PHYSICAL REVIEW C, VOLUME 61, 014607

Radiation tail in (e,e’p) reactions and corrections to experimental data

J. A. Templon
University of Georgia, Athens, Georgia 30621

C. E. Vellidis
University of Athens, Athens, Greece

R. E. J. Florizone
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A. J. Sarty
Florida State University, Tallahassee, Florida 32306
(Received 17 June 1999; published 20 December 1999

We present a direct calculation of the cross section for the reatHete,e’ p) including the radiation tail
originating from bremsstrahlung processes. This calculation is compared to measured cross sections. The
calculation is carried out from within a Monte Carlo simulation program so that acceptance-averaging effects,
along with a subset of possible energy losses, are taken into account. Excellent agreement is obtained between
our calculation and measured data, after a correction factor for higher-order bremsstrahlung is devised and
applied to the tail. Industry-standard radiative corrections fail for these data, and we use the results of our
calculation to dissect the failure. Implications for design and analysis of experiments in the Jefferson-
Laboratory energy domain are discussed.

PACS numbgs): 13.40.Ks, 24.10.Lx, 25.30.Fj

[. INTRODUCTION the real-photon “radiative processes” are responsible for
nearly the entire cross section.
The application of what are commonly calleddiative The excellent plane-wave impulse approximatiBiVIA)

correctionsis an integral part of doing nuclear physics with reproduction of the cross section chosen for this study al-
beams of electrons. In an electron-scattering experiment, tHewed us to use the PWIA in carrying out the complex cal-
probe is considered to be a virtual photon. This photon isulations including radiative effects, enormously simplifying
exchanged between a beam electron and a target nucledbe task. The dominance of radiative strength enables us to
thereby transferring energy and momentum to the targemake a true test of the real-photon emission model without
from the electron, which is thereby scattered. Unfortunatelyworrying about accurately removing physical backgrounds.
these electrons also copiously emit real photons which are This study is timely for several reasons. First, existing
not normally observed in experiments. Thus, either the theprocedures for radiative corrections to data have been devel-
oretical calculations with which data are compared must inoped for experiments at relatively low<(500 MeV) electron
clude these processénd they normally do ngtor the data beam energy. Refinements or overhauls of the procedure
must somehow be corrected for these effects so that they canay be necessary to apply corrections fere( p) experi-

be compared to calculations which are based on singlenents with higher-energy beams. The experiment studied
virtual-photon exchange. The standard choice is to “radia-here was carried out with a beam energy of 855 MeV, which
tively unfold” the experimental data, which generates abridges the gap between the energy domain studied by the
“corrected spectrum” that can be compared to theoreticalabs active in the last decadé.2-0.9 GeV and the
calculations. Jefferson-Laboratory energy domaif.8-6.0 GeV. Fur-

This article reports on a study of how these real-photorthermore, a new class of experiments at Jefferson Laboratory
processes affect measurements @fe(p) reactions on has begun to studye(e’p) reactions in a kinematic domain
atomic nuclei. Our calculation takes the second approachwhere the cross sections are expected to be small and broadly
which is to radiatively correct theoretical calculationso  peaked; radiative strength can easily swamp the “true” cross
that it can be directly compared to uncorrected data. Weection in these cases. The design and analysis of these ex-
compare a direct computation of a cross section, includingeriments should make careful studies of the radiative con-
the effects of photon emission, to a specific measurement afibutions to measured cross sections. Indeed, such an analy-
an (e,e'p) cross sectiori1,2]. The results of applying the sis was the genesis for the current work.
standard “radiative unfolding” procedure mentioned above Finally, it became clear to us during the course of the
to these data are also presented and discussed. The compgrieject described here that the standard radiative-unfolding
sons to this particular data set are unique in two ways. procedure used for the last decade is ohdrhocnature; it is

(1) The data appear to be well described in the planenot based on rigorous theoretical arguments. We could only
wave impulse approximatioPWIA). find one article published in a refereed jourpa] which

(2) Over most of the kinematic range of the measurementspecifically addressed radiative corrections feye(p) reac-
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tions. This publication is either unknown to most experimen-
talists, or has been ignored for some reason, as a literature
search uncovered only one referefidkto this article, which e
argued that the corrections proposed 3hwere impractical
since they make different assumptions about hadronic por-
tions of the corrections, rendering data so corrected inconsis-
tent with the world proton form-factor data.

All remaining works we could find addressing radiative
corrections to experimental data were Ph.D. theses. Essen- €
tially all these works quote the Ph.D. thesis of QUif} as
the primary reference. This thesis in turn quotes lecture notes

of Penner[6] from a su.mmer—school' procee.dlngs.as & Prgff an A=4 nucleus to lowest electromagnetic order. An incident
mary source, Where radiative corrections for inclusigge() electron scatters from a target nucleus by exchange of a virtual
reactions are discussed. These notes clearly state that tBﬁoton, and a target proton is knocked out in the process. Symbols

correction should be viewed as approximate; for examplepext to the various lines show the names given the four-momenta
they recommend an empirical adjustment of the calculategor each particle.

tail to give the best fit to the data, in cases where the radia-
tion tail dominates the cross section. Aside from this prob4veV. An example diagram for thibremsstrahlungrocess
lem and possible problems in adapting a formalism foris shown in Fig. 2. Here the spectator nucleons have been
(e,e’) to correct g,e'p) experiments, we have uncovered omitted from the picture for simplicity.
several questionable assumptions in this standard procedure, The process in Fig. 2 is calleidternal bremsstrahlung
which we address in this article. since it occurs during thee(e’ p) reaction. A similar process
By contrast, we base our calculations on a publisfd  (termed external bremsstrahlunglakes place in the Cou-
first-order QED calculation for the radiation-tail cross sec-lomb fields of other atoms in the target. A related process is
tion. Our work extends their result to kinematically completenot particularly relevant for understanding the effect of ra-
reactions and to higher-order bremsstrahlung radiation.  diative processes on thee,g’'p) spectra, but must be in-
We are unaware of any previously published similarciuded in any consistent calculation. This is the process in
study. We hope this paper will give some indication of howwhich two virtual photons are emitted, and an example dia-

urgently new theoretical work is needed, and in what direcgram is shown in Fig. 3. Such diagrams are generally termed
tions that work should proceed. Since the topic of radiative'virtual photon corrections.”

corrections is often viewed as an arcane subject which is best For fixed values of the four-momentande’, we see
avoided, we present in the foIIOWing sections a review of tthat the value of the four-momentum trangﬁs Changed in
relevant electromagnetic processes, a reviene@'(p) phe-  the diagram of Fig. 2 with respect to the leading-order pro-
nomenology, and an explanation on how radiative effectgess in Fig. 1. This in general leads to a change in the mag-
distort (e,e’p) reaction data. nitude of the associated cross secti@s does the vertex
renormalization in Fig. B The extra emitted particle in Fig.
2 leads to a change in the asymptotic kinematics of the re-
action as well. This creates an ambiguity; for a given mea-
sured event, it is impossible to tell whether the observed

This section presents a review of the most important prokinematics correspond to those of the reaction vertex, or to a
cesses via which electrons emit real photons during interadifferent reaction-vertex situation accompanied by real pho-
tions with nuclei. We emphasize here that this section is don emission.
review, meant to place these processes in the context of the
reaction we study. Much of the conceptual work here, and
formal work on bremsstrahlung presented in Sec. V, can be
found in classic articlef8—10!.

