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ABSTRACT. A review is given on the properties of complete hadronic final states
as produced in deep inelastic electron scattering in the energy domain of CEBAF,
It is discussed to what extent and how CEBAF can help te improve our preseni
understanding of electroproduction which is essentially based on the quark-parton
model.

INTRODUCTION

CEBAF which will provide electron beams of energies up to 4 (6) GeV is,
in the first place, designed for experiments in nuclear physics. However, about
15 to 20 years ago the energies of electron beams available for particle physi-
cists were of the same order of magnitude. In order to test the basic concepts
- of the today’s understanding of deep inelastic lepton scattering, namely the
quark-parton model and quantum chromodynamics, higher and higher ener-
gies were aimed for. Despite this it may still be worthwhile not to forget the
unsolved problems left behind in the early seventies. Due to its high duty cycle
CEBAF offers the opportunity to investigate this energy domain with much
better precision than previously possible so that results of a new quality can
be expected.

There is a side-effect which I want to mention here as well and which in
my opinion should not be considered unimportant: the co-operation of nuclear
and particle physicists at CEBAF can lead to mutual inspiration, similar to the
impact the EMC-effect which was found by particle physicists had on nuclear
‘physies.

The aims of this report are the following: firstly the present knowledge
about the complete hadronic final siates in lepton scattering will be reviewed.
Doing this the central role the quark-parton model plays in interpreting hadron
production will be emphasized. Based on the current status of our knowledge it
will be investigated how CEBAF can contribute to an improved understanding
of deep inelastic scattering. Finally it will be discussed what consequences this
has to the layout of the planned experiments.

This article concentrates on complete hadronic final states in lepton scat-
tering. An excellent and very complete review of exclusive channels was given

*Invited talk given at the 1986 CEBAF Summer Workshop, Newport News, Va. June 23-27
1986 ’

by D.G. Cassel at the 1985 CEBAF workshop!. Therefore the discussion of
specific reactions will be kept short here and the interested reader is referred to
ithe report just mentioned. The bibliography given at the end of this article is
supposed to be as comprehensive as possible with respect to the experimental
study of complete hadronic final states albeit it is not claimed to be complete.

KINEMATIC VARIABLES AND BASIC FORMULAE

In first order, hadron production in deep inelastic electron scattering,
namely
e+ N — ¢ 4 hadrons, (1)

proceeds via the exchange of a virtual photon between the lepton and the target
nucieon as schematically depicted in fig. 1. Here e represents the beam particle,
N denotes the target proton or neutron and e’ stands for the scattered electron.

apesr

Fig. 1: Diagram of electroproduction of hadrons in the quark-parton model.

The kinematic variables commonly used to describe the lepton part of
process {1) defined in terms of the four-momenta of the initial and final particles
(fig. 1) are given in the following way:

Q=-qt=(e—)P= 4EE’sin2% mass of the virtual photon squared
W2 =5=(q+ N’ =M?-Q? +2M(E ~ E')  hadronic ¢ms energy squared

where E (E') is the energy of the incident (scattered) electron and © is the
electron scattering angle, all given in the laboratory system. M denotes the
nucleon mass, masses of leptons are neglected. At fixed beam energies and
if bearn and target are not polarized two variables are sufficient to describe
inclusive lepton scattering completely. However, instead of Q% or W? other
variables are also frequently used:

v= NWF =E-F energy of virtual photon in the laboratory system
X = 3Nq = m——; Bjorken scaling variable (fraction of the nucleon's

momentum carried by the scattered quark)
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Since the virtual photon is spacelike, i.e. has non-zero mass, it can have
also helicity O (longitudinal photon) besides helicities +1 (transverse photon).
The ratio between the fluxes of longitudinal and transverse photons is given by

. (2)
TS :
4EE' — @

" For the hadronic part of process (1) the following three quantities are
basically used:

py momentum parallel to the virtual boson direction,
p1 momentum perpendicular to the virtual boson direction,
p  azimuthal angle with respect to the virtual boson direction.

Instead of p)| usually one of the three following variables are preferred:

_ P _ P ; -
Xp = e W/3 Feynman x (in the cenire-of-mass system)
E. +P .

=4 1 rapidit;
¥=13 E.-p, prany
=N Es energy fraction (in the laborat, tem)

=Nq= ¥ gy fraction (in the laboratory system
with the hadron’s four-momentum h, energy E4 and maximum ¢cms momentum
p:.m;u:‘

In the case of exclusive single hadron production it is customary to use

t=(q-1)? (3)

the four-momentum transfer squared to the nucleon. t and xp or z are corre-
lated such that t approaching its kinematic limit tm;n corresponds to x and
2 going to 1.

