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Abstract

A consistent theoretical approach is suggested for the description of deep inelastic
scattering of polafized leptons off polarized deuterons within the operator product
expansion method and an effective meson-nucleon theory. Our approach describes
fairly well recent deuteron experimental data on the spin structure function g,(z).

1 Introduction. One of the topical proBlems of the present experimental and theoret-
ical investigation of deep inelastic scattering (DIS) of leptons from hadronic targets is the
determination of the electromagnetic and weak interaction characteristics of the neutron.
The proton and neutron properties together will allow one to verify sum rules of Quantum
‘Chromodynamics and predictions of QCD-motivated models. In previous experiments some
indications of a breakdown of the fundamental symmetries are found (e.g., the famous spin
crisis [1], the isospin symmetry violation [2, 3]), and the validity of both the Bjorken and
Gottiried sum rules are called into question. The new experiments, starting now at DESY [4],
SLAC [5] and by SMC [6] are aimed to clarify this subject.

The SM [6] and E142 [5] Collaborations have recently obtained first results on the polar-
isation asymmetry of the cross sections and the spin dependent structure functions (SSF).
These data together with earlier result of the EM Collaboration [1] can now be used for
consistency checks. The SLAC data on polarized 2He [5], after the subtraction of nuclear
structure effects {7, 8], one can extract the neutron SSF and compute the Bjorken sum rule
integral. It is found that Bjorken sum rule is slightly violated (by about three standard de-
viations), whereas the first moment of the neutron SSF is found to be in a good agreement
with the Ellis-Jaffe sum rule. This result seems to be in conflict with the conclusions drawn
from the EMC experiments [1], that is, there is no room for the spin crisis in the SLAC
results [5]. At the same time, the SM Collaboration performs the first measurements on po-
larized deuterons [6]. From these data one can estimate the SSF of the “isoscalar” nucleon.
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Combining these data with EMC proton data one finds the validity of the Bjorken sum rule.
Note the rather large errors (~ 100%) in the SMC data. It is worth stressing here that the
SLAC and SMC measurements are performed with nuclear targets, and the interpretation of
the data requires an accurate theoretical model describing the DIS off polarized nuclei. Only
after a correct subtraction of the nuclear structure effects, a discussion about self consistency
of data interpretations can be meaningful.

In the previous papers [9, 10] we suggest a theoretical model to analyze the DIS off
unpolarized targets by using the operator product expansion method within an effective
meson nucleon theory with one-boson-exchange interaction. Within this approach a good

description of DIS off unpolarized nuclei is achieved in a large interval of nuclear masses and
' the Bjorken scale variable z. The purpose of the present paper is to extend the proposed
model to the polarized processes of DIS off a deuteron target. We apply our new approach
to the SSF of the deuteron and find good agreement with recent data.

"2 Basic Formalism. The SSF’s are determined experimentally by measuring the asym-
metry in the reaction with polarized particles T+A— I'+ anything. The antisymmetrical
part of the cross section for inelastic lepton scattering, W, , is proportional to the imaginary
part of the corresponding amplitude T}, for forward, virtual Compton scattering from the
polarized target,

W#U(Qz, S)=

2 .
Epre € S"Gl(qo,Q2)+((p-q)5"—(S-Q)P”)g%(?—) =%ImT,;,,(Q2,S). (1)

Here G5 are the spin-dependent structure functions, p* = (M4, 0) denotes the four momen-
tum of the target, M, stands for the mass of the target. S is the normalized spin four vector
(S-S5 =-1,5p=0). The transferred momentum is Q* = —¢?, where in the laboratory
frame ¢* = (v,0,0, —|g]).

In the Bjorken limit (—Q? — oo, ¥ — o0, T4 = ¢/2M,v - fixed) the functions Gy are
predicted to depend only upon z,, yielding the scaling spin dependent structure functions,
gi(z4) = vGi(v,Q?) and go(z4) = V2Ga(v,Q*)/My. Our further consideration will be
performed in the Bjorken limit.

The Compton amplitude T}, is given by a matrix element of the time-ordered product of
two electromagnetic current operators with the polarized target ground state |p, H), where
H denotes the projection of target spin on the z-axis. Since in DIS kinematics the trans-
ferred momentum ¢? is large, the main contribution to the amplitude T}, comes from small
space-time intervals or, consequently, from the singularities of the product of operators with
the coinciding arguments. The most reliable method of analyzing these singularities is the
Wilson’s operator product expansion (OPE) [11, 12, 13]. Within it the product of two oper-
ators is expanded in sets of local operators with increasing order of their twist. The lowest
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values of the twist give the leading contribution in the Wilson’s series.

