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I. INTRODUCTION
A study of the final states in electroproductiocn can answer many
questlions such as
- transition form factors of the higher nucleon resonances;
- 7 and K form factors;
— the Q2 dependence of the direct photon-vector meson couplings ;
— does the photon shrink?
- 1s there evidence for a constituent picture of the nucleon?
and above all:
- how do the final states in the deep inelastic regiocn conspire to achieve
scaling?
New and interesting results have been obtained on some of these questions:

for others there 1s still no clue yet,

This review will cover exclusive final states as well as inclusive
hadron spectra produced in electron or muon-nucleon scattering. In general
only new experimental data will be discussed. Some of these have already
been reviewed in Ref. 1, or described at this conferencez. Summaries of

previous measurements can be found e.g. in Ref. 3.

2. NOTATION
The analysis of the experimental data assumes one-photeon exchange

approximation as depicted in the following diagram:




with _

v =E-E' energy of the virtual photon in the lab. system;
Q2 = AEE'sinz@eIZ negative mass squared of the virtual photon;

W2 = 2mpv + mp - Q square of the total hadron c.m. energy

1n terms of these quantities the scaling variables w and w' are defined

as
w = 2mpv/Q2
W= (@ + m§>/Q2 = w2t 4

All results will be presented in terms of the virtual y-nucleon scattering

process. The cross sections ¢ for longitudinal and transverse photon

o
L>°T
nucleon scattering are determined from the measured lepton nucleon cross

section using the following relation:

dc2 . :"n_ Tt{UT(Qz’w) + & GL(QZ,W}}
dQ"dw  2EE' p

where 2 2
N W - mP F measures the flux of transverse

b m, Q E'(1-€) photons,

&l
It

5 S ] -1 is the polarization parameter

RIS Viehe %
(0 £ & 2 1), and

ro= el is the flux of longitudinal photons.

In general no attempt 1s made to separate I and Oy - The measurable sum
Op * EOp is defined to be the virtual photon nucleon cross section. Be-
cause o(ep'+ e'¥) falls off rapidly with @e, most data have a polariza-—

tion parameter ¢ of order 0.7 - 0.9.

3. SINGLE PION PRODUCTION IN THE RESONANCE REGION

At DESY and NINA programs have been started to study systematically
single pion production in the region of the second and third resonances.
Small steps are taken in W and for each W point the Q2 dependence of the

pion angular distribution is measured. As an example Fig. ! shows the W



dependence of the forward n' cross section at Q2 = 0.4 GeV2 from NINA4

and at Q2 = 0.6 and 1 GeV2 from DESYS. A different Q2 behaviour is observed
for the second and third resonance regions. A series of angular distri-
butions measured by the DESY group5 in this kinematical region is shown in
Fig. 2. For a review of the experimental situation in the resonance region
see Ref. 6. Eventually these measurements should allow the unravelling of
the contributions from various resonances through a phase shift analysis

and the extraction of the form factors for these states7

4, CHARGED PION PRODUCTION AND THE PION FORM FACTOR

Fig. 3 summarizes the differential cross section data, do/dt, for

L7t

YVP oo
as measured above the resonance region at DESY8 {(@- = 0.06, 0,3 and
0.7 GeVz) and by the Harvard group9 at Cornell (Q2 = 1.8 and 3.7 GeVz).

For |t]| 2z 0.1 GeV2 a noticeable drop is observed in do/dt between photo-
production and Q° = 0.7 GeVz; for higher Q2 values the cross section

changes little with QZ.

Before analysing the production mechanism we draw attention to the
following rather trivial points. The first involves the increase of the

. . 2
minimal t value, t . , with Q
min

(lt] . <o0.05 cev? for 0% < 0.7 Gev?, [t]| . = o0.14 Gev? ac Q% = 1.8 Gev®
min min
2 2 2 .
and 0.4 GeV™ at Q° = 3.7 GeV"). Had we compared do/d2 for a fixed scatter-—
ing angle, e.g. O = OO, rather than do/dt for fixed t, a strong Q2 depen=
dence would alsc have been seen for Q2 > 0.7 GeVz. For peripheral proces-—
ses therefore a representation in terms of do/dt seems to be preferred

over do/df.

Secondly, since, as in most two~body reactions, do/dt is a concave
function (smalier slope for larger |t| values), and since t_. increases
. 2 + mm
with Q7, the average transverse momentum for m from P -+ 7 n will grow

. . . 2
with increasing Q .
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The major contribution to peripheral m production comes from one-pion

Y"'“—»\,,r/%’n*
F2,,an—""l‘““‘“€>-~‘F’

As compared to photoproduction the importance of one-pion exchange is

exchange (see diagram).

enhanced due to the additional contribution from longitudinal photoms.
This is reflected by the ratio of 7" and m production on deuterons8
(basically yn ﬂ*p Vs YP * w+n) shown in Fig. 4. For pure m exchange
this ratio has to be unity. Deviations from unity indicate isoscalar
contributions. We see that at Q2 = 0.7 GeV2 the t range over which the

- + . - . *
w /7 ratio is close to one is considerably larger than for photopro-

duction.

