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Off-mass-shell deformation of the nucleon structure function
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The off-mass-shell behavior of the nucleon structure fundﬁ@ﬁs studied within an approach motivated by

the Sullivan model. Deep inelastic scattering on the nucleon is considered to second order in the pion-nucleon
coupling constant, corresponding to the dressing of the bare nucleons by the mesonic cloud. The inclusive and
semi-inclusive deep inelastic processes on the deuteron involving off-shell nucleons are considered. A defor-
mation of the mesonic cloud for the off-mass-shell nucleon, compared to the free one, generates observable
effects in deep inelastic scattering. In particular, it leads to the breakdown of the convolution model, i.e., the
deuteron structure functions are not expressed through the free nucleon structure function. Analysis of the
semi-inclusive deep inelastic scattering on the deuteron, in the spectator approximation, shows that this reac-
tion opens new possibilities to study the role of the off-shell effects in determining the nucleon structure
function.

PACS numbds): 24.85+p, 13.40-—f, 13.60.Hb, 14.20.Dh

[. INTRODUCTION The second group of off-mass-shell effects includes all

possible phenomena, other than the binding effects, which

The study of the deep inelastic scatter{iljS) of leptons  make the off-mass-shell structure function different from the
by nuclei has created a special problem, the description gPn-mass-shell one. Such effects are related to the fact that the
DIS on off-mass-shell nucleons. By itself this problem is notnucleon has an internal structure and the structure of the
something unique or new in nuclear physics, since the sanf@f-mass-shell nucleon requires a different description than

problem of the off-mass-shell amplitudes arises in investigalUSt @ kinematical shift inx. A systematic study of these
tions of reactions of any kin¢see, e.g.[1]). off-mass-shell effects started recent;7], though some ef-

Historically, off-mass-shell effects in DIS on the nucleons'€CtS Which do not reduce to the binding effects were dis-
cussed earlief8]. Following the tradition of these papers

are divided into two classes. First are the so-called "binding[6 7] we call, throughout this paper, the effects of the second
effects” [2,3]. It was noticed that compared to the free kind “off-shell” effects, distinguishing them from the bind-

nucleon structure functioﬁ?(xN,QZ), the structure func- .

. ; N ing effects.

tion of the off-mass-shell nuc_leon,. the “bound nucleon,”has™ =, gt [6] the general form of the truncated nucleon ten-

a shift in the kinematical variable: sor [see Fig. 1a)] is studied. The structure functions of
physical states are then presented as Feynman diagrams with

Q? Xym insertion of the truncated nucleon tensor. For the transverse
X=3pq : @ larized functions the form of the insertion |
2pq  pPo+p, unpolarized structure functions the form of the insertion is
found to be
where Q?=—q?, q is the four-momentum transfer in the MWe(p, @)= ax1(P,a) + Px2(p,a) + Mxa(p,q), (2)

reaction,m is the nucleon masg is the virtual nucleon ) ) )
momentum, andy=—Q?%(2q,m) is the Bjorken scaling Where)_(i are three ohffqent scz;lar functions, erlle f_or the
variable for a free nucleon at rest. Singg<m and averag- Scattering on the pointlike fermion only the termq exists
ing on the nucleus results itpy+p,)<m, the structure [5]. Calculation of the nuclear structure functions, keeping
function of the bound nucleon is “shifted” to a smaller value
of Xy . The exception is the region of higl,, xy=1, where
due to the admixture of thegy+ p,>m, the “Fermi motion,”

the bound nucleon structure function is extended beyond
single nucleon kinematics. When only such kinematical ef-
fects are taken into account, the bound-nucleon contribution
to the nuclear structure function is given as a convolution of
the free nucleon structure function with an effective distribu- @)
tion function for the nucleon§4,5]. Taking account of the

binding effects in this distribution function leads to a de- FIG. 1. The truncated nucleon tensor in the pion-nucleon model.
scription of the European Muon CollaboratidBMC) effect ~ Graph for the dressed nucleon tengaris the sum of graphéb)—