Figure 1 is a schematic diagram of thesé’ p) process to
leading order in the electromagnetic coupling constantt
corresponds to the mental picture usually employed by an
experimentalist designing or analyzing an experiment, since
it probes the ‘“signal” the experimenter usually wants to
measure. It also corresponds to the usual PWIA &e'p)
reactions. For the purpose of the study presented here, we
have chosen a measurementite which was performed in
kinematics specifically chosen to optimize the accuracy of
the PWIA. However, even in the limit that the PWIA holds FIG. 2. An example Feynman diagram of bremsstrahluret j
for the hadronic portion of the process, the neglect of realscattering. A real photon is emitted from the outgoing electron.
photon emission limits the accuracy of PWIA cross sectionsThere are three other such diagrams, one each for the two proton
to at best 20% for electron energies above a few hundrefgs and one for the incident electron leg.

AAAA
A

FIG. 1. Schematic diagram of the,g’p) reaction(in this case

Il. REVIEW OF RADIATIVE PROCESSES
IN ELECTRON SCATTERING
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the processusing the notation of Fig.)1
e+tA=e'+R+p’. 1

Assuming the reaction is carried out with a known beam
energy, a fixed, pure target, and that the four-momenta of the
scattered electron and knocked-out proton are measured in
detectors, the kinematics are uniquely determined:

R=(Egr,pr)=(e—¢€")+A—-p’. (2

The invariant mass of theA(—1) system,/R?, yieldsmg;
an experimentamissing energyis computed as

FIG. 3. An example diagram for the virtual photon correction.
Emn=mg+m,—m,. 3)
We begin our discussion of this problem by summarizing
the phenomenology of thee(e’p) reaction in Sec. Ill. Sec-
tion IV will give a quantitative description of the kinematic
distortion due to the contributions of the diagram in Fig. 2. _
We present a rather complete summary of the kinematics, Pm=PR-

since discrepant conventions exist in the literature. In oukyhen PWIA holds, the residual system is a spectator and
discussions below, unless otherwise stated we use the folhys must have had the same momentuymbefore the in-

lowing kinematic conventions: teraction. Since the nucleus as a whole was initially at rest,
(1) The four-vectors are denoted by the standard symbo),: —Pm=—Pr.

for the associated particle, e.gA for the target four-
momentum ang’ for that of the knocked-out proton.

(2) E4 and py refer to the relativistic energy and three-
momentum of particley, thus the four-momentum fay is

When PWIA holdse=E,,. Similarly, an experimentahiss-
ing momentunis defined as

IV. THE KINEMATICAL EFFECTS
OF BREMSSTRAHLUNG

g=(Eg,pg). The magnitude of the three-momentumpig If we add a real photon as shown in Fig. 2 to one of the

=|pgl- external legs in Fig. 1, we must account for it in the four-
momentum conservation relation. Here we keep udting

lIl. REVIEW OF (e,e’p) PHENOMENOLOGY and p,,, for the names of the measured quantities. We indi-

) ) ) cate by use of the extra subscript(e.g., py,,) the corre-
One of the main reasons why the,¢'p) reaction has sponding quantity at thgA (virtual-photon-nucleusreac-

been so useful in nuclear physics is that it probes the propion vertex in the case that the actual reaction involved
erties of individual nuclear protons in a fairly direct manner. emission of a real photon.

The measured particle momenta can be used to determine the The four-momentum conservation relation becomes
energy and momentum that the struck proton had before the

interaction. The only major assumption involved is that the R=(e—e')+A-p'—v, 4)
interactions of the recoilingA—1) system and knocked-out

proton are neglectePWIA). While the PWIA is not suffi- wherey=(k,k) refers to the real photon’s four-momentum.
ciently accurate for a quantitative analysis efd’ p) experi-  The three-vector component of this equation yields
ments, many experiments have sho] that the essential

features are reasonably preserved and that a straightforward Pryv=A=Pp —k, ®
analysis is possible.

The probability of finding the “struck” proton of Fig. 1
(to which the four-momentury is transferreflis a function
of two parameters: an energyhich we refer to ag) and a
momentum(to which we refer asp). Various equivalent
conventions fore exist; we use it to refer to the energy | N
necessary to remove the proton from the nuclpufers to Some authors usg, to denote theinmeasured'missing” en-

the momentum of the proton relative to the nuclear resEroy in the reaction, which thus includes the kinetic energy of the
frame recoiling undetected system. This terminology is historically cor-

. . rect, since in early experiments with low-energy beams on heav
In our conventiong consists of two parts= S+ ER. S v Sxp 9y Y

is th . for th | beina b targets, the recoil kinetic energy was negligibig, became syn-
's the proton Separation energy for the nucleus being OM5nymous with the binding energy. Later, approximate corrections

barded, ancEy is the excitation energy of the residual sys- yere used to remove the recoil energy. The use of relativistic in-
tem “R” of A—1 nucleons. variants eliminates the need for approximations. Our value might be

Assuming that the PWIA holds; andp can be computed more properly termed the “missing mass” since all other forms of
from the kinematic variables measured ie, & p) experi- energy have been accounted for; nevertheless, we stick with the
ments. We begin by constructing a four-vector relation forhistorical term.

so that

pm,v:pm_k- (6)
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100 T T T T itself is computed from this effectively “unradiated” cross
= B = 5.5 MoV “Heto.op/™ Binin Measured £, pr) section. The tail contribution from this bin is subtracted from
_ 80 Enpr) - (50, 60: Radiation from Outgoing Electron: gll bins at Iarger_ missin_g energies. This procedure can be
§ . / | - formeasuredange, = 140° iterated bm-b_y-t_)m, moving from smak,, to large, to re-
§ - i—v—fi':—/f’f/ —— for measured angle 6,,_, = 80° move the radiation tail.
—~ aH v _ F‘a"ij“j"f::°:e:>u°r':;":fz°:°":_W Estimated uncertainties in thalue of the correction are
& e T formeasuredanzlee"m'“;aoe usually around 10-20 %, which is acceptable when the cor-
20 H - e rection itself is small. However, for experiments investigat-
*He(s.eF) - Bremsstrahkung Trajectories ing the largekE,,, continuum cross section, the correction can
0 0 a4 s0 80 700 become rather large, or the radiation tail can even dominate
the cross section. In these cases, even a 10% uncertainty in
Emy [MeV] the corrections can lead to essentially zero knowledge of the

true “unradiated” cross section. It is important to be able to
FIG. 4. Example bremsstrahlung trajectories fete(e,e’p) in reliably estimate the strength of the radiation tail, so cases
the (En,v.Pm,y) Plane for the kinematic settings given in Table I. like this can be avoided during the planning stage of an
Each line represents a trajectory through which strength from lowegxperiment. In the following section, we describe the proce-

values ofE, , can feed into the selected bin of measurgg, (pr).  dure for computing the cross section, including the radiation
The four lines show paths for radiation occurring either on thetgj|.