The Harvard gr0up9 has extracted the pion form factor FH(QZ) from
their data using a dispersion theory model1o te evaluate the contri-
butions from other Born diagrams and background terms. The resulting
pion charge radius agrees with those from other experiments, which use
different methods:

<t >1/2
“m

0.704 + 0.007 £ (VP + y?
11a
0.78 0.09 f (me = Te)

0.73 +0.13 £ (7 p~ ety

1+

b

1

+

The Q2 behaviour of Fy multiplied by a factor Q2 is shown in Fig. 5.
After the turn-on at low Q2 the quantity QZFH(QZ) reaches a plateau. Such
a behaviour is consistent with a one-pole descriptionm,

F@h) = (1 + ot/

The mass squared of the effective pole turns out to be
2 . .
mz = 0.47 * 0.01 GeV™ which is somewhat lower than the square of the rho

*
meson mass.

* Speculation: If the difference is attributed to the presence of a second



The weak Q2 dependence of do/dt outside the peripheral peak was
predicted by the authors of Ref.l4 who started from a dual current model
with infinitely many vector mesons. Summing over the vector mesons gives a
contribution nearly independent of Q2 provided Q2 is small compared to s,

and |t] 0.5 Gev®.

5. 7" ELECTROPRODUCTION

Single n° electroproduction, ep - EWOp, was studied in an experiment
at DESYlS. The rather difficult separation of this reaction from background
was accomplished by detecting all final state particles. Electron and
proton were measured in two magnetic spectrometers, the two photons from 7

decay were observed in a lead glass hodoscope.

The differential cross section for the process
YVP - TrOP
depends on the orientation of the w° production plane relative to the
electron scattering plane (= plane of polarization of the transverse
photons) measured by the azimuthal angle ?. The cross section can be de-—
composed into doy/dt and doj /dt for n° emission at ¢ = 0° and 90° respec-

tively, and dGL/dt and dUI/dt for the longitudinal and longitudinal/trans-

verse interference contributions :

pole, a p(1250) say, one can write

F o= 1 +¢ C
- 2, 2 2,2
T+ Qm 1+ QY
P P
and finds
C _gyp'fp'ﬁw
= = 0,11
1 + C
g f
Yo emw

Association of the wn® bump seen in photoproducticn with the p(1250) leads
to (gYD'/gYP)Z = glyp - po'p)/c(yp - pop) T 0.2 12 and finally to
Pp,ﬁﬂ/?p, = 0.07, a Y;lue which is not in contradiction with a recent
phase shift analysis



2 do do do do
do 2° 1 1l i ] Pl
X r—— ——— i . @ —————— T ———
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. . o .
The experiment was carried out at ¢ = 90" where the interference
contribution vanishes:

2 do do do
do o 1 AL l' L
aas (P =0 = gm {k‘ re) gt - gt }

According to the Stichel theorem, generalized to electroproduction,

only natural parity exchange in the t channel contributes to ¢, at high
energi?z. Similarily, o and o, come only from unnatural parity ex-
change . Since 7 exchange is excluded the unnatural parity parts of the
cross section are expected to be small. Therefore

dog 411’ dzd

T ° Tec aras ¢ ” 90°)
2 do
(Note that n_do (¢ = 900) z -4£ independent of these arguments)
T+¢ dtde at P & .

Fig. 6 shows the quant1ty %—— d2g/dtd® measured for W = 2.55 GeV as a
function of t at Q values of 0.22, 0.55 and 0.85 GeV2 In photoproduc-
tion, dc“/dt (the solid line in Fig. 6) shows a dip at |t| = 0.5 GeV2
followed by a second maximum around ! Gevz. The dip has been interpreted
either as a nonsense zero of the vector and tensor trajectory (a(t)z0.5+t)
or as a zero of the Bessél functionm JI(R/:E) where R measures the radius
of interaction. It was suggested17 that by measuring the Q2 dependence
of the dip position a choice could be made between the two alternatives:
while the Regge zero should not move, the Bessel zero might if R changes
(shrinking photon). It seems that nature does not know about this nice
possibility. The second maximum and with it the dip disappear with dra-
matic speed: between Q2 = 0 and 0.22 GeV2 the cross section around

lt] =1 Gev® drops by a factor of ten,

In Fig. 7 the data have been replotted as 2a function of Q2 for fixed t.
The Q dependence appears to be a rather complicated functlon of t.