in DIS [2,3]. (d), where virtual photon scatters on the bare nucleons and mesons.
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only the ~( term, leads to the existence of binding effectslogic of the field theory requires renormalization by intro-
only and the convolution formulg9,10], which is a reason- ducing structure functions of the “bare” nucleons and me-
able approximation, since the entire nonrelativistic nucleasons and some counterterms in such a way as to provide the
physics works with pointlike nucleons. Nonuniform defor- correct value of the calculated structure functions where the
mation off the mass shell of each of the three terms in(Bq.  natural normalization point for the counterterms is the
and the nontrivial spin structure dNr(p,q) lead to new nucleon mass shell. This is enough if we are going to con-
effects in the processes involving off-mass-shell nucleons. sider off-mass-shell behavior of the nucleon structure func-
The investigations of Ref§6—8] are based on models for tjon; however, this is not sufficient if we are intending to
nucleon structure, motivated by the constituent quark modekeach conclusions about contributions of the mesons to the
and they involve unknown quark-nucleon amplitudes whichstrycture function of the free nucleon.
are parametrized to fit the nucleon structure function on the The physically motivated Sullivan model provides a pos-
mass shell. The off-shell effects are found to be only a fewipility to estimate the contribution of the pion cloud to the
percent of the absolute value of the structure function ofree nucleon structure function. In the modern fdih3,16]
nuclei. Apparently the magnitude and behavior of these corthe model is based on the graptis—(d) in Fig. 1, and in-
rections are dependent on the form of the parametrizations @fredients of the model include elementary structure functions
the quark-nucleon vertices with parameters being fixed tf pare nucleons and mesons as well as meson-nucleon ver-
describe the observabléstructure functionsfor the nucleon  tex form factors in diagraméc) and (d). The vertex form
on the mass shell, whereas the continuation to the off-massactors provide a cutoff for the “unphysical” high momenta

shell region must be ruled by dynamicthe equations of of the pions and make the contribution of diagramsand
motion for participating fieldsand fixed by constraints, such (q) finite.

as the Ward-Takahashi relations, so that the conservation The physical picture corresponding to DIS on the nucleon
laws are satisfied and at the same time the consistency of thi the Sullivan model is as follows. The nucleon is presented
model with the calculation of any other observables is props a superposition of two states, the bare nucleon state and
vided. On the other hand, the smallness of the correspondinge nucleon-plus-one-pion state. This corresponds to the
corrections makes it difficult to test models experimentally intryncation of the Fock space so as to provide calculation to
the usual deep inelastic experiments on nuclei. the second order in the pion-nucleon constig]. As a

The circumstances mentioned above motivated us to Colfesylt the physical nucleon is a bare nucldtthe nucleon
tinue investigations of the off-shell effects in the nucleoncore”) surrounded by an extended pion cloud. The bare
structure function. In particular, we airfi) to consider a  nycleons and mesons are the structureless, pointlike, objects
dynamical model, other than the quark mod@s 8], for the  from the point of view of the meson-nucleon model. The
nucleon structure function, so as to compare results of indesxtended structure of the physical nucleon is then generated
pendent approaches, afif) to discuss possible experiments, ag a result of the dressing of the bare nucleon. On the other
other than inclusive DIS, which can open new perspectivefiand, the bare nucleons and mesons are composed of quarks
to study off-shell effects. and gluons, which can be detected in the reactions with large

