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Electron-nucleon cross section ine,e’p) reactions
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We examine commonly used approaches to deal with the scattering of electrons from a bound nucleon.
Several prescriptions are shown to be related by gauge transformations. Nevertheless, due to current noncon-
servation, they yield different results. These differences reflect the size of the uncertainty that persists in the
interpretation of ¢,e’p) experiments[S0556-281®6)02005-(

PACS numbep): 25.30.Fj, 13.40.Gp, 14.20.Dh

[. INTRODUCTION and relate them to particular choices of a gauge. Since there
is much interest in theg(e’p) experiment by Makingt al.

In the interpretation of electron-nucleus scattering experi{2], we give examples for the kinematics of this experiment
ments one must make a choice of how to describe the integven though they are at the peak of the quasielastic cross
action between an electron and a bound nucleon. Only théection and the initial nucleon is not far off its mass shell.
scattering of an electron on a free, on-shell nucleon is detefur general conclusion is that the ambiguities connected to
mined model independently. The kinematics of the scatteringhe electromagnetic current of an off-shell nucleon cannot be
on a bound, off-shell nucleon is necessarily different anddismissed even if predictions among some currently used
therefore there exists no well-defined unique procedure foPrescriptions are in close agreement.
the theoretical description of the nuclear scattering process.

In trying to describe the nuclear reaction by means of the Il. CURRENT CONSERVING PRESCRIPTIONS
free electromagnetic current of the nucleon, assumptions
have to be made. They lead to a nonconserved nuclear cur- There has been considerable work on general aspects of
rent, an unphysical feature that is usually remedied imén the electromagnetic interaction with the nucleons in a
hoc fashion. The most commonly used “conserved current”nucleus(see, e.g.[3—8]). The nuclear wave function, the
(co) prescription for the €,e’p) reaction was introduced by €lectromagnetic vertex and, e.g., the final state interaction
de Forest[]_]. This prescription also makes it possib|e to need to be dealt with ConSiStently. We will not repeat this
factorize the p|ane_Wave impu|se approx|mat|(mW|A) discussion here and comment Only on the aSSUmptionS that
cross section into a part containing the electron-nucleo@© into the often used recipe by de Forgsf for the cross
cross section and a nuclear structure part. By comparingection for a bound, off-mass-shell nucleon. They are good
some variations within this class of recipes, it is often con-€xamples for the problems one encounters in general and for
cluded that the uncertainty due to this procedure is small anth€ approximations one makes in practice.

that “off-shell” effects are neg||g|b|e The general form of the nuclear current is
Clearly, this last point needs to be critically examined
before one can draw conclusions from, e.g.e(p) experi- J,=ViT, ¥, (1)

ments about subtle or exotic effects, either concerning
nuclear structure or the influence of the medium on the rewhere ¥, ; denote the initial and final wave functions and
action mechanism. An example of a reaction where this conk , is the electromagnetic vertex operator. It is quite common
sideration enters is the recene,é'p) measurement by to consider only the contributions due to one-body currents.
Makins et al. [2]. It was motivated by the suggestion of a In practice, to obtain a manageable description additiadal
particular medium effect, color transparency. hoc assumptions are made concerning the wave functions,
It is the purpose of this work to briefly review the various the vertex operator, the kinematics and current conservation.
approximations which go into the standard descriptions ofFor simplicity, we will consider the €,e’p) reaction in
the (e,e’p) reaction and result in a nonconserved nuclealPWIA, where the initial nucleon is bound and the final one is
current. We discuss in detail prescriptions to restore consein a plane-wave, on-mass-shell state.
vation of the electromagnetic current of the off-shell nucleon Wave function:The assumption made in Réfl] is that
the wave function of both the plane-wave final nucleon and
also the initial bound nucleon is given by the Dirac spinor for
*Electronic address: pollock@Iucky.colorado.edu an on-shell nucleon. For the initial nucleon it is assumed that
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this spinor is determined through its three-momentpnthe This would be correct and of no consequence if Fhe current
missing momentum of the initial nucleon, and the corre-indeed was conserved. It has been argued that Siegerts theo-
. > ts this substitution when the current is not exactly
sponding on-shell energfq,= \'p 2+ M?2. rem sugges ;
pVerteg operator: Thgﬁggnerapl vertex for an off-shell conserved, but this long wavelength argument does not apply

nucleon, appearing between the nucleon wave functions, h ar the one-body current one is co_ncerned W'th here, nor can
been discussed in the literature, e.g.. in R@L. The operator it be expected to hold at the energies we consider below. The

structure can be much more complex than the one one el 0SS, sections arising from t.his recipe, the often_used pre-
counters in expressions for the free current. Furthermore, th%cnpt[?ns by de Forest, will be referred to simply as
associated form factors can depend in additiomfp the Tec .
photon four-momentum, on other scalar variables such as the (b) Of course, one coqld_tak_e care of current conservation
invariant mass of the initial nucleop?. Rather than using in the gpposne way by eliminating the charge density instead
this general expressiawhich would prevent factorization [4. 10)