Theoretically, the observed Q behaviour is not understood



+
6. Y,p - K'a, K'5°

. 19,20
A summary of cross sectlon measurements on

K+
YyP A

is given in Fig. 8 for a fixed value of W (W = 2.2 GeV) and a small
range of t values (0.1 < }tl < 0.18 GeVz). In addition there exist cross
section data for other values of w,t,Q2 from a Harvard-Cornell and a
Harvard experiment at Corne1121 where K+ production along the virtual
photon direction has been studied up to Q2 = 4 GeVz. There is & quali-
tative difference in the Q2 behaviour of K+A and K+ZO: the K+EO Cross
section decreases rapidly with Q2 while in the K+A case the Q2 de—
pendence is weak, suggesting an appreciable contribution from longitudinal
photons. This 1s in agreement with what one naively expects: Since the
KNI coupling constant, GéNZ’ is supposedly smaller than GiNA {(Ref. 22)

K exchange will play a minor role in K+ZO production but will contribute
significantly to the K" cross section, in particular to its longitudi-
nal part. Bartl and Majerotto23 have concluded that a quantitative

+
description of both photo and electroproduction data for KA and K £°

- * E . +- ++
requires K, X , K and either KA(] ) or KB(I )} exchange.

- 44
7. va - A AND THE AXTIAL VECTOR FORM FACTOR

A DESY-Glasgow collaboration has studied the reaction
4 Tt
w
YyP
. 2 . . . . 24
as a function of Q@ and W and in particular its behaviour near threshold
. . 2
The total cross section (Fig. 9) at an average Q2 value of 0.6 GeV™ goes
through a maximum around W = 1.5 GeV and decreases rapidly at higher
energies. The steep, approximately linear rise of the cross section above
threshold and the flatness of the m cms production angular distribution
in the threshold region lead to the conclusion that s-—wave preduction
++ ] ) )
dominates. Furthermore, a study of the A decay angular distribution
++ } . . - 4+
shows that the A has predominantly helicity AA = 3/2. The © & system

is therefore in a D3/2 state (notation refers to a 7N state). This ex-—

i x . . . =+t
cludes the possibility that P11 formation is responsible for w & pro-



duction near threshold. The observed production features are consistent
with the dominance of the contact term (see diagram) expected in the

. 25 . . .
model of Stichel and Scholz””. A similar conclusion was reached for the

photoproduction data

Y -

The data allow therefore a study of the Q2 dependence of the contact
term. Fig. 10a shows O -4+ VETSUS Q2 in thezthreshold region. Contrary
to naive expectation a rapid decrease with Q  is observed. The decrease
is well reproduced by multiplying the Bern cross section with a factor

(1 + Qzlmi)—z, where m = 0.7 GeV.za

. . . . 27
In a dispersion theoretical calculation by Berends and Gastmans

and more recently by Levi and Schmidt28 the contact term acquires a
form factor which can be related to the N and & form factors. It is not
yvet clear whether this leads to a quantitative description of the data.
Bartl, Hajerotto and Schildknechtzg, in the spirit of the vector domi-
nance model (VDM) assumed a pNmA contact interaction (see diagram). As
a consequence the Born cross section is multiplied by a factor

(1 + Qz/mi)_2 which gives a quantitative description of the threshold

region

N

However, the model may have difficulties with the crossing symmetric
. + o ++ . . .

reaction, m p » p & , for which the cross section predicted from the

oNTA contact term exceeds the measured one by more than an order of

magnitude unless the s-wave is almost completely absorbed.

The DESY-Glasgow collaboration has used their data to determine the

. - 2 .. .
axial vector N-A transition form factor FA(Q ). This is pcssible because



at thresheld where the pion cms momentum is zero the ym system is in a
l+ state. Extrapolation to the PCAC limit, m; + 0, gives the yn system a
mass squared equal to Q2. Fig. 10b shows FA(Qz) z gA(szgA(O) and meas-—
urements of the axial vecter nucleon form factor determined in a similar
manner from ep + en'd near threshold3]~33. Both sets of data can be

parametrized by a dipole,
2 2, 2,72
FA(Q ) = (1 +Q /mA)
with m, = (1.17 + 0.03) GeV..24 There is a discrepancy, however, with the
direct determination of FA from vp scattering which leads to

m, = 0.89 * 0.08 GeV. The origin of this discrepancy is not yet known.

. 2 : . .
In conclusion, the Q@ dependence of the contact term contribution
is likely to be determined by both the axial vector form factor FA and

the vector form factors F,, of N and A. Even in the PCAC limit (q1T - 0,

v
mi + Q) the influence of FV may be nonnegligible since one is far from
the nearest axial vector pole. Therefore, in order to interpret the
observea Q2 dependence of the contact interaction a unified theoretical
treatment in terms of FA and FV is required.