incoming or outgoing electron leg, and also for two values of the

deduced measured angle betwegnandd, fy,,q- V. COMPUTATION OF (e,e’p) CROSS SECTIONS

Thus the deduced missing momentunpjs=py,,+k. The INCLUDING RADIATIVE PROCESSES

effect of the real photon emission @, is not obvious when ) ) .
using four-momentum algebra; instead, we note that the ze- OUr approach to direct computation of the €’p) cross-

roth component of Eq4) leads to section spectra, including bremsstrahlung processes, is based
on the PWIA for the €,e’p) reaction. The PWIA assump-
tion is not a necessary one; however, a computation involv-
mR’V"‘ mp—mA=(Ee— Eer_Tpr_TR’V)_k, (7) Y P

ing a more complete theory would be computationally much
more intensive. The use of PWIA is well motivated in our
case since it works well fotHe(e,e’p), apart from an over-

all scaling factor; this has been observed in other experi-
Ments as wellsee, e.g.[13]). The basic program is as fol-
lows: a Monte-Carlo simulation is performed in which the
four-momenta of the scattered electron and knocked-out pro-
ton are sampled over their respective acceptances. The kine-
matics for the €,e’'p) reaction vertex are then modified for

. . Bfemsstrahlung processes according to the corresponding
section strength which would normally populaii(, .Pm.v)  probability distributions. PWIA is finally used to compute

to instead be redistributed over a range of valué§,Pm).  the cross section, and any relevant Jacobian factors are ap-
Furthermore, the magnitude of this redistributed cross SeGslied.

tion will be modified since the momentum transéewill be

changed. The redistributed strength is the origin of the We"'spectra using the same procedures applied when analyzing

known “radiation Faili’ of electron-scgttering experiments. the experimental data. The use of Monte-Carlo simulation is
In general, the missing energy is simply increased by afmnortant for an additional reason: the cross sections are of-
amount equal to the radiated-photon energy. The MISSINgen rapidly varying over the experimental acceptances. A cal-
momentum is s_hlfted ina kinematic-dependent manner; thg ,ation of cross-section spectra using only the kinematics
relative orientation of its vertex valugn,,, and that of the  qrregponding to the centers of all the acceptances does not
radiated photoi plays an important role. Figure 4 illustrates ,gally reproduce the experimental spectra. Indeed, when ra-
how measured strength in a particular region B,(Pm) IS giative corrections are applied to “deradiate” experimental
fed, through the bremsstrahlung process, by various regiongyta often one of the biggest uncertainties stems from the

of (Em,v:Pmy)- ) _ acceptance-averaging assumption made. We will discuss this
A procedure(see Ref.[12] for a good discussignhas  phoint in more detail later in this article. Our Monte-Carlo

been developed for “radiatively correcting"e(e’p) spec-  procedure allows for acceptance-averaging identical to that
tra. The procedure relies on the fact that in reactions fopf the experiment.

which E,, is a minimum, there is no tail, only a reduction in
the cross section due to the absence of that strength which
has been moved into the tail at larger valuesEqf. The
procedure corrects cross-section data by beginning with this The cross section for continuune,g’p) reactions, in the
minimum-E,,, bin, using the Schwinger correction to correct case where the residuah ¢ 1) system has a continuum of
for the amount which has been lost to the tail. Then the taipossible invariant massesy is given by

whereT refers to the particle’«inetic energy andk is the
photon energy. The left-hand side of this relatiorEig, ,
and the value in parentheses is, to a good approximatio
what one woulddeducefor E,, if one is ignorant of the
photon emission. Thug,~Ey,+k. The relation is ap-
proximate since one measurég, not Tr, . However, the
difference is in most cases quite small.

The bremsstrahlung-photon emission thus causes cros

The data generated can then be used to form cross-section

A. PWIA cross sections
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déo B. External bremsstrahlung

=Pp'Ep 0epS(Em,Pm)- (8) External bremsstrahlung is relatively simple to include.
The simulation program contains a model for the actual re-
rTg"itction target. For each event, an interaction vertex is chosen
by o=E.—E, : equivalently it is the zeroth component of randomly W|th|_n the |_nte_rsect|on of the beam and target vol-
e & umes. After this choice is made, the amount of target mate-

the four-vector momentum transqu(w,q). Tep s the el rial traversed by the electron before and after the reaction is
ementary cross section for scattering of an electron from a . .

. e o computed. The electron is transported through each material
moving nucleon. We used the “ccl” prescriptigt4] for

) , . o (e.g., target cell walls or target gag\fter each traversal, a
‘t‘hCISZ’?;OtstshesseeCtll?nnémTart]iisC:Isffg/eerlceshe?:t\lgigntha?1 andnew electron energy is generated directly from sampling
; ) yw . &b Tsai's distribution[10] for bremsstrahlung from a thin radia-
Our calculation uses the Simon parametrizafitg] of the

nucleon electromagnetic form factors in the computation oftor:
0ep- S(Em,Pm) is the proton spectral function, which gives bt k \ bt k 3/ k\2
& Rl |
(13

dQerd(J) derd Epr

w is the electron energy loss, given in the laboratory syste

the probability of finding a proton in the nucleus with mo- Iext(Eo,k,t)—m B k 1- E—O+ 7
mentump,, and removal energi,, .

The simulation samples particle momenta instead of ener-
gies, so the cross section must be adjusted before direct u
by the program. For the continuum case, we have to appl
the transformationsv=p., and E,,=p, . The resulting
cross section used in the simulation is related to that of E

(8) by

Plerek is the radiated photon enerd@gr energy lost by the
%Iectron, E, is the energy of the electron upon entering the
radiator materialt is the thickness of the radiator material in
qr'adiation-length unitsb is Tsai’'s bremsstrahlung parameter
[see Eq(4.3) of [10]], andI" is the usual gamma function.

dbo Y dbo
dQe dpedQ,dp,  Ej dQedodQ, dE,

9 C. Internal bremsstrahlung

Internal bremsstrahlung is included using the cross sec-
%ons for first-order photon emission derived by Borie and
rechsel[7]. Their derivation made use of thgeaking ap-
proximation,which assumes that bremsstrahlung photons are
4 E o only emitted along either the incident beam direction, or the
i :pp’ p'Tep (pm). (10) direction of the scattered electron’s momentum. A critical
dQedQ, dpe R review of the peaking approximation can be foundi9h We
use their results to estimate the validity of the peaking ap-
For these reactioris,, has a definite valug,,, SOS(E,,Pm) proximation for our kinematics, and find that it should be