In our case the OPE of the antisymmetric part of Compton amplitude in the leading
twist order reads

y = 2 mH Ao 3 RTTS
T =it 3 Col@)(35) e tulp HIOE @), -

tn=0,2,... Q2

where ¢ stands for the fundamental fields of the theory under consideration, {uv...} de-
notes the symmetrization in the Lorentz indices, C,; are the Wilson’s coefficients (being
c-numbers), and O7 1+ "}(0) denotes the set of twist-two operators?. The explicit form of
these operators is to be constructed from the field operators involved into the consideration.
For instance, for the nucleon spinor fields V;(0) these operators are

(3{{“1"'““}(0) _ (%) . Nt(0)7675 37:1 . 37" Nt(O) :. (3)

Note that in eq. (2), due to the factorization property of the OPE, the Wilson coefficient
functions C, are related to short-distance physics (“subnucleonic” physics), whereas the
matrix elements of operators O7{#1--#1} characterize the large- distance physics (or effects of
nuclear structure). We are interested in the investigation of the role of nuclear structure in
DIS, hence further the main attention will be paid to these operators Oo{#1-#n},

For our analysis the use of helicity amplitudes is convenient. The helicity amplitudes
Axaxm , hagym for a process vy -+ targety = v + targety, where A\, X and H, H' are
the spin components of the photon and target, respectively, along the z-axis are defined as
follows -

3
A,\H,)JH/ = Eﬁ*Wuy(SHHI)GKI, h,\H’,\lH/ = 6‘; T#V(SHH’)EK/-

Here € is the polarization vector of an helicity A photon, i.e., V2 €t = F(0,1,43,0), ¢ =

(—¢:,0,0,90)/v/—¢?, the other notation is obvious. The scaling structure function g¢; is
completely determined by two helicity amplitudes
1 1

=3 (At — Apop-) = “;1‘7‘;[ m byt s — by g ] (4)

The contribution of the operators (7 {#1-~#n} (3) to the Compton helicity ampﬁtude is of the
form

o) ntl R
himan = - -__;2 C'u,t(—qz)(%;%) (OF () 45
Orma = (5) (o HI 02 N(0): Ioa H), ©)

?Note that in eq. (2) there is no definite symmetry of the operator O relative to the index o. An
originally symmetric operator O with indices {op1...pn} has been rearranged to exhaust the so-called
Wandzura-Wilczek term [14]. This term is relatively small and contributes to the SSF go(z) only.
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where 74 = 70 +7; and - = 9y — 9,. In deriving eq. (5) we use that fact that in DIS
kinematics || = qo.

Egs. (3)-(5) show the necessity in the analysis of the SSF within OPE method to rely on
a consistent determination of both the Wilson coefficient functions Ch: and the matrix ele-
ments of the twist-two operators O¢{#1-#n} sandwiched between nuclear ground state vectors
|pa H). So far there does not exist a rigorous theoretical method for computing simultane-
ously both these parts. Actually only one of them can be calculated in a self-consistent way,
the other remains to be fixed from experiment. We are interested in studying the nuclear ef-
fects in DIS, i.e., in the computation of the nuclear matrix elements of the operator Q7 {#1-#n}
For this one needs a field theory within that the nuclear ground state vectors and other char-
acteristic of a nucleus, such as binding energy, interacting potential, wave function etc., are
well described. The explicit form of the operators O {m--#n} are then determined. Here we
apply an effective meson-nucleon theory of NN forcesto the OPE method. First we choose
the interaction Lagrangian with pseudoscalar isovector coupling, that is the # NN vertex
with coupling strength gxnn, Lint, = =gz NN Lt 110 Ni(z)¥sTaPe(z)Nu(z), where o = z,y, 2
and t,t’ = 1,2 stand for isospin indices, ¢ is the isovector pion field. This Lagrangian be-
longs to the renormalized theories, so that the application of OPE here is justified [11, 12].
The spinor fields are the fundamental ones of the theory, i.e., the protons and neutrons here
are considered as "bare” nucleons. They appear to be point-like particles, and the scatter-
ing off them has to be connected in OPE with the Wilson’s coefficients C,;. The physical
nucleons ought to be ”dressed” by the interacting mesonic clouds and, consequently, the
nuclear target has to be presented as a superposition of bare nucleons with mesonic cloud
and mesonic exchanges. The most natural way of dressing the hadron target is provided by
the Tamm-Dancoff method, according to that the physical ground state of a nucleus may be
represented as

