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Abstract

The results of theoretical ealeulations of the eleetron-bound nuclecn interaction cross
section (o) are given for four theoretical approaches. It is shown that there are sig-
nifieant differences between predictions of these methods, especially for the deeply bound
(high internal momentum, high removing energy) oucleons. To test these predictions ex-
perimentally we study of cross sections obtained for two primery energies or for bouad
proton and neutron. These ratios will be inseasitive to the nuclear spectral function as
well as to the off-shell modifications of the bound nucleon form-factors if every pair of
messurements are made for the same values of energy and momentum-transfers, removal
energy, internal and final momenta of the struke nucleon. It is shown that dependences of
the discunssed ratios on varous kinematieal parameters are significantly different in different
approaches and can be used to distinguish the theoretical models used.

1. Introduction

The cross section for unpolarized electron-nucleus scattering with eoincident detection
the final state eleciron and the oucleon can be expressed 1/ via the four nuclear structure

s : Er.,H.Q_l-EWﬁhW;—P Wp-cos2g—{e(1 +:}-q—=}”:~Wnr-ﬂﬂli] (1)
P pe dPFy 2'e ¢

where ou = [El‘—a-"i"-‘EFil the Mott cross section, £ = [1+35-ri'.:m*!.:‘—]" is
the virtual photon polarization parameter; & = 1/137; @ and §* are the four and three
momentum transfers, 8. and f, are the angle and momentum of scattered electron; Ey
and 7y are total energy and momentum of the nucleon in the final state; & is the angle
between the plane of the scattered electron and the secondary nucleon.

If we consider the electron-nuclens scattering in terma of scattering from bouand nucle-
ons and assume that the dependence of all auclear structure functions in (1) on the bound
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with & bound nucleon, convoluted with a term characterizing the momentum and

removal energy distributions of these nucleons. In a nonrelativistic approximation, this
factorization is well known [2], and the cross section (1) can be presented as follows:
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aucleon with momentum §; and separation emergy By the in nucleus. o, is the cross
mﬁmﬁuthhtintﬂﬂﬁmdmdmﬂihthuhwndnudm,ﬁthmtﬂﬂuimuﬂ
factors.

In the relativistic description, the factorization (2) is still valid. However the spec-
trdﬁn:ﬁmhdiﬂmtmddapmﬂ:mrdlﬁﬁﬂﬁnnmﬁ:ﬂpumﬁmu{ththud
nueleon (ses bellow).

Fhrmcmncﬁmnfth:hﬁumnﬁmmhhumdﬂt:pmhd[unnﬁun,Ihupmdn
knowledge of .y is necessary. Such knowledge is important also for the investigation of
the modifications of the bound macleon due to the nuclear environmeat.

In this work, the first results of theorstical calenlations (without contribution of the
final state interaction and meson exchange carrent) ia four off-shell approaches are pre-
seated. To experimentally test of the predictions af the diferent approaches, the two ratios
of cross sections are considered. Due to the choice of special kinematical conditions for the
measurements, these ratios do not depend on the anclear response [a].

2. Theoretical Approaches for ooy Calculations

The cross section o will be considered in the four approaches for the quasielnstic
kinematical region of the (e, ¢'p) reaction.

2.1, Theoretical Approaches in the “Minimal Relativiatic”
Impulse Approximation

In this class of Impulse Approximations [4,5], relativistic kinematics wers ased, but
mmmﬁmdndnmﬂldpmmﬂmmdmthuumﬂlﬁﬁlﬁnupmhﬁm
To illusteate the origin of nonrelativistic nature of these approaches, let us decompose the
invagant Feynman diagram of the Ale,¢'N)A~1 reaction into the sum of two nencovaraint
"old fashioned® diagrams (Fig.l). The amplitudes of these diagrams are proportional to
the corresponding energy dencminators which are

AH, =En+Es1=Ea (3a)
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AHy=Eg +Ev— (35)

where E; are the total energies and g is the energy of virtual photon, (A-1) is the

= ! e a
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Fig.1

From eq.(3) follows that at the small values of py and g, AH. ~ p*/m — 0, while
AH, ~ 2m. Therefore, the contribution of the diagram Fig.lb can be neglected which
lends to the nonrelativistic JA space-time representation.