In the case of reactions leaving the residual system in
discrete state, the cross section is given by

is replaced by the momentum distributiafp,,), where accurate to better than 1%. We note here that it is difficult to
make blanket statements about the peaking approximation,
S(Em,Pm) =N(Pm) (En—E,). (11)  except that it becomes increasingly worse for larger

bremsstrahlung-photon energies.
R is the “recoil factor” (really a Jacobian factor transform- ~ The Borie-Drechsel cross section was also derived spe-
ing E,=E), and is given by cifically for (e,e’p) reactions to theA—1) continuum. Part
of the present work is an extension of that formalism to
processes in which theA(-1) system is in a discrete state.
(12  We also present a derivation of a correction factor which
accounts for higher-order bremsstrahlung processes.
For the continuum case, there is complete kinematical
Here we have not included the extra subscripon the ki-  freedom for all particles, as long as the invariant mass of the
nematic quantities, but it should be understood when evalutA—1) system is large enough to be above the particle-
ating the radiative cross sections later in this section, that themission threshold of theA(—1) nucleus. The simulation
hadronic cross section terms must be evaluated at théaen samples all kinematic variabléhe scattered-electron
hadronic-vertex kinematics. Subscripts have been added ithree-momentum, the ejected proton three-momentum, and
that section as a reminder. the emitted photon momentymin this case, the relevant
So far, we have only studied light nuclei with only one cross section is given by Rdf7], but we repeat it here with
possible discrete transitiofthe A—1 ground statg so our different notation and in a form consistent with our results
complete simulation consists of a sum of one discrete simufor the discrete case. Unless otherwise specified, all kine-
lation and one continuum simulation. These two simulationgnatic quantities refer to the asymptotic situation, i.e., what
are each themselves composed of two simulations to handigould be assigned if one was not aware that a real photon
the different pieces of the radiation tail. The procedure ishad been emitted. These cross sections have a two-term
straightforward to extend to more complicated situations in-structure which arises from the peaking approximation. The
cluding additional bound-state channels. first term below corresponds to “preradiation{photon
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emission along the beam directicand the second term cor- dbo dk ‘ dr| dSo(e—ye.,e')
responds to “postradiation”: = (_) — - e/
do dpy Qe dQ,, dpyr| | 9K/ e dw,dQer O,
d’o de—y,e") i
dk do dpy dQe dQy, d cdw,dp,dQe ,dQ, L |9k (ﬂ) Po(ee +ye) |
dpprl,,\dK/ ¢ do,dQe ,dQ,
d db(e,e’ +y)
(19
e/d(l) dpprdQer dQ

fmp has the same meaning as in the preceding paragraph.
Yee are the four-momenta corresponding kg, . The
above resultsettingf,,,=1 for the momentwas generated
The factorf ,,, corresponds to our “multiphoton™ correction by substituting Eq(8), coupled with the discrete-final-state
factor which we will discuss latef;,,= 1 corresponds to the expression for the spectral functidiEq. (11)], into the
result published i7]. In this section, we can udefor both  Borie-Drechsel formula for the radiation tafq. (14)]. The

the energy and the momentum gpfsince it is a real photon. integral overdE,,, was formally carried out by converting
Thedr/dk terms are essentially Jacobian factors for the phoit, with the help of appropriate Jacobian factors, to an inte-
ton emission. They will be given below. Finally, the two gral overdk. The kinematical factors for photon emission,
cross sections on the right-hand side of Bef) are the usual one each for pre- and postradiation, are given by
“unradiated” cross sections, and must be evaluated at the
vertexvalues. This is why, for example, the first cross sec-
tion is a function ofe—y (the beam four-momentum ad-
justed for photon emission before the interactiather than

(14

e
ke Eg n mg ’ (20

dr|  a E§+(Ee—ke)2I 2E
dk| ~mke B2

of e.
2
For the discrete case, the kinematics are overdetermined. dr a (Egtke)?+ Ee 2Eq
Since both the scattered electron and ejected proton are “de- dk o 'Tl'ker (Egr+ko)2 n me (21)

tected” in the simulation, but the photon is not, we sample
over the six-dimensionalp¢: ,p,) space. For each pointin |n the continuum casé, andk, are identicalthe sampled
this space, photon energies can be chosen which belong ghoton energy The Jacobian factors transforming the cross

this coordinate and as well result in the correct invariantsection from differential irke e to differential inp,, are
mass of the A—1) systemk, is the real-photon energy in

the case that the photon is emitted along the direction of the dk ‘ Acer+CeePp /Ep
incident electron, and, is that for the case of photon emis- = ’ ) (22)
sion along the scattered-electron direction. These values are dpy ee’ Beer ~Ceper
in general not the sanjas opposed to the continuum case of
Eq. (14), where the values df werethe samg where
L , Ae=Pp + Py [Per = (Pe—Ke) ], (23
K _A _mR+2pe'(pp’+pe/_pe/2)_(pp'+pe’) .
© 2[ A+ Pe- (Ppr+Per —Pe)] ' Aer=Pp+Ppr - [(Per +Ker) —Pel, (24)
(15 .
Be:(Ee_ke)_pe‘(pe""pp’)i (25
2
= MR 2P Py + Per/27 Pe) ~ Py o) Bo=—(Ew+ke) +Pe (o), (26)
2[A+Per- (P + Per —Pe)] ’
(16) Ceer=A—Keer, (27)
A:mA+C!)_Ep/ y (17) 6p,: pp’ . (28)
|pp’|
f)e’e,= Pee . (18 D. Schwinger correction
[Pec| The internal-bremsstrahlung cross section given above be-

comes singular as the radiated-photon energy goes to zero.

Again, herew refers to theobservedasymptotic value, not Hence it cannot be used to provide the complete radiated

that at the vertex. SimilarlyA includes the total energy of cross section. The classic technique is to choose a cutoff
both the recoiling hadronic system and the radiated photoenergyAE which is comparable to the experimental energy

sincew is the asymptotic value. resolution; a radiation tail is generated with photon energies
The associated cross section is betweenAE and the full energy of the radiating electron.
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The remaining cross section in the originating kinematic bin VI. SIMULATION FRAMEWORK
i.e., the cross section for this particular reaction where the . .
( P The models for €,e'p) cross sections in PWIA, for ex-

total energy radiated away by real photons is less th&jp .
is calculated by computing the cross section without the in_f[ernal bremsstrahlung, and for internal bremsstrahlung were

ternal bremsstrahlung graphs, and then reducing this crod@iPlemented in the simulation codesexs [18,19. This
section to account for that strength which was moved intd30_de also mclgdes facilities enabling a fairly complete simu-
the radiation tail. This reduction factor is called the lation of experimental factors such as target geometry, beam
Schwinger correctionFor brevity, in discussions below we €nergy dispersion, ionization energy losses, and experimen-
will refer to the strength remaining in the original kinematic tal acceptances. All these facilities were used in order to

bin as the “unradiated strength.” make the comparison as realistic as possible. For practical
The formalism we use for the Schwinger correction is dugreasons, certain classes of ionization energy losses were not
to Pennef6], and is written as included. Since our electron energies are above the critical
s energy (for which radiative energy loss processes become
Cscnw=€ (1=4,), (29) more important than those due to atomic ionizafjdhe ion-

ization losses had a negligible effect on our results. lon-
optical magnetic transport is also possibl&BEXB, using an
interface to the standard ion-optics prograuRTLE [19,20,

where§, is the first-order correction for internal bremsstrah-
lung. Penner’s formulation is based on that of Maxinttire

expression at the bottom of p. 199 of RgL6]) with the but ith d for th ¢ oroiect
addition of kinematic recoil corrections proposed by Tsai ut was neither necessary nor used tor the current project.

