
PHYSICAL REVIEW C VOLUME 51, NUMBER 1 JANUARY 1995

Spin-dependent structure functions of nuclei in the meson-nucleon theory
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A theoretical approach to the investigation of spin-dependent structure functions in deep inelastic
scattering of polarized leptons off polarized nuclei, based on the effective meson-nucleon theory and
operator product expansion method, is proposed and applied to deuteron and He. The explicit
forms of the moments of the deuteron and He spin-dependent structure functions are found and
numerical estimates of the in8uence of nuclear structure effects are presented.
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I. INTRODUCTION

The large body of experiments on deep inelastic lepton-
nucleon scattering performed in the 1970s and 1980s,
which resulted in the amazing agreement of the data
with the quark-parton model and the confirmation of the
phenomenon of logarithmic violation of Bjorken scaling,
provided the basis for the foundation of quantum chro-
modynamics (QCD) as the theory of strong interactions.
However, the latest experimental results in this field seem
to display deviations &om the predictions of the quark-
parton model ("free QCD") and perturbative QCD [1,2].
In this context, it should be stressed that basic theorems
(sum rules) of QCD require the knowledge of the spin
structure function (SSF) gP(x) of' the neutron.

This has been recently extracted by deep inelastic scat-
tering of polarized leptons off polarized nuclear targets,
e.g. , deuteron [Spin Muon Collaboration (SMC) [3]] and

He (E142 experiment [4]) and these data, combined
with earlier data of the European Muon Collaboration
(EMC) on the proton [1], are being currently used to
check the predictions of QCD [5,6].

The Bjorken sum rule has been computed &om E142
data and, using the result I g~(x)dx = 0.126 6 0.010 +
0.015 obtained by the EMC Collaboration [1], the value
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f (g~& —
g& ) dx = 0.148+0.022 has been found [4], to be

compared with the theoretical prediction of 0.187+0.004.
At the same time, the SMC estimated for the first time
the first moment of SSF of the "isoscalar" nucleon: M

jo gP dx = 0.023 + 0.02 6 0.015, and combining again
these data ith the EMC proton data, the Bjorken sum
rule was found to be f~ (g~

—gP) dx = 0.20+0.05+0.04.
New experiments are planned at DESY [7], CERN [3],

and SLAC [4], also aimed at an improved measurement
of this fundamental prediction of QCD.

It is worth stressing here that all information on the
neutron SSF have been and will be obtained by analyz-
ing deep inelastic scattering (DIS) off polarized nuclear
targets, in particular H and He. Therefore such infor-
mation can in principle depend upon nuclear structure
effects, which however are considered to provide only a
minor correction.

As a matter of fact, the possibility to measure the near
&ee isoscalar nucleon structure functions by using po-
larized H target is motivated by the fact that typical
nuclear effects in the deuteron are small and are predom-
inantly determined by well-known spin-orbital structure
of the deuteron wave function (cf. Refs. [8,9]). At the
same time, the interest in polarized He targets stems
from the observation [10] that since the dominant com-
ponent of the He wave function is a fully symmetric
S wave with the two protons in a spin singlet state, a
polarized He can be associated to a large extent with
a polarized neutron. It should however be pointed out
that the precision required by a significant check of the
Bjorken sum rule would demand a quantitative estimate
of all possible nuclear effects. For example, in the case
of He, the small S' and D wave components of the re-
alistic three body wave function generate a proton con-
tribution to the He polarization and asymmetry, which
has to be subtracted in order to obtain information on
the neutron properties. Recently, the proton contribu-
tion to the process sHe(e, e')X has been quantitatively
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evaluated by full convolution approach, where not only
Fermi inotion [11] but binding as well [12] were taken
into account by generalizing the usual convolution ap-
proach (see, e.g. , Ref. [13]), by introducing the concept
of spin dependent spectral function [14,15], and nuclear
effects have been indeed found to be small. Relativistic
light cone calculations have been performed in Ref. [16]
using the spin dependent spectral function of Ref. [15];
the obtained results practically do not dier &om the
nonrelativistic ones obtained in Ref. [14].

The underlying reason for the applicability of the con-
volution model is the existence of two typical momentum
scales in deep inelastic processes, which leads to the fac-
torization of the amplitude of the reaction into two pieces,
depending, respectively, on the "large" external momen-
tum, i.e., the structure function of the nucleon, and the
"low" typical momenta of nucleons in the nucleus, i.e. ,
the momentum distribution of the nucleons [17]. A rigor-
ous method to analyze such a factorization is based upon
the Wilson operator product expansion (OPE). A theo-
retical approach to investigate deep inelastic scattering
on nuclei by using the OPE method within the effective
meson-nucleon theory with one-boson-exchange (OBE)
interaction has been suggested in Refs. [18,19]; these cal-
culations have been performed within well-defined ap-
proximations, such as the leading twist approxixnation
in the OPE and the lowest order approximation on the
meson-nucleon coupling constant. Such an approach al-
lows one to derive a convolution formula which includes
binding efFects and, at the same time, preserves the
energy-conservation sum rule.

In this paper the model is extended to deep inelastic
scattering of polarized leptons ofI' polarized nuclear tar-
gets. To this end, the set of operators, providing the basis
for OPE, is extended by considering the axial operators
in terms of nucleon fields interacting with meson fields.
Using the nonrelativistic reduction, an explicit form of
the operators relevant to describe polarized deep inelas-
tic scattering are found. Particular attention is paid to
the investigation of the properties of the physical nucleon,
e.g. , the physical mass, the meson cloud, the renormal-
ization constants, and the SSF's which appear in the cal-
culation. The explicit expressions for moments of SSF
of the lightest nuclei, the deuteron, and He, are found
and the inverse Mellin transform reconstructs the corre-
sponding nuclear SSF in the form of convolution of the
nucleon SSF and efFective distributions of the nucleons
in a nucleus. The obtained forxnulas are generalized to
the case of heavy nuclei and found to be similar to those

II. BASIC FORMALISM

A. Kinematics and notation

The spin-dependent structure function can be deter-
mined experimentally by measuring the asymmetry in
the reaction with polarized particles

'l +X
In the one-photon-exchange approximation the relevant
part of the cross section can be written in terms of the
antisymmetric parts of the leptonic L„„and hadronic
W~„ tensors:

dE~dn q4M~E '""j (2.1)

where [p,v] are the antisymmetric indices, E and E' are
the initial and final energies of the lepton, Q2—:—q2 is
the square of four-momentum transfer, o. stands for the
electromagnetic fine structure constant, and M~ is the
mass of the target.

The leptonic tensor is obtained from quantum elec-
trodynamics and the antisymmetric part of the hadronic
tensor R'„„is expressed in terms of two independent spin
structure functions Gq 2.

used in the conventional convolution approach [12]. As
an example of applications of the method, the SSF of the
polarized deuteron and He are numerically estimated
and compared with recent experimental data.

The paper is organized as follows. In Sec. II the basic
formalism is presented. The antisymmetric part of the
Compton scattering amplitude is defined in terms of the
axial twist-two operators in the OPE method and their
explicit form in the nonrelativistic limit is computed. In
Sec. III the moments of the spin-dependent structure
function gP(2:) for the physical nucleon are evaluated in
terms of the corresponding moments of bare nucleons and
meson cloud contribution. The moments and the SSF

Hgi (x) and giH'(x) are calculated in Sec. IV, where an
extension to complex nuclei is proposed and a formal
comparison with the conventional convolution approach
is illustrated. Preliminary results for A = 2 have already
been presented in Ref. [20]. The results of numerical
calculations are presented in Sec. V and the conclusions
in Sec. VI, respectively.

~(„.j(pA q, ~) = ~~, ~ q
~

&i(qo, Q ) ~ + [(p~ . q) ~ —(S' q) p~]
. G2(qo &')&

M' )' (2.2)

where p~ denotes the 4-momentum of the target, qo
stands for the time component of the 4-vector q (in the
rest frame of the target we use the notation qo = v), and
S is the polarization four-vector, normalized as S.S = —1
and satisfying the relation S.p~ ——0. In what follows we
will consider deep inelastic scattering ofI'polarized targets
with spin one-half (the nucleon and sHe) and one (the

I

deuteron), in which case the vector S may be computed
in quantum Geld theory as the mean value of the canoni-
cal spin operator defined by Noether's theorem [21]. We

For example, its components are S~ = (0, 0, 0, (o )) for the
nucleon and Sq = (i/Mo)sq~—„~E'~E'*"p~&, for the deuteron
with total momentum p~ and polarization 4-vector E'".
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choose the quantization axis in the opposite direction to
the photon inomentum, q" = (v, 0, 0, —lql).