all commonly used recipes make use of the free current. i

However, there are a variety of ways to write the free on- Jo— Jéz'_q, (6)
shell current in terms of two independent vertex operators «

and associated form factors. de Forest uses two forms:

and to use

J[.l,:e?-)l = 2 +E 2 yn R j.—)
{=eup )[[ L(@?)+F(a?)]y Jif”:(J-—q)- o

w

(PP
—Fa(q )—ZM u(p), (2 The resulting cross section will be referred tocs.
(c) In other recipe$11] one subtracts a term proportional
and to g, to obtain a divergence free current:
) 2 2o, |- PR Py 8)
Jz=eu(p’)) F1(q)y*+Fo(a)——up), (3 pOTTw TR g2 e

. . The cross section obtained from this recipe will be referred
which can be transformed into each other by means of thf:o asgd
cc*

Gordon decomposition. While for on-shell nucleons the two Connection to the gauge choicas will be shown below,

currents are equivalent, the results qbtained when one tries Rese different ways to restore current conservation can be
us?(_them Itr'] thle ?;f'She”, case artg d|Ifherent. 0 fer b seen as a choice of a gauge, which in principle should have
inematics:n the (e,e’p) reaction the energy transfer by no effect on the results. That these choices lead to different

tEh,e glictro.n,w,thand the er}etrﬁ;y.o{. t?eb deté-zctedl nucieog’results shows the inconsistencies inherent in the commonly
' ? ermine the energy of the inftial bound nucieon 10 b€y asen approach to deal with the electromagnetic interaction
E=E’' - w#E,,. However, the use of a free on-shell spinor

. . . of bound nucleons. The electron scattering matrix element
in the construction of the current involves the on-shell en

ergy E,, for the initial nucleon. In the current based on Eqg. can be written as
(2), the energy of the initial nucleon also appears explicitly M =j*IT,,J7, (9
not only in the spinor, but also in the vertex operator and the
usual prescription is to ude,,, in the operator. An alternative whereIl denotes the photon propagator anthe electron
is discussed in Ref4]. current. The explicit form of the propagator is gauge depen-
Current conservationAfter the above manipulations, itis dent and, as a consequence, so is the form of the matrix
clear that the resulting current is not conserved. The last steglement.
then is to make the current conserved by hand. We will dis- |n the covariant Lorentz class of gauges one has
cuss three possibilities to do this and apply these methods to
the two ways to write the free on-shell current, E(&.and i ) (g9-J3)(gq-j)
M == =3+ ——| (10
3). 9 9
(a) The method chosen in Rdfl] is to replace the longi-
tudinal componend,, parallel toq, by the charge density where¢ is a free gauge parameter. It is common practice to

Jo: work in the Feynman gaugé€=1. In this case, one obtains
(J)JO I .
1 a

This of course is always the case in the covariant Lorentz
gauges since the electron currept,is conserved and the

3 second term in Eq10) vanishes. We will now show that the
J</):(jt'@’\]o). (55 ~ matrix elements resulting from the above three modified
H lq| “conserved” currents, Eqs(5), (7), and (8), when used in

and thus work with a four-current
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the Feynman gauge yield the same matrix elements one ob- 10.0
tains with the original, nonconserved current, but evaluated
in different gauges.

Coulomb gaugeThe well-known Coulomb gauge is an
example of a noncovariant gauge. Using the Coulomb gauge
propagator forll the general matrix element, E),
reduces to

50

v

0.0

% deviation

i (e (@3
Mc==5lodot 2| "I —=5"—"]- (12) R Tt SR

q q q T
This is precisely the same matrix element one would obtain -10.0 ; .
. . . . -15.0 -5.0 50 15.0
in the Feynman gauge, upon using the replacement given in Yideg)
Eq. (4). The second part of E12) is the contribution of the
transverse parts of the current, defined as FIG. 1. Deviation of calculated cross sections from de Forest's

“cc2” prescription as a function of the angle between the ejected
proton and the momentum transfer direction. Here incident electron

J=3- q; Ja_ (13  energy = 2.02 GeV,Q°=1.04 GeV/, lg=1.2 GeV, |p’|=1.2
q2 GeV, andE,,=47 MeV at the center of the plot. Solid curve,

Occ; dotted curve,a(c’cl; dashed curveagcz; long-dashed curve,

. ) ) od.,; dot-dashed curverd,.
Depending on whether one uses the curi#hgiven in Eq.

