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1. Intreduction

Despite a great amount of studies of structure functions of deep inelastic scattering
{(DIS), the keen interest is still shown in this problem, in particular, owing to recent ex-
perimental data obtaned by EMC [1] on DIS of polarized protons. It has been found
that the fraction. of proton spin carried by the quarks is consistent with zero. However,
this conclusion essentially depends on the assumption of the behaviour of quark distri-
butions g(z) and structure functions Fy%(x) at small = [2]. Analogous situation should
be, obviously, take place in DIS on polarized nuclei with a spin J > 1/2. In this case,
the number of structure functions (independent invariants) increases [3], and the deter-
mination of each of them depends on the choice of the corresponding asymmetries and
nuclear structure functions FY%(z). All these necessitates a more detaled study of quark
distributions in nuclei. All the existing theoretical approaches describing nuclear structure
functions Fy%,(z) and explaining their difference from the corresponding functions of free
nucleons can be conventionaly divided into two classes [4]. The first of them assumes the
change of quark distributions of nuclear nucleons at the expence of a possible change in
a nucleus of the conditions of @%-evolution of nucleon structure functions {@?-rescaling}
{5], the fermi motion of nucleons being negleted. In this appreach, the nuclear structure
functions at point = and Q? are expressed in terms of nucleon functions FIN‘.‘,(m) at the
same = but at another @7, ie. Ffy(z, Q%) = Fi\;(a:, £Q?). A free parameter £ at present
can neither be calculated theoretically nor determined from independent experiments.
Therefore, £ is chosen from the condition of the best fit of experiments (EMC, BCDMS,
SLAC ...} And vica versa, the second class explains the difference between Ff%, and
F1 o at the cost of interclear motion of nucleons with off-mass-shell effects taken into ac-
count, leaving the quark distributions of the nucleons themselves in a nucleus without
change. This approach is based on the known fact of nuclear physics that the properties
of quasiparticles-nucleons, differ from the free nucleons. Specifically, the bound nucleons
have an effective mass that depends on the shell energy. This leads to renormalization
of the scaling variable z — m/m*z (z-rescaling) [8]. This approach seems to be more
preferable as it does not contzin a free parameter. However, owing to the nucleons being
bound here arises the problem with breaking of the energy sum rule (SR). It turns out
that the fraction of the momentum carryed by quarks in a bound nucleons is smaller than
in a free nucleon. An attempt may be undertaken to restore the SR trough taking meson
degrees of freedom in nuclei into account because qualitatively it is clear that mesons
should contribute to Fy4(z) at small # (x € u./m) [7]. Until now the contribution of
meson exchange currents to DIS was taken into account phenomenologically since model
parameters were fixed from the same experiments. Therefore, the problem con an absolute
contribution of meson dergees of freedom to the DIS cross section and ability of meson
currents to restore the SR is still open. .This paper is aimed at selving this problem
by a common description of the off-mass-shell effects of nucleons and meson degrees of
freedom in DIS of leptons on nuclei. A nucleus is represented as a system of interacting
nucleon and meson fields; an equation for the nucleon wave function in a nucleus and
main meson-exchange diagrams coniributing to the structure function Fy(x) are defined
in a self-consistent way. We consider the simplest "exactly sclvable” nuclear system, the
deuteron, for which this problem can be solved. Self-consistency means that the same
mesons (with their constans of meson-nucleon interaction) define both the Shrodinger
equation with a OBE-potential (for instance, in the potential of the Bonn group [8], these
are T--,w—,¢ — --- -mesons) for the deuteron wave function and main characteristics



of DIS: structure functions, a contribution of exchange meson currents [9], boundedness
effects, the energy SR.

2. Amplitude of DIS on a deuteron

Nonrelativistic reduction of the system of equations of interacting fields and separation
of the contribution of meson exchange currents in various elastic and quasielastic processes
have been developed by many authors [10,11]. Being different, their theoretical methods
and used approximations, nevertheless, produce almost the same resufts, A common way
for calculating matrix elements of an operator O over states of a nucieus {(in our case, of
the deuteron) is as folows:

1. transition to a nonrelativistic limit in the equations of motion of interacting meson-
nucleon fields and derivation of an equation for the wave function of the nucleus;

2. a covariant relativistic representation of the operator O in terms of nucleon and
meson fields;

3. nonrelativistic reduction of the operator O and computation of the corresponding
matrix elements.