[17]. Furthermore, the part of this correction corresponding, “ COMPlete cross-section simulation including the radia-

to real-photon emissions() has been exponentiated. Expo- tion tgil consists of severall distinpt pieces which must be
nentiation of this first-order correction was suggested by:omblned at the end to obtain the final result. The framework

Schwinger[8] as a means of accounting for higher-orderis sketched here; readers wishing to see a more detailed ex-
(multiple-photon bremsstrahlungs, is the correction for Planation should refer tf21]. The discussion below makes

virtual-photon loops at the reaction vertex. The tivtactors  the simplifying assumption that the final-state space for the
are given by residual @—1) nucleus consists of one discrete state plus a

continuum; this condition is satisfied for the reaction with

a Q? which we compare,®He(e,e’'p). Multiple discrete states
5r=;< In F_l) In ' (B0 would be straightforward to implement. The spectral func-
€ tion used for *He comes from the INFN/Rome group

K EeEe/
{? (AE)?

, , [22,23.
_«28 13 Q1 B ™ 52@ A complete simulation consists of the following indi-
Y In—+In + Lo| co , . . .
w9 6 mZ 2 E, 6 2 vidual simulation runs.
(3D (1) Two-body breakup with external bremsstrahlumyis

run handles computation of the “unradiated” part of the

cross sectior{see Sec. VI No internal bremsstrahlung is

E computed; rather, the computed PWIA cross sections are re-

(=1+ —2(1- cosf,) and (32 duced by the Schwinger correction to account for the fraction
Ma which will be redistributed into the internal-bremsstrahlung
tail. Sampling is performed inp/ , 6, , ¢,); the constraint of

(33) a definite A—1) final-state mass provides the solution for
P, . External bremsstrahlung is allowed before tiege(p)
vertex(modifying the beam energywnd afterward$modify-

with the “recoil factors” given by

w
k=1+ M—A(l—cosae,).

Lo(x) is the Spence function defined by ing the scattered-electron enejgy The external-
bremsstrahlung distribution is directly sampled, obviating the
Ly(x)= — JXIn(l—y) dy. need for a cutoff correction.
o Yy (2) Two-body breakup with internal and external brems-

strahlung This run handles the part of the cross section

Finally, Q? denotes the standard square of the four-which has been redistributed into the internal radiation tail.
momentum transfeiQ?= — (e—e’)2. For each event, six variables are sampled (p,). First,

This version of the Schwinger correction does not accounéxternal bremsstrahlung is computed along the incident elec-
for possible real-photon emission by the hadrons involved irtron direction(possibly modifying the incident electron en-
the reaction. Making4] has noted that this process may be-ergy). Then solutions are found for the radiated-photon en-
gin to become important for momentum transfe®  ergies corresponding to internal radiation along either the
>1 GeV/c. Penner’s correction also omits all hadron self-incident or scattered electron directions. The cross section is
energy and vertex-renormalization diagrams. The assummgomputed according to Eq19). Finally, external brems-
tion implicit in this approach is that such diagrams becomestrahlung is computed along the scattered electron direction
part of what one calls the “electromagnetic form factor” of (possibly modifying the detected electron engrdyere only
the struck hadron. the virtual-photon part (% 6,) of the Schwinger correction
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TABLE |. Kinematic settings for experimental data. 600 . . . .
Beam energy 855 MeV
500 | > 8 )2 .
Electron scattering angle 52.4° S He(e.e'’p) H
(5]
Scattered electron momentuimentra) 627 MeVic %
¢ 400 |
Mom_entum acceptan-ce +9.5% = 01855 MeV (2=0.648)
Nominal electron solid angle 20 msr § 0675 MeV (¢=0.457)
Proton detection angle —46.41° 3 300 | B, Ag“? Me‘;x;?z”)
Proton momentuntcentra) 661 MeVic X AN . OZ‘T f [(Sa,me) (PWIA)]
Momentum acceptance +7.4% € 200 | A
Nominal proton solid angle 4.8 msr 5
ExperimentalE,,, resolution AE) 0.4 MeV §
100 - 1
is applied since the radiative tail correspondingstds what 0 : ) ‘

0 25 50 75 100 125 150 175

we are computing. p,, (MeV/c)

(3) Continuum breakup with external bremsstrahlung
This piece is similar to cas@) above, except that events are  FIG. 5. Experimental and theoretical momentum distributions
sampled in six kinematic variablepd; ,p,') since there is a for *He(e,e’p)?H. Experimental distributions are shown for three
continuum of possibleA—1) final states. different electron beam energies; the figure of 0.84 in the text refers

(4) Continuum breakup with both internal and external to the ratio of the 855 MeV experimental distribution to the theo-
bremsstrahlungThis simulation is similar to that of cag@)  retical distribution.
above, except that due to the complete kinematic freedom in
the final state, the photon energy is constrained only to béow well the PWIA model can describe the reaction. If the
larger than AE (the experimental resolution Therefore, description is not favorable, further work is useless since our
sevenvariables are sampled, the radiated-photon energy banodel computes the basie,g’'p) cross section in PWIA.
ing the seventh. Figure 5 shows the measured experimental momentum

(5) Detection volume simulatiorThis simulation is stan-  distribution ne,,= o/(Ko,,) where K stands for the kine-
dard procedure for determining what fraction of the six-matical factors in Eq(10). The experimental cross section
dimensional acceptance ipd ,p,) can contribute to any above has been radiatively corrected using the traditional
given bin in a cross-section spectrum. The results of thigechnigue, which has been shown to work well in this experi-
piece are used to properly normalize the simulated spectnament[1] for missing energies less than 20 MeV. After radia-
when producing cross-section results. No energy loss effectéve correction, the two-body peak could be cleanly resolved
are included, since this part of the simulation only measurefom the continuum and a cross section assignment is
the relative probability of detection of various kinematical straightforward.
configurationgregardless of their origjn The momentum distribution is compared to the theoretical

The simulations, when properly weighted by samplingtwo-body breakup spectral functi¢@2,23 S(S,,pm). S; is
volumes and numbers of trials, are combined to form simuthe single-proton separation energy and correspondéieo
lated cross sections. The cross sections can be plotted as thep+2H. Aside from an overall scaling factor of 0.84, the
same sort of spectra shown in experimental papers, by sortheoretical spectral function is in good agreement with the
ing the simulated events into histograms in the same way adata. We interpret this agreement as an attenuation of the
experimenter would sort data. outgoing proton flux in the reaction, due to final state inter-
actions(FSIg, of constant magnitude 0.84; aside from this,
effects outside the PWIA are not important. Referefitp
shows several other instances of how, apart from this overall