(3) or 34 Eq. (2), one obtainsre.; andoe, from M. These Ill. RESULTS AND CONCLUSIONS
are the widely used cross sections proposed by de Hdrest ) , D
Weyl gaugeAnother noncovariant gauge is the Wegt Estimates of the differences between cc prescriptidhs;

temporal gauge. Using the photon propagator in this gaugeformal connection between gauge choices and different cc

the charge densities do not explicitly contribute to the matrixPrescriptions can be used for getting estimates of the uncer-
element: tainties within the cc class. The starting point is that the

nucleon currend is not conserved. Different matrix elements
are obtained in noncovariant gauges. Since the electron cur-
.- (9-9)g-)) rent is conserved, all covariant Lorentz class gauges yield the
- o2 (149 same result. These differences between the cc recipes will be
used below for different kinematics to get an impression of
the uncertainty introduced by dealing with the off-shell cur-
Again, it is readily seen that this is the same expression ongent in anad hocfashion. It should be emphasized that the
would have obtained in the Feynman gauge upon using théifferences can only give a rough indication of these ambi-
replacement given in E@6), yielding o3, or o2.,, depend-  guities as a function of the relevant kinematical variables.
ing on the form for the on-shell current one used to approxi-These estimates are not based on any dynamical input, but
mate the off-shell current. only on the connection between the cc prescriptions ex-
Landau gaugeFinally, another example from the covari- plained in the previous section.
ant Lorentz class is the Landau gauge, defined by the gauge A measure of how far one is from the on-shell kinematics
parameteré=0. As one can see from E@10), this yields is provided by the energy transfer. The actual energy transfer
ol andod,, the same result as in the Feynman gauge witto the nucleongw, is determined by the electron kinematics.
the ad hocsubtraction defined in E¢8) that guarantees a If the initial nucleon was on its mass shell, its eneigy,
conserved current. In fact, one would obtain this result if ongyould be (52+ M?)2, whereﬁ is the missing momentum.
did nothing and simply used the original nonconserved curThe energy transfeky’, which one would have in that case
rent in Eq.(11). is given by
Of course, physical observables should not depend on the
choice of the gauge. Indeed, for conserved currents all the o' =E'—E,,. (15
matrix elements given above can easily be shown to be
equivalent. However, for nonconserved currents, i.e., brokeklow far one is off shell is therefore indicated by the differ-
gauge invariance, choosing a different gauge gives a difference,A w,
ent result. This is the situation for the approximation for the

[
Mw="

q

bound nucleon current; the results are not the same. The Av=wv—ow'. (16)
choice of which component to eliminate in favor of another
or to simply make thead hocsubtraction, Eq(8), can thus In Figs. 1-4 we show results for the off-shell electron-

be related to the choice of a gauge. The connection betweamnicleon scattering cross section for the various cc choices.
a choice of the gauge and noncontributing parts of the curwe choose kinematics which correspond roughly to the ex-
rents is formally always present. However, it is only exacttremes of the kinematics sampled by Makiesal. [2].

for conserved currents. Shown are the deviations of different prescriptions from
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FIG. 2. Same as Fig. 1, but with outgoing proton momentum FIG. 4. Same as Fig. 3, but with outgoing proton momentum

fixed at|p’|=1.08 GeV, which reaches a larger missing energyfixed at|p’|=4.35 GeV, which reaches a large missing energy
(=140 MeV at the center of the plot. (=137 MeV at the center of the plot

of their data. The cross sections are plotted as a function 6t sPread of more thar: 5% among the different prescrip-

v, the angld 1] between the outgoing proton and the direc-tions relative tooc,.

tion of . Positive y corresponds to protons scatterae- In Fig. 2, we fix the mopta'ntum of the knocked out
tweenthe incident beam direction argj negativey is for nucleon at a valutower than|q|, in order to access a larger

protons scattered beyonf{j (The experimental data in Ref. _missing energy. In this case, Witﬁ,' red_uced by 1.0% from

[2] correspond to negativg only.) All the figures assume its value in Fig. 1, the missing energy is approximately 140

that the recoil proton is in the electron scattering plane. NOti\/leZ\/?gtl\/)llzvcl)é a—?ﬁ' tk}e fglstsmg momentgurzn?es fro;n4;3l20

that as|y| increases, the missing momentum generally als 0 evic. This leads 1o an increasetw between

increases. We have chosen rangey afhich correspond to and 180 MeV._ Consequently, the largest difference between
the cross sections grows to more than0%.

missing momentum up te 250 MeV. In Fig. 3, we use the kinematics of the measurement with