Electroproduction is considered as virtual photopreduction. The contri-
butionsfrom higher order QED graphs are calculated? and the results are used
to extract the contribution due to one photon exchange from the experimen-
tal measurements {radiative corrections). In this picture the differential cross
section for the production of a single hadron is given by?®

die B
ddEdtdp
dUT le‘L dOP

J) aoT do;
T'r(E,E, 8) ( at + T + f-:rarcosmp +2e(e + I)ECOSP {4)

with

f1  solid angle of scattered electron

Fr flux of transverse virtual phoions

or contribution from transverse unpolarized virtual photons
o5 contribution from longitudinal virtual photons

op contribution from transverse polarized virtual photons
o; contribution from transverse-longitudinal interference

For the total cross section {sum over all channels, integrals over ¢ and )
one gets

d%ay,
ﬁfﬁé =TIr (UT+EUL) (5)
or in terms of structure functions
d2oy01 do 2 20 2
=[— -[2wW —+ W . [
= () W@ Wa@) (e

[t is common to introduce instead of W; and W»
Fl = MW1 and F2 = VWz. (7)

In the quark-parton model at very high values of Q% and W2 F; and F, are
predicted to depend only on x. F; is then given by the quark charges ¢; and the
distribution functiens s of the quarks inside the target nucleon in the following
way:

Fy(x) =x ) _efqi(x) (i=ud,.q,d,.). (8)
i
If the scattering occurs only from spin % partons the Callen-Gross relation
Fax) = 2xF(x) {9}
is valid and from equation (6} one can derive

dzoto: 1 1+ (] - ﬁ)2
— F . 10
szdwz OCVQ.‘ My 2(x) {10)

The strong fall-off with Q* makes it difficult to obtain experimental results at
large Q? (large x) values. The high duty cycle of CEBAF will help to improve
the situation (see discussion further down}.

The quark-parton model formulae can be extended to describe hadron
production which in this model is interpreted as a two-step process: firstly,
on a short time scale, the virtual photon is absorbed by a quark inside the
nucleon and secondliy, on a longer time scale, this struck quark and the spectator
‘diquark’ (remnant target system) fragment into hadrons. The differential cross
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section to produce a specific hadron h per lepion scatiering event at a given
value of x and per energy interval dz can be expressed by

L ae
o1t(x) dz

=Y eilx)-Dz) (11)

i

where the summation runs over all quarks and antiguarks. The structure of
this formula reflects the picture of a process in two independent steps by the
factorization into ¢;(x) which describes the virtual photon guark scattering
and D}{z) which describes the fragmentation of the quark of flavour i into
the hadron h. In the simple quark-parton model the fragmentation function
D!(z) does not depend on any event variable, i.e. W2 or Q% This is called
scaling. Thus, factorisation and scaling represent two distinct predictions of
the quark-parton model and their observation in the experimental data gives
strong support to the validity of the quark-parton picture. In formula (11)
¢;(x) represents the probability for scattering off a quark (antiquark} of flavour
i with the energy fraction x inside the target nucleon. Using equations (8} and
(10) one gets \
e79;(x)
€i(x) v, ef-qj ) (12)
1

de” . . " E, &%t
Instead of Tror®) r its Lorentz invariant form

L5 is also frequenti
ooe(x) dp g ¥

used and denoted as ‘structure function’ F{z) or f(z).

GENERAL PROPERTIES OF HAPRONIC FINAL STATES

In this section the genera! properties of complete hadronic final states
are discussed. The data presented stern mainly from experiments with 47
detectors. To obtain full coverage of the phase space bubble chambers {muon
beams!) and later on streamer chambers have been used at Cornell, DESY
and SLAC. This implies that no results are available which comprise large
acceptance together with + detection and charged particie identification. The
results shown below refer to charged particles which in general are assumed
to be pions. If necessary contributions due to protons are subtracted. This is
done on the basis of measurements from electronic detectors.

In fig. 2 the dependences of the mean charged multiplicities on Q? and
W2 are shown®5%7 The dominant effect is the approximately linear rise of
{n) with InW2. This behaviout is also observed at higher energies® and can be
easily understood in the following picture®'?: it is well known that the height
of the rapidity distribution of hadrons does not depend on energy near y=0. On
the other hand the width of the y distribution (central plateau) increases with
InW2. Since the multilplicity can be obtained by integration of the rapidity
distribution over the complete y range the observed InW? behaviour follows

5

naturally. However, il is surprising that this picture works already at very low
W where resonance production and the influence of single exclusive channels
are important.