In order to measure the SSF Gq and G2 appearing in
Eq. (2.2), one has to consider the difference between the
cross sections corresponding to parallel and antiparallel
electron and target spins, respectively, for one has

d cT d 0
dE)dn ("") dEldn ("")

4o2E'-
(E + E' cos 0) Gi —Q G2/M~, (2.3)

where 0 is the electron scattering angle. In the Bjorken
limit (Q m oo, v m oo, x—:Q /2p~q is fixed),
which will be considered &om now on, the functions
Gz 2 are predicted to depend only upon x, yielding the
"true" dimensionless spin-dependent structure functions
gl(z) vG1(vi Q ) and g2(z) —v G2(v Q )/MA ~

Defining the asyinmetry A[~(x) as the ratio

The SSF, as well as the hadronic tensor TV~~„I, can
be directly calculated, via the optical theorem, &om the
imaginary part of the amplitude for forward Compton
scattering of virtual photons oK hadronic targets

1
R"(„„I= —ImT(„).2' (2 9)

B. The Compton scattering amplitude for nuclear
targets

To establish a direct connection between SSF and the
amplitude T~„„jwe decompose the latter in the same form
as (2.2), viz. ,

2 cT

T[~„] = e) „p~q — o'i(z, Q )S

In what follows the Compton amplitude T[„„~for nuclear
targets and its relation with SSF through Eqs. (2.6) and
(2.8) will be obtained.

one obtains

d2o/dE'dB (fg) —d o/dE'dA (t$)
d2o/dEidO .(tt') + d2o/dEldO (t$

2xgi(x)
y()

(2.4)

(2.S)

+((p~ v)~ —(~ q)pAI)
' M, (2»)

where the Compton spin-dependent structure functions
ni 2(x) are related to the Compton helicity amplitudes
hp~ p~ ~ and the deep inelastic SSF by the following
relations:

where P2(x) is the usual spin independent structure func-
tion. The asymmetry (2.S) and, consequently, the SSF
are the main objects of experimental and theoretical in-
vestigations.

Since any structure function, either spin independent
or spin dependent, can be represented as a linear com-
binations of helicity amplitudes, it is instructive to per-
form further analysis in the helicity basis. For a thorough
analysis of helicity amplitudes in case of targets with an
arbitrary spin we refer the interested reader to [22]. We
de6ne the amplitudes Ag ~ gI ~ as

Ap m g~ m~ = s"„*W[„„](S)s"„,, (2.6)

where A, A' and M, M' are the spin projections of the
photon and target, respectively, along the z axis,
is the polarization vector of a helicity A photon, c~+ ——

~(0, 1,+i, 0)/v 2, e'o ——(—lql, 0, 0, v)/QQ2, and the
other notations are self-explanatory. A simple calcula-
tion shows that the structure function g~ in the Bjorken
limit is defined by the amplitudes (2.6)

A+~, +~ = +g1 + 2 g2 (2.7)

and it reads

gi = ——,
' (&++.++ —&+-,+-) . (2.8)

Actually, the amplitudes (2.6) may contain the sym-
metric part too, which involves the structure functions
Fi(z, Q ) and, for spin one targe'ts, t)i(z, Q ) [22). In our
case this part is irrelevant, since it does not contribute
to the asymmetry (2.S) and to the SSF.

hAnll, A'Art' = ~p T[pv](~)~p~&

i(z) = —2(h++++ —h+ + ),
1

gi (x) = —Im n i (x) .
27r

(2.1i)

(2.i2)

(2.13)

Using the dispersion relation for the function ni (z) and
Eq. (2.13) we get the expression for ni(z) in terms of
the moments of the SSF g~

oo (iq tl+1 i
~i(z) = 4 ): l

—
l

dwu" gi(v).
&z) o

(2.14)

T~~„j ——i d expiq p~MT J~ J„O @~M .

(2.is)

The integral on the right-hand side (RHS) in Eq. (2.14)
is the n+1 moment M„+i (Q ) of the SSF. We will use Eq.
(2.14) to obtain the structure functions from the explicit
expressions of the nuclear Compton amplitude T~„„~.

The computation of the amplitude T~& j requires the
treatment of two relatively independent questions: (i)
the analysis of the properties of the time ordered product
of electromagnetic current operators at high momentum
transfer (Q ~ oo), which characterizes the short dis-
tance physics and (ii) the determination of the vectors of
the nuclear ground state lp~ ), which essentially charac-
terizes the large distance physics. This is seen explicitly
from the expression of the amplitude (2.10) which is of
the form
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The behavior of the T product of the electromagnetic
currents may be established in a general form directly
from Eq. (2.15). In the Bjorken limit (q —+ oo) the
main contribution in the integral (2.15) comes from small
space-time intervals, ( -+ 0. In this limit the argu-
ments of electromagnetic currents coincide and T prod-
uct contains singularities. A consistent method to ana-
lyze these singularities is based on the Wilson operator
product expansion [23]. According to the OPE on the
light cone [24], the product of two arbitrary operators A
and B factorizes into two pieces when their arguments are
separated by a small space-time interval; the first piece
contains singularities (the c-number coefficient functions,
or Wilson's coefficients) and the second one appears as a
set of regular local operators, which are well defined in

field theory. Then the local operators are expanded in a
series

g) ( ) - ) „(g')g„,".g„„o„-(o) (2.16)

The operators 0&'"'&" are defined to be symmetric and
traceless in all Lorentz indices p, i . . p, . The quantity n
is the Lorentz spin. Another quantity, the twist, defined
as w = d —n (d„ is the canonical dixnension of the
operator 0 ) plays an ixnportant role in the theory of
deep inelastic scattering processes.

Namely, only the lowest values of v contribute to the
matrix elements of the Compton amplitude [17]. There-
fore in the leading order of the twist (w = 2), the RHS of
Eq. (2.15) can be rewritten as

OO n+1

) &-,i(Q') ~, I v&, ".v„„(p~~~o,'"' "" (o)~p~~),
t.;m=0, 2, " E J

(2.17)

where t tags the fundamental fields of the theory under consideration and 0&
"'"'""

(0) are the relevant twist-two
operators constructed from these Gelds. The transformation properties of the amplitude T[„„Irestrict the Lorentz
spin, (n+ 1), in Eq. (2.17) to take only odd values.

It is worth emphasizing that in (2.17), due to the factorization in the OPE, the coefficien functions C„are related
to short distance, "subhadronic, " physics (depending on the large momentum q), whereas the matrix elements of the
operators 0& "'"'""&characterize the large distance physics (depending on typical nuclear momenta).

In order to separate the part contributing to gx(x), it is convenient to rearrange the symmetric I orentz indices
(o.p, x. -.p j so as to obtain two operators, one with no definite symmetry 0 &"'"'""I, and the other with mixed
symmetry [25], viz. ,

0( ~ "-& ) 0 (I." I -)+
n+1

n

) 0~, (V1 "~~;+1"~ ) . 0~(» "& 3

i=1
(2.18)

Then gi gets contributions &om 0 &"'"'""&only. The
mixed symmetry operators enclosed in the square brack-
ets of Eq. (2.18), define the twist-2 part of gz(x),
the so-called Wandzura-Wilczek contribution [25,26]. In
this paper we consider the amplitude T~„„j defined by
Eqs. (2.10) and (2.17) with only the first operator Rom
Eq. (2.18), that is, the part concerning the structure
function gx(x) only. The structure function g2(x) is ex-
pected to be very small, (in the parton model it is exactly
zero), and will not be considered here (for the investiga-
tion of nuclear effects in g2(x) see, for instance, Ref. [27]).

The form (2.17) for the amplitude (2.15) near the light
cone is valid in the &amework of any renormalizable Geld
theory [23,24]. Thus, the problem of its analysis is for-
mulated now as a consistent calculation of both the co-
efficient functions C q and the matrix elements of the
twist-two operators 0 &~'" ~"& sandwiched between nu-
clear ground state vectors ~p~). So far there does not
exist a realistic field theory by which one could compute
simultaneously both pieces, since if one of them is calcu-
lated in a more or less self-consistent way, then the other
one relies on phenomenological approaches.