Further we shall follow a method elaborated in ref. [10] for the deseription of elastic
and quasielastic electron-deuteron seattering. Prior to recall the method, note that all
the computations will be made accurate to g* {g- is the meson NN interaction constant),
following ref. [10]. Beside, for simplicity, we will make calculations only for pseudo-
calar isovector mesons (pions), as the contribution of other (vector and scalar) mesons is
computed in a similar manner, and the relevant expression are reported in the Appendix.

Classical equations of motion of nucleons interacting with mesons are of the form:

(i — m) N(z) = igy; () N(2) (1a)

(O 4+ p12)®i(2) = —igN (z)ys 7 Niz), {1b)

where N(z) and @(z) are nucleon and pion fields, respectively (®(z) = ndi(2), i=1,2,3),
m and 4 are the corresponding masses. Once small components ¢(z) are eliminated from
nucleon spinors N(z) we arrive al an equation of motion for large components f(z).
The functions f(z) have no probabilistic interpretation [12] owing to the violation of
normalization conditions and sum rules for the baryon charge. Therefore another function
iz = (f + £)f(z) is introduced which satisfies the required conditions. The equation
of motion for f(z) and normalization conditions for ¥(z) result in an equation of motion
for the field (=), that in the leading order of the expantion in powers of the operator
coincidies with the Schrodinger equation with the Yukava potential:

W) = b - Ly [ e (x- oy Wnes)redtx), ()

where the equal-time Green function ¥'(x — y) is defined by {1b) provided that no pion
fields are present in an initial and final state:

R

(3)
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I the second quantization representation, ¢ () and ¥(z) in (2) are operators of creation
and annihilation of nucleons (unlike the relativistic equations (1), there are no antinucle-
ons) and they can be used to obtain any multinucleon states. Analogous creation and
annihiiation operators exist for meson fields.

The ground state of the deuteron, |D >, is given by an expansion over states with
two bare nucleons and n mesons (n=1,2,...) which are obtaned by action of the above
creation operators onto the vacuum: :

| D>=V1- Zoo | NN > +ay | NNT > +o | NNam > +--- (4)

" where the normalization constant Z is defined from the condition < D|D >== 1, and the
expantion coefficients a; are determined from the equation:

(Ho'{'H,'m)]D}:MD‘D}. {5)

Here the Hamiltonian H,. is expressed in terms of the nucleon and pion fields as follow:

Hiw = ig [ dol (21N (2)8(z) (6)

Projecting (5) onto various states (4) we may determine the wave functions «; explicitly.
It turns out that &, obeys the Schrodinger equations with a one-boson exchange potential,
and o 5 are functions of oy and matrix elements Hy,,. The general form of functions o
(¢=0,1,2} can be found in ref. [10]. In that follows we will assume that the wave function
oy is a solution to the Schrodinger equation, with a one-boson exchange potential taken
to be a realistic meson exchange potential of the Bonn group {8]. Then matrix elements
of operators describing DIS processes will be completely determined by parameters of the
corresponding mesons (coupling constants, masses, vertex form factors).

Recall that a central quantity measured in DIS reactions is the nuclear {deuteron)
tensor WA(D) related by the optical thecrem with the imaginary part of the forward
elastic sca.ttermg amplitude of virtual gamma.—quantum by nucleus target:

MpWE = ImT}, @
T,

v are the matrix elements of some operator f)ﬂ, over the deuteron gro_und state. In

our case this operator may be represented by a sum of two operators, Ofy = ON + O;V ,
deseribing the Compton scattering on 2 nucleon and meson respectively.