The data with which we compare our simulations wasreduction, PWIA calculations describe the data well. This
acquired with the three-spectrometer detector setup at thgood agreement can be attributed to our use of a light
MAMI accelerator facility in Mainz[24,25. Two of these nucleus(reducing FSI effecisand the fact that our kinemat-
spectrometers were used to detect scattered electrons aiwg are directly tuned to the quasielastic point, where PWIA
knocked-out protons; the third served as a luminosity monishould work best.
tor. A cryogenic gas target provided thi#le target nuclei.
ghe ex;?eriment m(.aasured' cross. sectigns for the reaption VIIl. RESULTS

He(e,e’p) in a variety of kinematic settings. For more in-
formation on the experiment and its physics goals, the reader We will discuss the results in two stages. First we will
can consul{1]; here we focus only on the essentials neededgresent results using the unmodified Borie-Drechsel tail
for the radiation-tail comparison. The kinematical settingscomputation {,,=1), including our extension for discrete
and experimental acceptances for the data discussed here atates of the A—1) residual nucleus. These results show a
given in Table I. clear discrepancy in the tail region. We then present the deri-

One question which must be addressed in this study isation of our tail correction factof,,,. Then we present

VIl. EXPERIMENTAL DATA
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10 . . 2 '

—— Florizone et al.
—— simulation (x 0.84)

ratio (calculation/data)
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>
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FIG. 6. Differential cross sections measured in the Mainz ex- f|g. 7. Ratio of simulatedd,e’p) spectrum(normalized by

periment (histogram and computed by the simulation program g g4 a5 discussed in the texb the experimentally measured cross
(solid lineg). The experimental dat_a have not been c_orrected folsection spectrum, plotted as a function of missing energy. A one-
bremsstrahlung effects. The multiphoton tail correctiog, has parameter fit to these data over the regiorcH),< 75 MeV yields
been set to unity. a ratio of 1.18(shown in the figurg The bin-to-bin fluctuations in

. . . . . . the ratio are due to the statistical uncertainties in both the cross
results including this correction, which will be shown to re- gection and the simulation. The only significant deviation from the

solve the discrepancy. . _ fit is below 10 MeV, where the ratio decreases towards unity.
Since the spectral function falls rapidly wigh,, we were

concerned about relying on the theoretical momentum distriThus sharp features in the cross secfisuch as the lovi,,
bution over the largep,, acceptance of this experiment. peak will not be correctly reproduced by the simulation. At
Eventual discrepancies between our calculation and the exnissing energies below about 10 MeV, where the radiative
periment might be due to inaccuracies in the hadronic structail is still a small contribution, the integrals of the simula-
ture of ®He. In order to reduce this possibility, we carried tion and the data agree to within 1@the integrals are not
out this study within a limited regime qif,, by placing a cut  sensitive to the shape differences discussed abavis di-

on both the experimental data and on the simulation resultsectly indicates that the empirical scaling factor is applicable
For all plots shown below, only missing momenta in theto the continuum breakup as well, since our scaling factor of
range 46<p,,<50 MeV/c are consideredfor both the ex- 0.84 was fixed by the two-body breakup results alone. For
perimental data and the simulatjoiThis particular region is E,, above 10 MeV, the simulation predicts a larger cross
near the top of the experimental acceptancg,in where we  section than observed, with an essentially constant excess of
make the best measurement of the two-body momentum dissbout 20%(see Fig. 7. Since the shape reproduction is ex-
tribution (on which the scaling factor is baseshd where we  cellent, and the strength in the lo& region is well de-
had the greatest statistical accuracy in the experimental tagcribed, the comparison suggests a problem with the ampli-
cross section. tude of the calculated tail, but not with its shape.

A. Results with unmodified tail cross section B. Radiation tail correction for multiple-photon processes

Figure 6 shows a comparison of the measured cross sec- The Schwinger correction, which has been applied to the
tion, plotted as a function of the measured missing energyunradiated” strength dominating the region of lo&,,,
En, and the results of our simulation at the same kinematicsincludes the effects of multiple-photon emission and here the
The simulation result has been scaled by the factor 0.84 igimulation and data agree. The tail region cross section has
accordance with the findings for the momentum distributionbeen derived to first order in real-photon emission, and here

The agreement is generally excellent, the shape havinthe simulation does not agree with the measured data.
been perfectly reproduced within the statistical accuracy oMultiple-photon processes are therefore clearly indicated as
the simulation. The differences at the I|dwy; side of the a likely source of the discrepancy in the tail strength.
peak in the spectrum are not really worrisome, since our A rigorous derivation of a multiple-photon tail cross sec-
simulation did not include all possible mechanisms of energytion is beyond the scope of this paper, but an intuitive deri-
loss and its accompanying contribution to the experimentavation is easy to provide. In the limit that the variation in the
resolution. For example, while external bremsstrahlung irPWIA vertexcross section is very slow, bremsstrahlung pro-
the target-cylinder walls was accounted for, ionization encesses only redistribute strength with respect to the
ergy losses in this material (§2m foil of iron), for the  asymptotic kinematics. Thus if we add the “unradiated” part
incident and scattered electrons and ejected proton, were nattill residing in the peak to that residing in the tail, we should
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—— Florizone et al.
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. . . . . FIG. 9. Ratio of simulatedg,e’p) spectrum(including the full
'.:IG' 8. plfferentlal cross sections measurt_ed n t_he Mainz ®Xail correction and normalized by 0.84 as discussed in the text
pe“.mef“ (histogram a’?d computed by the simulation program the experimentally measured cross section spectrum, plotted as a
(solid ling. The experimental data _have not .been corrected forfunction of missing energy. A one-parameter fit to these data over
bremsstrahlung effects. The full multiphoton tail correctfgp has the region 16<E,.<75 MeV yields a ratio of 0.98shown in the

been used. figure). The bin-to-bin fluctuations in the ratio are due to the statis-

o ) tical uncertainties in both the cross section and the simulation.
recover the original PWIA cross sectiarpys. 6, repre-

sents the fraction of strength radiated out of the peak, to first . . . .
order. Thus if the Borie-Drechsel cross section is valid inCo"Tection fa_\ctor IS _Va“d at t_he few percent ledat least in
first order, its integral will also yield a fractiod, of opya - theFI_<|nTImat|caI r:eg'”_‘e EFUd'leod hﬁfe i . f
However, the fraction remaining in the peak has been ad- inally, we show in Fig. a simiar comparison ot €x-

justed to account for higher-order radiation; the cross sectioﬂer'memal and simulated cross—sectlo_n spectra, except here
here is e %gpya. The sum of the two is & % we consider an expanded rangepgf. This check was made

+8.)opuia. The factor in parentheses differs from unity in to ensure that our agreement had not been fine-tuned for only

AT the small region op,, we had been considering. The corre-
second order. If we apply the multiplicative factor : 4 m - ; ;
bRl P sponding ratio plot is very similar to Fig. 9, with the one-