¥y p—-charged hadrons
T T T T T T T T T ] T
2l i) 2. 2
] R 02-0 Gev }
%3' & 25066V . =T b 1
3| oot 4 | %
gz- v : 1 7% <06 Gev? A
§| gt 4| ¢ » DESY
Pl —
g, t DESY 1 ,‘g}smc
u B
< Tufts.
1 1, 1 L1 vl 1 i
) 05 10 2 31 5 v 2
Q2 {Gev?) 5 (GeV?) 39988

Fig. 2: Average charged multiplicity (a) as a function of Q% and (b) as a func-
tion of W? = 5. The full symbols refer to data from ref. 5. The measurements
at Q% = 0 GeV? (in (b) drawn as solid line) were extractet from ref. 4. The
open squares and triangles represent results from ref. 6 and 7 respectively.

The situation with respect to the Q? dependence is much less clear. In
fig. 2a, starting from Q% = 0 GeV?, no obvious trend can be observed. At
higher energies a slight increase of {n) with Q% at fixed W2 is found!!, In
both cases the interpretation is not straight forward. Especially at low W one
would have to understand the contributions from the various exclusive channels
which exhibit very different Q2 dependences in order to be able to interpret
the behaviour of {n}. One has also to take intec account that varying Q? at
fixed W implies a variation of x as well and therefore the contributions from
the different flavours of the struck quark vary with Q7.

To summarize: only a very weak Q? dependence of (n) is observed. To
obtain a better understanding very high statistical precision would be necessary
over a large Q? range. CEBAF can certainly help to clarify the situation.
On the average only about two charged particles are produced per event so
that no major difficulties are to be expected from high multiplicity events but
the electromagnetic background may cause problems in determining the event
topologies.

In the quark-parton model it is expected!? that the hadrons produced in
the fragmentation of a quark will retain its quantum numbers, e.g. the charge.
The net charge of the forward going hadrons should therefore reflect the charge
of the scattered quark and thus allow Lo determine the quark charges via

(Qforw) = Zti(x)(ei + n) (13)

i
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The sum runs over all quarks (- #) and artiquarks {+75). ¢; is defined in equa-
tion {12). n, the mean charge of quarks created in the fragmetation process,
takes into account that, since hadrons and not individual quarks are experi-
mentally observed, not all quark-antiquark pairs formed during fragmentation
are completely contained in the sample of the forward going hadrons {xy > 0).
The limiting values of n are 0 (u, d and s quarks are equally probable} or é (s
quarks are suppressed).

05

. —QPM predictions
o1 s ep Q2-10GeV? |
»yp (?=0 Gey?
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ok v up Q%-30Gev?

i I 1 i 1
0o M 0.2 03 04 05
X 39955
Fig. 3: Mean net charge of the hadrons going forward {xz > 0) as a function
of Bjorken x. The data are taken from the following references: circles - ref.
13, squares - references 14 and 15, triangles - ref. 16.

Near x = 0 where scattering occurs from sea quarks and antiquarks {Qy,.)
is expected to be zero. With increasing x scattering from u quarks (proton
target) becomes more and more dominant and (Qy,,,,) should increase up to
{2 — n) at x = 1. This behaviour is indeed experimentally observed!®!4:15:16
(fig. 3). The data points lie slighly above the quark-parton model prediction'”
with complete s quark suppression.

These results were confirmed at higher energies'® where good separation
between forward and backward going hadrons could be demonstrated and the
validity of the guark-parton model is out of question. One may therefore con-
clude that, since the guark charge retention can be observed at rather low W,
the quark-parton model is applicable even at rather low energy.

After the presentation of integral quantities like total multiplicity and
charge flow now the differential momentum distributions of final state hadrons
will be discussed. In fig. 4 the Lorentz invariant normalized cross section (for
the definition see end of previous section, here: integrated over p, 2, averaged
over ) for the production of negative pions is shown as a function of Feynman
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% in various W and Q® ranges®. The distributions have maxima at x5 = 0 and
fall steeply towards xp = 1 and x# = —1. The stronger decrease backward
can be understood because due to baryon number conservation there must be
always a baryon in the final state which is preferentially among the target
fragments thus leaving less energy for meson production.