|A)pA,t, = \/,1 —_ ZA(p()‘Nl,Nz...,NA )PA:“ +8011N1,N2 ---,NA,W)pA,u + ey (6)

where Z4 stands for the renormalization constant, s is the spin index. The functions ¢;
are determined by the Hamiltonian of the system and the condition that the wave function
(6) describes the nuclear ground state [15]. The further procedure of computing the matrix
elements of the Compton amplitude is the following one: using the Hamiltonian of the
system, that is the equation of motion for the fields in the Heisenberg representation, one
computes the explicit form of the operators (5); then by making use of the expansion (6)
the matrix elements are calculated. Obviously, the resulting matrix elements contain some
divergent integrals, related to the self-energy like corrections to the bare nucleons, i.e. the
"dressing” diagrams. The same integrals appear when computing matrix elements for the
free physical nucleons. Since we investigate the effects of nuclear structure, these divergent
parts must be subtracted from the nuclear matrix elements, so that the finite resultsdepend
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only on characteristics of physical nucleons and nuclear structure. The Wilson’s coefficients
Cr, which are target independent, are the same in both cases and determine the DIS off the
bare constituents and ought to be included into the matrix elements of the physical nucleons.

3 Moments of the SSF of the Deuteron. As it has been mentioned above one
of the conditionsof self-consistency of the present a.pproé,ch is that the Hamiltonian of the
system and the Tamm-Dancoff expansion (6) describe the main features of the target. It is
known [16] that in nonrelativistic limit the effective meson-nucleon theory and Tamm-Dancoff
method result in one-boson-exchange potential that gives a good description of the deuteron.
The procedure of nonrelativistic reduction of classical equation of motion for the interacting
mesonic and nucleonic fields is well established, and details (e.g., Zp, ;) can be found in
refs. [15]. Making use of the nonrelativistic nucleon fields and nonrelativistic Hamiltonian of
the system we compute the explicit form of the operators OAZ{{‘ 11} and the corresponding
matrix elements for the physical nucleon and deuteron. After some cumbersome algebra

and the subtraction of the divergent parts, coming from the nucleon matrix elements, the
moments of the deuteron SSF may be written as
Mp D Pz p*\"
5 () MBo) = M gl)/ (HEJ“%? *

where n = 0,2,..., MY, stands for the moments of the ”isoscalar” physical nucleon,

M.t1(g1) = [ dzz™g1(2). The definition of Af is Af = L(f4141 — f1-1), and

14 (p) = V3(p)* (§—+s +32 pz) ¥2(p), ®

fi54(p, ) = VR(p)" - 5 (82 Va(k) + Vi (K) S) Uyr(p +k). ©)

where$S is the operator of the total spin of the nucleons and V,(k) denotes the one-boson-
exchange potential. The first term in eq. (7) is usually referred to as the impulse approxi-
mation contribution, while the second one is of the pure interaction origin and reflects the
influence of boundness of the nucleons inside the deuteron.

Applying the inverse Mellin transform to eq. (7) we reconstruct the deuteron structure

function g in the convolution form

Mpfm
1 dy
= | Y (2) (8000 + 8es). &
where the distribution functions Afr 4 (y) and Afy (y) are given by
dp I.A P- p2
= [ _Apla 1B P 11
Male) = [ i arie)s(v-1- 2o B, (1)



, apdk  in k. k,

M) = [ Aoz 5 (1-y+ 1) =5 (19— 2] o
Equations (7), (10) and (11) are the basic results in the determination of the deuteron
moments and the deuteron SSF within the operator product expansion approach with one-
boson-exchange. The expression for the impulse approximation contribution pra,ctica]ly coin-
cides with one used earlier [7] for estimates of the first moments of the deuteron SSF. For the
first moment it gives almost the same result as obtained in ref. {7, i.e., MP =~ (1—3/2Pp)MY,
where Pp is the probability of the D-wave admixture in the deuteron. The distribution func-
tion Afr4.(y) is interpreted as the distribution of the constituents with spins up and down
having a kinetic energy p?/2m? inside the up-polarized deuteron.