However, at high momentum py and high energy of virtual photon, the value of AH),
can be commensurable with AH,, and the vacuum pelarieation term (Fig.lb) cannot be
neglected. In approaches that neglect this term the problem of the enhancement of the
off-sbellness has to be solved, because the nonconservation of the invaniant energy at the
vertex of interaction (off-shellness)

A=(Py+Pyiy+a) —(Pat+q) = (M) — M} + 290 - AH, (4)

increnses with g, if par % 0 (in (4) M™ is the efective mass of [Py + Py—1) system).

The real estimation of such effects is often done in the following approcmations:

A. The ¢°Y approximation [4]. This approximation based on two general assump-
lons:

i) Current comservation takes place for bound nucleons which allows to express the
longitudinal current component via the audeon charge density:

I =(q/q)- I} (5)
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where the on-shell expression for charge density is nsed.
ii) In the description of the off-aheil nucleon spinors the following effective energy have
been nsed:

By = (M* + g}/ = (M + (7 — ") (&)

G (P o B = ﬂ-r*%*E%'WL+WEd1+=]-%}1"'H:-r'ﬂ#-#ﬂw-mﬂi]
(7)

where

wg = E;Ef({snﬁp}’[ﬁ’ - ELL,—PF B - (R + AY)

P — 2 - min®f Py = P2
vr= -l (m o+ + i -

. sinf Py = P.)?
om = ~BLm (87 + Bp)- (R} - T A

- gin2 @, L
wrr= Bttt g (BB o (8)

E;Ey

In equations (8), .y is the angle between the vectors of the knock- out aucleon and
the virtual photon; Py and P; are the four momenta of knockout and bound nucleons;
F1(Q?) and F3(Q*) are the Dirac form-factors of the bound nucleons.

B. The o° approximation [5]. Here, the general assumptions made are:
i) At the vertex of the v*N internction the current conservation is restored by including
the additional term proportional to q,:
TP = J% 4 g Uilq) (2)
where J* is the current for free nucleons and [M(g) is an unknown function which can

be obtained from current conservation (guJi) =0, i.e. T = (gu7})/ .
ii) For the off-sheil oucleon the effective mass m™ has been introduced:

me = \[81 — 51 = /(B —v) - (7 - 2 (10)

With these assumptions;
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x ([{{P.Pf} (BpPp) = M*-@*)-[Fy - % B+ (11)

+WQ;P3; [4(PePy) - (Pe Py) +2{quPy)’ + M* - Q|(Fy + F:]*)

where P, and P, are four momenta of the incident and scattered electrons and Ef =
e+ g,

C. The o¥'™ approximation. This approximation neglects off-shell effects. The mo-
menta of all incident particles are obtained from the moments of the final (detested)

particles.
al By
N = BBy =B ([*fPfP:}‘ ~ 2P P()Q* - M*QP|
QI 2 1 X
.--.:i.l"§'+—l .,F=]+EQ"I[F1+F1J (12)

As can be seen, all these npprodmations nse fully relativistic inematics; the main
differences originate from the treatment of current conservation for off-shell auclesns,

2.2 Relativistic Light Cone Approximation

Now let us consider the diagrams in Fig.l in the Light Cone (LC) reference frame
[8,7], which is charscterized by four-momenta

P*(ps,p-. 1) (13)

with
pr=E+p=ym'+p +p, (13')
p-=E—py=ymi+pl-p, (13")

where (-) and (t) components are conserved for all vertexes, and particles are taken
on their mass-shell [7].