Within the limited precision of the data no significant Q? dependence
can be observed. There is also agreement with photoproduction!® of negative
pions when the contributions {rom elastic p° production (diffractive process)
are removed. Such a behaviour (Feynman scaling) is expected from the quark-
parton model and we will come back to this point further down.

Yy p —= T~ + anything

15 <W<1.8GeV 1 [ LA< W <22 GaV

o ool !
f o

T

¥

411

e

T
LBRBLERALUI
T

o

E i 1 [t
oar ta) E 3 i w3 E|
bio. E
o 3 E ]

T

4 o3<ateos oev] 4 031cQi<as o
§ oscal <15 gevl F 4 53<€07< 13 Gov

T

Ew
Pmax

IS I A J| P T W W A |

My

e o L 2.2 <W < 18 Ge¥ ]
—e - L elostic 9% excluted
—I g wE E E

5 3 3 3
L] E - 3
x L L ]
P - 4

LE T Ty

¥ a3c07 <05 dur
§ aa<af <iager

§ 03ca% <08 aevl
§ 05<af <13 gur'-

T T

-—

A S | J-.nlnn..l
a Ll -1 a 1
-

xa-P
Phhax

29948

Fig. 4: Inclusive n~ structure function® as a function of xr in different W and
Q? intervals. In {d) contributions from the reaction ep — epp® are removed.
The solid lines in {c) and (d} represent data from ref. 15.

The production of baryons exhibits a completely different pattern as can
be seen in fig. 5. There the same quantity as in fig. 4 is depicted as a function
of x5 for the production of A hyperons'® and it is compared with a smoothed
representation of various results®?®?! on proton production. A production is
aboul ten times less frequent than proton production. This further supports
the observation made in connection with quark charge retention (fig. 3) that
in the fragmentation process the creation of ss pairs is less probable than that
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Fig. 5: Structure function for inclusive electroproduction of A hyperons!®. For
compatison proton production®2%?! scaled by 0.1 is shown as well {solid line).
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Fig. 6: Relative proton yield at xp = 0.5 as a function of W. The data are
taken from ref. 20 (squares) and references 23 and 24 (circles).

Baryon production occurs mainly at negative xp and shows a rather fiat

9

behaviour there. In the forward hemisphere the distributions fall off very
steeply with increasing X p, more steeply than in the case of pions (fig. 4). Both
facts can be understood by interpreting baryons as predominantly being target
fragments. At low energies those target remnants can also spill into the forward
direction. With increasing W the spill-over becomes less important?? as can
be seen in fig. 6 where the relative proton yield is shown as a function of W2,
The results at high energies®®** do not follow the trend extrapolated from the
low energy points®, This observation together with further results on proton
and antiproton preduction in pp scattering?® and e*e” annihilation®® proves
that baryons are also produced in quark fragmentation. However at CEBAF
energies in both the forward and backward hemispheres baryons must basically
be regarded as target remnants. In order to study quark fragmentation into
positive mesons it is indispensable to be able to identify protons.

In the quark-parton model hadron production is expected to be indepen-
dent of the evenl variables, i.e. the {fragmentation functions D{-‘ should only
depend on xp (or z). This prediction is usually tested by comparing measure-
1 de"
Oiot dz
connection with fig. 4). This procedure is not completely correct since varying
Q2 at fixed W or vice versa resulls in a variation of x. If the hadron spectra
from u and ¢ quarks do not agree hadron production cannot be expected to be
independent of Q% and W. These complications can be avoided if one considers
the sum of 7+ and 7~ production. Starting from equations (10), (11} and (12)
one can show that

ments of (equation (11)) at different Q? or W (see also discussien in

1 do™  do™ et —
Frot ("K + dz ) Du (z) + Du (z) (14)
and .
1 da”; [H]
— =DI .
P (=) {15)

These results are obiained using the following charge conjugation and isospin
relations among the fragmenation functions:

Dy’ =Dj =X =Dy (16)
D} =D =D} =D (17)
D:u _ D;U _ Dgo _ D;U (18)

The fragmentation functions for 7%°s are correlated to those for 77 and 7~

mesons via .
o . -
Dy = E(D; +D7 ) (19)
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So the quark-parton model predicts that

1 do™ 1 do™" . do™ 20
Ot Az 2040 dz dz (20)

and both 7° production and the sum of #+ and 7~ production do not depend
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Fig. 7: {a} Comparison of n° structure functions?” with charged pion?® and

hadron?®® electroproduction. (b} Comparison of 7% electroproduction?? with
the production of charged pions in e*e™ annihilation®®,

The validity of relation (20) is experimentally confirmed as can be seen in
fig. 7a: 7° production®7 is compared with the mean of 7t and 7~ production??
and the distributions agree very well although the x values are slightly different.
The results containing all charged hadrons?® lie well above the pion data. This

shows again the importance of particle identification.

