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Nuclear efFects in deep inelastic scattering of polarized electrons off polarized 3He
and the neutron spin structure functions
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It is shown that the nuclear efFects playing a relevant role in deep inelastic scattering of polarized
electrons by polarized He are mainly those arising from the effective proton and neutron polariza-
tions generated by the 8' and D waves in He. A simple and reliable equation relating the neutron,
g&, and He, g&, spin structure functions is proposed. It is shown that the measurement of the first
moment of the He structure function can provide a significant check of the Bjorken sum rule.
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The spin structure functions (SSF) of the nucleon gz
and g2 provide information on the spin distribution
among the nucleon partons and can allow important tests
of various models of hadron's structure [1]. Our experi-
mental knowledge is limited at present to the proton SSF
g~z [2,3] and it is for this reason that new experiments
[4—6] are under way aimed at improving the knowledge
of gz, as well as at measuring, for the first time, the
proton SSF gz and the neutron SSF gz and gz. The lat-
ter quantities are expected to be obtained from the spin
asymmetry measured in deep inelastic scattering (DIS)
of longitudinally polarized electrons off polarized nuclear
targets, viz. 2H and 3He. As is well known, the use of
3He targets, which will be considered in this paper, is mo-
tivated by the observation that, in the simplest picture
of He (all nucleons in S wave), protons have opposite
spins so that their contribution to the asymmetry largely
cancels out. However, such a cancellation does not occur
if other components of the three-body wave function are
considered; moreover, the fact that electrons scatter off
nucleons having a certain momentum and energy distri-
bution may, in principle, limit the possibility to obtain
information on nucleon SSF from scattering experiments
on nuclear targets. The aim of this Rapid Communica-
tion is to quantitatively illustrate whether and to what
extent the extraction of gz from the asymmetry of the
process sHe(e, e')X' could be hindered by nuclear effects
arising from small wave-function components of He, as
well as from Fermi motion and binding correction effects
on DIS. To this end, we use the spin-dependent spectral
function of sHe [7], which allows one to take into account
at the same time Fermi motion and binding corrections.
Moreover, our paper is based on a recent, improved de-
scription of inclusive scattering of polarized electrons by
polarized nuclei [8], which leads in the quasielastic kine-
matics to appreciable differences with respect to previous

calculations [7,9]; therefore we will also check whether
these differences persist in the DIS region, both at finite
values of Q as well as in the Bjorken limit. In Ref. [10]
the 3He asymmetry has been calculated taking into ac-
count S' and D waves, considering only Fermi motion and
omitting Q -dependent terms. In Ref. [11], based on a
target rest frame description of DIS, Q -dependent terms
have been considered, and. nuclear effects have been eval-
uated taking into account Fermi motion within a pure S
wave description of He.

In the Bjorken limit the longitudinal asymmetry for
inclusive scattering of longitudinally polarized electrons
off a polarized J =

2 target with atomic weight A, reads
as follows:

, »"(*)
~n + ~~~ E."(x)

»(*) = gi (*),
A, H

= f„A„
(2)

(3)

where A-(x) = 2xgP(x)/E2 (x) is the neutron asymme-
try and f„=E2"(x)/[2E2 (x) + E2"(x)] the neutron dilu-
tion factor. Such a picture is equivalent to considering
polarized electron scattering off 3He described as a pure
symmetric S wave, disregarding, moreover, Fermi motion

where o.11(1~) is the differential cross section correspond-
ing to the target spin parallel (antiparallel) to the elec-
tron spin, x = Q /2Mv is the Bjorken variable, gz and
I"2 are the nuclear spin-dependent and spin-independent
structure functions of the target A. In what follows, three
models for the asymmetry, in order of increasing com-
plexity, will be considered, viz. :

(1) No nuclear effects This mode.l is such that the
following equations hold:
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and binding eKects.
(2) Proton contribution u)ithin realistic suave function

of IIe Be. sides the S wave, the three-body wave func-
tion contains a percentage of 5' and D waves, Ps and
P~, which are responsible for a proton contribution to
the polarization of 3He. The amount of such a con-
tribution can be calculated by considering the quanti-
ties P

( ), representing the probability to have a protonp(n)~
(neutron) with spin parallel (+) or antiparallel (