For example, within perturbative QCD, because of
asymptotic &eedom it is possible to analyze the prop-

erties of the Wilson's coefficient |„q(n„Qz) by coxn-
puting directly, at least in principle, the corresponding
Feynman graphs up to the desired order in a, [28].

Making use of the renormalization group equations, the
Qz dependence of these coefficients may be established
as well. However, in practical calculations of the struc-
ture functions and comparison with experimental data
one needs the matrix elements of the operators Oq(0),
which are related to the nonperturbative region of QCD
and, hence, are parametrized &om the experimental data.
Since the basis of operators in OPE, Eq. (2.17), and the
Wilson coefficients are target independent, all informa-
tion about the target is contained in the unknown matrix
elements. Therefore in the treatment of the "QCD moti-
vated" models of nuclear eKects in deep inelastic scatter-
ing, one is forced to introduce parameters, which neither
can be computed theoretically from QCD, nor can be
fixed from independent experiments [29].

The problems related to the short and large distances
are formally solved, in the case of deep inelastic scatter-
ing, within nonasymptotically free theories with spinor
fields (nucleons) interacting with the xnassive bosons
(mesons) via pseudoscalar and vector couplings [30,31].
These field theoretical models with a renormalizable in-
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teraction allow a perturbative investigation of the Wil-
son's coeKcients and of the corresponding matrix el-
ements, by summing the leading logarithmic correc-
tions. These examples can be considered as an idealized
meson-nucleon theory, since the realistic models necessar-
ily involve phenomenological corrections, such as vertex
meson-nucleon form factors, effective coupling constants
and meson masses [32,33]. In realistic meson-nucleon
models, the exact results of Refs. [30,31] serve as a hint
for a formal approach and further phenomenological ad-
justments. It is obvious that the target independent Wil-
son's coefEcients are not calculable within such a theory
and they ought to be parametrized from experiments, for
instance, &om the experiments on deep inelastic scatter-
ing off &ee nucleons.

We apply the effective meson-nucleon theory and the
OPE method to deep inelastic scattering off nuclei (cf.,
Refs. [34,18,19,27]). This theory allows one to describe
fairly well the NN interaction at relatively small ener-
gies, the nuclear bound states ~p~ ), the binding energy
and other properties of light nuclei [35]. Then, the axial
twist-two operator 0 &"'"'""~for the system of interact-
ing nucleon and meson Gelds may be written down in the
form

i l)"0 '"' ' ""'(o) =
~

—
I

x (:N(0)p ps b9"' . . . (9"" N(0):),
(2.19)

where N stands for the nucleon spinor fields. Note the
implicit presence of the meson degrees of &eedom, via in-

teraction, in the definition of the operator 0~ ' " (0).
In order to obtain the explicit expressions of the oper-
ator (2.19) and calculate its matrix elements, we need
the Hamiltonian of the system. In order to achieve self-

I

consistency, this Hamiltonian has to provide simultane-
ously the equation of motion for the interacting Gelds and
the target ground state:

N = i[H, N], (2.20)

(2.21)II lp~) = M~I&~).

Equation (2.21) for the nuclear ground state has been
solved within the nonrelativistic limit using effective
Hamiltonians containing vr, o., u, p, g, and b mesons
[one-boson-exchange (OBE) approximation] [32,35].
Consequently, the operators (2.19) are also to be calcu-
lated within the nonrelativistic limit. The strategy of our
calculation is therefore as follows: (i) we choose the ap-
propriate covariant Lagrangian, giving the classical equa-
tion of motion for interacting meson and nucleon Gelds;
(ii) these equations are reduced nonrelativistically and
the effective nonrelativistic Hamiltonian is obtained; (iii)
using the same procedure of nonrelativistic reduction, we
compute the explicit form of the operators (2.19).

The procedure of nonrelativistic reduction of classi-
cal equations of motion for the interacting meson and
nucleon 6elds has been established in a number of pa-
pers and could be found in details, for instance, in Refs.
[36,37].

Below we perform explicitly the calculations with
pseudoscalar-isovector coupling, the pion-nucleon inter-
action. The result is generalized to the case of other
kinds of couplings. Introducing the isospin formalism
we redefine the Wilson's coefficients in Eq. (2.17) as a
diagonal (2 x 2) matrix in the isospin space with the
proton and neutron coeKcients on the main diagonal,C„=C„h )s, n, P = 1, 2, and use them into the

cxP
defilution of the operators (2.19).

The contribution of the operators 0 &"'"'""I (2.19) to
the Compton helicity amplitude then becomes

(2.22)

where p+ ——go+ p and 8 = 00 —0 .
We perform the nonrelativistic transition of the fields N(0), following the method described in Refs. [36,37], and,

using the equation of motion (2.21), we compute their nth 8 derivatives. The resulting operators, being composed
&om interacting nucleon fields, explicitly involve the meson degrees of &eedom. Skipping some rather cumbersome
details of calculations we write below the explicit nonrelativistic form of the operators 0+ as a sum of operators up
to second order in the coupling constant g:

(2.23)

s N (pl p2) ~ (pl p2) . . a (pi, ») C (i(p2, s2) (2.24)

O~„„=m" " '
g N„(k) bt(k) —N~+ (k) b, (k))

(2vr) +2~(k)
»"(pl, p2) ~.kj. , a (pl, »)C ~'o(p2 s2)+Hc. , (2.25)
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x[o k], , : a (pi, si)C~r a(p2, s2)a (p, ss) v~ a(p+ k, s4): +H.c., (2.26)

where m is the mass parameter of the Lagrangian, the mass of bare nucleons, vz are the isospin matrices, a (p, s)
(a(p, s)) is the creation (annihilation) operator of a bare nucleon, proton or neutron, with spin s and momentum

p, b. (k) (b~(k)) creates (annihilates) the jth pion with momentum k; u = gm2 + k2 (m is the pion mass),
Z" = y,+, Z" y„; y, is the Pauli spinor, and the operator Z is the nonrelativistic analogue of the four-vector

spin operator for the spin-2 particles

',' ~. (pi+p2),
&"(vi, ~a) =

&
~" {' "s " )
+ 4~2 ~ pip~ +~.p2py P1 'P2~ —~pl + P2 P = z, y, z.

(2.27)

The functions N' in Eqs. (2.24)—(2.26) depend only upon momenta and are of the form

2 2 7l

N(i)( ) ~

1+ + 2 P'~+P2~
4m' 2m )

(2.28)

N~ l(k) = + 1 ( (u+ (k)1+
(u+(k) ( 2m

(2.29)

n

X~+l(k) = X~+l(k) p~(k) " u)(k) k2 ( 2m
{2.3O)

where u+ = tu + A:, . The operators (2.24)-(2.26) are the
basic result of nonrelativistic OPE method within the
OBE approximation. Their matrix elements will deter-
mine the polarized deep inelastic scattering of leptons on
those nuclear targets, e.g. , the two and. three nucleon sys-
tems, which are well described within the effective meson-
nucleon theory with OBE potential.

Note that our method is based upon perturbation the-
ory within the effective meson-nucleon theory. Since the
effective meson-nucleon coupling constants are large, it
can be argued whether a perturbation expansion can be
applied at all. We simply follow here the customary use
of perturbation theory in the effective meson-nucleon the-
ory [32,33], justified by the success of OBE model. The
price one has to pay in such an approach is the use of
some phenomenological ingredients. For example, since
the nuclear forces are strongly repulsive at small dis-
tances, the physics at such distances is mocked. up by
a short-range repulsive core, which is handled partly by
introducing meson-nucleon vertex form factors. Thus, in
the calculation of the corresponding matrix elements the
uncertainties of the nuclear force at very short distances
are insigni6cant. Analogously the short distance contri-
butions to the nucleon and nuclear structure functions
are hidden into the Wilson s coeKcients, which are the
new "effective constants" in the effective meson-nucleon
theory [18,19,27,34].

From the /CD point of view this situation corresponds
to the picture when hadrons, viewed as a core of valence
quarks surrounded by a sea quark-antiquark pairs and
gluons, are approximated by a core of bare nucleons with

a correlated color neutral quark-antiquark pairs, the me-
son cloud. In OPE such a picture means that much of
detailed dynamics of the quarks is embedded in the coef-
ficient functions C„(Q ), the inQuence of the meson cloud
is rather included into the matrix elements of the oper-
ators 0 &"'"'""&.In case of the effective meson-nucleon
theory a preliminary investigation of the twist behavior of
eq. (2.17) is hindered by the fact that all the renormaliza-
tion effects are included into the effective constants of the
theory (coupling constants, meson masses, vertex form
factors, etc.), so that the renormalization group equa-
tions are here, in a sense, inapplicable. The use of the
twist-two as a leading term in Eq. (2.17) is to be regarded
as an assumption and it should be veri6ed a posteriori,
by looking at the quality of the 6nal results and, possibly,
by investigating the higher twist corrections.