Since the fragmentation process should be the same whether the frag-
menting quarks are produced in electron scattering or in e*e™ annihilation the
fragmentation functions measured in these reactions are expected to agree. In
ete™ annihilation equations similar to (14} and (15) can be derived but with
an additional factor 2 on the right hand side since g and § are always created in
pairs so that each event contains two quark jets. Thus #° electroproduction has
to be compared with the quarter of #* + 7~ production in e*e~ annihilation?®.
This comparison is shown in fig. 7b. Rather good agreement is observed but
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the et e~ distribution is somewhat softer.
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Fig. 8: Sum of the z distributions for #* and 7~ electroproduction®® in three
different x intervals divided by their average over x.

Equation {14) was obtained based on the fundamental quark-parton model
assumption of factorisation. A test of this basic property was performed by the
DECO coltaboration® (fig. 8). Within the statistical and systematic uncertain-

+ _
tho: (dﬁ; -+ d{l:—) does not show any significant dependence on x. How-

ever the data are also consistent with next to leading order QCD calculations®!.

To summarize the discussion so far one must say that it still remains
open whether deviations from the quark-parten model predictions have been
observed at low energies. Furthermore, even if such deviations will be detected
in the future it will stay unclear whether they can be unambiguously attributed
to perturbative quantum chromodynamics. The contributions from diffraction,
mass effects and final state interactions will have to be understood first.

In the quark-parton model the final state hadrons are interpreted as either
quark {forward hemisphere) or diquark fragments {backward hemisphere). In
the centre-of-mass system a two jet structure is therefore expected, the two jets
being collinear, similar to the event structure found in ete~ annihilation. In
ep scattering the directions of the jet axis and of the virtual photon should be
strongly correlated, deviations being due to the intrinsic transverse momentum
of the quark in the target proton. To investigate the validity of this expectation
in ep scattering events the jet axis is determined by sphericity

S= gmin (%) (21)

or thrust .
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where the sums run over all charged hadrons and p; and p); are delermined
in the centre-of-mass system with respect to the sphericity and thrust axis
respectively. The distributions®? of [cos®| (©: angle between the sphericity
or thrust axis and the direction of the virteal photon) shown in fig. 9 exhibits
a strong correlation between the jet axis and the virtual photon direction as

expected. Events due to difiractive processes, e.g. ep — epp®, are suppressed.

& angle between N
12 g sphericity} ... T
4 thrust }uxls
- and virtual photon $1

Y

- S
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A
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0 1 I 2 1 1 1 1 L I
0 02 04 06 08 W0
lcos 81 29940

Fig. 9: Distribution of lcos@| for events from ep scattering with more than
three final state hadrons at 9GeV? < W? < 16GeV? and Q? > 1GeV?,
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Fig. 10: Average sphericity as a function of W. The references are given in the
text.

From the width of the [¢c0sB| distribution the mean value of the intrinsic trans-
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verse momentum of the quark inside the target proton was estimated to be 0.7
+ 0.2 GeV.

The values of the sphericity (equation {21)) can vary between 0 and 1. Two
jet like events have sphericities near 0 whereas spherity values near 1 represent
spherical events. In fig. 10 the mean sphericity is shown as a function of W
for ete™ annihilation (PLUTO®®, TAS$0®*) and lepton nucleon scattering
(DECO3, pN3, EMC?7). (8) decreases with increasing W for both types of
reactions thus giving evidence for stronger collimation of the two back-to-back
jets with rising energy. The results from lepton scattering lie systematically
below those from e*e™~ annihilation. This can be due to the contribution
of heavy quark fragmentation in ete™ annihilation which is absent in lepton
scattering and also to the slightly lower charged hadron multiplicities observed
in lepton scattering® compared with e* e~ annihilation.

BEYOND THE QUARK-PARTON MODEL

In the previous section it became clear that our present understanding of
electron scattering is almost completely based on the quark-parton model. As
could be shown many very different aspects of the experimental results can be
successfully interpreted in this common framework. However, the simple quark-
parton model cannot be the end of the story since it lacks a dynamical basis to
be regarded as a theory. Quantum chromodynamics is commonly considered as
the correct theory of strong interactions but up to now quantitative predictions
are very difficult to achieve and are usually only obtained for high momentum
transfer where perturbative methods can be applied. The deviations from the
quark-parton model which are observed at low {CEBAF) energies are due to
the fact that low Q? photons do not resolve the parton structure of the target.
So more collective processes are expected to occur. These will be discussed in
this section.