™
<D|O | P> = My L (P50, 9)
m
<N|0 | N> = E"T,ﬂ(P,Q) (8)
m s
<1r\0:l,|'rr> = ;-Tw(k,g)

Normalization in (8) is chosen so that the hadron tensors in (7) be of the same dimension.
Let us construct operators Oﬂ:;" as quadratic forms in the relevant fields. Considering
that for a polarized nucleon the relation [13}:

- “§u
Wﬂz@:?:s) = W;ﬁr@)‘f)}f?m’ 2y = 1, {9)



holds valid, we obtain

(A)f::, = gfc?;ld)pz-‘,ﬂ va,q [a (p1, s1)a(p1, 1) +

d(pl,sl}v(p1,sl)]q[a(pz,32)u(pz,sa)-+ d7(p2, 52)v(p2, 5)]

6 = 5 | R et O pll) 4 0° R0 (10

..I_

Then, the nonrelativistic reduction of the operator O " gives

Ol = [P T (1 4 paf T e Gl 1)

where a} (as,) are operators of creation {annihilation) of a nucleon, 7, p are spin-isospin
indices u,, are spin-isospin functions; and besides we made use of the approximation
qp # go(po + p.), where the axis Z is directed opposite to the vector q. From formulae
(4),(8),(10), and (11) we may derive the amplitude TZ to second order in the coupling
constant g*:

M . .
T = —D-(< NN | of ON (q)an | NN > —Z < NN | o ON (q)axo | NN > 4

+ < NN| oz+ON (qlog | NN >+ < NN= | ai* re(@oy I NNx > +

+ < NNmr|ofOL(q)as | NN >+ < NN | of 07, (¢)ez | NN >),  (12)

where various terms correspond to nonrelativistic diagrams in fig.1: a) impulse ap-
proximation (IA) b) renormalization of the wave function, c) nuclear recoil, d) and e)
exchange diagrams.

X . .,
N N N
(Z) T
1874 - uv uv P
» x" %4 -
~
a) b) <)
n o
Tw TuV§
, ! + C.C
g *
da) e)
Fig.1

In formulae (10) and (12) we have not yet specified "elementary” amplitudies Tﬁ(“)
of the Compton scattering of a y-quantum on bound nucleons and virtual picns. In the
following we shall assume that the amplitudes of scattering on bound nucleons and virtual
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mesons in the deuteron slightly differ from the free amplitudes; the latter will be taken
from experiment.

3. Tmpulse approximation

Instead of the tenzor W,,, it is more convenient to employ the structure functions
F12(z) directly measured in experiment and connected with W, by the relations: Fy(z) =
—meg., W (p,q), Fo{z) = 22F1(z). A main contribution to (12) comes from the impulse
approximation diagram of Fig. la. Recall that a standard computation of the nuclear
structure function in IA gives a wrong behaviour throughout the whele range of variation
of kinematic variable = [14]. Modification of the IA consists in the inclusion of effects due
to the nucleons being bound. This will provide a satisfactory description for the nuclear
structure functions in the region of intermediate 2 (v > 0.3) [6]. In our case the structure
function F, is given explicitly by:

D:m)—z/ Tyt ¥0) 10 /) Eylma (oo +p.), (13)

where xp = —¢*/2Mpr, = = —¢*/2Mwv, and for convenience, instead of the deuteron
wave function o, we have introduced a more conventional notation, ¥p; boundedness
effects are contained in py and p,. Note that expression (13) we have here obtained differs
from the one in [6] by the factor (1 +p./m) that in our case appears automatically owing
to the nonrelativistic reduction of the operator ON (see (10),(11)). The necessity of
inclusion of this factor into computation was dxscuSSed in ref.[15]. This factor does not
change the general normalization of the function ¥p and, consequently, does not break
the conservation law of the baryon charge [13,15,16]. Formula (13) can be written in a
convolution form:

(=) = [ deFan(w/€) o 6), (14)

where the function fuyp(£) means the probability of nucleon distribution in the deuteron
with the momentum fraction £:

Fupol€) = [ o) Uolp) 01+ pufmIS(E — (oo + 221 ), (15)

Now we are able to determine a mean momentum carried by quarks inside the deuteron
and to compare it with the corresponding momentum of DIS on a free nucleon. So, from
(15) we get

2mfdszfg(a:) _2m<§>l B N <e> <pt>
MDerngN(:L‘) - Mp 7 <{>= /fN!D(‘S)Ed‘EW 1+ T W (16)

where < ¢ > is the binding energy in the deuteron and averaging is performed over
deuteron ground state. From (16) it is seen that the off-mass shell effect leads to decreasing
of the mean momentum carned by quarks in a nuclear medium compare to that in a {ree
nucleon. In a "nucleon-meson” model, the mesons that make a nucleus bound also carry
a certain portion of a momentum away. To estimate that portion and to compare it
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with a lacking momentum in (16) we should compute meson corrections to the impulse
approximation (diagrams(b)-(e) of Fig. 1.},