8. VECTOR MESON PRODUCTION

a) YyP > 0’p .

In Fig. 1! the 7 7 mass spectrum is shown for the reaction
YyP > T n_p as measured by the DESY-Glasgow collaboration35. A strong rho
signal is observed. Little background is left when small momentum trans-—

fer events are selected (shaded histogram).

Q? DEPENDENCE OF THE p° CROSS SECTION

Fig. 12 summarizes the po cross section measured in the threshold region
and for W > 2 GeV as a function of Q2. The data come from four different
experiments. In the experiments of the DESY—Glasgow35 and the Santa Cruz-
SLAC36 collaborations streamer chambers were employed. The SLAC spark
chamber experiment detected the scattered electron and n' and 7 in spark

37 . .
chambers™ . The Cornell experiment measured e' and p in two spectrometers

and determined the sum of p and w production from an analysis of the



.. 38 . . .
missing-mass spectrum . From this the rho cross section, cp, was cobtained

by assuming the ratio Gwlcp to be the same as in photoproduction.

In Fig. 12 oo(Qz)/oD(O) rather than op(QZ) has been plotted. In this
way most of the W dependence is taken out and the comparison between
experiments averaged over different values of W is facilitated. For
W > 2 GeV where most of the data have been taken the agreement among the
experiments 1is good. These data show a rapid decrease of op with increas—
ing QZ. At Q2 = ] GeV2 cp(QZ) is down by a factor of ~10 from its photo-
production value. 0nly220—30 %2 of this drop is caused by the Cin CUC off.
A somewhat different Q° behaviour is observed in the threshold region

(1.7 < W < 2 GeV). For Q2 values between .3 and 0.8 GeV2 the decrease

with Q2 is much less pronounced.

The solid curves in Fig. 12 show the VDM prediction (see diagram)

P

including corrections for the difference in photon flux, for the tmin

cut off and for longitudinal photon contributionsBS;

% 2 2,2
. = 2 /m”)
vom, 2. Pin(@ =0 (1 + gt @ /m 2
o Q") = exp |A(t_. (Q7)-t_. (0} o (0)
i of@h (i)’ [+t i@,
P
where

2 2 1/2
p:n(O)/p:n(Q2) = (Wz-mﬁ)/{(wz—mp—qz) + awzqz}

. 22,2 . .
The quantity &£ Q /mp measures the ratio of p production by longitudinal and

transverse photons (see below).

Near threshold and for Q2 < 1 GeV2 fhe Up predicted by VDM is
smaller than the measured values. For higher energies where p production
becomes mainly diffractive the VDM prediction agrees with the data. This
result is of some importance: it means for example that the failure of
the simple VDM (omly p,w, and @) to account for the total YyP Cross sec—

tion in the deep inelastic region is probably not caused by an additional



2 . ) .
Q” dependence of either the yV coupling or the VN forward scattering

amplitude.

A triple Regge description of rho electroproduction assuming VDM

can be found in Ref. 39.

In the massive quark model of Preparataao the QZ dependence of the

cross section obeys a scaling law:

do ( + %)
at Yo P PP

1 2x{x )t
v P

————= F

@+ my? g
p

2
P

(Q2 + m_)/2v and F(XO)’ A(xp) are unknown functioans.

n

where X

. *
This leads to
2 2.3 0
+ m g > = G(x
(Q p) Gryp > P P) ( p)
where G is a function of x palone. The data, in particular the rise of
the cross.section in the threshold region, are consistent with this

scaling law. It will be interesting to test this proposal over a large

Q2 and W range.

t DEPENDENCE OF vy, p > 0°p

The differential cross section for moderately small values of t 1is

In an optical mocdel the slope A measures the radius of interactiom,
A2= Rip/4 with Rip = Ri + Ri. If the photon shrinks41 with increasing
) one should observe a decrease of App' Shrinkage may occur e.g. if the
time A1 allowed by the uncertainty relation for the photon to turn into
a-rho is less than it takes the photon to traverse a nucleon:

2v !

2 2

+ m
Q p

< 10 GeV

For a definite test on shrinkage the transverse and longitudinal photon

contributions have to be analyzed separately. This has not yet been done.

* neglecting tmin effects
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. 42 . . -
Fig. 13 shows photo- 2 and electroproduction measurement535 37,43 o

£

App as a function of At for dcT/dt + € dUL/dt. The data of Ref. 38 were
not included because of the contamination by w productiocn, No signifi-
cant difference between photo and electroproduction data, i.e. no
shrinkage effect is observed. However in the "threshold" region

(At < 10 GeV—l) the accuracy of the data is insufficient to exclude even
maximal shrinkage, RY + 0 or App - %-Ap = 5 Ge‘.!_2 as A1 - 0.