In the present paper we consider the pion-nucleon modghomentum transferQ?>m?2, much higher than typical
for the structure function of the nucleon, which is motivatedirgnsfer in the meson-nucleon interactio@2=<m2. In DIS
by the well-known Sullivan model12-14. We argue that the virtual photon interacts with a quark or antiquark inside
the model is relevant for the case and discuss model ambjpe exchange meson or bare nucleon component of the physi-
guities involved in the calculations. Then we calculate off-¢5| nucleon. In this picture the quark-gluon degrees of free-
shell effects in inclusive and semi-inclusive DIS on the deujom are *hidden” in the effective hadron degrees of freedom
teron. The second reaction provides new opportunities for agnq their presence is displayed through the elementary struc-
experimental investigation of the off-shell effects in the e functions of the bare nucleons and mesons and the had-

nucleon structure function. ronic interactions. This model is relevant to a study of
nuclear effects in the nucleon structure function, since the
Il. THE PION-NUCLEON MODEL FOR THE NUCLEON NN potential can be successfully defined in the sagie
STRUCTURE FUNCTION approximation, i.e., the one-boson-exchange potential, as the

) _dressing diagrams of Fig. 1. At the same time the off-mass-

The role of the pion cloud or, more generally, mesonicghe|| hehavior of the structure functions is governed by the
cloud in the formation of the peripheral structure of the neson-nucleon dynamics and, therefore, is consistent with
nucleon structure function has been discussed Wiffl}y- e dynamics of the deuteron which, we assume, is also de-
14,16. We will discuss only the pion cloud, since its contri- g¢riped in the meson-nucleon modar—24.
bution significantly dominates the contributions of the  The vertex form factor plays a crucial role in the Sullivan
heavier mesons. The conventional analysis is based on Ccokjodel of the nucleon structure functidi3,16. Without
rections to the scattering on the nucleon, calculated to lowesh,m factors the one-loop diagranis) and (d) of Fig. 1 are
order in the pion-nucleon coupling constany” [see Figs.  givergent, and so the cutoff parameters control the magnitude

1(b)—-1(d)] with pseudoscalar couplind5]: of the contribution of these diagrams to the nucleon structure
7 o function. On the other hand, for the purpose of analysis of
Lint= —19¥(X) Y57 (X). (3)  the off-shell behavior of the nucleon structure function, we

can work without form factors, attributing all divergences to
In this case the diagram(g) and (d) of Fig. 1 in the pion- the renormalization of the structure functions of the bare
nucleon model are logarithmically divergent. The formalnucleons and mesons. However, since we intend to make a
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connection with other calculations, we perform all numerical A2—u?\?
estimates within the Sullivan model with form factors. The f(k?)= W) , A,=1 GeV, (10
form of the vertex form factor can be chosen[4g] w
F(p,p")=f((p—p")?h(p?h(p'?), (4)  which corresponds to the form factor for diagrady:
wherep and p’ are incoming and outgoing nucleon mo- A2 m2
N

menta, respectively, angh¢p’) is the pion momentum. The h(p?) :(

2
. ) ., AN=1.475 GeV, (11
form factors are normalized so that

AR—p?
A 2\ —

f(u9=1, h(m9)=1, ) where parameted \ is fixed to preserve the baryon charge

(not the momentumconservation. On the other hand, there

. . . . . fs no reason to put a smaller cutoff mass in the form factor

structure function the diagrars) is regularized by the single . esn0nding to the external nucleon line for the diagrams

’ H "2
form factorh(p') and_ d'.agra”f.d) by f((p— pﬂ) )- (c),(d), where the cutoff masa  should be~1.5-2.0 GeV
We accept the pointlike spinor structureq of the bare [17].

nucleons, while the other structurpsf. Eq. (2)] are gener-
ated by the extended pion cloud, dressing diagréchsind
(d). Calculation of the diagrami)—(d) gives (we consider
the structure functiorr,)

where u is the pion mass. So for the on-mass-shell nucleo

We have to stress once again that for the analysis of off-
mass-shell effects in the nucleon structure functions we do
not necessarily need the regulating form factors in the diver-
gent diagrams. We are introducing these form factors only to

relate to the well-known and widely discussed Sullivan
fN(y'pZ)ﬁy X ” model for the nucleon structure function. The dependence of
y our results on the cutoff massés;y, in the loops of dia-
(6) grams(c) and(d) is weak compared to th& ;y, dependence

of the pion(nucleon contribution to the free nucleon struc-

~ 1
Fz(x,p2)=fody y

e A =X X
+f7(y,p)FZ| =

with ture function. Moreover, to restore symmetry between
8 nucleon and pion contributions in Eqg&)—(8) we use Eq.