For the interaction of virtual photon with spinless particles the number of dingrams is
still two. Ome of these dingram (vacuum diagram in Fig.lb) vanishes due to the noneon-
servation of the (-) component (g — pw— —Pg_ < 0, because g_ = »—/@? + 7 <0 and



py-+pg_ > 0)- Consequently, only the diagram in Fig.la should be taken into account,
for which the energy denominator is

_ A (m?+5) _ag
@ P + Pam Pa- (14)

AH,
where a = A - py—/pa~ is the momentum fraction carried by constituent nucleon.
Note, that in this approrimation the nonconservation of invarant energy af the v*N

amplitude does not increase with transferred energy (see (4)). Indesd, at the 7N vertex,
the energy nonconservation is

M* - MY

A= (By+Paca+9) = (Pata) = (M = M+ (a0 - 0) - =5

(15)

which does nol incresse with g, since g, — §s = §a — +..-"§i +l?.l=
It should be pointed out that in LC approximation the spectral function will depend
on the Light-Cone variables (o, f;, pa—1+) (see (14), [6]) and

dter
mﬂx'fw'ﬂ“-ﬁ-ma—m} (18)

i) For calculations of the #.n in LC approximasion the problem of uncertainties of
the bound nucleon current must be solved. The general assumption is that the current
conservation takes place for off-shell nucleons. Sinee for the transvers and "-" components
of the bound nucleon current the free nucleon current components can be used, the require-
ment of current conservation allows one to obtain the unknown loagitudinal component of
bound naecleon current:

Ty = =2 . Iy (17)
However, in actual o, caleulations, the spin of the bound nucleon must be taken
into sccount, which results in one more diagram, the so called contact disgram. Oze
can show that for this disgram the cootribution of Jy_ component is absent ["Good”
component) [7,8]. As for the transfer component, numerical calculations indicate [6] that
its contribution do not exceed 1+2% in the = 1(GeV/c)? momentum-transfer range. So,
the contribution of the comtact diagram, which is due to the Sy, compeonent ooly, is
effectively already taken into sccount by using (17).
ii) The off - shell continuation of the "4" component of the initial nucleon momentum
is obtaimed by assuming that:

m? 4 g}
P=

Py =(Pa—Paa)y = (18)



where 8] . .
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Thus, in LC approdmation, oy will be calculated using the general expression (7)
with new elementary structure functions [9]:

Wr, = Efﬂ'l- g {-F’,_HEQ:} E%;'E -j"ﬂ.{ql} i FIH{Q'}‘ :IIE.E— q+

SEUT) (4 opm) + @ 2 4 () T+ ) 1)

wr = E—:;" : {HN{Q’}' (8" + (pep) —m) — Fun( Q%) - Farel Q%) - (pr — mig)+

LT (g2 (39" + (oyp) ) = 2-(30) - (pr9)]}

o= B2 () S22 Y. 0222 )

. F
o= B2 {pvie + @ ElE) (20
where @y = A (@ — &)/ Pa- (1 = |{l ), a7 = @+ aq, p} = p¥ = p-sinffly;), and

h:r]-ﬂb:~iln+%'M-n

!

md 2
(p) = (pr - Ve + 5 T
) =-L 41 (m? -0 (21)

4. Numerieal Caleulations of s

Thpﬂuftﬁ.mkhhﬂndnuttht:hunﬂninﬂnnf#.m[ﬂ:uiﬂmudm
momentum range SOM Ppomi to =0.7GeV/c. Since there are reliable theoretical [6,10]
and experimental [11] statements that short-range two-nucleon correlations are responsible
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of the momentum distribution for which, in nonrelativistic approcimation, the sufficently
simple relation betwesn internal momentum and removal energy [10] can be found:

<B>~ B (2
in contradiction to the independent behavior of removal energy and momentum in the
framework of shell model.
The relativistic (Light-Cone) generalization of (22) is [8]

mi+pl 1
Z—a My

< pra-+ == Maa + 4 (22')

Pra-1)+ is one of arguments of the spectral function in LC approrimation (see (16]].

Using these relations between removal energy and internal momentum, Fen has hesn
ealculated for the quasi-elastic (e,e¢'p) seaitering ns a function of different kinematical
parameters. These results are presented in Fig.2-+4.

