more central role in the oF g

low-energy characteristics of the nucleon than implied by the  V,,=—5"K-K'(P-KPy-K+P-K'Py-K'+m3K-K"),
highly successful and intuitively satisfying quark model. To My

the extent that one may extract the nucleon’s NC axial-vector (AB)
form factor from quasielastic neutrino scattering at low mo- ~ 5 , , 5 ,

mentum transfer, one has a direct probeAaf In the ideal A=4G J(P-KPy-K'+Py-KP-K'+mgK-K"), (A7)
situation, one would have in hand sufficient information - —

from quasielastic,e’N) measurements to perform this ex- Va1=8GpF1(P-KPy-K'=Py-KP-K’), (A8)
traction without heavy reliance on theoretical calculations of o

the QE response. At present, sufficiert,g' N) data are Var=4G,F,K-K'(P+Py)-(K+K"),  (A9)

lacking, rendering the use of nuclear models unavoidable. o _
We have tried to argue that were one to rely on the indiwhereP andPy are the initial and final four-momenta of the

vidual (»,N)»’ cross sections measured by LSND, thenucleonK andK’ the initial and final four-momenta of the
nuclear theory error bar ofis would be sufficiently large to  neutrino, andG, is the axial-vector form factor of the
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nucleon Whereagl andEz are the Dirac and Pauliweak NC P#=P{—Q*=(E,p), letting Pr= P’N‘—a‘z (E_,p) with
form factors of the nucleon, rela.tedAt’o the Sachs NC formE_E /m2N+£2 as in Ref.[26], and in addition defining
factors through the expressionGg=F,—7F, and zu= P4+ PX, so thatQ-Y=Q-Z=0, we obtain
Gu=F;+F,, with 7=|Q?/4m?. For the nucleon’s form

factors we have used the Galster parametrizati@e Refs. VI =[(Q-Q)>—(Q-Y)?|G3 +4m3Q°G.?
[29,32). These can be combined as in E¢&1)—(A3) to —, =,
obtain the following for the on-shell versions of the quanti- +[(Y-2)"=(Q-2)"]W;, (A13)
ties in Eq.(51): off - - -
V.72 Vva=4l(Q-2)(Q-Y)—(Q-Q)(Y-Z)]GyGa, (A14)
V3"v:mﬁ{(m7N) W~ 16+(Ge~ G, ] (A10 VEL=[(Q- Q)%+ (Y-2)- (Q-2)~ (Q-Y)?
V.Z\ - - —4miQ*IG3. (A15)
VUA= m‘&[ 16( —2) TGMGA], (A1) . _ y
my In Eq. (A13) we have introduced the following additional
single-nucleon form factors:
on 4 Y-Z\? ~2 ~ o~ =
an=My m—,%l +167(1+7)|Ga;- (A12) GL=F,—7F,, (A16)
Here we have wused the following four-vectors: ~ 1~ =
Q=K—K'=Py—P, Y=K+K', and Z=Py+P, where Wo= T =EGe +7Cul, (A17)
thenQ-Y=0 and for on-shell nucleon®-Z=0. Further-
more, we define as usudl,=[ G2+ 7GZ,1/(1+ 7). in close analogy with the above on-shell quantitigse also

Off shell we use a generalization of teel prescription Ref.[39]). The results given here for the half-off-shell cur-
introduced by de Fore$26] for electron scattering; in our rents revert to the on-shell results in E¢810)—(A12) when
case we now have analogous quantities involving both vectoP and P become the same, i.e., when the kinematics forces
and axial-vector neutral currents. Defining, as usualthe nucleon on shell.
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