4. Meson corrections and energy sum rules

In the litetrature, diagrams b) and c) in Fig.1 are conventionally called the renormal-
ization and nuclear-recoil diagrams. Their explicit form is given in Appendix. We shall
further neglect corrections for these diagrams for the following reasons: First, their total
contributions to SR (16} is proportional to g* whereas our calculations are accurate up to
g% second, analysis of their contribution to elastic and quasielastic processes performed
by various authors[10,11] has shown that it is either identical zero ( the diagrams " cancel
out” }, or vanishes in the limit of small meomenta transfer. As result the only exchange
diagrams produced by exchange meson currents (MEC) are remained. So, for the pion
we get:

3o = [ s Fitaim)
fx(n) = Z—gnﬁ dpldpami o1k)(o2k)(n 7 )V (p2) -
(ko + k. )8(n — (ko + k,)/m)@(ko + k) (17)

where k = p)+p; is the pion momentum, and §? = (k2 - w?). Analogous expressions follow
for other exchange mesons {o,w,...). Now the conservation law for the total momentum
carried by guarks and gluons in deuteron hecomes follow:

2m
<z,,>D=mA7 1 <oy on< >+ <2, > >+ <5y >0< N > +
D
+ <zg <, >4}
2m
<Ig>gzﬁ~ { Sy >n< >+ <> >+ <my >,< 0 >+
F2)

+ Ly <>+ (18)

where the notation is obvious. Adding the right- and left-hand sides of (18) and using
the equality 2m/Mp = 1— < ¢ > /2m, we arrive to the sum rule for average momenta of
the deuteron constituents;
<e» <pt>
= Sy = ——— - ——l 19
T=1téyt <>+ < >+ <n >+ N iy (19)
Examine if the right hand side of (19} is equal unit. As an example, we assume that
the deuteron contaits only pions. Then, instead of (19), we should obtain the equality:
< by »= — < 1y > where in accordance with (17):

2= 53_2— dpld_zéz_% 2 VDt (m o k) (oak)(r 1) (m2) (ko + k.)? fm@ (kg + k)
m? S (2m)"300 4 |
(20

leally, taking into account that g*(ok)(oek) {73 )/4m?w? represent the potential of pion
nucleon interaction V(%) , and using the relation:

VIR " = VIR o) = (1 gk V(K) (21)
6



and the viriel theorem < rdV{r}/dr >=< 2T >, then in the static limit (ke ~ 0,0 = w }
and kZ ~ k?/3 we get

<t >=—{<V>+<V>/[2+<T>)/3m (22)

where T' is the kinetic energy of nucleons in the deuteron. Substituting < V >=< ¢ >
— < T >, into (22} we find that:

61\r:ﬁ<'fj‘1> {23)

Le. the sum rule is exactly fulfilled in this case. It may be shown that {(22)-(23} also hold
valid for other mesons (for scalar mesons relation (23) has been derivated in ref.[13]);
with the exception that for each of time, the virial theorem will contain an appropriate
part of the potential, and as a result, we again get (19). So, in the static limit, the
consideration of meson exchange corrections to the structure functions of DIS completely
restores the energy sum rule broken in IA by the boundedness of nucleons. In the realistic
case (ko # 0) this may be not valid. Note also that formula (23) is derived under the
assumption that g? does not depend on k2. '

5.Numerical resuits and conclusions
In Fig. 2, we present the calculation ratio BP/¥(z) of the deuteron structure function
to the isoscalar-nucleon structure function.
Curve 1 is the impulse approximation; and RD”N(X\

curve 2, is the calculation with the deuteron 1.06
structure function by formulae (13} and (17).
The deuteron wave function was determined 1.04
by solving the Schrodinger equation with
the "Bonn” potential [8], and the parame- 102

ters of contribution of 71—, w— and o —mesons /2

in meson exchange diagrams were taken the 1.00

same as the NN-potential. Thus, the con- 7\:/
sideration is sell-cosistent. A slight devia- 0.98 L 1 1 L
tion: from self-consistency is common to this 0.0 02 0.4 ¥ 0.8 08

approach and consist in that the main dia-
grams and Schrodinger equation for the func- A
tion ¥p are derivated in the g° approxima- Fig.2. Ratio of the structure fumctions

tion, however the wave function ¥p in (17) of the deuteron and free nucleon
and {20), in fact, contain all powers of g2, ( 1- impulse opprozimation 2-
Besides, in the realistic NN-potential we use IA+MEC contribution ).