(1—e %) parameter fit yielding a ratio 0.976. The same simulation
fmp= Y
107 .
to the tail cross section, we recovep, for the sum of
peak and tail cross sections in the presence of bremsstrat « Florizone et al.
lung. —— simulation (x 0.84)

Note that this discussion only concerns the real-photon‘g 107 ¢
part of the internal bremsstrahlung correction. The externalz
bremsstrahlung distribution described above is an energy.s

loss distribution which includes the higher-order contribu- € 00 L

tions; thus they do not need to be considered here. S
[&]
1]
w
C. Simulation including multiphoton tail correction §

= =

The simulation was repeated including the multiphoton ; 10
©

tail correction, but otherwise identicéhcluding the scaling
factor 0.84. The results are presented in Figs. 8 and 9. .
The reproduction of the shape of the tail is still excellent, 457 L- ‘

which is not surprising. For the chosen kinematigshas an 0 20 c JOV 60
average value of 0.46, with acldeviation of only 0.8% n (MeV)
across the physical acceptancégzis essentially a multipli- FIG. 10. Comparison of experimental data to simulatioclud-

cative constant for the entire tail. However, the simulationing tail correction. The plot shown is identical to that of Fig. 8
now reproduces the strength of the tail to the same level oéxcept for the current plot, eventsoth experimental and simu-
accuracy as for the peak region. These excellent results prgated with missing momenta 38p,,<100 MeV/c are included.
vide unambiguous proof that multiple-photon processes arghe bin size has been reduced to 0.25 MeV due to the much better
important in the radiation tail, and also that our proposedktatistical precision of these data.
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FIG. 12. Experimental data fofHe(e,e’p) before and after
0 20 40 60 80 application of radiative corrections. In this figure, the experimental
E. (MeV) spectral function is displayed, which is related to the experimental
cross sections by E@8).

—_
o

FIG. 11. Decomposition of simulate@,g’p) cross section. The
solid curve gives the final result for the cross section including the o o ]
entire spectral function and all radiative processes. The long-dashdf€ radiation tail is stronger than the cross section to be mea-
curve only includes the two-bodSHe(e,e’ p)d part of the spectral ~ sured.
function, along with both classes of bremsstrahlung. The dotted
curve includes only the continuuHe(e,e’ p)np part of the spec- IX. IMPLICATIONS FOR RADIATIVE CORRECTIONS
tral function, and the bremsstrahlung effects are not included. When OF (e,e’'p) DATA
measuring in the continuum, the dotted curve is what one attempts
to extract, and the long-dashed curve is physical background which We stated in the introduction that this work was begun in
must be removed by a radiative-correction procedure. an effort to understand problems encountered when applying

radiative corrections to théHe(e,e’p) data discussed here.

. ) . Figure 12(from Ref.[1]) illustrates the problem.
produced both Figs. 8 and 10; the only difference was a The figure compares the measured spectral fun¢fiom

change in the,,, condition specified in the histogram-sorting the same dataset which produced Fig.véith the corre-

program. sponding spectral function after applying radiative correc-
tions, i.e., removing the radiation tail. The tail correction
D. Decomposition of cross section procedure is essentially identical to that [&f] which was

It is instructive to separate this cross section calculatiorPriefly described in Sec. IV. FdE,>25 MeV, the corrected
into its components. This is a luxury that nature does noPectral function is negative, clearly indicating a deficiency.
afford the experimenter. One such decomposition is shown In this case, the defect cannot be obviously traced to
in Fig. 11. Recall that what one usually wants to measure ignultiple-photon emission, since the tail computation is based
the cross section with the radiation tail removed. This correon the distribution of the exponential form of the Schwinger
sponds to the dotted line in Fig. 11, which is the simulationcorrection inE,. Specifically, the number of expected ex-
result for continuum breakufiHe(e,e’'p)np with brems-  Perimental counts inside a certain missing energy Bt
strahlung turned off. The dashed curve shows the simulatior< E,< EE,?)+AEm is given by
for 3He(e,e’p)d only, but including the full bremsstrahlung
tail. The solid curve is the total simulation result as shown in
Fig. 8.

It is immediately apparent from the figure that there is no
hope of making a significant measurement for missing enerHere Ny is the number of counts which would have been
gies much above 15 MeV—statistical fluctuations associatectheasured in the absence of bremsstrahlung, Efitlis the
with the tail subtraction procedure will render such a meamissing energy at which the counts would have appeared in
surement insignificant. Most of the observed cross sectiothe absence of bremsstrahluiigr other processes which
for E,,>20 MeV is due to®He(e,e’p)d reactions residing modify the asymptotic particle energies such as ionization
in the radiation tail. A new experiment, made in a kinemati-energy loss As AE,, becomes larger, the bin includes more
cal regime that does not result in the generation of such af the radiation tailthe unradiated strength is included by
strong radiation tail, will be required to make a statistically definition) so thatN.,, approachedN,. The distribution of
significant measurement of the cross section in this region.the radiation tail inE, is thus

We expect simulations such as that described here will
become a standard tool in the planning of experiments at s
large missing energies, since one would clearly like to avoid ’QNEXPZ (e ™)
performing an experiment in kinematical regimes in which JEm  C(AEn)’

Nexd EQ,AE ) = S (AEWN(ED).
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The factore™ °r again explicitly includes the multiple-photon vs In(ZE, /my) (which have values 8.12 and 7.81, respec-

processes. _ tively, in the kinematics studied hereAs the radiated-
_There are, however, several possible other reasons for thghoton energy increases, the difference between the two

failure of the radiation-correction procedure. We discusserms also increases; for a photon energy of 100 MeV, the

them in detail in the following subsections. incident-electron contribution is 6% larger than that of the
) ) . scattered electron in the present kinematics. The difference
A. Incomplete kinematic reconstruction between the tail magnitudes is mainly driven by the ratio

The radiative-correction process is usually applied in twow/Ee; when it is large, the tail strengths differ more. For a
kinematic dimensiongsee Ref[1] for a thorough discus- specific experiment planned at Jefferson Laboratory with
sion). A common choice for the two dimensions B{,p,,). =834 MeV andE.= 1245 MeV, the two tails differ by about
First, a two dimensional cross-section histogram is created6% in strength.
with the independent variables beilg, and p,,. Figure 4
would be appropriate if the axis corresponded to cross sec- C. Comparison with direct tail simulation

tion. As discussed in S_ec. IV, the corre_ct|_on WOli'Id l_)egm ' The radiation tail calculation presented here suffers from
the Ieft-hanq edge of Fig. 4. For each_bmpm at ﬂ_“s bin in none of the above deficiencies. The tail is generated event-
En, correction factors would be applied and tails would bey oent so for each tail evaluation, the complete kinematic
generated and subtracted for the bins to the right. In such gz, nation is available. The distribution of the tail strength

p_rocedu_re, there is no mforma‘upn about any of_the Othefn this kinematic space is based on a first-order QED calcu-
kinematic parameters; a swath in seven-dimensional kin€jon not on plausible assumptions. The main deficiency of

mﬁt'c space has been rgdl;cedh.to Ia LWOf—leenS|qnal_p|xeéur computation is the nature of the multiphoton correction
The most common remedy for this lack of information is 10 ¢5.¢or It is based on arguments of probability conservation

treat the entire bin as if the rest of the parameters were fixe ther than on a rigorous QED calculation. This argument is
3t the'; central Vﬁlues_.l However, Fig. 4hShOV\I’S a S“bStlanSaHowever of the same type which leads to the exponentiation
ependence In the tall trajectories on the relative angle bes¢ 5 i, the standard approach. A critical review of including

tweenq and py,. While both of these may vary across the pigher_order terms via exponentiatiéincluding a summary
detector acceptances, both are held fixed in the correctioge ajavant literaturecan be found i 16].