N )= ——[8(1—y)+ Ny, p2) T+ PEN(yY. p? (9) to define the nucleon contribution through the contribu-

(¥,p%) 2pq[ (1=y)+ 1y, PO+ prz(y.p7) tion of pions. This way to proceed is supported by analysis

N ) [13] using time-ordered perturbation theory, where it is
+mfn(y,p9), (M shown that Eq(9) is valid, and introducing the form factors
in the covariant calculations damages significantly only the
nucleon contribution.

The free nucleon structure function is defined by inserting
operator(6) between Dirac spinors. The final expression co-
whereq=q,y*, etc., andlE’z\'(”) is the bare nucleofpion)  incides with the the result of the Sullivan modéB,14:
structure function. The ternd(1—y) arises from the dia-
gram (b), fiN from (c), and f{" from (d) (i=1,...,3). The \ 1 ~ [ X
explicit form of the functionst'(y,p?) is presented in the Fz(X,DZ=m2)=NNJ dy[fN(y,mz)Fz(y>
Appendix. If we neglect the form factors, i.e., put 0

] q T o ar T
f7(y,p?) = mfl(y, p?)+pf3(y,p?)+mfr(y,p?), (8)

F(p,p’)=1, direct calculations with formulagA2)—(A7) gz X
lead to conditions +f7(y,m?)F3 vl (12
fly,p?)=f(1-y,p?) (i=1,....3. 9

whereNy is the normalization factor defined by the conser-

The result(9) also can be obtained heuristically as a consevation of baryon number:
guence of the probabilistic interpretation of the structure
function[13]. However, inclusion of the form factofdliffer- 1
ent for the diagraméc) and (d)] breaks relation(9), leading Ny'= 1+f dy f(y,m?). (13
to a violation of the charge and/or momentum conservation 0
in the proces$13]. The underlying reason for this is that in
covariant calculations it is impossible to introduce form fac-A direct calculation shows thatl3) actually preserves the
tors which are “symmetric” with respect to the nucleon and baryon number in the one-loop approximation, with or with-
meson momenta. out (A ,— ) form factors. We take the form fact¢t0) [13]

The other topic is the choice of the cutoff parameters inas a basis for the calculations. In this cagg’—1~0.24.
the form factors. It is knowi13,16 that to have a reason- Therefore, for bare structure functions of the nucleons and
able physical interpretation of the calculated structure funcmesons we utilize a fit of the empirical structure functions of
tions the cutoff masses in the form faci@) should be sig- the free nucleons and pions. This gives good agreement be-
nificantly smaller than are found from an analysis of thetween the calculated structure functiG®) and the experi-
meson-exchange potentidl$7—-20. To regulate the diver- mental data, since the correctiofy and (d) are not too
gent diagram(c), a form factor is chosefl3], large.
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Ill. NUCLEON CONTRIBUTION TO THE DEUTERON [17], with the normalization of the amplitude, based on the
STRUCTURE FUNCTIONS deuteron charge, in the one-loop approximation. This will be
done elsewhere. In the present work, to test the method, we

Now we are in a position to calculate the nucleon contri-~" o .
bution to the deuteron structure function. We start with autlllze the usual nonrelativistic wave function of the deu-

consideration of inclusive DIS on the deuterfffig. 2(a)]. terqn. Thg nonrelatiyistic reduction of the covariant operator
The structure function for the deuterdR2(xp), is defined  (8) iS similar to earlier approach¢s, 10,7. Here we reduce
as a matrix element of the operatéy. A consistent way is to  the 4x4 Dirac structure of the operat() to the 2< 2 Pauli
use the covariant amplitude for the deuteron, the BetheQPerators, keeping all kinematics in the relativistic form.
Salpeter amplitudg20,11], or relativistic wave functions  The deuteron structure function then is defined by

Mp /m + a) . [x
FQ(XN%=NDJ~d4pJ; d§6<§—~%;)PPD(pN2§[g%%F§<;?)