the phenomenological meson-nucleons vertex form factors, ie. g = g*A%/(A% + &%)
Therefore, even the contribution from the JA diagram depends on A and k% and is
thus to be taken into account in the exchange diagrams. This may violate relation (23)
For numerical calculations we have employed the following expressions for the structure
functions of DIS on free nucleons and mesons, Fay and Ff'

FgN(I)

124C)

1—2{:1:"'“(2.69(1 ~ )"+ 1.56(1 — 2)*"} 4+ 0.8(1 — =)'} (24)

155{1.5:5"-5(1 ~z) +40-0.075(1 — 2)%} (25)
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From Fig.2 one can see that the qualitative behaviour of the ratio B is the same as
for heavy nuclei, however, the depth of a minimum at = ~ 0.6 is much smaller owing to

nuclear effects being weak in the deuteron.
The calculated contribution of various

- . B T T
mesons to the structure function is plotted PRl 4
in Fig.3. As can be seen, a dominant con- {03 - /

tribution comes from the pion exchange di-

agrams .Contribution of heavier mesons is  0.002 a

suppresed by their large mass that enters /2
f\*\\

into relevant propagators and by effects of  9.001
scalar (o-meson) and vector (w-meson) cou-

plings. Numerical computation of sum rule 0.ca0

{19) gave the following result: &y = 0.0036 _0.001 I : )
and the total contribution of all the mesons 0.0 a1 0.2 T
Zu < >= 0.0022. So, it means that X

meson correction numerically only partially

(:60%) restore the energy sum rule. Fig.3. The meson-exchange currents con-
Formally, this discrepancy with (23) can be tribution te the deuteron structure
explained by going beyound the framework function. Curves 1-3 corespond to
of the static approximation and by the k- the contributions of w-, o—, and
dependence of form factors g(k?) that has not been ¥~ mesons respectively; curve { is
taken into account in the derivation of (23). As a the sum over all the mesons.

matter of fact, a completely consistent analysis of restoration of the energy sum rule
requires to take into account

1. subsequent terms of the expansion in ¢?;

2. the contribution of non-nucleon {(multiquark) degrees of freedom in the deuteron. In
doing so, one should remember that part of this contribution is phenomenologically
taken into account in the realistic wave function of the deuteron;

3. the contribution of heavier mesons (which may imitate the k*-dependence of vertex
form factors). For instance, they can be meson-like objects, neutral with respect to
the electromagnetic interaction (like "glueballs”{17] ) contributing to the potential
but not detected in DIS.

The authors are grateful to Burov V.V, Lukyanov V.K., Levm E.M., Dostovalov V.N.
and Reznik B.L. for useful discutions.

Appendix

1. Renormalization and nuclear-recoil diagrams. a) renormalization diagrams:

Wi = = [ S ) ) #E )
dp (m+pz) wy
| Gyt wolo) P P W lip, ) (A1)

b) recoil diagrams:
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g dpidpy 1 M M

L,V?el. — —'f—kﬁ “I’ + .l\. k ‘D .

v (p.q) am? (Zﬂ')s ERE % p(pr)ioik) ey M) plp2)
@-%“))W:‘L(p,q) (42)
P1o T Pia

Considering that < 1& > /m~<V > [m~<e>/m~ g it may be shown that a

total contribution to the energy sum rule from (Al} and (A2} is proportional to g*.
2.Meson currents for ¢— and w-mesons: o-mesons

Fon) = 22 [ I L S gt o () - (o )60 - (ko ) )k 4 B
o M

(2x)° 302 (43)
w-mesons
fuln) = =22 [ B S W ) () (b KB~ (ks + b)) )
(20" 0 %

(Ad)

In (A3} and {A4) the propagator Q is proportional to the corresponding meson mass
and, as pu., pe % jt,, the contribution of w— and ¢-mesons to the DIS cross section ( and
to the energy sum rule) is small as compared with the piou contribution.
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