SPIN DEPENDENCE OF y,p - 6°p

In the experiments of Refs. 35-37 and 43 the 0° decay angular distri-
bution was measured and analysed in terms of the po spin density mat:rix4
The shape of the polar angle distribution is determined by the value of the

o4 04
ba

o < 1; in the limit Q2 +~0: T > p )

. . o4
density matrix element r (0 <
00 00 00

W(cos@) ~ (1 ~ roh) + (3r04 - 1)c052@
00 o

0
. . . 04
Purely longitudinal rhos are characterized by To ° 1, transverse rhos

‘have r24 = 0. Fig. l4a shows the energy dependence of ro&

at Q2 =0
5 2 2 35 43,°°
(ABBHHM 7) and <Q > = 0.7 GeV (DESY-Glasgow ~, SLAC "), In both, photo
and electroproduction more longitudinal than transverse rhos are being
produced close to threshold. With increasing W the fraction of longitudi-
nal rhos drops rapidly. In photoproduction rzg is close to zero for

. . 4
W > 2 GeV; in electroproduction rzo approaches a constant value of 0.2
to 0.3.

From a study of the full density matrix the DESY-Glasgow collabora-
tion35 concludes that for W > 2.2 GeV and |t] < 0.5 GeV2 tho production
conserves the s—channel helicity to good accuracy. The amplitude for a
single flip in phase with the non-flip amplitude is less than 10 % of
tHe non~flip amplitude. The longitudinal and transverse photon amplitudes
are found to interfere. Fig. 14b shows the phase § between the two helicity
amplitudes (TAQAY).

o= T T
co 11 00

With increasing energy the longitudinal and transverse amplitudes

become more and more in phase.



Assuming SCHC, longitudinal rhos are produced by longitudinal

photons only and transverse rhos only by transverse photons. The ratio R
/

between the cross sections can be calculated directly from o7
00

o4
r

o4
00

. ]
R= 0 /90 =% 1

Fig. 15a shows R versus Q2 for different regioms of W as determined by the

. 2 . . . i 2 :
DESY-Glasgow experlment.* R{(Q") rises linearly with Q2 (for Q7 =< 1.5 GeVZ).

Note that by and therefore R have to vanish at Q2 = 0, The available data

are well represented by the following parametrization:

2
R:gz.g.—

|

2
2 e
with £ being constant above W = 2 GeV and of the order of 0.5 (seec
Fig. 15b). This is close to the prediction of Fraas and Schildknecht46,

2,2 .
namely R = Q /mp. The fact that £2 + 1 could perhaps be ascribed to a

difference in the total cross sections for longitudinal and transverse
tot tot 47
/o

rho-nucleon scattering, £ = ¢ .

WEVM&GMﬂHMHmNTOG?t

The measurement of £ provides an estimate of the VDM contribution

to the total YLp cross section o, and a test of the hypothesis that ¢

L L
is described by VDM:
VDM, 2
SUDM ¢ 9% @ =0
L 2 2,.2.2
m 1 + /M
p( Q p)
. VDM . _
Only one power of { appears since 9L is related to the YLp forward
. . . VDM )
scattering amplitude. The quantity O denotes the sum of the p,w,?

. . . VIM tot
contributions to the total photon proton cross section, U, = O'860Yp
{(Ref. 48). The ratio R = GL/GT can now be computed assuming

. 2 . .
op = OZDM and taking the measured data for OT(Q ). The comparison with

experiment is shown in Fig. 16, The values predicted for R aud hence

for o, are too large by a factor of [.5 - 2,

% The R values calculated for W < 2 GeV should be taken with caution since
the assumption of SCHC is not satisfied at these low energies.



b) TP 7 WP

The data on w production are less precise because the cross section
is smaller. The energy dependence of the total cross section for photo-

>

production4 3 at an average Q2 of 0.7 GeV2 (Ref. 49) is given in Fig.17.
The electroproduction cross section near threshold is found to be large.
The enhancement must be due to nonperipheral production of w's since it

is absent for events with |t| < 0.5 GeVz. The same conclusion is reached
from Fig. 18 which shows the w cms production angular distribution in the
threshold region. At higher W's (W > 2 GeV) the t distribution is more
peaked forward (Fig. 19, Ref. 49). Surprisingly enough the Q2 dependence
of the large momentum transfer region (|t| z 0.7 GeVz) is much weaker

than for smail }ti values.

. . . .2
In Fig. 20 Uwp is shown as a function of ¢ and compared te the VDM
prediction. As in rho production o . exceeds the VDM cross section for
w
small energies (1.7 < W < 2 GeV) but agrees with the VDM prediction at

higher energies.