XN

@ _ (%
g'p

+ Y EWD
2pq 2
whereNj is the renormalization constant preserving conservation of baryon number in the deMtgrmthe deuteron mass,
Po=Mp— JmZ+ p2 is the off-mass-shell energy of the nucle@n,=py+p,, and

R | 2, (14

(X 1 [ ~yfX ~ [X
ﬁ%ﬂ,ﬂzfd[F%ﬂ%N,2+F”ﬂ¢f,2],ianwa 15
2| P o Y P2l ye i (Y,p)+F; VE i (¥,p) (15
The brackets- - -) denote the nonrelativistic expression for the subsequent operators:
@ (.. P L p B
209 1+E . &pP)=2p. Pot &my=2mp, . (16)

It is anticipated that off-shell effects are small in the deu-from kinematics, and plottind=5(x,ps) as a function of
teron. This is a consequence of the fact that, on the average=x//[z< (0,1)], we should have a result proportional to the
the shift from the mass shell for the nucleon in the deuterofree neutron structure functiorF5(z), with coefficient
is small:(p?) ~m?[1—(3-4)x 10 ?]. In heavier nuclei this |y (p.)|2: i.e., at any fixeds the ratio of the measured struc-
shift is apparently larger, up te 10% for a nucleus like iron, ture function to the free neutron structure function should be
which can lead to a more significant effect. However, it iSconstant. This conclusion has to be changed if there is a
interesting to find other possibilities to investigate the off-nontrivial p? dependence of the nucleon structure function,
shell behavior of the nucleon structure functions. i.e., if off-shell effects exist. The structure function

Let us consider now semi-inclusive DIS on the deuterong(x p ) in this case is defined by an equation similar to Eq.
The spectator mechanisf1] for this reaction is presented (14) only without integration ovep and with the relevant
in Fig. 2b). Even for nonrelativistic momenta of the specta-jsospin modifications.

tor nucleon the shift from the mass shell of the interacting
nucleon can be much larger than in heavy nuclei, for in-
stance,~20% for p.~300 MeVk and ~40% for p,~ 500 IV. NUMERICAL RESULTS AND DISCUSSION

MeVi/c. Thus semi-inclusive DIS provides a unique possibil-  prior to calculating the deuteron structure functions, let us
ity to study off-shell behavior of the nucleon structure func-qyalitatively discuss the possible phenomena in the structure
tion. In particular, the off-shell effects can be studied as gynctions of the off-shell nucleon. Omitting details of the

func'iior?) of the shift from the mass shethr spectator mo-  pseyudoscalar coupling of the pions and nucleons we can es-
mentumn).

In the nonrelativistic approach, with disregard for off- _
shell effects, the structure function of the off-shell neutron, !
F5(x,ps), measured with the detection of the proton- X
spectator, has the form

! P

p X °
Fioop=( 1+ 2w poery 3] @ o
where/=p, /m, po=Mp— Vm?+pZ, p,= —(ps),. Divid- FIG. 2. Deep inelastic scattering on the deuteron: inclugye

ing the data by the flux factor (£p,/m), which is known and semi-inclusiveb).
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timate the amplitude of the nucleon to emit the virtual meson 1.08
as
7(p,p") - (18)
A0(P,P)* 2,
k - —_
'u 25 1.04 |
where the kinematics are defined by u\ﬁ"
’ ’ P 2 p : D\>-:/\|
P=(po.p), pP'=|E'5-k|, E=\m+|5-k|, N A
1.00
p !
k= k0,§+k y kOZpO_E . (19)
For simplicity let us compare amplitudes for a nucleon with 0.96 '
momentump; (Po;=Po<m) and a “more virtual” nucleon 0 0.2 0.4 0.6 X

with momentump, [ pgo=(py—A),A>0], and other com-
ponents ofpy, p,, andp’ are kept the same. The sign of the  F|G. 3. The ratio of the deuteron structure function to the free

combination nucleon structure function. Curves: solid curve, basic set of param-
1 , 1 , ) , eters; dashed~curve, with additional form factor for the off-mass-
A0 H(P1,P") =2 (P2,p' )= — AT+ 2A(po— E )<(020) shell nucleon Ay=1.65 GeV; dotted curve, convolution model.