The electron scattering kinematics in Fig. 1Q8=1.04 i o ) VI
GeV?, |g|=1.2 GeV, and the cross sections are shown forIhe ,h'QheSt |nC|d§nt energ@ __6'8 Gfe* ' |ql—4.5 G?V’
again in perpendicular kinematics with’|=|q|; the miss-

|p’|=|al, i.e., in perpendicular kinematics. The missing en-. . - . ;
ergy is 47 MeV at the center of the plot, and depends ver)'/ng Energy 1S 9 MeV aty'—O. In this case one is closer to the
weakly ony. (E,.=45 MeV aty= +12°.) The missing mo- on-shell kinematicsAw is between 9 and 40 MeV and the

mentum ranges from 0 to 250 Me¥/ resulting in aA differences between cross sections typically around 1%. In

from 47 to 80 MeV. The curves correspond to different pre-Fig- 4,|p’| is reduced(by 3% to access a higher missing
scriptions: how the current is made to be conseryed €nergy and momentum. In this case the missing energy is

which gauge is chosgand which on-shell form for the cur- 137 MeV aty=0, (135 MeV aty=*3°) and the missing
momentum ranges from 130 to 280 Mey/resulting in a

Aw from 148 to 179 MeV, comparable to Fig. 2, and the
spread among the prescriptions grows to about 5%.

It should be stressed that variations of up to 10% occur
solely due to the choice of gauge, indicating the severity of
the approximations used to make the current conserved. The
figures also illustrate another, somewhat smaller, uncertainty
due to another assumption: differences between recipes la-
beled as 1 and 2, i.e., show the effect of choosing one of the
two equivalent ways to write the on-shell current as given in
Egs. (2) and (3). For given electron kinematics, also this
difference grows as we go away from on-shell kinematics,
i.e., for largerA w.

That the cross sections appear somewhat less sensitive to
, , ) gauge choices at the higher energy kinematics can be under-
-40 -20 00 20 40 stood from the following qualitative estimates which apply

Y (deg) . .
to a fixed choice of the on-shell current. A measure for the
FIG. 3. Same as Fig. 1, but with incident energy5.12 Gev,  Violation of current conservation is in each case givelidy

Q? = 6.77 Ge\, |q|=4.48 GeV,|p’'|=4.48 GeV, and missing .
energy 9 MeV aty=0 (E,, = 6 MeV at y==3°). g-J=wly—q-J=x, x~Aw[J], (17

05

% deviation

00 |
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where the quantityJ] denotes(part of) the nuclear current Mc—My — wAw(l/ﬁ 2_1/w?)
density. The matrix element in the Coulomb gauge, (&8), = = (23
is Mc 1-wAwl/q?

—i i [wjox

Me=—j-J+ — (189 In the kinematical region under consideration this can be

q q°\ g2 further approximated by
Similarly, one obtains in the Weyl gauge, EG4)
Mc—My A 1 1 o
oo ox Lo e telgT ) (24)
w=gzl It 2| ) 19

For conserved currents, such as with the subtraction iﬁOOObta'” an estimate for the differences betwegg, , and

Eq. (8), we havey=0, and the matrix elements obviously Zcc12- All the above estimates can explain Fhe rela_tive dif-
reduce to the Feynman gauge matrix expression, (E%). ferences among the cross sections shown in the figures for

Since also the electron current is conserved, the matrix eldh® kinematics of the SLAC experiment; they also explain

ments in all Lorentz gauges, such as Feynman and Landdl}€ larger differences found in other applicati¢ag

gauge, are identicaM =M, . Our discussion does not provide any estimates for the
Witf,1 the above expressions for the matrix elements differences between prescriptions based on different on-shell

Mc, My, andM, , we can estimate the relative differences currents, only for different ways to restore current conserva-

between the various prescriptions. We start with comparin%on' What we have shown are the effects due to different

Coulomb and Lorentz gauges. Using E€l) and (18), one rescriptions in the literature for restoring current conserva-
easily finds that ' tion that are used in the interpretation of,é’ p) experi-

ments. We also showed the variation due to different on-
Mc—M wjoAw[J] shell equivalent electromagnetic currents. We have not
M == 3219 (20) discussed other aspects of scattering from a bound nucleon
L a-u- or showed the general framework in which all such aspects
For the purpose of getting order of magnitude estimates, wahould be treated consistently, such as the nuclear wave
a ; ; _i. : function, final state interactions, or modifications of the elec-
pproximatej o[ J]=j-J and find . :
tromagnetic vertex operator. The latter has been considered,

Mc—M, wAw e.g., in meson loop models and relatively small effects were
M, e (21)  found[12, 13. Until a complete and fully consistent theo-

retical description of theg,e’ p) reaction has been achieved,
For a given choice of the on-shell current this expressiorPn€ really cannot know what a reasonable approximation
yields the right magnitude of the difference between thevould be and which of the prescriptions we discussed is

cross sections in the figures, i.e., the difference betweenP€St.” The differences of the results we have shown give

o1 2andad ,. Similarly, one can obtain the corresponding an idea of size of the present uncertainty in the interpretation
y , L 12 .
expression for the Weyl gauge, of (e,e’p) experiments.
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