9, GLOBAL FEATURES OF ELECTROPODUCED FINAL STATES

Conventionally the data on multiplicities and single particle spectra
are discussed assuming short range correlations and limited transverse

momenta (Fig. 21). At high energies using the Feynman varlable
* *

( L3
max P’ Pmax
cms), the particles can be classified into those coming from beam fragmen-=

X = p”/p = longitudinal and maximum possible momentum 1in the
tation (x > 0), from target fragmentation (x < 0) and from the central
region (x = 0). As a direct consequence of short range correlation we ex-

pect e.g. the pion distributions for x £ 0 to be independent of Qz. Like-
wise, since most pions are produced near x = 0, the multiplicity will not
change drastically with Qz. Note, however, that the particle classification
is possible only at energies much higher (Ins »> 4) than those covered by

most experiments.

a) CHEARGED MULTIPLICITIES
The average number <n> of charged hadrons produced as a function of

. . . . ; 2 .
s is shown in Fig. 22 for different regions of Q . The electroproduction
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36,50-52

points follow the photoproduction result closely,

<n> = 1 + 1lns.

The Q2 behaviour of <n> for small and large Q2 values is given in

Fig. 23,24. For energies W £ 3 GeV where <n> < 3 at Q2 = 0, the electro-
producticn values are lower by 8-10 7 than the Q2 = 0 point. The drop
occurs at small Q2 {below 0.3 GeVz) and can be traced to two effects:

the rapid disappearance of vector meson production which contributes to
n = 3 final states, and the increasing importance of multineutral states
with one charged hadron, YyP pnoﬁo...,w +nw0... (Ref. 51). At higher
energies (W > 3 GeV) the multiplicity for Q2 > 0 seems to exceed its
photoproduction value slightly. Apart from these subtle points the
multiplicity is remarkably constant with Q2 and close to the Q2 = 0 data.
Note that the Cornell measurements (Fig. 24) reach well into the scaling
region (for example, at s = 9.6 GeV2 the highest Q2 point has w = 2.5).
Fig. 25 shows an interesting comparison of the relative yields of reac—
tions with I, 3, and 5 charge particles produced in electroproduction

(ep -~ e'X) (Ref 51) and in pp scattering (pp - p + X) (Ref. 53). In both
cases the system X has been analysed. The close agreement in shape (energy

dependence) and magnitude is striking.

b} INCLUSIVE PION SPECTRA, YVN + X

All existing data agree that the pion yield normalized to the total
cross section does not depend on Q2 in the region x < 0. As an example,
Fig. 26 shows the invariant normalized cross section,

2
rpJ_max

I E* do de

1 ]
a m J * 2
tot ] Py dxdpl

F(x) =

for negative pions as a function of x. The open points stem from a photo-
production experiment (Ref. 54); the electroproduction data are averages
over the Q2 intervals 0.3 to 0.5 GeV2 and 0.5 to 1.4 GeV2 (Ref. 51}. For
x < 0 no significant change with QZ is observed. A high statistics ex—
periment done by a Harvard-Cormell collaboration55 on w+ emitted at x = 0

did not find any Q2 dependence either., The experiment was done at



W= 2.65 GeV for Qz = 1.2 GeV2 (w =6), 2 GeV2 (w = 4) and 3.6 GeV 2

{(w = 2.7) and covered the full range of transverse momenta {Fig. 27).

A strong variation with Q2 is observed in the photon fragmentation
region (x > 0); e.g. the yield of forward produced n is reduced by a
factor of 2-4 between Q2 = (0 and Q2 = 0.5 GeV2 (see Fig. 26). To a large
extent this reduction can be ascribed to the Q2 behavicur of oo produc~
tion, YyP pop, which at Q2 = (0 is the major source of forward T
production. Removal of the po events reduces the difference between

photo and electroproduction data (see Fig. 26).

c) CHARGE RATIOS

Previous measurements of charge ratios indicated in the photon
fragmentation region a rapid rise with Q2 of positive over negative hadron
vields for proton targets (see Ref. 2). This observation was taken as a
further evidence in favor of the quark-parton pictﬁre where a charge
asymmetry of the observed type comes out quite naturally: the photon
interacts with a quark q9; of type 1 (see Fig. 28). The struck quark re-
combines with a quark ﬁj from the quark sea to form a meson M. The cross

section 1s of the form

2
g - ~ N. (charge of q.)
YyP > (4 qj)X i i
where Ni = number of quarks of type i inside the proton.
Considering only valence quarks and the pseudescalar nonet leads to the

following particle ratios:

ﬂ+ T i K+ - K° EO
Yp: 8 1 :+ 8:0 1
Yo 4 2 4 0 12
For a proton target the ﬁ+/ﬂ_ ratio, which experimentally is ~1.2 at
+, + ; ; ) ]
Q2 = 0 will increase to 8 and the K /m ratio will approach unity in

this simple minded picture. Production of other meson resonances and
the inclusion of distribution functions for u and d quarks will lower

the predicted ratios.