. : . the effect of the extra form factor for the external line of the
controls the relative magnitude of these two amplitudes,

Since amplitudes18) are negative, the relatiof20) means virtual nucleon. The additional form factor slightly decreases

that the absolute value of the amplitudé( 'Y is larger the off-shell effects, since it “holds” the nucleon closer to
) , P P2.,P 9 the mass shell. These results confirm our estimates presented
than.Z(p.,p’). Thus as a nucleon moves farther from the

) . L ) . at the beginning of the present section. They are also in
mass shell an increase in the emission of virtual pions ma

; . }ﬁualitative agreement with earlier result,8] for x>0.3,
2Ec(laé((§)r?saiidélg(]) ?r?gr%rgsggeo\l\r/:t?hg?))tgztra r:glne d C():Eg)'ritrlr’f_ll where the structure function of the nucleon in the deuteron

plies that the weight of the bare component is decreased. ThieUffers additional suppression in comparison with the usual

. ; o onvolution model. This mechanism, indeed, can be compli-
maximums of both effective distributionig(y) and f .(y) U . AN
are aty<1, y~0.2-0.3 for pions ang~0.7-0.8 for nucle- mentary to the binding effects in explaining the EMC effect.

o Corresponding effective distribution functions of the
ons; therefore, contributions of both components are concerb-ions are presented in Fig. 4. The “mean value” distribution
trated at smallerx than for the bare component, where e

for the deuteroridotted curve differs only slightly from the

;‘bare(ty)ocﬁ(l—y). f\s a result, fotr the H,OfSShZ” structuret free nucleon distributior{solid line). At the same time the
unction we expect an increase at smamnd a decrease al o 1aron distribution is very similar to the distribution from
large x, compared to the structure function of a nucleon

moving closer to the mass shell. These conclusions may be
affected by the pseudoscalar coupling, the presence of the

vertex form factors, and the Fermi motion in the deuteron. 30 [N g4 ' ' ' ]
The parametrizations of the nucleon structure functions I
from [22] and pion structure function froff23] are used as 25 kA i
input. The Bonn potential wave function for the deuteron ) ,'\\\
[19] is utilized throughout. The form factor for the external 20 F ™ 3 |
nucleon line of diagramé&e) and(d) of Fig. 1, is taken to be = iy N
S " ,—4\ \\

of the form[17] F 15 //2 B, ]

2(A3—m?)? 10 b/ O, |

h(pz): "’2 2 "‘2 2 2 2\2 . (21) ::" 1 ,’_."..‘_\3~ \\\\‘
2(AN—m7)(Ay—p9)+(m=—p2) P S
0.5 I'7 /1" AN R \\\\:\\ ]

Since the role of this form factor in the diagrams for the ',/ \‘\:\::1:\»
reaction with an external probe is uncertain, results are pre- 0 0 0'2 0'4 —_—ojeh x

sented both with fy=1.65 GeV} and without (\y— =) the
form factor. The second case is our choice for the basic set of

parameters. FIG. 4. The effective distribution of the pion in the nucle@ne

The results for the deuteron structure functlé%(x) aré  pasic set of parametgrsCurves: solid curve, free nucleon; dotted
presented in Fig. 3. The dotted line presents the calculatioBurve, nucleon in the deuteron; dashed curve, nucleon in the semi-
disregarding the off-shell effects, the convolution model. Theinclusive reaction with different spectator momentum, (1,
solid curve is a result of calculations with full formulé®— ps=0.1 GeVE; 2, ps=0.3 GeVE; 3, ps=0.5 GeVE; 4, p,=0.9
(8) with our basic set of parameters. The dashed curve showGeVvic).
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1.20