III. MOMENTS OF THE NUCLEON
STRUCTURE FUNCTIONS

As mentioned above, the nonrelativistic expressions for
the operators (2.24)—(2.26) and the Compton ainplitude
(2.22) involve, in particular, the bare (unknown) param-
eters, i.e., the mass parameter &om the Lagrangian of
the theory and the Wilson's coeflicients C (Q ) which
are not calculable within our approach. Whereas the
mass parameter may be 6xed by introducing into the
Lagrangian a correspond. ing counterterm, the coef6cients
C„(Q2) are to be related with the SSF of the physical
nucleons. Therefore we 6rst investigate the ground state
and the SSF of the physical nucleons.
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A. Nucleon ground state

For the investigation of the nuclear ground states in the effective meson-nucleon theory it is convenient to use the
Tamm-Dancoff method.

For a physical nucleon with an isospin index o., momentum g, and a given z projection of the spin s, the Tamm-
Dancoff decomposition is given by

~N}q, ae QI ZNV p~N} qa s + 41~N&}q, a s + ' ''1

where Ziv is the normalization constant defined by the condition (N~N} = 1 and ~N} and ~Nz'} represent the basis
vectors of the states with one bare nucleon, and with one bare nucleon and one meson, respectively. The coeKcients
p; in the expansion (3.1) are the operators in the momentum space and define the corresponding wave functions

&plN}q. -, = n.'(~ s)Io} (3.2)

pl ~Nz}q. ..=,V i.,
".'(p» rI)u.' (p s')~,'(k) lo}.

(2')
(3.3)

The explicit expressions for the wave functions pi is found from the condition that the ~N} is the state of the
physical nucleon, which means that it obeys Eq. (2.21) with the physical nucleon mass, viz. ,

I 3 (3) ~gm o k
~iM",.'(p k q) = —(2 ) ~' '(p+k —q) 2

(3.4)

In particular, as it can be seen from (3.4), in the nonrelativistic approximation there is no interaction between the
nucleon and the pion with the angular orbital momentum l P 1. Finally one can find the mass counterterm bm and
the renormalizagion constant Z~ that are of the form

g2

4m2 (2~)s 2(u2 (k)
'

g2 dk 3k2
4m2 {2~)s2~s(k) (3 5)

B. The matrix elements

Now we are in the position to compute the matrix elements of the operators (2.24) and (2.25) with nucleon ground
state vectors (3.1). The operator (2.26) is of two-body origin, hence it does not contribute to the nucleon matrix
elements.

Schematically the matrix elements for a nucleon at rest are as follows:

M.E ...{Nipp) O~„ppiN} ... (1 —Ziv) (IA + renorm. ) (3.6)

,, (N, x~(pi ) O~ „pi~N, x} (recoil)

,, {N,m~rpi ) O~+ „pp~N},, + H.c. (interaction) . (3 8)

The four difFerent matrix elements given by Eqs. (3.6)—(3.8) are known, respectively, as the impulse approximation
(scattering ofF bare constituents), the renormalization and recoil contributions, and the term of pure interaction origin
(self-energy-like correction). The contribution of these matrix elements with given isospin to the helicity amplitude
(2.22), sandwiched between the states cr, may be explicitly written in the form

In Eq. (3.1) we keep only the first two terms. The next term, ys~Nvrvr}, in spite of being proportional to g, does not
contribute to the nucleon SSF as it can be seen from Eqs. (2.24)—(2.30) and (3.1)—(3.3).
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(3.9)

4m' (2~)s ~2(k) ! 2~(k)
(3.io)

(3.11)

I

The second term on the RHS of Eq. (3.14) is the con-
tribution of recoil diagrams, which is partially canceled
by the renormalization term [38]. The remaining part is
the additional counterterm to renormalize the composite
axial operator (2.19). For n = 0 the operator (2.19) is
the spin operator for the spinor fields and its matrix el-
ement, (3.14), is the mean value of the spin projection
over polarized states of the physical nucleon. Equation
(3.14) demonstrates that the spin projection of the phys-
ical nucleon differs Rom the mean value of the spin pro-
jection of the bare nucleons. This is expected, since the
interaction between the core and the meson cloud, with
orbital momentum l = 1, slightly redistributes the spin
among the constituents. The total angular momentum
of a meson-nucleon system, is a sum of the orbital mo-
mentum l = 1 and the spin s = 1j2, so that both parallel
and antiparallel polarizations of the core contribute to
the nucleon polarization. Prom the point of view of the
present approach, the orbital moment of the meson cloud
afFects the spin distribution of bare nucleons inside a po-
larized physical nucleon. The efFects of the meson cloud
on unpolarized deep inelastic scattering on nucleon have
been investigated in Refs. [39,40] and are known as the
Sullivan processes.

Another interesting consequence of Eq. (3.14) may
be derived by analyzing the difference between the first
moments of SSF of the proton and neutron, the Bjorken
sum rule. In this case one Gnds that the Bjorken sum
rule on &ee nucleons may be computed by considering
the bare constituents and the meson cloud corrections:

where a = 1, 2 corresponds to the matrix elements on
proton and neutron, respectively.

The physical meaning of the obtained result becomes
clear if Eqs. (3.9)—(3.11) are depicted in terms of Feyn-
man diagrams. Figure 1 represents the helicity amplitude
for the proton. It can be seen that the proton ampli-
tude is determined not only by the proton Wilson co-
efficients C ~, but by the neutron coefficients C„2 as
well as multiplied by a factor of 2 which comes &om
the relation between the pion-nucleon coupling constants:
g~+~ ——kg~0~. From Eqs. (2.13) and (2.14) it is easy
to show that in the present approach the Wilson's coef-
Gcients in the OPE are proportional to the moments of
SSF of the bare nucleons [proton (p) on neutron (n)]

C„ i(2) = 2 M„+i(gi ),-p(n) (3.12)

with

1

M (f)—:f dex 'f(T)"
0

Relations (3.9)—(3.13) determine the moments of SSF of
the physical nucleons in the effective meson-nucleon the-
ory. Accordingly, the moments should be parametrized
in order to describe the scattering ofF &ee physical nucle-
ons, and they should be replaced by this parametrization
whenever they appear in nuclear matrix elements. The
first (n = 0) moments of the nucleon SSF play an impor-
tant role in deep inelastic scattering of polarized parti-
cles, since they define some integral relations among the
SSF, known as sum rules. As n = 0 the interaction term
in Eqs. (3.10) and (3.11) vanishes [see also Eqs. (2.27)—
(2.29)] and one obtains

M", '"'(g, ) = M",'"' (1 —Z~)

[gi(* q') gi (» q')]«—
= M", (q') —M", (q2)
= [M", (q') —M", (q&)]

( g2 dk k2
!x 1—

3m2~ (2~)s (us(k) ) '
MP, ("~ + 2M", ("~

g2 dk 2k2 —k2

4m2~ (2~)' ~'(k)

(3.i5)

3.14
where the RHS of Eq. (3.15) is the BSR for bare nucleons

(1 —Z N)
P P P

FIG. 1. The dressing diagrams for the he-
licity amplitude corresponding to the forward
Compton scattering off the proton. Black
dots denote the scattering off a bare nu-
cleon and the dashed line the pion propaga-
tor. The 6rst diagram is the contribution of
the impulse approximation and renormaliza-
tion terms, the second and third diagrams
represent the recoil effects and the last two
diagrams are the self-energy-like interaction
terms.
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corrected by the interaction with the meson cloud. Ex-
plicit numerical estimates of the role of the meson cloud
in polarized deep inelastic scattering processes on nucle-
ons is ambiguous and requires a proper investigation. In
fact one needs a consistent procedure for the regulariza-
tion of integrals appearing in Eq. (3.15) and for the in-
clusion of the vertex form factor into the meson-nucleon
vertex. Also, some assumptions about the properties of
the bare nucleon core are necessary. The role of the or-
bital momentum of the virtual pions in determining the
spin of the nucleon has to be investigated as well. These
problems are beyond the goal of the present paper and
will be considered elsewhere.

