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Role of strange quarks in quasielastic neutrino scattering
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Confirming our previous proposal, we show within a continuum random-phase approximation
calculation that the ratio of proton-to-neutron neutrino-induced quasielastic yield is a sensitive way
to determine the strange quark axial form factor of the nucleon. Particularly, we fi.nd that the ratio
is virtually independent of final state interactions (accounted for by a finite-range force derived from
the Bonn meson-exchange potential) and nuclear structure eifects. We present the ratio calculated
for the neutrino beam available in an experiment currently approved at LAMPF.

PACS number(s): 25.30.Pt

I. INTRODUCTION

The role of hidden Qavor in the nucleon has attracted
the attention of physicists for well over a decade. While
deep inelastic scattering clearly reveals [1,2] the presence
of gluons and strange quarks within the nucleon, we have
no idea of the role these partons play in determining the
properties of the nucleon. One of the most startling
episodes in this saga was the possibility that strange
quarks contributed one-third of the nucleon's mass. How-
ever, with the accumulation of better data and a more
careful analysis of the relevant theory, the need for an
unexpectedly large strange quark contribution to the nu-
cleon mass has all but vanished [3].

More recently, the European Muon Collaboration
(EMC) measurement [4] of the spin structure function
of the proton implies that the axial vector coupling of a
nucleon to Z receives a sizable contribution from strange
quarks or gluons. Their result, while surprising to some,
is not inconsistent with any fundamental aspect of @CD
and may well be the consequence of nonperturbative pro-
cesses.

An extensive discussion of many of the issues arising
from the EMC measurement and possible other strange
quark contributions to the properties of the nucleon can
be found in Ref. [5].

This paper will deal with a method of measuring an
isoscalar contribution to the axial vector form factor of
the nucleon. Following upon our earlier publication [6],
we propose that this be done by comparing the yield of
protons to neutrons quasielastically scattered by neutri-
nos from an isoscalar nucleus (e.g. , C).

II. THE NUCLEON'S NEUTRAL VVEAK
CURRENT

The implications of the EMC result for the neutral
weak current (NWC) axial form factor of the nucleon
were immediately recognized in Ref. [7]. Actually, ear-
lier work [8—10] had anticipated that there would be
"isoscalar" contributions to the NWC axial form factor.
The development in Ref. [7] is carried out in terms of
SU(3), quark currents. In this paper, for convenience,
we use isoscalar and isovector currents plus an explicit
contribution from strange quarks. There are alternative
explanations of the EMC spin structure function that em-
ploy gluonic spin contributions rather than using strange
quarks. As will be indicated later in the text, the contri-
bution we attribute to strange quarks can be ascribed to
a sharing of the spin between strange quarks and gluons
without affecting the analysis of our proposed measure-
ment. As we shall assume the impulse approximation as
shown in Fig. 1, the coupling of the nucleons' neutral
weak current to Z is crucial. Hence, that coupling is
developed below.

The formalism presented appears in a few places in the
literature [11,12], but is presented here to clarify the con-
ventions used with regard to the phases and magnitudes
of the various form factors that enter.

Consider the coupling of the nucleon's electric current
to the photon
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FIG. 1. Diagram showing neutrino quasielastic nucleon
knockout with a final state interaction.
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~ A", where iN) is a nucleon spinor. The above quark current
can be written as the following linear combinations:

lug„u —dp„d't (gp„u+dp„d—Zap„s'I

)
The first term in brackets is an isovector current and the second an isoscalar [termed octet in SU(3), parlance].

Because of our present limited ability to apply QCD, the expectation values of the quark currents cannot be
calculated, so the result is expressed in terms of form factors that are extracted from data

2M'

Each of these form factors, the charge form factor IP (Q ) and the magnetic form factor F2 (Q ), has an isoscalar
and an isovector piece arising from the corresponding currents in Eq. (2).