(x.p,)/ F; ()

n
F2

0.95

0 0.2 0.4 0.6 0.8 X [ 0.2 0.4 0.6 0.8 X
(@) (b)

FIG. 5. The ratio of the neutron structure function, measured in semi-inclusive deep inelastic scattering on the deuteron, to the free
neutron structure functiorta) Dependence on the spectator proton momentum. Curves are calculated with a basic set of parameters: dotted
curve,ps=0.1 GeVE; solid curve,p,=0.3 GeVE; dashed curvep,=0.5 GeVE; dot-dashed curvgys=0.9 GeVE. (b) Sensitivity to the
model assumptions. Curves fpg=0.3 GeVE: solid curve, basic set of parameters; dashed curve, with additional form factor for the
off-mass-shell neutron=1.65 GeV; dotted curve, calculation with the distributiof®&3)—(25) with nucleon form factor inside the loop
(AN=1.475 GeV.

the semi-inclusive reaction at the spectator momentum Figure §b) shows estimates of some of the model ambi-
ps=100 MeVEk, because the mean value of the nucleon mo-guities involved in our calculations. In particular, all calcu-
mentum in the deuteron is 100—150 MeV¢, depending on lations give qualitatively the same behavior of the off-shell
the potential model. effects. However, manipulation of the form factors may lead
Results for the semi-inclusive reaction with the protonto a suppression of the magnitude of the efféblote that
spectator are shown in Fig. 5. Calculations for the ratio of thecalculations for the dotted curve are made for the sake of
neutron structure function in the semi-inclusive reaction taillustration, since they break the energy-momentum conser-
the free neutron structure function are presented. This ratio igation in the reaction.
obtained after exclusion of th@ flux factor (1+ p,/m) and
(i) weight |¥(p)|? from the total structure functions. The
first one is a procedure well defined by the kinematics of the
reaction; however, the second is rather ambiguous, since the We have presented model calculations of the off-shell ef-
wave function of the deuteron is strongly model dependentfects in deep inelastic scattering on bound nucleons.
We do this for methodological purposes, since it is worth- (1) The truncated nucleon tensor has been calculated in
while to compare the relative effects at differgnt If there  the pion-nucleon model, motivated by the Sullivan model.
is no off-shell effect, such a ratio would be just a constanfThe formulas explicitly contain thg? dependence and allow
~|W¥(p)|2. Otherwise it will have a slope as shown in Fig. 5. an analysis of off-shell effects in the nucleon structure func-
All curves in Fig. 5 are scaled for comparison. Note also thations.
the flux factors in the three matrix elemeigi$) are slightly (2) The nucleon contribution in the deuteron structure
different, and so after dividing by the factor tIp,/m), the  function FE has been calculated using a nonrelativistic wave
structure functions remain dependent on the amglef the  function. The off-shell corrections are found to be rather
spectator momentum relative tp This dependence is too small, but they can be complimentary to the binding correc-
weak to discuss in relation to the possible experiments andions in the explanation of the EMC effect.
furthermore, it is not clear if this angular dependence is just (3) Semi-inclusive deep inelastic scattering on the deu-
an artifact of the nonrelativistic reduction. Here we chooseeron has been considered in the spectator approximation
0= /4. with the proton spectator in the final state. It is found that
The dependence of the off-shell effects on the spectatathis reaction provides new opportunities to study off-shell
proton momentum is shown in Fig(&. There are two com- effects in the nucleon structure function. Even at nonrelativ-
peting mechanisms, the increase of the structure function atic momenta of the spectator, the off-shell effects for the
small x and decrease at mediurm To understand such a struck nucleon are larger than in inclusive deep inelastic
behavior let us consider the effective distribution functionsscattering on heavy nuclei and order of magnitude larger
of the pions in the nucleon for the semi-inclusive reactionthan on the deuteron. This type of experiment would help to
(Fig. 4), a steady increase of the pion distribution function atselect models relevant to describe the structure functions of
small x with an increase of the shift of the nucleon farther nucleons and, therefore, the nuclei.
from mass shell. At the same time at medium and latge We did not consider here the contributions of meson-
these distributions have a tendency to vanish. However, thexchange currents, which should be part of a consistent
calculations at very large spectator momentymg~1  analysis of DIS on nuclei as a system of interacting nucleon
GeVic, are probably beyond or very close to the boundary ofand meson field§9—-11,24. However, when the internal de-
the applicability of the pion-nucleon model and the potentialgrees of freedom of the nuclear constituents are “defrozen,”
model for deuteron. such an analysis becomes a nontrivial problem, since it is not