New infromation on particle ratios comes from the Harvard group56
from the SLAC—MIT57 and the UCSC-SLAC experiment536. In the first ex- ,
periment the charge ratio has been measured for pions while the latter
two have determined only the ratio of positive to negative hadron yields.
Fig. 29 shows the W+/ﬂ_ ratio as a function of x for pions produced at
small transverse momenta (pi < 0.02 GeVz). As expected, the charge ratio
iz close to one at x = 0; it reaches a maximum value of two around x = 0.5
and approaches unity as x + 1. Hence the excess of ﬂ+ over ™ is mot due
to low mass two body channels such as YyP w+n which would show up near
x = 1. The h'/h ratio measured in the SLAC-MIT experiment for
0;4 < %x < 0.85 is displayed in Fig. 30. The experiment covers a wide range
of energies (Il < s < 31 GeVz). At all energies the h+/h_ ratio increases
with Q2 and for fixed w it appears to be independent of s, i.e. it scales.
Fig. 31 summarized the ﬂ+/ﬂ— ratlios (R“) and the h+/h— ratios (Rh) as a
function of w. Both quantities rise with decreasing w: the n+/n_ ratio
rises from 1.2 at w == (Q2 = 0) to ~2 at w = 2; the h+/h_ ratio, which

is significantly larger rises from 1.5 at w = 100 to ~3 at w = 3.

The larger value of Rh is caused mainly by additional contributions
+ .
from K and p production. We have used the data from Refs. 52, 36, 58
and 59 to estimate
N o+ Nep + N

Ry R 7 Nem + N

. *

at w = 4.2 and 0.4 < x < 0.85, We find NK+ = 0'3Nn+ R NP x O.INTT+ s

N _ < O.IN -, N_ = 0 and hence R_ = 1.3 R in fair agreement with Fig.3!.
K kil P h o

The charge ratios on a neutron target are given in Fig. 32. The w depen-

derice is small; RTr and Rh lie between 1.0 and 1.3. The curves in Figs. 31,
32 show the result of a quark model claculation6l which used the proton

data on (assumin = R_) to predict the neutron target. A new fit
g - g

* The proton contribution 1s actually 1arger60. For protons with a given X
a larger x value will be calculated when a proton is mistakenly treated
as a pion. This is because the wrong mass is used for the Lorentz trams-
formation into the cms. For example, for s = 13 GeVz, Q2 1.5 GeV? a pro-
ton with p, = O, Xy = 0.2 treated as a pion will give x, = 0.45. Taking
this effect into account increases Np to = 0.2 Nﬂ.



starting from the measured R1T values will probably improve the agreement,

While the observed charge ratios are - at least gqualitatively =~ in
agreement with the quark parton plcture they can aiso be described e.g.

in a Regge model62

d) K PRODUCTION
+ + :
The increase of K relative to m production with Q2 1s quite specta-—
cular and in line with the simple quark picture described above. This

. . . . 59 .
increase was first seen in an experiment at DESY ", Fig. 33 shows the re-

cent results of the Harvard group63a. While the K+/ﬂ+ ratio at Q2 =0

and x » 0.3 is arcund 0.1 (Ref. 63b)} it has grown to 0.3 - 0.4 for

Q2 z 1 GeVZ {The line 1in Fig. 33 indicates the 't yield multiplied by 0.2).
The rise is observed for x » 0.3, 1i.e. 1t cannot be considered confined

to the x =z | region. It is therefore not solely due to low mass two body
states such as va - K+A and K+Y(]385). Qualitatively, the observed

. . . .. B4+ 4 2
increase agrees with K. Wilson's prediction K/n =+ 1agQ

e) Q2 DEPENDENCE GF P DISTRIBUTIONS

The DESY-Glasgow collaboration has measured the average <pi> for =
production, VP W—X, as a function of x.sl The result is shown in
Fig. 34 for three different W intervals (1.5 - 1.8 GeV, 1.8 - 2,2 GeV,
2,2 - 2.8 GeV). Not; that kinematics forces Py 0 as |x| = I. A notice-
able increase in <p; > due to phase space 1is observed from the first to
the second W interval. In the highest W interval a behaviour similar to
purely hadronic reactions is seen: <Rl2> has a minimum at x = QO and in~-
creases towards positive and negative x values. For x values between
0.4 and 0.8 the average transverse momentum i1s significantly larger
than at Q2 = 0. Fig. 35 shows <pl?> versus Q2 in the photon fragmeutation
region using data from DESY-Glasgow, SLAC~MIT and UCSC-SLAC.