—) to
3He spin. In a pure S-wave state P = 1, P = 0,(+) = (-) =
and P„+ = P„= z, whereas for a three-body wave(+) {—)

function containing S, S', and D waves, one has [12,13]

s [Ps + 2PD] and 6' = s[PD —Ps ]. From world
calculations on the three-body system one obtains, in
correspondence of the experimental value of the binding
energy of He, A = 0.07 + 0.01 and L' = 0.014 + 0.002
[12]. If the S' and D waves are considered and Fermi mo-
tion and binding eKects are disregarded, one can write

gi(*) = 2ppgi(*) + p-gi (*)
A, H

= 2f„p„AI-, + f„p„A„,-
(4)
(5)

where f„l l
= Fz" /(2'" + Fz ) is the Proton (neutron)

dilution factor, A„-l-l = 2zgi /Fz is the proton (neu-() () ~

tron) asymmetry and the efFective nucleon polarizations
are

p„= P„+ —P„)= —0.028+0.004,

p = P(+) —P( ) = 0.86+0.02.

(6)

(7)

(8) Proton contribution u)ithin the convolution ap-
proach. In order to take into account Fermi motion and.
binding efFects, we have extended to polarized DIS the
usual convolution approach adopted to treat the unpo-
larized DIS [14]. Let us first consider the general case
of inclusive scattering by spin-& targets in impulse ap-
proximation. We obtain for the nuclear spin structure
function gz the following expression:

gi"(» Q') =). ~» ~ ~I-~» (
—Q')

~~
(~, @)+

l l

IPI~Iv( E)
ql) M

x M 4'(&)
M 2E +M ")~ 'E'+ 2.;..P 'E'

~Q'1 x * z 1 Ipl' ~ x E C~'(~)

I

P" (p E)—v"'g ~~
' tanu )

'
Mv (8)

Pi
i

(p, E) = P, , M (p, E) —P, , M (p, E),

PJ (p E) = 2P M(p E)e'~

P (p, E) = slil AP~ (p, E) + cos cia i
(p, E),

where P is the polar angle, and

10)

P..~(»E) = ).[W~ i ~ p ~'I&J,~)]*
f

[&O.', ;~,p, l@.,~&]

x8(E —E~ i + E~) . (12)
is the spin-dependent spectral function. Of particular
relevance are the "up" and "down" spectral functions
P. . . and P. . . , respectively, for they determine the222 2 2 2
effective nucleon polarization, viz. :

where p = (p, p) is the four-momentum of the bound
1

nucleon, with p = M~ —l(E M + M&)' + lpl'
1

E is the nucleon removal energy; E„= [M + lpl
C'(a) = (3 cos a —1)/ cos n, with cos n = p q/Ipllql;
p~~

= lpl cosn; C is a constant to be discussed later on;

P~) (p, E), P& (p, E), 'P (p, E) are defined as follows [7]:

P. . . (p, E)dpdE
2 2 2

gi (*) = ) . dz —g~ — G~ z

Using in Eq. (8) the proper nucleon SSF gz~z), the nu-

clear SSF gz can be evaluated in the quasielastic, inelas-
tic, and DIS regions. Two diferent prescriptions were
used up to now to obtain the convolution formula: the
one of Ref. [9] (to be called prescription 1), correspond-
ing to C = 0 in Eq. (8) (such a convolution formula
has also been used in Ref. [7] where binding effects in
quasielastic scattering have been investigated), and the
one of Ref. [8] (to be called prescription 2) correspond-
ing to C = 1. The theoretical soundness of both pre-
scriptions, in particular some drawbacks of prescription
1, as well as their impact on the quasielastic asymmetry,
have been discussed in Ref. [8], and shall not be repeated
here; the important point to be stressed, in the context
of the present investigation, is that in the Bjorken limit
(v/lql -+ 1, Q /lql -+ 0) both of them lead to the same
result, namely

(+) PI I I (p E)dpdE
with the spin-dependent light cone momentum distribu-
tion given by
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G (z) = p E y
~II I pN (16)

+ 0w ere p = p —
@II is the light cone momentum compo-

turns out [15] that g2 depends both on gi and g
W i"ie have calculated the He asymmetry in the Bjorken

limit using Eqs. (15) and (16) as well as at finite values

g q. ~&&. In our calculations, the nucleon
SSF gi is the one proposed in Ref. 16], representing an
extension of the Carlitz-Kaur mod l &17'~b ll
dilution of the valence quarks due to gluon polarization;
t e e ective nucleon polarization ' E

) an (7); the spin-dependent spectral functions are the
ones obtained in Ref. [7], yielding values of p„( ) [cf. Eqs.
(13) and (14)] in agreement with (6) and (7).