IV. NUCLEAR MATRIX ELEMENTS

In the previous section we explained in details the ba-
sic formalism and apply it to the physical nucleons. The

basic idea of the calculations of nuclear matrix elements
remains the same: once the nonrelativistic expressions
for the axial operators have been established in terms of
nucleon and meson fields, the vectors of nuclear ground
states are to be defined in the same manner, i.e. , making
use of the same nonrelativistic Hamiltonian which has
been used to derive Eqs. (2.24)-(2.30) and (3.1)—(3.3).
In what follows we keep the terms up to the second order
in the meson-nucleon coupling constant g, which corre-
sponds to the usual approximations in nuclear physics in
deriving the potential and Schrodinger equation, g ap-
proximation. In this sense the present approach pretends
to be self-consistent. The condition of a consistency is
that the Hamiltonian, with OBE interaction, should in-
deed describe the real nucleus. We choose the realistic
OBE potentials, such as the Bonn [35] or Reid [41] ones,
which give a good description of light nuclei.

Below the explicit expressions for the moments of the
H and He SSF's are derived.

A. The deuteron

The vectors of the deuteron ground state in the Tamm-Dancoff approximation are given by a relation similar to
Eq. (3.1); viz. ,

~OP
yo INN) = yo'" (px, p, ) (2m) h(px + pg) a.(px, s, )

'
a, (pg, s.) ~0),

2

yq ~NNx) = p~'" (pq, pq, k) (2m) b(pq + pq + k) a (pq, sq)a&(pq, s2)b (k) ~0),

(4.1)

(4 2)

where e ~ is the I evi-Civita tensor which describes the isospin function of the deuteron and the nucleon spins sq, s2
and orbital momentum in rpo "(pz, pz) are summed to the total angular momentum J = 1. The quantum numbers
a, P, and j are combined so as to give the total deuteron isospin T = 0. The physical meaning of the coefficient yo
can be understood by projecting the bare deuteron state onto the state with two nucleons located at points rz, r~ in
coordinate space

S,a,(»»lmoN~N2) = s
e' ' " ' ' "(2~) ~(p~+P~) ao'" (Pl P&) X X 9 9p2m s 2

x ( O~a- (kz, sz)a&(kz, s2)a (pz, sz)a&(pz, s2) ~0). (4.3)

It is clear from Eq. (4.3) that po(p, p) with spin, y„and isospin, g~, functions is the conventional deuteron wave
function in the momentum space, obeying the Schrodinger equation with OBE potential [36]. In what follows a more
conventional notation for po will be adopted, viz. , po(p, p) = 4~(p). For the function pq we have

pq'" ' (py, p2, k) = —(2vr) b (pq + p2+ k)
2mN (u(k) 2~(k)

cxa I

x po py)py D k 7, — 1 M2 (4 4)

The renormalization constant for the deuteron state contains the nucleon contribution (3.5) and the exchange part,
ZD ——2ZN + ZD, where

(2~) ~ k (4.5)

We proceed now with an. analysis of the moments of the deuteron SSF. To begin with, let us define the isoscalar
nucleon SSF, g~ (z) —= [g~~(z) + gP(x)]/2. Then the nth moment of the deuteron solely depends on M„(gP). Using
Eqs. (3.9)—(3.11) we get



SPIN-DEPENDENT STRUCTURE FUNCTIONS OF NUCLEI IN. . . 61

M ~g(gP) = M„~,(gP) (1 — "
(N +„(k) k + N„(k) (2k, —k ))4m~~ (2~)s ~2 k

2

+M„+i(gi ) —Ziv+ ~ s (2k, —k ) +. n
™

4m' (2)l ) 2ld k mN
(4.6)

The moments of the deuteron SSF s are determined by matrix elements similar to those in Eqs. (3.6)—(3.8). In
the nuclear case all the operators (2.24)—(2.26) contribute to the corresponding matrix elements. While evaluating
the matrix elements, one obtains contributions corresponding to Eqs. (3.6)—(3.8) computed with the deuteron wave
functions (4.1) and (4.2); representing the scattering off a bare nucleon and self-energy-like corrections (see also Fig.
2). These diagrams provide the contribution to the Fermi motion of "dressed" nucleons. Besides, there are terms
of a pure exchange origin which reQect the fact that nucleons in the deuteron are "off-mass-shell, " and terms with
renormalization and recoil contributions:

N P, P 0'~ P Z(&2) P @~ P

,%~(p)S,V (k)
~

—N„"(k)
~

4~(p+k) (4.7)

where S is the total spin of the nucleons, S = 2(o'i + o'2) (with its projection on to the z axis S,), V (k) is
the one pion exchange potential, (S,)& ——(1 —3/2P~), PD is the D wave proba-bility in the deuteron, Z~~2l(p) =

2 [Z+z(p, p) + Zz (p, p)] [see Eqs. (2.24)—(2.27)] and N (k) is defined by

n n

k, ( 2miv) ( 2m' p
(4 8)

The expressions in Eq. (4.7) still contain the bare moments, M„(gP). However they may be expressed through the
physical moments by making use of

( 3 N N N NM-+i(» ) —M-+i(gi ) = (S.)D M +i(» ) —M-+i(gi )2 )
= (E(,2) N„(P))~ (M +z(gp) —M +g(Qp)) . (4.9)

In obtaining expression (4.9), we have used that fact that M„(gP) —M„(gP) g2; then the moments of the deuteron,
up to g terms, contain only well-de6ned quantities, viz. ,

(1 —Z D)

1 ~ ~ 2

FIG. 2. The helicity amplitude for the for-
ward Compton scattering off the deuteron.
The notations are the same as in Fig. 1.
The 6rst three diagrams represent the im-
pulse approximation with physical nucleons
plus renormalization effects, and the remain-
ing two diagrams are the deuteron recoil and
interaction terms, respectively.
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1 (MD&"
I M„+,(g, ) =M„+,(»)~Z

2 (mN)

+M-+i(»") ~D" (p) I
1+ +

2
T1

k TL

(4.10)

where

f'"(p) = — ) M%' (p) I
+s.+, p. I

@ (p), (4.11)

~D"'(»k) =
4 ). ~@~(p) (S V (k)) @~(p+k) (4.»)

where (S„V ) stands for the anticommutator of S, and V and AZ, which is the difFerence between the renormal-
ization and recoil contributions, has the same origin as in the case of nucleons and reads as

2EZ = — ) M, 4" (p), V (k) 4 (p+k).1 . dpdk, D (S ) —S,
2 (2~) 2~ k (4.13)

Figure 2 illustrates the dressing of the moments of the deuteron. The sum of the Brst three diagrams gives the
impulse approxlmatlon, that ls, the scattering 08 a physical al eady dressed nucleon. Comparing these diag ams with
those in Fig. 1, it is seen that in the impulse approximation the hehcity amplitude on the deuteron is determined by
the scattering amplitudes ofF &ee physical nucleons, which ought to be fixed &om other experiments. In this context,
the present approach allows one to avoid the problem as to what amplitudes should be associated with "off-mass-shell"
nucleon in impulse approximation (see, for instance, Ref. [42]). In our approach the binding efFects are taken into
account by terms which are of a pure exchange origin (Fig. 2, last diagram) which contain implicitly, via the potential
V (k), the contribution of the meson degrees of freedom. The fourth diagram is the recoil contribution terms.

Applying the inverse Mellin transform to (4.10) and omitting the b, Z part, the deuteron structure function»D can
be obtained in the convolution form

M~ /m

-~, (-)= —., I

—
I

f (.)+f"(.)D dy N ~+~ IA int

y (y) (4.14)

where the distribution functions fz+(y) and fD (y) are given by

(y) s fD (p) ~
I y —1—iA dp iA p.

(2') mN 2m

dpdk, „, 1 ( k, & ( k
fD'(y) = st"'(p, k) —~

I
1 —y+ '

I

—b
I

1 —y —
I ~(y),

(2~)
' k, ( 2mNP ( 2mN)

(4.15)

where f corresponds to the impulse approximation, or Fermi motion correction, with "on-mass-shell" nucleons, and
f'" accounts for the binding of the nucleon inside the deuteron.