Formulae (10) and (11) become more compact if one substitutes in eq. (11) the difference
of the two §-functions by its first derivative

(15, Vel

SoP(@) ~ o4 () + ol (0) + 2 gl ()| 22T

. (12)

The second term in eq. (12) is the correction to the impulse approximation due the boundness
of the nucleons. This contribution is rather small (~ (1 —3/2Pp){ Vs )/m) and essentially
depends on the behavior of the nucleonic structure function gi¥(z) and its first derivative.

Formulae (7) - (12) have been obtained for the pseudoscalar isovector coupling. The
deuteron wave function ¥P(p) in this case is the solution of the Schrddinger equation with
the pion-nucleon interaction potential V,(k). Obviously, this wave function and potential
are not yet sufficient to describe the properties of the physical deuteron. For a thorough
analysis it is necessary to take into account other mesons contributing to the one-boson-
exchange potential, i.e., the o, w, p, 7, and & mesons that describe well the deuteron [16].
Our calculations with these mesons show that the form of egs. (7) - (12) is unchanged,
except that now the wave function WP (p) is the solution of the Schrédinger equation with
the full one-boson-exchange potential Vg pms-

4 Results. For explicit numerical calculation of the deuteron SSF g (z) one needs a suit-
able parametrization of the isoscalar nucleon SSF gV (z), cf. egs. (10) and (12). In principle,
now there exist experimental data on the proton [1] and the neutron [5] structure function
g1(z). But they are not yet fully complete, especially at very small z. In this interval some
assumptions about the behavior of the nucleon structure funciion are inevitable. Moreover,
the choice of the isoscalar structure function g (z) determines whether the Bjorken and
Ellis-Jaffe sum rules will be fulfilled or not. We chose here the parametrization of ref. {17]
which describes quite well the EMC data on proton.

Figure 1 displays the ratio gP /gl which illustrates the role of deuteron structure in polax-
ized DIS. The dashed curve is the result of a calculation with only the impulse approximation
contribution, while the full curve demonstrates the boundness effects in the deuteron.
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Fig. 1: The ratio of the deuteron and  Fig. 2: The weighted deuteron spin struc-
1soscalar nucleon spin structure functions. ture function z gP(z). Full line ~ the re-
Full line - the contribution of impulse approz-  sult of computaion within the present ap-
imation + contribution of bound nucleons to . proach; the experimental data are taken
the deuteron SSF: dashed line - the contribu- from ref. [6]

tion of impulse approzimation.

In the interval 0.05 < = < 0.75 the ratio is almost constant and about 7% less then unity.
This is just the effect of destructive contributions of the D-wave admixture in the polarized
deuteron, i.e., while the deuteron is polarized along the z-direction the nucleons may have a
spin in the opposite direction due their orbital (L = 2) motion. In contrast to the EMC-effect
on unpolarized DIS, the effect of boundness in the polarized case is rather small. This is an
understandable effect since in unpolarized case the structure function FP(z) determines the
energy-momentum conservation law, whereas in the polarized case the SSF ¢ reflects the
distribution of polarization of the constituents inside a polarized nucleus. Figure 2 displays
our absolute values of the deuteron structure function and the comparison with the SMC
experimental data [6]. In spite of rather large errors of these data the comparison with our
calculation shows a good agreement. The numerical estimate of the first moment of gP(z)
within our approach, [ dzgP(z) = 0.03, is also in a good agreement with the experimental
result [ dzgP M%) (z) = 0.023 £ 0.02 + 0.015 [6].

From these results we conclude that the proposed approach describes the peculiarities of
the deuteron spin dependent structure function. Being obtained in a rather consistent way,
the model may to be used as a nuclear model for subtractions the nuclear structure effects
in extracting the neutron (proton) SSF from combined data of SMC, EMC, SLAC groups
(cf. ref. [18] for the method).



5 Summary. In summary, we propose an extension of our theoretical method for in-
vestigating the role of the deuteron structure in DIS with polarized particles. We find good
agreement with the recent SMC data. Encouraged by this, our approach will be applied to
the extraction of the neutron SSF from the combined SMC and EMC experimental data in
subsequent work. This would allow for a consistent check of the Bjorken and Ellis-Jaffe sum
rule and spin crisis.
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