In these caleulations the fallowing relations between elastic ancleon form-factors were
used

q: | q:
F '[G-+m-ﬂn]f{1+@]§ Fy =(Gm - ']'“:1-'_4..!.:!'1]

(23)

where the standard dipole behavior for oucleon magnetic and electric form- factors

Crmp _ G _ ﬂ"‘-[1+5.a- Q']-' =

T el (24)
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The main conclusions which can be drawn from these data are:
For fixed iransfer-momentum :

1. Thmutbi;diﬂnmnubﬂwmthpmﬁ:ﬂmuﬂh:.ppmﬂm&mﬁ.

2. These differences increase with increasing momentum and polar angle of the bound
nucleons.

3. Theoretical predictions are significantly different for bound protons and neutrons.
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Fig.2 Croas section of electron-bound nucleon elastic seattering as a function of inter-
nal momentum p;, at a) E, = 2GeV, Q* = 0.5(GeV/c)?, iy = 0°, gy = 0%, b) B, = 4GeV,
Q7 = 1.0(GeV/c)? Bz = 0°, dgg = 0°. The solid, dashed, dash-dotted, dotted curves are
the resulis of e&C, #1CC ¢ and #FIN approximations, respectively. Upper and lower
series of curves are for the bound proton and neutron case.
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Fig.3 The same as in Fig.1, as a function of polar (a) and asimuthal (b) angles at
E, = 4GeV,Q? = LO[GeV/c)?, pi = 0.55GeV/c and dig = 0° (a), By = 30° (b).
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Fig.4 The same as in Fig.l, as a function of Q% at E, = 4GeV, 8y = I%pi =
0.55GeV /¢ and iy = 0.
5. Experimental Methods for Testing the Theoretical Predictions

The direct experimental measurements of o, for bound aucleons are impossible due
to the nuclear effects. However, it can be obtained using (2) or (18)

(88 5] ap
S{Eh ﬁ'ﬂif }

fl'.H{El'l-q=1 "'r.ﬁii-Ei]' = {EEJ

This is true if one use eq.(18) for the Light-Cone spectral function.

The present (experimental [11] and theoretical [12| knowledge of spectral fuactions
(especially at high internal momenta) does not allow to unambiguously extract the desired
value of the o,y. Therefore, the straightforward estimation of bound nucleon cffects ia
the cross section requires a model free extraction of spectral functions.

One of the methods to suppress the uncertaintics of the spectral functions is to con-
struct the ratios of cross sections at two different messurements where all arguments of
5{Ei,Fifr) (Pla,pr, P a-1)+)) function are the same. In these ratios the influence of the
spectral function will be cancelled.

We will consider two methods for constructing such ratios.

5.1. Two Energy Method

In this case the ratio Rg of o,n's obtained for two incident energies and for the same
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values of @3, v, By and f is considered. In fact this is analogous to a Rosenbluth o /or
separation.

_ TaviBa) d*o{Ea)
R Tarv( Eaa) {-d‘ﬂ'{zﬂ]}-u o

In Rg, the form-factor modifications of bound nucleons bave no contributions becanse
@ (and ) were assumed equal in the two messurements.

In Fig.5 dependences of Ry to p;, &, & and @3 for E, = 2GeV, E 3 = 4GV are
presented. All ratios are normalized to RE™Y (the ratio for the free nucleons).
dietions of the theoretical approaches considered. In some cases, expected off-shell effects
results in more than 100% deviations from the free nucleon predictions.

5.2. Nemtron-to-Proton Ratio

The ratio Ry of oon's obiained for the aeutron and proton at the same values of
i.n'l:id-m‘l'l.'-'nl:l.'n'-. Q’, by -El lndﬂ-

An= 2t~ ()., (20

should be independent of the spectral function, if this function is similar for the
nentron and proton. In Fig.8 dependences of Ry to pi, 9, ¢: and @? for E, = 4GV are
presented. All ratios are normalized to RE'Y (the ratio for the free nucleons). One can see
that this case also there are significant and measurable differences between the predictions
of the theoretical approaches considered.

The principal difference between the two methods discussed is demonstrated in the @°
dependences of Rg and Ry (see Fig.5 and Fig.6). For Ry, differences between predictions
incrense with increasing @3, for Ry vice versa; with increasing @7 the predictions of all
theoretical models becomes the same.