Using exactly the same approach, the neutral weak current for the nucleon can be written

~ N zp
P

1V' ) q;(1 —p~)p„t,q; —2Q, sin 0~ q;p„q, N) Z",
2

where t, is the weak isospin, i denotes the quark flavor, (u, d, s), Q, is the electric charge of flavor i, and 0~ is the
weak mixing angle. This current can be expressed in terms of form factors as

~ 1V gp,
P

V

N' Ei'(Q )&„+E2 (Q )
" + Gi(q )&„'y N . Z",

where

&;(Q )—:
i

——»n ~iv
l F,"(Q ) —+,"(Q )] &s

—sin 0~ E,"(Q ) + I'"(Q. )
— E; (Q )—

and

-G (Q') G.(q')
simplify notation we will drop the superscript z on the
weak form factors in the following.

The cross section for v and v scattering from free nu-
cleons is written as

where j = 1 or 2, I"" (Q2) is the corresponding proton
(neutron) electromagnetic form factor, and E'(Q ) is the
strange contribution to this NWC vector form factor. In
like fashion, Gg(q ) is the nucleon isovector axial vector
form factor whose value (1.261 + 0.004) at Q = 0 is
determined from neutron beta decay. Similarly, G, (Q )
is the strange axial vector form factor. In Eqs. (6) and
(7) rs denotes the z component of the nuclear isospin. To

where

and

4E
p

Q2

M2 '
p

G2 2

A+By+Cy
dq2 2m E2-

(1Oa)
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(loc)
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In these expressions, Q = —q2, the relative V, A phase
is (1 —ps), and the explicit Q2 dependence of all form
factors is suppressed. Table I lists the form factor values
at Q = 0 for both neutrons and protons. The strange-
quark form factors are, in general, not well known ex-
cept that F~ (0) = 0 as the nucleon has net strangeness
zero. The EMC result on the proton spin structure func-
tion can be interpreted as fixing G, (0) = —0.19 + 0.08
[4]. While some have claimed that a Brookhaven Al-
ternating Gradient Synchrotron vp experiment yields
G, = —0.15 6 0.08 [11], we believe this belief to be un-
founded. This claimed result neglects any strange-quark
contribution to the vector form factors, is strongly de-
pendent on the value employed for the mass in the axial
vector form factor, and employs a naive view of quasielas-
tic scattering [13].

A word should be said about the Q dependence of
the nucleon form factors, though this will not be impor-
tant for the technique proposed here, both because the
momentum transfers are small (Q & 0.1 GeV ) and by
employing ratios, the Q dependence further tends to
cancel. The standard dipole forms

Gg(Q ) =

Fi(Q') =

G~(0)rs + G, (0)

2(i+ &:)'
2

Q p +

(11a)

(11b)

and

FPgfl (Q2)
FPr~(0)

1+ Q' 1+ Q'
(1lc)

TABLE I. The form factor values at Q = 0 for both neu-
trons and protons.

are assumed in each case with M = 0.843 GeV/c2 and
1.032 GeV/c2 for the vector (V) and axial vector (A)
form factor, respectively. For the neutron charge form
factor E1 and the strange magnetic form factor E2, we
adopt the Q2 dependences as given in [12]. Fz (Q )
clearly cannot be Gt into this description; however, as
pointed out above, Fz (Q ) = 0 at Q = 0, and Fz (Q )
has been estimated to be less than 10% of F2 (Q ) for
Q & 0.09 GeV [12]. Furthermore, the contributions
of Fz (Q~) are suppressed by the kinematics of the pro-
posed experiment. Therefore, we will neglect this form
factor in the following and only discuss the ratio R of
proton-to-neutron yield in terms of G, (0) and Fg(0).

III. THE NUCLEAR MODEL

q= I~I = 20+ 4ei(ei —(d) slI1 (12)

The four-momentum transfer to the nucleus is Q, with
Q = q —u We ass. ume a quasielastic process; i.e. ,
the neutrino interacts only with one nucleon, while the
others are viewed. as spectators. In this approximation,
the momentum transfer (12) is to the struck nucleon.