Equations (4.10) and (4.14)—(4.16) are the basic result for the determination of the moments and the SSF's of the
deuteron within the OPE-OBE approach. It will be shown later on that Eqs. (4.14)—(4.16) lead, if proper assumptions
are made, to the phenomenological convolution model approach used in Ref. [12]. It is worth recalling here the problem
as to whether the so-called Qux factor has to be considered in the convolution formula for polarized deep inelastic
scattering [13,43]. In our approach the nonrelativistic flux factor (1+p, jmN) comes automatically, as it can be
seen from Eq. (4.11).

Formulas (4.10)—(4.16) have been obtained for the pseudoscalar isovector coupling. In this case the deuteron wave
function 4 (p) appears to be the solution of the Schrodinger equation with the one pion exchange %2V potential
V (k). Obviously, this wave function and the one pion exchange potential are not yet suKcient to describe the
properties of the deuteron. To this end it is necessary to take into account other mesons contributing to the OBE
potential, viz. , the o, m, p, q, and b mesons [32]. Including these mesons in our approach leads to contributions similar
to (4.10) and. (4.16), except that the wave function @D(p) is replaced by the solution of the Schrodinger equation
with the full OBE potential. The convolution formula can be written in a more compact form by expanding the b
functions in (4.16) and retaining terms up to k, /mN2, one gets
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1
D( ) i~( )

d -

N( )- (Sz) VQBE(k))II
(4.i7)

where

M~/M

IA(~) — y ~
~

~

fIA( )
y

'
Ey)

(4.i8)

and. (S,VoBE)j7 is the spin-weighted mean value of the potential of the nucleon in the polarized deuteron.
The second term in Eq. (4.17) is the correction to the impulse approximation due to the binding of nucleons. It

can be seen that this contribution is small ( (VoBB)/mdiv) and depends on the behavior of the nucleon structure
function gx (x) and its first derivative.

B. The He

In this section the Compton helicity amplitude h+ ~+~ pertaining to the scattering of the virtual helicity (+)
photon off the polarized (with projection M = 6 2i) sHe nucleus will be presented. Using the Tamm-DancoK decoxn-
position for the state vector ~sHe)g —p ~ and the operators O~" (n), the following form for the helicity amplitude can
be obtained:

&+ ~,+ ~ = — ) . I

—
l

dVsHs@M (Pl, P2) Ps)m~ )( x) (2~)s 4m~2 ~'
3

x ) 3k ot'lC~'l
~

—N~+l(k)
~
+ 2k, (cr~'l k) —k a~'l w~'lC~'lm~'l

~

—Nl '(k)
~

(4.19)(2QJ ) 2(d) )

3

+(1—&'H ) ).N (p')~; (p')C @m (»»») (4.20)

, ) (V...S„,j ~

—+N~'l(k)
~
+ 'dr~"lC~ l @~(p, +k, pi„p, —k) (4.21)

3
+ cr C, dVsH, = '

b pg+pp+pg, and in Eq. 4.21 i, j list two nucleon pairs2~ '
exchanging a meson while the remaining kth nucleon interacts with the incoming lepton, k g i,j. In Eq. (4.19)
the reader may easily recognize the corresponding "dressing" part for bare nucleons, Eqs. (3.10) and (3.11), which
being included into Eq. (4.20), gives the impulse approximation with the physical nucleons. The last term in Eq.
(4.21) and the term depending upon the renorxnalization constant ZsH, in Eq. (4.20) correspond to the recoil and
renormalization contributions, similar to those obtained in the deuteron case. The moments of the sHe SSF's can
easily be obtained by recalling Eqs. (2.14) and (3.13): the inverse Mellin transform gives the SSF in the convolution
form

" dy „(x'( „„(x)(~) = —gi l

— f"H.(y)+ gx l

—
l
f"H.(y)y . &y) ' Ey) (4.22)

where the effective distribution functions fsB (y) of nucleons in He contain contribution from the Fermi motion of
"an-mass-shell" nucleons (impulse approximation) and from the nuclear»nding

where

f."H".(y) = fIA" (y) + f;".'t" (y) (4.23)

f&&" (y) = J dVy'nil (y&'py py) d
l

y —I—
mIV

f,". ',"(y)=, ri";~z (pi, P2~ pay k)
dVs H, dk „„8(y)

p2i 'l

2m~~ )
k,—y+ 2m~) 2m' )

(4.24)

(4.25)
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with the spin-dependent momentum distributions n~~' and n";„'t being de6ned by

M=+i/2, '

n;„', (pi, p2, ps, k) =

~@~ *~,'(p') ([1+ (&)]/ ) @~'

~@~"(pi, p2, ps) V~;~ S;~ ([16 ~s(j)]/2) 4~'(p, + k, pi„p~ —k).

(4.26)

(4.27)
~=+1/2, igj

Equation (4.22) can be cast in a more manageable form by expanding the b functions as in the case of the deuteron

gi" (&) =

n( ))
( z OBE) «

g
mN

MsH /mph'

dy „fx')„„fx')—Ã l

—
I fiA(y) + yi I

—
I &IA(y)

&yi Ey)

p( )]
2(+z VOBE)z«

dx 7DN
(4.28)

where (o.,'VoBE)zH, is the spin-weighted mean value of the potential of the nucleon ( i = p, n) in the polarized He.

C. Ceneralization to heavy nuclei

Let us generalize our approach to heavy nuclei. To this end, let us 6rst discuss the unpolarized case. The comparison
will be carried up to a given order in (p/mIv)", namely, to n = 2.

Guided by the results for A = 2, one can write for a generic isoscalar nucleus A [18] 2

where

and

FA( ) ~IA( )
2 (*) ( )~
dx mN

+l"(*)= f r.
I

—
I &,'"(z)dv,

Ey)

(4.29)

(4.30)

f& (y) =
l
1+ '

In(p)~ l y — 1+ +IA ( P i ( P P
mIV ) ( 2miV m~ )

(4.81)

In Eq. (4.29) (V)~ is the mean potential energy of the nucleon interacting with the lepton; it is linked to the
nuclear mean potential energy per nucleon (V) = (iI)'Al g,&. v;&i@A)/A by the relation (V)A = 2(V). The well-

known relationships between the total energy per nucleon eA = E~/A, the mean nucleon kinetic energy (T)
(@~]p,. t; l4'~)/A, and the mean removal energy per nucleon (E) are given by eA = (T) + (V) and (E) = 2lE'A l+ (A—
2)(T)/(A —1)

Now we turn to the deuteron Eqs. (4.11), (4.12), and (4.14)—(4.16). In the definition of the distribution functions
in impulse approximation, Eq. (4.11), it is easy to identify the nonrelativistic analogue of the nucleon spin vector
S, + (S p)/2m2~, which may be obtained by applying the I orentz boost operator to the spin vector of a nucleon at
rest. In the nonreiativistic limit the spin vector is the same in any reference kame. Consequently, in the extreme
nonrelativistic limit it should be replaced by S, only. Furthermore, in the matrix element of (S p)/mIv in Eq. (4.11)
only the z components of the scalar product (S . p) give a contribution as it can be checked by direct computation.
So that in this case the distribution function fi (p) becomes

f'"(p) = — ) MC' (p) l
1+ '

l
S, 4 (p). (4.32)

Expanding the 8 function in (4.16) around the "on-mass-shell" y, b(y —1 —p /2m2N —p, /mIv) —h(1 —y) —8'(1—
y)(p /2m~ + p, /mIv) and substituting in Eq. (4.16) the difference of two b functions by its first derivative we get

(z) —= &"(z)+7"'( )= —,z). ~ f, .&' (v) i
&+ * iz*&~(v)

x [h(1 —y) —b'(1 —y)(p /2m& + p, /m~ + sii/m~ —(T)/m~) (4.33)

Note that in Eq. (16) of Ref. [18] the "plus" sign in Eq. (16) should be replaced by a "minus" sign.
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In deriving Eq. (4.33) we used the Schrodinger equation to express (S„V) through the deuteron binding energy s~
and the kinetic energy (T) of nucleons. It can be easily shown that Eq. (4.33) can be cast in the form

m N —E —p'/2mN + p. ')

mpf ~

where we have introduced the deuteron spin dependent spectral function

&P(» E) = +~=i(p) S.+~=i(p) ~(E —lsDI)

(4.34)

(4.35)

giving the probability to find in the deuteron a nucleon with momentum p, removal energy E = !a~!, and spin
projection S,. In order to generalize Eq. (4.34) to a heavy nucleus, we notice that the quantity mN —E —p /2mN
appearing in the b' function of Eq. (4.34) is nothing but the time component of the four momentum of an off-shell
nucleon in the deuteron, viz. , po ——MLi —gpz + mN mN —le'~

I

—p /2mN.
Formula (4.34) can therefore be generalized to the case of any nuclear mass number A ) 2 by substituting the

"deuteron spin-dependent spectral function" 'P~D(p, E) with the corresponding nuclear spin dependent spectral func-
tion [14,44]. Then Eq. (4.34) exactly coincides with the phenomenological convolution approach used in [14,12] (see
next section).