At low W near the elastic limit resonance production is important. This
results in a distinct pattern of the total electroproduction cross section®%-%° as
a function of W showing several clear maxima which are correiated to baryon
resonances, However as one can see in fig. 11 this structure gets somewhat
less pronounced when Q? increases. It was also found*® that scaling of ¥W,

can be extended into the resonance region if one uses x' = GQQ—WW as scaling

2

variable instead of x = Q'+\%-'—M' and if the resonance peaks are averaged

out. Furthermore, the contributions from longitudinal photons {01) to the
total cross section are only of the order of 10 - 20 % in the resonance region3®,
These observations lead to the conclusion that in general the quark-parton
picture can be used even at rather low Q2 and W. Only very specific reactions
need different explanations.

In the simple quark-parton model for Q% — oo oy is expected to be zero
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since only transverse photons (helicity £1) can be absorbed by the quarks which
have spin % The determination of o is therefore important if mechanisms

others than those described in the quark-parton model should be investigated.
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Pig. 11: Total electroproduction cross section?®*? as a function of W at differ-
ent Q2 values.

It follows from equations {4) and (5) that in order to extract oz one has to
measure at different values of € keeping Q? and W fixed. This can only be
achieved by changing the beam energy. Since oz usually is very small*®:*!
compared to o a rather long lever arm in € is needed. The consequences of
this for experiments at CEBAF will be discussed in the next section.

An example of such a measurement?? is given in fig. 12. It becomes obvious
from this figure that besides high statistics small systematic uncertainties must
be aimed for between the measurements at different beam energies (i.e. £).

A summary of results on R = o /or is shown in fig. 13. In fig. 13a
measurements?® of R at relatively low Q? (< 10GeV?) are given as a function
of x. All data points are significantly different from zero and lie systematically
above the QCD expectation. In contrast to that at high Q* (> 10GeV?) no
deviations of R from zero are found*2. So one can expect that scattering from
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objects other than bare spin % quarks becomes important at Jow Q.
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Fig. 12: Total electroproduction cross section?? as a function of . To the sta-
tistical errors (inner error bars) the systematic errors are added. The straight
lines represent fits from which the values of R are derived.
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Fig. 13: R = oz /o7 as a function of x'(a} at low Q* (< 10GeV?)4? and (b) at
high Q2 {> 10GeV?)*2. The leading order QCD predictions (solid lines) are
discussed in references 42 and 43 respectively. .

It was pointed out in the introduction to this article that electroproduc-
tion of exclusive channels was extensively discussed in the last year’s CEBAF
Workshop'. Nevertheless | would like to add a few comments to what was said
there. My remarks will refer to the production of xtn, KtA(E%) and p° in
ep scattering and [ will concentrate on alternative ways to understand these
chanmnels compared with the discussion in ref. 1.
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Although the contributions from longitudinal virtual photons to the total
cross section are only of the order of 10 - 20 % they can be much stronger
for specific exclusive channels. At small momentum transfer the reaction ep
— ertn is even dominated** by oy (fig. 14). This is easily understood by
the dominance of the one pion exchange contribution in the framework of Born

term models by which this process can be successfully described. At t near tyin

{forward scattering) no spin transfer to the nucleon occurs so only helicity
0 (longitudinal) virtual photons can couple to the exchanged pion. In this
picture the pion form factor F,{QF) can be extracted from measurements of
ntn production in a rather model independent way.
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"Fig. 14: do/dt for electroproduction of 7¥n as a function of [t}. The contribu-
tions due to the various helicities and polarisations of the virtual photons are
separated !,

This is the conventional picture but one can look at this reaction also
somewhat differently as schematically depicted in fig. 15. Here scattering from
pre-existing pions inside the target is assumed®®. The measurements of the
reaction ep — entn would then allow to determine the probability distribu-
tion Gg+/p(x) to find a pion of momentum fraction x in the proton from the
following ansatz:

ds do

2 g,
dxdQ? 1B 32
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ent = &™) (23)

However the pion form factor is needed as input and the cross section for elastic
ex scattering has to be calculated. So it remains open whether this alternative
approach to the interpretation of #*n electroproduction can be successfully

pursued.
/
¢ v*
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Fig. 15: Diagram of electron scattering from virtual pions pre-existing in the
target proton.