procedurelq| is also held fixed, while we know that it varies
substantially across the acceptances and causes large changes
in the cross section through,,. For example, at the kine-
matics corresponding to Fig. 18(Q?)/x(Q?) (the standard The findings reported above indicate that the standard ra-
deviation ofQ? divided by the mean valiiés about 7.6% for ~ diative correction procedure is not likely to work for cases in
the pixel 5.5E,,<5.9 MeV, 40<p,,<50 MeV/c. This  which the detector acceptances are relatively ldmeduc-
leads to a 15% rms variation of the cross section dueclp ing large variations inQ? for individual pixels in cross-
alone The variation in the computetHe(e,e’p) cross sec- Section histogramsor in which a correction is being made
tion is about 20%. over a large range ik, (so that the differences between the
Procedures have been developed to perform the correctidiwo tails becomes importantOur findings suggest an im-
in more dimensionge.g., four were used in Refl]) but  proved method for radiatively “correcting” experimental
such schemes are only feasible for experiments with goodata.
statistical precision, as each additional dimension tends to The procedure would begin with a model spectral func-
reduce the statistical precision per bin by roughly an order ofion and an accurate model of the experimental apparatus,

D. An improved radiative correction procedure

magnitude. such as has been described here. A simulation code similar to
ours should be used to generate a “radiated” cross-section
B. Simplifying assumptions about the radiation tail spectrum. A comparison between the experimental and simu-

, o lated histograms will indicate regions of discrepancy, and the

Thg standard cqrrecuon procedure uses a der|v§t|\{e qf th&”lscrepancy function can be used to modify the model spec-
Schwinger correction factor VS, to generate the tail distri- 4| function. The procedure is repeated until it converges, at
bution. However, as explained in Secs. IV and V, there argyhich point the model spectral function corresponds to the
two directions this tail can take inE(,,pm) space, corre- ynradiated result. This procedure is independent of the
sponding to the two terms of the peaking approximation. Thes\ A if we replace the theoretical spectral function de-
Schwinger correction gives no guidance as to how muckcriped above with the “distorted” spectral functid@sl.
strength resides in each tail. The standard practice is 10 agye learned during the final stages of preparing this article
sumel5,12] (a) the incoming and outgoing electrons contrib- that sych an iterative procedure has been developed and suc-

ute independently to the tail, so one may fac®r’  cessfully applied for an experiment in Hall C at Jefferson
=Ce(AEp)Ce (AE); (b) the two contributions are equal, |aporatory[27).

50 C,=Cy =e %2 The Borie-Drechsel formulfEq. (14)]

fo_r the radiation t_ail clea_rly does not hqve these properties. X. FURTHER WORK

Firstly, the two tails add instead of multiply. Secondly, they

are not equal. Even for vanishingly small photon energies It is desirable to have a more rigorous theory provide the
(ke andke/), the two terms differ by the factors Iff2/m,)  multiphoton tail cross section. The beginnings of such an
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approach can be found i#]. We encourage this group to rection procedure are not likely to affect earlier data taken at
complete and publish these results, especially since thelpw missing energies, e.g., at NIKHEF, Bates, and Mainz.
have made some detailed evaluations of their approach in thEhey may affect earlier higks, data, and will likely be fatal
Jefferson Laboratory energy domain. for several of the €,e'p) experiments planning to measure
It would also be interesting to reanalyze some of the oldeft largeE,, at Jefferson Laboratory. Our results indicate how
highE,, (e,e’p) data using the improved technique de- radiative corrections should be applied so as to avoid such
scribed here, since these data have been a source of contfgoblems.
versy, given the sometimes puzzling behavior of the cross The current project has yielded quantitative illustrations
section at high missing energies. The current study indicate@f the failure of the standard radiative-correction procedure
that some of this cross section might well be misidentifiedfor (e,e’p) experiments. We have also shown that a simu-

bremsstrahlung strength. lation, coupled with an accurate model for the radiative-tail
cross section, can radiate the thedinystead of deradiating
XI. CONCLUSIONS the dataand achieve excellent agreement with experiment in

a situation where the correction procedure fails. The simula-

We have presented a framework for computirege( p) tion technique described here provides a basis for iterative
cross sections which includes the radiation tail to first orderradiation-correction procedures for future,&’p) experi-

The computed cross sections have been compared to expertents.

mental data in such a way that effects such as acceptance

averaging are correctly accounted for, allowing a direct ACKNOWLEDGMENT

evaluation of the radiation tail cross section calculation.

The computed tail reproduces both the shape and magnl'k-I
tude of the experimental spectrum perfectly within experi-
mental errors. It was necessary to derive a correction, applied  AppENDIX: OTHER LIMITATIONS OF THE PWIA
to the radiation tail, for higher-order bremsstrahlung effects
before this agreement could be obtained; the original tail In Sec. Ill we were careful to distinguish the spectral-
calculation treated bremsstrahlung only to first order. function quantitiese and p from the experimentally deter-

A standard radiative correction procedure has also beemined valuesk,, and p,,. Even in the absence of brems-
applied to these data. Such a procedure is designed to mog&rahlung this is necessary since the PWIA never holds
the radiation tail strength back into the originating kinematiccompletely, and is sometimes grossly violated. For such
bins. The straightforward application of this proced(tteat  casesg# E,, andp# —p,,. FSIs between the ejected proton
is, without tweaking parameters to improve the agreejnentand the residual nucleus provide an illustrative example of
results in physically unreasonable “deradiated” cross sechow the correspondence is broken. At the photon-proton ver-
tions in the tail-dominated part of the spectrum. There ardex of Fig. 1, the amplitude for the interaction will depend on
several reasons to expect such a failure. An obvious one ihe particular values o¢ and p. A subsequent interaction
that this procedure collapses a complicated kinematical hybetween the ejected proton and the residual nucleus can
persurface(along which the cross section varies substan<hange both the momentum and excitation energy of the re-
tially) to a single point in Ey py). More subtle are the sidual system, thus leadiithrough Eq(2)] to values forE,
disturbing differences between the properties of theandp,, different thane and p. While this point is not par-
correction-procedure tails and those of a tail cross sectioticularly relevant for the present work, we mention it here for
rigorously computed in QED. The observed flaws in the corcompleteness and because it is apparently often overlooked.
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ational Science Foundation.
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