The cross section for neutrino- or antineutrino-induced
excitation of a target state in the continuum can be de-
rived straightforwardly by application of the usual Feyn-
man rules and a multipole analysis of the weak nuclear
current. As this has been carried out (in close analogy
to electron scattering on nuclei) in detail in Ref. [14], we
only state the result here:

~2 2 2g I oo OOGPlf 47t cos
0'~I + 0T . 13

2 (2J;+ 1) J=O J=1

The partial cross section. ac, L is defined as (K = ~g~)

+GL (Jf IIM~(K) + ~~(K) II J') (14)

where MJ and LJ denote the multipole operators for the
longitudinal (relative to q) parts of the vector and axial
vector four-currents. Similarly, for the transverse cross
section

OT= ~+, +tan —
~

( Q2 28)
2q2 2)

2
~ ( (zgllJ, "(~)ll&) + (&rll&i)~)IIJ)

In our earlier publication, the ratio R was calculated
as a function of E~, the energy of the struck-out nucleon.
The results were seen to be very promising, but nuclear
final state interactions were not included. In this pub-
lication these e8ects are considered, particularly charge
exchange, which could have potentially serious efFects on
R.

We view the neutrino-induced nucleon knockout pro-
cess as shown in Fig. 1. The incoming neutrino has an
energy e;, after interacting with the nucleus it has en-
ergy ef . Before the interaction, the nucleus is in its
ground state, described by the many-body wave func-
tion

~
J;T; = 0), where J; stands for the total angular

momentum of the state, T; its isospin (and a set of ad-
ditional quantum numbers which are omitted to simplify
the notation). After the interaction with the neutrino,
the nucleus is in an excited state

] Jy) at an excitation
energy u = e; —ef. For the case we are concerned with,
~ Jy) is a continuum state. The momentum transferred
to the nucleus depends on the scattering angle 0 of the
neutrino and is given by

pZ
PZ
QZ

Proton
0.034 —F; /2
1.017 —F2 /2
—O.63+ a./2

Neutron
—0.50 —F) /2

—0.9615 —F2 /2
O.63+ G'. /2

8/ tan—
2

20 Q2
an —+

g2

x2Re Jf JJ J' Jf J J; *
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Here, JJ and JJ are the magnetic and electric multi-
pole operators, respectively, containing both vector and
axial vector pieces. In Eq. (15), the minus sign (plus
sign) refers to the neutrino (antineutrino) cross section.
Following Ref. [14], the various multipole operators in-
troduced in Eqs. (14) and (15) are expressed in terms
of one-body operators in the nuclear many-body Hilbert
space. The evaluation of the cross section then requires
the calculation of the reduced matrix elements of these
operators between the discrete initial many-body state

~
J,) and a final continuum state

~ Jf) for a fixed energy
For a given exit channel (e.g. , the proton or neu-

tron channel), the excitation energy w corresponds to
the difference of E~, the measured energy of the emitted
nucleon, and Ep, the energy of the hole in the residual
nucleus; i.e. , ~ = E~ —Eh.

The nuclear model, from which we determine the initial
and final many-body states, fulfills the following require-
ments: (1) the nuclear ground state is well described,
(2) the final states are described as generic continuum
states, (3) the excitation mechanism of the continuum
states will be predominantly of one-particle —one-hole (1p-
lh) nature, and (4) final state interactions are accounted
for. These requirements are fulfilled within the contin-
uum random-phase approximation (RPA). A detailed de-
scription of this model can be found in Refs. [15,16]. Note
that in this model the continuum states fulfill the correct
Coulomb boundary conditions for scattering states and
an (lp-1h) excitation mechanism is explicitly assumed.
The C ground state is approximated as a Slater deter-
minant built by Woods-Saxon single-particle wave func-
tions. The potential parameters are chosen such to repro-
duce properties of the C ground-state-like rms radius
and charge form factor as closely as possible. For the hole
energies we use the experimental values, thus ensuring an
exact reproduction of the neutron and proton thresholds.
Finally, the residual interaction employed in our calcula-
tion, which is the finite-range G-matrix interaction [17]
derived from the Bonn meson exchange potential [18],
has been shown to properly account for 6.nal state in-
teractions in (e, e'p) and (e, e'n) reactions [19]. Results
obtained in continuum RPA calculations for quasielastic
electron scattering and (e, e'p) scattering off i2C (which,
however, used a less realistic residual interaction) can be
found in [16,20].

IV. RESULTS AND DISCUSSION

In this section, we present the results of our contin-
uum RPA calculation for the neutrino-induced nucleon
knockout from C. The quantities investigated are the
quasielastic cross section as a function of the kinetic en-

ergy of the struck nucleon in the Anal state, as well as the
ratio of energy-integrated proton-to-neutron quasielastic
cross sections. Particular attention is paid to the efFects
of the finite-range residual particle-hole interaction (final
state interaction) on the ratio R.