In analogy to ep — ertn one would expect that the exclusive channels ep
— eK* A or eK* 50 could be used to determine the kaon form factor Fx(Q?) in
the space like region. However one kaon exchange is not so clearly dominating®
these processes as one pion exchange does in 7 ¥n production. It was observed??
that the L%/A ratio drops with increasing Q2. In the picture of one kaon ex-
change this could be understood il the coupling constant of the exchanged
kaon to the nucleons were greater in the case of KT A production than for
K+ %9 production (g2, 3 ghnx). This is not really supported by the val-
ues of these coupling constants derived from various experiments*®. So since
the dominance of one kaon exchange is not unambiguously established in these
reactions another explanation®® of the dropping L%/ A ratio may be more pro-
found. It is based on simple quark-parton model arguments and predicts no/A
to decrease with increasing x where scattering off u quarks dominates, There
the Temaining target system is preferentially in a state of isospin 1 = 0 which
combined with a strange quark will result in a A hyperon. Then at x — 1 e
suppression naturally follows but strictly speaking this picture applies only to
the behaviour of the transverse part of the cross section. Since the experiments
suggest a non negligible contribution from longitudinal photons (o, = op) to
K+ A production none of the two mechanisms alone may be able to explain the
experimental data. Separation of oy and oy, is therefore needed to improve the
present status of understanding.

Exclusive p° production (i.e. ep — ep®p) cleatly is the first place where
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the vector meson dominance (VMD) model should apply. In this model the
dependence of the cross section on Q7 can be approximately parametrized

2559,51
1 Q?
———Q2 5 (1 +s£2m—£). (24)
I

This formula implies that with increasing Q2 the contribution from longitudi-
nal photons gets more important (second term within the brackets on the right
hand side) if £2 is different from zero. This parameter £2 can be determined
from the Q? dependence of the exclusive p° production cross section by com-
paring the functional dependence (24) with the experimental resulis (fig. 16).
The data’?:%354.55 which were obtained at relatively high beam energies are
best described by the curve with £2 = 0. This would mean that the contribu-
tions from longitudinal photons disappear, at least at high W. This may not
be surprising since at low W of less than 3 GeV a decreasing importance of o,

with increasing W was already observed®5®.
&

o(Q?) = a(0)
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Fig. 16: Total cross section for exclusive p° electroproduction as a function of
QZ%. The data are taken from measurements carried out by the following col-
laborations: EMC??, CHIO®?, LAME®Y, DECO®®. The lines represent VMD
calculations®® with different values of the parameter £2.

In order to determine oy in a model independent way measurements of
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Lhe exciusive p® production cross section as a function of € have been carried
out at high W. The results are shown in fig. 17 in which results from EMC?2
and CHIO®? are combined. No increase of o + €05, with £ can be observed
thus confirming the absence of contributions from longitudinal photons.
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Fig. 17: Total cross section for exclusive p® electroproduction as a function of
€. The data stem from EMC3? and CHIQ®2.

At low energies s-channel helicity conservation (SCHC) was found to work
in p° production®®. This means that the helicities of the virtual photon and
the p” meson agree. In this picture the angular distribution of the decay pions
in the p° rest frame can be described by

W(cost) = 2[1 1% (308 — 1)cos?8] (25)

where # is the polar angle between the p® direction and the #+ meson. In-
tegrations were performed over the azimuthal angles of the n* with respect
10 the p® direction and of the p° production plane with respect to the lepton
scattering plane.

In the VMD framework the parameter £2 is related to the density matrix
element ris via

N . — (26)



In fig. 18 133 is shown as a function of Q. Fitting equation (28) to these data
gives £2 = 0.40£0.13, in clear disagreement with what was conciuded from the
? dependence of the cross section (fig. 16). So SCHC seems to break down at
high W since longitudinal photons do not contribute to p° production whereas
from the analysis of p® decay a sizeable fraction of the p° mesons are found

to have helicity 0 (r3$ # 0). Exclusive p° production no longer behaves like a

diffractive process at high W.
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Fig. 18: p° density matrix element rJ3. Results from various experiments are
shown: EMC52, LAME®, DESY-Glasgow®®, SLAC®?, OMEGA®®.