D. Comparison with the conventional convolution
approach

2

+ p + pz

2m~ m~
p'/m2N; we get

and keep only terms of the order

~~"(*) = f+~"
I

—
I

f~(w)&w (4.36)

Using the concept of spin-dependent spectral func-
tion [14, the SSF of sHe has been recently calcu-
lated [12] within the so-called convolution approach in
which the lepton is assumed to interact with ofF-shell
nucleons with four momentum p = (po, p), with po =
M~ —g(E —mN + M~) + p, where M~ is the mass
of the target nucleus and E = M~ q+mN MQ+E~
is the nucleon removal energy with M~ q being the mass
of the spectator A —1 system and E& z its intrinsic ex-
citation energy. Since in our calculations we have used.
the results of Ref. [14], it is worth comparing the two
approaches from a formal point of view. To this end, we
start with the unpolarized case. Then we can use the
analogous of (4.17) for an isoscalar nucleus in the unpo-
larized case and take its generalization to any value of A,
as we did in the previous section obtaining Eqs. (4.29)
—(4.31). The convolution formula for ofF-shell nucleons
reads as follows [13]:

f~(v) =
I
1+

I ~(lpl)
s-l

mN)
2

xh!y — 1+ 2 + '
Idp

2mN mN )
+(E)+(T)A/(A-1)b

y 1b y —1, (4.as)

where n(lpl)=JP(lp!, E)dE and (E)= f EP(!pl, E)dpdE. Substituting (4.3S) into (4.36) and
using the relationship (E) + (T) = 2(V) we recover Eq.
(4.29). Thus we have demonstrated that the convolution
formulas arising from the OPE and &om the conventional
treatment of unpolarized DIS coincide up to the order
p /mN, likewise we have shown that at this order the
binding efFect in the latter approach arises from the av-
erage potential energy of the nucleon hit by the incoming
lepton. Let us turn now to the polarized case and let us
analyze the He case. The conventional approach yields
[12]

where

f~(&) =
I I P(lx I

E)~
I ~ —

I
dpdE

('S+ & & p+ ')

kmN) 0 mN)

(4.37)

"dv, &*&» (*) = ). —gal —
! 0'(u),

u
' (v) (4.39)

where the light cone momentum distribution G'(y) is
given by the following expression:

with p+ = po + p, and P(lpl, E) being the unpolarized
nucleon spectral function. It can be seen that whereas
in Eq. (4.17) the binding efFect is explicitly displayed
through the mean potential energy (V), in the conven-
tional convolution approach the binding effects are hid-
den in the definition of the light cone momentum dis-
tribution f~(y). Let us, however, write down the latter
in the order p2/m2N as in Eq. (4.17). To this end, we
expand the 6 function in Eq. (4.37) around the point

~ (") = f ~~f ~&~ii(r ~)~
l ~ — *

l

(4 4O)
mN

where E = MD+mN —MsH, +E~ is the nucleon removal
energy (E~. being the energy of the spectator np pair in
the continuum), po ——MsH, —[(E—mN+MsH, ) + !pl ]~
is the energy of a bound "off-mass-shell" nucleon, and
P~~ (p, E) is the spin dependent spectral function (cf. Eqs.
(9) and (16) of Ref. [12]). The integral of the spin de-
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pendent spectral function represents the spin dependent
momentum distribution

1.02

1 .00

(4.41)

By expanding the h function in (4.41) around y—
2

1 + + ' and considering the recoil of the two
2m' m+7

body system nonrelativistically (EIt = p /4m~), and
taking into account the difFerences between the proton
and neutron spectral functions (see [13]),it can be shown
that (4.22) and (4.28) are recovered.

V. RESULTS OF CALCULATIONS

A. The deuteron

For explicit numerical calculation of the nuclear SSF,
Hgi (x) and gi '(x), one needs, as it can be seen from

Eqs. (4.14) and (4.28), a suitable parametrization of the
isoscalar nucleon SSF gi (x). Within the present ap-
proach this function contains all the information about
the Wilson's coeKcients and the influence of the meson
cloud on bare nucleon; moreover, according to the main
assumptions of the efFective meson-nucleon theory, it in-
cludes all the dynamic at distances shorter than the core
of OBE potential. The parametrization of gz should be
fixed &om the experiment; in principle, there exist nowa-
days experimental data of gi on both the proton [1] and'

the neutron [4] structure functions, but they are not yet
fully complete, especially at very small values of x. In
this interval some assumptions about the behavior of the
nucleon structure function are unavoidable. Moreover,
the choice of the isoscalar structure function gP(x) de-
termines whether the Bjorken and Ellis-Jaffe sum rules
will be fulfilled or not. In this sense our results depend
on the parametrization of the nucleon SSF, however this
dependence is found to be insignificant (see below). We
have chosen her'e two difFerent parametrizations of the nu-
cleon SSF, describing quite well the EMC data on pro-
ton and satisfying the Bjorken sum rule. We use the
parametrization &om Ref. [45] as a basic input in all our
calculations, and in order to analyze the dependence of
the results from the chosen parametrization we use the
parametrization from Ref. [46].

In our numerical calculations for the deuteron we use
the wave function obtained from the Bonn interaction,
yielding P~ —0.0428 [35]. Figure 3 displays the numeri-
cal estimate of the ratio B~ = gi /gi, which illustrates
the efFects of nuclear structure on g&D. The results pre-
sented in this figure, deserve the following comments: (i)
within the impulse approximation [curve 1; Eq. (4.14)
without f' ], the ratio in the interval 0.2 ( x ( 0.7
is governed by the destructive contributions of the D-
wave admixture which generates a polarization of the
deuteron along the z direction even if the nucleons have
their spins aligned in the direction opposite to the po-
larization. Thus it can be concluded that the efFect of
the D wave is the most relevant nuclear contribution

0.98
g D&(x)

0.96
g&(x)

0.94

0.92

0.90
0 0.2 0.4 0.6 0.8 X

FIG. 3. The ratio of the deuteron and the isoscalar nu-
cleon spin-dependent structure functions (SSF). Curve 1: the
impulse approximation; curve 2: impulse approximation plus
interaction term ((S„V)). Both curves have been computed
using the parametrization of the nucleon SSF from Ref. [45];
curve 3: the same as in curve 2, with the parametrization
of the nucleon SSF from Ref. [46]; curve 4: the same as
in curve 2, plus the contribution from the interaction term
((S,Von@)) representing the total contribution af all mesons
considered in the one-boson-exchange (OBE) interaction. The
arrow indicates the value (1 — PD) (see—text).

within the impulse approximation; (ii) as for the inter-
action term, according to (4.17), the binding corrections
to the deuteron SSF is governed by (S„VQEE)D. I et us
first of all estimate the contribution due to pions; a direct
numerical computation gives

(S„V )D - —5 MeV. (5.1)

where (T)p 2 are the mean values of the nucleon kinetic
energy in the S and D waves (for the deuteron wave
function of the Bonn potential we have (T)p 10.2 MeV
and (T)z = 4.4 MeV). Taking into account Fermi motion
and the full interaction efFects by Eq. (5.2) results in a
EMC-like efFect, as in the unpolarized case (curve 4 in
Fig. 3). By comparing curves 1 (only Fermi motion) and
4 (Fermi motion plus binding), it can be concluded that
the main nuclear structure effect in the deuteron SSF

[If model ambiguities given, e.g. , by different choices for
the form factors and wave functions are considered, one
gets (S„V )D —(3—5) MeV. ] It can be seen Rom Fig.
3 that the effects &om binding due to vr mesons is similar
to the one occurring in the unpolarized case, but signif-
icantly smaller. It can also be seen that the results are
not sensitive to the parametrization of the nucleon SSF
(cf. curves 2 and 3). We turn now to the estimate of
the contributions due to other mesons, although it could
be anticipated that the pions give the dominant contri-
bution to the binding efFects, since the pion contribution
in the deuteron is the inost significant one [37,47]. In
order to estimate the most general boson contribution to
the deuteron SSF one should, in principle, calculate the
matrix elements (S„VQBE)+ for all kinds of bosons con-
sidered by the Bonn potential model. To this end one
can use the Schrodinger equation to get

(Sg I VQEE) = (1 —
2 PLi) sD —((T)p 2 (T)z) I (5.2)
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= 2p"r'H. —2( )ii, (5.3)

are mostly in the singlet So con6guration so that the
polarization of the He is mainly determined by the po-
larization of the neutron [11,10]. For such a reason DIS
experiments off polarized 3He are aimed at obtaining in-
formation on the neutron SSF's. However, the nonvan-
ishing proton contribution to the total polarization and
nuclear structure effects could in principle hinder the di-
rect extraction of the neutron SSF. We have calculated

Hthe sHe spin structure function gi ' [Eq. (4.22)] using
the same approximation as in the case of H, i.e., by using
Eq. (4.28).