In Fig. 2, the cross sections are plotted for quasielas-
tic v- and v-induced reactions on C as a function of
the kinetic energy of the 6nal nucleon. In this calcu-
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lation, the incident neutrino energy has been Axed to
E = 200 MeV, which is a typical value for the decay
in flight (DIF) neutrino beam available at LAMPF [21].
The strange form factors are fixed at G, = —0.19, taken
from analysis of the proton spin structure function [4),
and to I"2 = —0.21 [22]. As the experimental values
for the hole energies are employed, our calculation repro-
duces the nucleon threshold energies exactly. The dif-
ference between proton and neutron thresholds becomes
apparent in the structure of the cross section at low en-
ergies, which is shifted between the proton and neutron
decay channels by this energy difference (= 2.8 MeV).
The structure is related to the isovector giant resonance
structure in C. A detailed discussion of this spectrum
and its agreement with experimentally known levels is
given in Ref. [15]. It is apparent from Fig. 2 that the
cross section becomes essentially independent of details
of nuclear structure at energies above E~ = 30 MeV, cor-
responding to nuclear excitation energy of about 45 MeV.

In an experiment [21] currently completing construc-
tion at LAMPF, it is planned to measure the proton and
neutron yields for nucleons emitted with energies above
20 MeU (see below). At first glance, the structureless
cross sections calculated for E~ & 30 MeV in the present
continuum RPA approach resemble closely the one ob-
tained in the free-response approximation (i.e. , neglect-
ing the residual particle-hole interaction) and shown in
Fig. 1 of Ref. [6]. However, the inclusion of the final
state interaction (FSI) increases the high energy yield
as compared to the free-response calculation. Further,
the relative enhancement increases with increasing nu-
cleon energy. For example, due to final state interaction,
the proton and neutron cross sections are increased by
about 15% at Eiv = 80 MeV, while the increase is roughly
40% by Eiv ——100 MeV. Second, the consideration of a
residual particle-hole interaction slightly changes the ra-
tio of cross sections && (v, v'p)/ && (v, v'n) while having

a somewhat larger effect on &~ (v, v'p)/&& (v, v'n) as
a function of nucleon energy Eiv As shown in Fig. .3,
these ratios are increased at E~ & 100 MeV compared
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I I I I3. nucleon. Measurement of the relative yield from C
requires discrimination against protons that result &om
neutrino elastic scattering from the free protons in the
LSND scintillator. E is the maximum energy that can
be transferred to a free proton for the LAMPF v beam
(E = 60 MeV). Thus, this energy is used as the thresh-
old for the ratio [19]. A fraction of the protons in C do
produce E„)60 MeV due to their Fermi motion. Using
our calculated cross sections and the LAMPF DIF neu-
trino beam, some 800 protons will pass the threshold in
3000 h of LAMPF operation into LSND.

The dependence of the total cross section on the
strange form factors can be illustrated as follows: Noting
that the quasielastic neutrino-induced nucleon knockout
cross section is dominated by the axial vector component,
one roughly has

FIG. 3. Ratios of proton-to-neutron yields as a function of
nucleon energy E~. The ratios obtained in our calculation
with (without) final state interaction are shown by dotted
(solid) curves for antineutrino-induced reactions, while they
are given by dash-dotted (dashed) curves for neutrino-induced
reactions. In these calculations, we have adopted the values
G, = —0.19 and I"z ———0.22 for the strange form factors.
For comparison, the ratio for vanishing strange form fac-
tors, calculated for neutrino-induced quasielastic knockout,
is given by the lower solid curve. In this figure we have used
E~ ——E„=E + 2.77 MeV.

to the calculation without residual interaction, and are
slightly decreased at higher energies. It is important to
realize in this Ggure that E~ = E„=E + 2.77 MeV.