The sHe asymmetry [Eq. (1)] calculated in the B'orken
limit for E . 15

e in e jor en

the un
r gi q. )] and the corresponding formula f

unpolarized structure function I"z (see Ref. [14]) is
ormu a or

presented in Fi . 1~~a~&a'g. ~~~&, nd the nuclear structure function
gi is shown in Fig. 1(b). The general trend of our results
resembles the one found in Ref. [10],except for the asym-
metry at x & 0.9 and g& at x 0. We will discuss the
origin of these differences later on nownow we wou' ' 'i' e
to stress the followin g point: the nonvanishing proton
contribution to the asymmetry shown in Fig. 1(a) hin-

ers in principle the extraction of the neutron structure

once gi is obtained from the experimental asymmetry,
the theoretically estimated proton contribution g&'" has
to be subtracted from it in order to obt ' th

'b
o o ain e neutron

contribution gi'". lt can be seen from Fi . 1(b) th f

structure function gi by a factor of about 10%; since
t is actor is generated by nuclear efFects, one might be
tempted to consider it as the theoretical error on the
determination of gi', however, it should be remembered
that the difFerence between g a d
model demo el dependent through the way nuclear efFects are in-

o gi in e convolutiontroduced and the specific form of th
ormula is used. Thhus it is necessary to understand the

origin of the nuclear effects and how much they depend
upon the form of . T
the structure function predicted by the convolution ap-
proach are compared in Fig. 2 with the predictions of
the simpler models represented b E ~2~

—
~

p e e y isregards nu-e seen that the model which corn let l d d
c ear effects (binding and Fermi motion as well as S' and

waves) predicts an asymmetry which strongly differs
om the ones which include nuclear efFects; however, it

can also be seen that at least for x & 0.9 nuclear effects
can reliably be taken care of by E . &5& b
ing that the on

q i j i e y consider
ing t at the on y relevant nuclear effects are d t thue o e
e ec ive nucleon polarization induced b S' and D

uc a conclusion is very clearly demonstrated in Fig. 3
w ere the free neutron structure function is compared
with the quantity [cf. Eq. (4)]:

g" ( ) = „—[g'(*) —»~g" ( )] (17)

g' (*)- g ( ) i p +
~
+*M) d M

where

N — (gN)(+I + (TN )+ ((E—)(—) TN (—)+ T~—i

(E„)(+) nd ~T" eing the average removal and
recoil energies in the "up" and "dow " t town s a es. ote that
the difference between these qua t't'uan i ies appearing in A~
results from the very definition f th l do e po arize spectral

0.15
I I I I I I

I

I I I

I

I I I

I

I I I

0.10

0.05

0.0

—0.05
(a)

010 I I I I I I I I I I I I I I I I I I I

0.0 0.2 0.4 0.6 0.8

X
1.0

0.0

I I

I

I I I II I I

I
I III

—0.4—

—0.6
0.0 1

~ ~ ~ ~

I I I I IIIII
O. l

FIG. 1. a Th( ) The He asymmetry [Eq. (1)] calculated within
the convolution approach [Eq. (15) (full)]. Also shown are
the neutron (short dashed) and proton (long dashed) contri-
butions. (b) The SSF gi of He (full); also shown are the neu-

tron (short dashed) and proton (long dashed) contributions
The dotted curve represents the free neutron structure func-
tion g& . The difference between the dotted and short-dashed
lines is due to nuclear structure effects.