The breakdown of SCHC was found by the analysis of the Q? dependence
of alep—ep®p) and of 34 over a large Q? range. The high Q® data stem from
experiments performed at high beam energies. It clearly would be interesting
to see whether the same observations could be made also at low energies but
high Q?. The high duty cycle of CEBAF which allows to reach, high Q? may
help in answering this question. ’

REMARKS ON EXPERIMENTS AT CEBAT

The kinematic range in which experiments at CEBAF are carried out is
the transition region to the deep inelastic regime. The Q? variable is the
most important parameter describing this transition since it is a measure of
the resolving power of the probe. The aim should be to reach the highest Q?
values possible. This is not easy since the cross section drops dramatically
with increasing Q7 as shown in fig. 19. There in the Q*-W? plane contours of
constanit total cross sections are drawn which are obtained from equation (10)
using the parametrisation of F2 as given in ref. 42, The beam energy is taken
to be 4 GeV. The curves stop at the kinematic limits which are obtained under
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the assumption that the minimum energy to measure the scattered electron is
0.5 GeV. It is clear from this piciure that primary energies higher than 4 GeV
would be desirable in order to reach high QZ also at larger W? values,
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Fig. 19: Contours of d—dl,d—ow—g in the Q*-W? plane for the beam energy of 4
GeV.

Experimental results at high x are very scarce. This has essentially the
same reason as why high Q2 data are lacking too since large x implies large
Q2. At low W high x can be reached more easily (fig. 20) so CEBAF is an
ideal place to study the high x region.

5

A
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Tig. 20: Contours of x in the Q2-W? plane.
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Another very irnportant task of experiments at CEBAF is the separation
between o1 and oy, This needs measurements at different beam energies in
order to vary £ while Q% and W2 stay unchanged. The kinematic range in
which such a o7 /oy, separation can be performed is very limited as one can see
in fig. 21. Contours for the same 10 values of ¢ are shown for beam energies
of 4 GeV (solid lines) and of 2.5 GeV (dotted lines) respectively. Also in this
case the demand for higher energies is obvious.

Slas !

A
W [Gev?)
39965
Fig. 21: Contours of ¢ in the Q2-W? plane. The solid lines refer to the beam
energy of 4 GeV, the dotted lines to 2.5 GeV. The values of € are the same for
both energies but only the 4 GeV lines are labelled.

To summarize, the most interesting region is the high Q2 (high x) domain.
This implies that the scattered electron has to be detected and identified at
rather large scattering angles and low momenta. There the #~ background
is sizeable and good electron/pion separation is important. In order to obtain
enough statistics the solid angle in which the scattered electron can be accepted
must bé large.

In general one must say that experiments at CEBAF dealing with particie
physics must be rather sophisticated since a lot of experimental results are
already available from Bonn, CEA, Cornell, DESY, NINA and SLAC. In order
to be able to improve our understanding of this subject only experiments of
advanced technologies should be envisaged.

The high duty factor of CEBAF will aliow to obtain high statistics. To
take full advantage of the potentially higher statistical accuracy the systematic
uncertaintenties must be kept to a minimum. Therefore the following require-
ments should be fulfilled: Since hadron masses cannot be neglected at CEBAF
energies complete particle identification is necessary. To be able to reconstruct
the topology of the events with high reliability detectors of good space and
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time resolution are needed near to the target. One should also try te avoid
that the performance of the detector differs significantly in various angular
and momentum ranges. This is especially importanl when data from different
primary energies are combined as it is necessary for the o4 /0, separation.
The electromagnetic backgroung induced by the beam causes major prob-
lems in the bending plane of the magnetic field. To solve this difficuity prop-
erly is unavoidable. One should however keep the blind region of the detector
around the beam fo a minimum since the majority of the hadrons are created
with rather small angles relative to the beam. An open dipole magnet with a
superconducling tube®® to protect the beam region against the magnetic field
is in my opinion the most promising solution for a large acceptance detector.

SUMMARY

It has been demonstrated that the quark-parton model allows to under-
stand to a great exient the properties of hadronic final states produced in
electron scattering, even at rather low Q? and W. However, at those Jow Q2
and W values additional mechanisms are needed to interpret the experimental
results. The explanations developed so far have still large uncertainties so that
data of much better quality are necessary in the transition region to the deo-
main of the quark-parton model. Large acceptance detectors with good particle
identification and photon detection should be aimed for. The high Q2 (high x)
region should be especially taken care of. Separation between the contributions
from transverse and longitudinal photons is important. In order to fully exploit
the potentially good statistical accuracy which is provided by the high beam
fAux of CEBAF it is of great importance to keep the systematic uncertainties
as small as possible.
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