The efFects of the fi.nal state interaction may be un-
derstood as follows: The !T = 1) residual interaction is
repulsive (see Ref. [23]) and therefore enhances the T = 1
continuum at higher energies. This explains the increase
of the cross sections at E~ ) 60 MeV. However, the ef-
fect of the Gnal state interaction on the ratio of proton to
neutron yield, particularly for the v case, is quite small.
This behavior differs from electron-induced knockout re-
actions [19]. Here, the residual interaction significantly
redistributes the yield in the fi.nal state channels, espe-
cially for the longitudinal channels. This comes about
because the direct longitudinal coupling of the electron to
the neutron is negligible at the mean-Geld level, making
the consideration of Gnal state interactions an essential
ingredient in (e, e n) calculations. On the other hand, in
the transverse response these efFects are much less pro-
nounced, as the electron couples to the neutron and pro-
ton at the mean-Geld level. Similarly, this FSI coupling
between neutrons and protons is not very important in
quasielastic neutrino-induced knockout reactions, noting
that the latter are dominated by the isovector response
function. Nevertheless, the presence of a slight redistri-
bution of strength from the proton to the neutron chan-
nel, caused by the final state couplings of these channels,
is indicated by our results in the p/n ratio.

The quantity of interest for the LAMPF experiment
under construction is the total nucleon cross section [de-
noted by o (v, v'p) and o (v, v'n) in the following] obtained
by integrating da/dE~ over the energy of the emitted

, (
ir(v, v'X) !

—G~rs+ G, ! = G~! 1 p 2
!

. (16)

Taking the value from Ref. [4], &' ——s~, increases the
proton yield. This effect is linear with G, . However, the
ratio of proton-to-neutron yields changes appreciably:

o-(v, v'p) 16
o (v, v'n) 5

Thus, this ratio is very sensitive to G, . The measurement
of the quasielastic proton-to-neutron yield appears to be
a very promising way to determine the value of G, . Fur-
thermore, this approach has two important experimen-
tal advantages compared to experiments that determine
the strange axial vector form factor from neutrino-proton
scattering. While the latter is also quite sensitive to G,
[see Eq. (16)], it requires a rather precise knowledge of
the absolute Aux and the energy spectrum of the neutrino
beam. In particular, the absolute normalization is diK-
cult to determine experimentally, and inevitably leads
to rather large uncertainties in the value of G, deter-
mined from absolute neutrino-proton scattering experi-
ments. Clearly, this source of uncertainty is avoided in
experiments that measure the ratio of yields. As shown
below, the ratio is also virtually independent of the neu-
trino energy for those energies present in the LAMPF
neutrino beam.

The above discussion should be understood as a guide-
line for the realistic continuum RPA results discussed in
the following. As can be seen in Fig. 4, the strong sen-
sitivity of the ratio on the strange axial vector form fac-
tor G, (0) is confirmed as is its nearly linear dependence.
However, the ratio is also dependent on the strange vec-
tor form factor E2 introduced by the vector —axial-vector
interference term in the cross section. This is illustrated
in Fig. 4, which shows the ratio as a function of G, (0)
for three diB'erent values of E2 (0). The values chosen
for E2 (0) are in the limits of the range of possible val-
ues given in Refs. [5,22]. The following features emerge:
the sign of the interference term is such to increase the
p/n ratio in neutrino-induced reactions. The inclusion of
E2 (0) into the Dirac form factor E2 counteracts this trend
if E2 (0) ( 0, eventually changing the sign of E2. For
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ample. First, we have studied the efFect of the energy
distribution on the ratio. To this purpose the nucleon
knockout cross sections cr(v, v'p) and o (v, v'n), defined
for a given incident neutrino energy, have been folded
over the LAMPF neutrino energy spectrum ni, ~MpF (E )
[21]. With a choice for E (E = 60 MeV for the
LAMPF beam, as discussed above), the proton and neu-
trino knockout cross sections relevant for the I AMPF
experiment read
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with similar definitions for the antineutrino-induced
knockout reaction cross sections a (v, 'vp) and o (v, v'n).
We find that the ratios of proton-to-neutron cross sec-
tions
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FIG. 4. Ratio of integrated proton-to-neutron yield for
quasielastic antineutrino- (upper part) and neutrino-induced
(lower part) reactions on C as a function of G, (0) for differ-
ent values of E2 (0) within the theoretically estimated regime
[5,22]. The incident neutrino energy was set to e, = 200 MeV.