V. CONCLUSIONS AND COMMENTS
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clear how the internal dynamics of the constituents interferes \ 2h2(p2) y (= 27

with the dynamics of the system. In any case, the physics f1(Y,p %)= 1673 f dp.p; da

here can be extremely interesting and there is much to learn

about how to build a composite system from its composite h2(p’?)

constituents. X5
Another phenomenon not considered here and which can (p"*=m%)?

have an affect on the deuteron structure functions at very (A2)

smallx, say,x<0.1, is so-called nuclear shadowif®2p,24.

These corrections would cano@r partially cancel the en-

hancement of the deuteron structure functisee Fig. 3, h2(p?) y [ .

x—0, generated by the piong4,2§. Ny, p?)=— d ipif da

1
{2yp2+ ;[p’z—mz]—pr’],

We would like also to make some comments about the 16> 1-yJo
pion (meson physics in DIS on nuclei. This topic has as long —
a history as studies of nuclear effects in DIS, starting from « —yhs(p'?) (A3)
the famous EMC effedi27]. At one point it was concluded (p'2—m?)?

that there are no excess pions in nuclei. It was based on
simple estimates of the pionic contribution to the nuclear
structure functions and probably a more correct conclusion ?h%(p?) y (=

has to be that something has been overlooked in these calcu- fg(y,p2)= 6.7 1—v v o
h?(p'?)

lations. This point was recently reexamined in an interesting
work [28]. Without going into details we would like to note .
that the physics here can be even more intricate. For in- xf daﬂ (A4)
stance, off-shell effects in the pion structure function can be 0 (p"“=m°)
significant as is found in29] (see alsd30]).
Our last comment is related to the state of experiments in
this area. There is an interesting potential in the study of DIS 2hep?) y (=
on the deuteron in a semi-inclusive setup. In particular, the w 2y _f
possibility to study the off-mass-shell behavior of the P 16w 1- diecky
nucleon structure function is really uniqu@ther interesting ) 2(2)
physics could be studied as wg1].) Such experiments, for i
instance, at CEBAHF31], would be beneficial both for the XJ a(kz u?) 2{2yp*=2pk}, (A5)

theory of nuclear effects in DIS and, perhaps, for the more
fundamental theoriesimodelg of the structure of the

[l
©
=~

nucleon. or 2h (p ) J« ik K 2,n.d (1_y)f2(k2)
3(y.pH)= 1—6rﬁ k| da—ha e
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(4)—(12)]; the = components ofp’ and k are defined as

APPENDIX follows:
The light cone variables are
PL=yp:+, Kki=yp;,
P=(Po,P)=(P+.,P-,PL), P+=Po=P:,
p’=p.p-—pi, PP’ =3(p.p_+p-p\)—p.p! plz;[pz—,uz—piz—yp_p++2pri cosv],
(A1) p+(1-y)
(A8)
d*p=3dp,dp_dp,, dp,=p,dp,da.
The explicit expressions for the functior$(™(y,p?), ol > o 1o
i:ly_‘_,3, are k- p+(1_y)[p m kJ_ yp*p++2pj_kj_ CO&Y].
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