It should be pointed out that results discussed above were obtained without taking
into account effects of final state interaction (FSI) and meson exchange current (MEC).
In the kinematical regions where these processes have large contribution, the predictions
discussed can be changed significantly. Let us briefly (qualitatively only) consider the

modifications of the predicted effects in the kinematieal regions used, ie. at
@* = 0.5(GeV/)? and z > 0.5 (xz is the Bjorken vadable for free nucleon) due to the FSI
and MEC.
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ReEl=2/El=4, 8=30, $,=0, Q*=0.5 R=El=2/El=4, p,=0.5, ¢y=0. §*=0.5
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Fig.5 Dependences of the ratio Rg = ouv(Ba)/0uv(Ea) at By = 2GeV,Ea =
4GeV, va. the (a) internal momentam p; at @ = 0.5(GeV/c)?, By = 30°, iy = 0°; (B)
polar angle 6, st p; = 0.5(GeV)/e, @ = 0.5(GeV/c)?,dig = 0% (c) azimuthal aagle
big = 0° at By = 30°,p; = 0.5(GeV)/e, @ = D.5{GeV/c)?; (d) Q7 at By = 3”""";'
e,p = ﬂ.ﬁ{f‘r’dqﬁ:. Solid, dashed, dash-dotted, dotted curves are the results of <,
o€ o5 and oIV, spproximations, respectively. All ratios caleulated for bound protos
farget.
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B=N/P El=4, §,=30, ;=0 9*=0.5 R=N 8, =0, Q*=0.5
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Fig.8 The same as in Fig.8, for the ratica of neutron - proton cross sections st incident
electron energy B, = 4GeV.



The Final State [nteraction can result in two important effects: i) the disturbance of
the factorization (2), and ii) the change of the spectral function.

In [2] it was shown that to take FSI into account, e.g. in the DWIA, a distorted
spectral funetion must be used which depends on f; also. In this case, factorisation still
takes place with = 1+3% sccuracy and

E,,Egt_ﬁ =ps By - den + Saial Eiy 5 5y ) (2')

Changes of the absolute value of the spectral function are not important, since we
are considering the ratios with the same spectiral function. Note, that in general, the high
momentum transfer and lightest nuclel have to be used for a substantial suppression of
F5I effects.

The effects of MEC can be qualitatively estimated using the kinematical limitations:
for sufficient high momentum transfer (@ > 0.5{GeV/c)?) the interaction of virtual photon
with constituent quarks should be considered, therefore the MEC is connected to the sea
quark-antiquark component of oucleon with = < 0.15 [6]. Sinece in the proposed = = 0.5
region the distribution of sea quark is much smaller than the valence quark distribution,
effects of MEC can probably be neglected.

Thus, it seems that F5I and MEC will not change the muin results discussed abowve, if
the DWIA approximation is valid. However, it is obvious that this statement is based on
guantitative arguments only. New caleulations, including the FSI and MEC cantributions
are needed to confirm this claim.

8. Summary

We have presented here the results of theoretical caleulations of electron-bound au-
cleon interaction cross section [oew) in four theoretical approaches: three of those are
in the "Minimal Relativistic® Impulse Approximation {where relativistic kinematics were
used, but the space-time development of processes corresponds to the nonrelativistic rep-
resentation), while the fourth is relativistic (in the Light Cone Approximation). These
results show that for fixed transfer-momentum: i) there are a large differences between
the predictions of the approaches considered, ii) these differences increase with increasing
momentum and polar angle of bound nucleons, iii) theorstical predictions are significantly
different for bound protons and nentrons. Sinee direct experimental mensurements of 7.n
for bound nucleons is impossible (due to the nuclear effects) the ratios of cross sections for
two different measurements were constructed where all arguments of the nuclear spectral
function are the same. In these ratios the influence of the spectral function will cancel.
Twao methods for constructing such ratios have been considered: the "Two Energy™ and
"Neutron-to-Proton Ratio® method. It is shown that there are significant measurable dif-
ferences in predictions of the theoretical approaches. In some cases, cxpected off-shell
effecta results in more then 100% deviations from the fres nucleon predictions.
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