calculated ususing the convolution formula for x
be seen that the

ua orgy x';itcan

other di e
a e two quantities are very l tc ose o eac

er, i ering, because of bindin and F
e ec s, y at most 4'Po. Such a small difFerence can be
understood by expandin —g — ' E

being of the order ~p~/M; one obtains [15]
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FIG. 3. The free neutron structure function gP (dots) com-

pared with the neutron structure function given by Eq. (17)
(dashed). The difference between the two curves is due to
Fermi motion and binding eQects.
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FIG. 2. (a) The He asymmetry calculated with different
nuclear models. Dotted line: no nuclear effects [Eq. (3)];
short-dashed line: S' and D waves of He taken into account
[Eq. (5)]; long-dashed line: S' and D waves of He taken into
account plus Fermi motion eKects; full line: S' and D waves
of He taken into account plus Fermi motion and binding ef-
fects. (b) The same as in (a) but for the SSF g~ of He. The
long-dashed curve is hardly distinguishable from the full one
and it is not reported.

function PI~ [cf. Eq. (9)] (in unpolarized DIS, which is
governed by the unpolarized spectral function defined as
the sum of the "up" and "down" spectral functions, the
difference in A~ is replaced by a sum [14]). Using the val-
ues of (EN)(+I and (T& z)I+) resulting from three-body
realistic calculations [7], one gets A„/M 0.72 x 10
and Az/M 0.25 x 10, so that the first term of Eq.
(18) yields Eq. (4) and the second term, representing
Fermi motion and binding corrections, yields only a few
percent contribution up to x 0.7. Thus we have theo-
retically justified the correctness of Eq. (4) and demon-
strated that the smallness of Fermi motion and binding is
rather independent of the form of any well behaved gz,
for large variations of dgz (x)/dx are killed anyway by
the smallness of AN. To sum up, we have shown that the
only relevant nuclear effects in inclusive DIS of polarized
electrons off polarized He are those related to the proton
and neutron effective polarizations arising from S' and D
waves, and that such a result does not crucially depend
upon the form of gz . Therefore, the neutron structure
function can be obtained from the He asymmetry using
in Eq. (17) the experimental values far gzs and g~z and
the theoretical quantities pz and p; the resulting the-
oretical errors due to Fermi motion and binding (about

5%) and to the uncertainties on p„and p [cf. Eqs. (6)
and (7) lead to a total error well below that hitherto as-

sumed 5,6]. The differences between our results and the
ones of Ref. [10] previously mentioned are also clear: the
value of the proton polarization generated by the wave

function used in Ref. [10] is pz
———0.023, whereas our

value is pz ———0.030, in full agreement with Eq. (6). It
is therefore the combined effects of the underestimation
of the proton contribution and of the absence of binding
effects, that originate the upward shift of gz at x 0
and the Aattening of A, H at x 1 exhibited by the
results of Ref. [10] with respect to ours. In closing, we

shall consider the first moment of the He spin structure

function, viz. I's ——f gz(x)dx. It can readily be shown

that, provided the Bjorken sum rule [18] holds and the
assumption (4) is valid, one has, independently of the

form of g&

g,'(x) dx
1 g~= [p„+2p„]I'„—— 1 ——p„ (19)P P

where I'„= j gf(x)dx. Using the values (6) and (7),
g~/g~ = 1.259 [19] and n, = 0.27 (Q2 = 10.7 GeV2)
one gets I's ———0.165+ 0.8041'z (if the European Muon
Collaboration result [3) is used for I „(1„=0.126), then
r, = —0.064 + 0.003, the error being due to the un-
certainties on the values p~ and p [cf. Eqs. (6) and
(7) (the error generated by Fermi motion and binding is
very small: using the series expansion for gz and chang-
ing A~/M by a factor of 15 changes I s by less than
5%)]. The new experiments will provide both I'„and
I's, and the validity of Eq. (19) could be checked: strong
deviations of it from the value —0.165 + 0.804I'z can be
interpreted as evidence of the violation of the Bjorken
sum rule. We have checked that various relativistic nor-
malizations of the spectral function affect neither gz nor
I s. Finally, we have also investigated the Q dependence
of gz(x, Q ) by calculating Eq. (8) with C = 1, taking
g2 (x, Q ) = —

g~ (x, Q )+jo dy gP(y, Q ) [20—]. Assum-
ing the kinematics of Refs. [5] and [6], we found that at
x ) 0.4 gz (x, Q ) and gz (x) differ by about 15%, whereas
at smaller x they differ only by few percent.
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