antineutrino-induced reactions, the relative sign of the
vector —axial-vector interference term is reversed, hence
the behavior of the ratios shown in Fig. 4. The difFer-
ent signs of the interference terms in v- and v-induced
reactions are also responsible for the fact that the gra-
dient of the ratio as a function of G, (0) is steeper in
antineutrino-induced knockout reactions. In Ref. [6], the
dependence of the ratio on strange form factors I"2 {0)
and G, (0) has been calculated in a simple model based
on &ee neutrino-nucleon scattering. It is remarkable that
this simple model reproduces the results of these contin-
uum RPA calculations within about 10% for the ranges
of values for E2 (0) and G, (0) considered here.

Most importantly, however, we find that the ratios are
changed by less than 5% for the ranges of values for G, (0)
and P2 (0) shown in Fig. 4, if compared to those obtained
in the mean-field approximation (i.e. , Fig. 2 of Ref. [6]).
This virtual independence of the ratio on the residual in-
teraction confirms that the determination of the strange
form factors [in particular of G, (0)] from the measure-
ment of the neutrino-induced proton-to-neutron yield will
not be much afFected by the infiuence of nuclear physics.

In an actual experiment, the neutrino beam is not mo-
noenergetic, but rather has a broad energy distribution,
and consists of a mixture of neutrinos and antineutrinos.
In the following, the efFects of these beam properties on
the ratio of proton-to-neutrino yields are investigated,
taking the I AMPF neutrino beam as an illustrative ex-

o (v, v'p) — o-(v, v'p)
0. v, v'n '

o v, v'n

0.80 (v, v'p) + 0.20.(v, v'p)
0 8-(-, -'-) + o 2=(=, ='-)

We have calculated this ratio BgAMpF for the representa-
tive range of strange form factors I"2 (0) and G, (0) within
the continuum RPA approach as outlined above. Our
results are shown in Fig. 5. The mixture of neutrinos
and antineutrinos in the beam has two interesting con-
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Q
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FIG. 5. Same as Fig. 4, but calculated for the LAMPF
decay-in-Qight neutrino beam.

agree within 1% with those values obtained for a fixed
neutrino energy of E = 200 MeV for all values of the
strange form factors discussed in this paper. Thus, the
results for B are virtually indistinguishable from those
shown in Fig. 4.

Produced predominantly by vr decay, the I.AMPF DIF
neutrino beam is a mixture of neutrinos and antineutri-
nos, where the latter make up about 20% of the useful
neutrino beam. The ratio of proton-to-neutron yields to
be measured in the I AMPF experiment is therefore
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sequences: First, the sensitivity of the ratio on G, (0) is
slightly increased compared to the case of a pure neutrino
beam, but, more importantly, the sensitivity of the ra-
tio on F2 (0) is largely reduced as the interference term,
which is mainly responsible for the dependence of the
ratio on the strange magnetic form factor, has di8'erent
signs in v- and v-induced reactions. In fact, the ratio
would be essentially independent of I"z (0) for a neutrino
beam consisting of 50% neutrinos and 50% antineutrinos.

Our continuum RPA calculation confirms that mea-
suring the ratio of proton to neutron quasielastic yield
appears to be a very promising way to determine the
strange axial vector form factors of the nucleon. Impor-
tantly, we have demonstrated, by comparing the results
of a mean-field approach with the one in which we consid-
ered final state interactions by a finite-range particle-hole
residual interaction derived from the realistic Bonn po-

tential, that the ratio is essentially independent of the
adopted nuclear model. Thus, one can conclude from
Fig. 5 that the LAMPF experiment will measure a ra-
tio Bz,AMpp + 1.2, if the strange axial vector form fac-
tor is in fact as large as suggested in Ref. [4]. This ra-
tio is significantly larger than the value obtained if the
strange form factors I"z (0) and G, (0) are both negligible
(Rr,~Mpp 0.8 in this case). The LAMPF experiment
is expected to determine the ratio of proton-to-neutron
yield with a statistical accuracy of better than 10%, and
thus is clearly capable of directly and undoubtedly prov-
ing the existence of a strange axial vector form factor of
the nucleon if G, (0) ( —0.2.
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