The interaction term, obtained using the Schrodinger
equation and a three-body wave function containing S, S'
and D waves, reads as

002
10 Xm

FIG. 4. (a) The weighted deuteron spin-dependent struc-
ture function xgP(x); (b) the first moment

Mi(gP) = f gP(x)dx versus the lower limit of integra-

tion x;„.The dotted (solid) line corresponds to calculations
with the parametrization of the nucleon SSF from Ref. [45]
(Ref. [46]). Experimental data from Ref. [3].

B He

As is well known [10] the interest in polarized He

targets stems &om the fact that such a system can be
considered to a large extent as an effective polarized neu-

tron target. As a matter of fact, the two protons in He

comes &om the presence of the D wave, with the binding
effect remaining a rather small correction. Note that all
curves in Fig. 3 are not shown at values of x smaller then
x = 0.2. The reason is that realistic parametrizations
of the nucleon SSF have nodes at small x, which lead to
"poles" in the ratio giD/gP simulating nuclear effects. At
values of z smaller then these poles, all curves in Fig. 3
tend to the limit (1 —zPD) as x + 0 (this is a general
result for all kinds of parametrization no more singular
at the origin than 1/x).

Figures 4(a) and 4(b) display the calculations of the
absolute values of the deuteron structure function and
the comparison with the SMC experimental data: a good
agreement between our results and the experimental data
can be observed. The numerical estimate of the 6rst mo-
ment of giD(x) within our approach, f dxgi (x) = 0.03,
is also in an agreement with the experimental result

f dxgi (x) = 0.023 + 0.02 + 0.015 [3].

(
(o,"VQBF)sH = 2

~
PS + —PS' PD

~

ssHe

1—2
~
(T)S+ —(T)S —(T)D I3

= 2p"ssH, —2(T)" (5 4)

(0 VQBF)sH 24 MeV (5.5)

(0 VQBE)sH, = —17.8 MeV. (5.6)

In Fig. 5 the ratio RsH, ——gi '/gi calculated us-

ing the proton and neutron spin structure functions &om

Refs. [45,46] is presented, whereas in Fig. 6 the SSF giH'
is compared with the &ee neutron SSF. It can be seen
that, as in the deuteron case, the contribution of binding
effects is rather small. It should be pointed out that the
results presented in Figs. 5 and 6 can hardly be distin-
guished &om the ones obtained within the conventional
convolution approach of Ref. [12] [Eq. (4.39)]. Accord-
ing to the conclusions of Sec. IV C this means that rela-

2

tivistic effects (terms of order larger than ", ) are small,
fA Q

as also demonstrated in Ref. [16]. Our results fully con-
firm the finding of [12], namely, that nuclear structure
effects in DIS of polarized electrons off polarized 3He are
those due to the effective proton and neutron polariza-
tions generated by the S' and D waves of He wave func-
tions, so that the relation

where PiI f Ii(p)——dp/( vr), (T)I]
—— f I](p)p'/

2m~ dp/(2m)s, and ssH, is the mean value of the binding
energy per nucleon in He.

The spin-dependent momentum distributions, the ef-
fective nuclear polarizations, and the mean values of the
kinetic energies have been taken &om Ref. [12], where
these quantities have been calculated &om the spin-
dependent spectral function obtained &om the Reid soft
core interaction. The results are
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g He(x)

1.00
-0.2

0.90 -0.4

0.0 0.10 0.30
-0.6

FIG. 5. The ratio of the He and free neutron SSF
calculated within the impulse approximation (dotted) and
within the impulse approximation plus the interaction term
((8,VosE)) (solid). Curves 1 (2): parametrization of the
nucleon SSF from Ref. [45] (Ref. [46]).

10 10 X

FIG. 6. The SSF for He calculated using the parametriza-
tion of the neutron SSF from Ref. [45]. Dashed line: the
impulse approximation; solid line: the contribution of the im-
pulse approximation plus binding effects. Dotted line: the
free neutron SSF.

H
gl '(*) = »~ Ã(x) + p- » (x) (5.7)

VI. CONCLUDING REMARKS

The necessity of plausible and precise data on the neu-
tron spin-dependent structure function is obvious. Since
the information about the internal neutron structure is
predominantly obtained from nuclear data, usually from
the polarized deuteron and He, an appropriate nuclear
model for subtracting of the effects of nuclear structure
is requested.

In this paper a theoretical approach for the analysis
of polarized deep inelastic scattering off light nuclei was
proposed, which allows a self-consistent consideration of
the role of the Fermi motion and the meson degrees of
freedom. Since our model relays on the operator product
expansion method within OBE approximation, the nth
moment of nuclear SSF have been found as a product of
two n-dependent functions. The contribution of the im-
pulse approximation and of the nuclear corrections to the
moments have been separated in an explicit form. As a
consequence, the inverse Mellin transform yields back the
nuclear SSF in a convolution form with two distribution
functions: one of them describes the electromagnetic in-

p& ———0.030 and p = 0.88 being the effective nucleon
polarization, represents a reliable approximation of Eq.
(4.39) at x & 0.6. The smallness of the difFerence between

Hthe &ee neutron structure function gP(x) and g~ '(x)
is due to the smallness of the nuclear structure effects
and is largely independent of the form of the chosen
parametrization for the nucleon SSF. For instance, us-
ing the parameters &om Ref. [45], the results presented
in Figs. 5 and 6 change by 20%%uo, i.e. , by a quantity well
below the experimental errors, hence, Eq. (5.7) may be
considered as a good approximation for the extraction of
the neutron SSF.

teraction of the lepton with an on-shell nucleon, whereas
the other one describes the strong interaction of the hit
nucleon with the other nucleons of the nucleus.

A generalization of the model to the case of heavy nu-
clei has been proposed and the comparison with the con-
volution approach based upon lepton scattering ofF bound
ofF-shell nucleons [13]was performed with the result that
up to order p /m~ the two approaches coincide. The
numerical calculations of the spin-dependent structure
functions for polarized deuteron and He show that the
nuclear corrections are relatively small and essentially de-
pend on the spin-orbital structure of the corresponding
nucleus, in agreement with the finding of Ref. [14], based
upon the conventional convolution approach. For the
deuteron the main efFect of the nuclear structure is due to
the destructive role of the orbital motion of nucleons with
L = 2 and is of the order of magnitude (1 —&P~)). The
comparison with the SMC experimental results [3] shows
a reasonable agreement of our calculations with the data.
In case of polarized He the main nuclear structure cor-
rections come from the 8' and D wave admixtures to the
ground state wave function. Since they lead to a partial
depolarization of the neutron inside polarized He and
to an effective proton polarization, gz slightly differs
from the free neutron spin-dependent structure function

The binding effects in both cases are found to be
small. These results agree with those obtained within
the convolution approach [14,12,9].

To sum up, we can conclude that the convolution ap-
proaches so far proposed describe fairly well the peculiar-
ities of polarized DIS off polarized nuclei, so that nuclear
corrections can be estimated in a reliable way. In clos-
ing, we would like to point out that our method based
upon the OPE within the effective meson nucleon the-
ory, allows one to microscopically understand the origin
of the binding effect which is present in the convolution
approach. Moreover, since the expressions for moments
have been obtained explicitly, this allows one to estimate
the in8uence of nuclear effects on the Bjorken sum rule
via direct calculations of the Grst moments.
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