Both sets of data show a similar trend: the average Py rises rapidly

between Q2 = 0 and 1 Ge\!2 and appears to level off at higher Q2 values,

A broadening of the Py distribution has also been observed for in-

clusive ©° production. In Fig. 36 the slope of the RL distribution for



inclusive ﬂ+ and 1° production is given as a function of Qz. The ="
points come from SLAC (Ref. 65), the n data from the UC-Santa Barbara
group at SLAC66.

Theoretically a rising <pl?> in the photon fragmentation region is
not unexpected. In fact, it would have been rather surprising to find
thezopposite, for a variety of reasons: tmin effects tend to increase
<RL > (see section 4); the wave length of the virtual photon becomes
smaller with increasing Q and the scattering presumably less peripheral.
This was shown to be true in models where the photon scatters off
virtual particles (with form faﬁtors)67’68. In these models <pl?> is pre-
dicted to increase without limit as Q2 + o, A different behaviour is
obtained in models in which the photon has two components, cne coupled
directly to vector mesons and a socalled bare on which couples only to
the charge of the pointlike constituents (partons). Proceeding from
photoproduction to the deep inelastic region the hadron component be-
comes less important and <QL2> increases. However, parton models
requ1re6g P, cuteff which does not depend o; Q in order to produce
scaling . Therefore, they predict that <py > becomes independent of Q

2
as Q° - =, Clearly, the present data do.not permit a decision on

2 . . . ] 2
whether <py > keeps on growing or becomes constant with increasing (Q

i0. CONCLUDING REMARKS
The data presented to this conference indicate that the photon-—

nucleon interaction becomes less peripheral as Q2 grows. Evidence for
this can be found in the behaviour of
(a) the two—body channels YyP > 7' a and YyP > 0P, where dc/dt for

|tI > 1 GeV2 is seen to have a much weaker falloff with Q than

-for small momentum transfers;
(b) the inclusive pion production which shows a broadening of the P,

. . . . , . 2
distribution with increasing Q .

The small t data on p and w production for energies above 2 GeV
agree well with the vector dominance predictions.
The next step necessary is a study of higher vector meson states such as

the p(1500). Such data would test the extended version of VDM which



...20_

includes higher wvector mesons69 and off-diagonal scattering terms7o, and
which is able to fit the total cross section data71. 1f off-diagonal
terms are important (in particular p(770)p - £ (1500)p) the Q2 dependence
of o(yvp +~ p(1500)p) will not be given by a simple p (1500} pole formula.
At Cornell two experiments are in preparation which can answer this
question. One 1s a streamer chamber experiment done in collaboration
with DESY; the other is called LAME and uses a set of proportional
chambers inside a magnet. Fig. 37 shows one of the first multihadron

events observed with LAME.
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FIGURE CAPTIONS

l.

10.

+ 2 2
Forward cross section for va +>7nat QO = 0.4 GeV™ (Ref.4) and
Q2 = 0.6 and 1 GeV2 (Ref. 5).

] . . + . . nd
Cms angular distributions for YyP > 7o in the regions of the 2

2 2
and 3rd resonances for Q° = 0.6 and 1 GeV™ (Ref. 5).

Differential cross sectlon do/dt for ¥y ¥P . nat W= 2.2 GeV for

different values of Q from DESY (Ref. 8) and Harvard (Ref. 9).
The curve indicates the plotoproduction result.

The cross section ratio (Yvd sntan )/(Yvd*>ﬂ PP, ) at Q = 0 and
0.7 GeV {Ref., 8).

The pion form factor FH(QZ) multiplied by Q2. The data were taken
from Ref. 9.

. 2 a%o
The reaction YVp"*ﬂ P: the cross section —— 27——— versus t

I+~ dtd¢
for different values of Q (Ref. 15).

, o . 2 d?g 2
The reaction YyP > TPt the cross section TIE-Z“ Jrqs versus Q

for different values of t. Data taken from Ref. 15.

The differential cross section E?-for va-*K A and YyP * K 0 as

a function of Qz. Only data with W = 2.2 GeV and 0.1 < [t] < 0.18 GeV2

were selected. The DESY data are those of Ref. 19. The CEA data

come from Ref. 20.

The total cross section for va'+ﬂ “A™ as a function of W averaged

over the Q interval 0.3 - 1.4 GeV (Ref. 24).

. - ++ . 2
(a) The total cross section for YyPp>T & as a function of Q° in

the threshold‘region (1.3 < W < 1.5 GeV).
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(b) The axial vector form factor as a function of Qz.

Figure taken from Ref. 24,

. + - + - . . .
Reaction TP <~ pv ™ ; The m m mass distribution, Shaded events

have |tE < 0.5 GeV2 (Ref. 35).

. ; 2. 2
Reaction va**pop: The ratio of OD (Q )/Gp(O) versus Q. The data
have been taken from Refs. 35-38, The solid curves show the VDM

prediction.

The siope parameter App defined by %%—m exp(ADpt) for p production

as a function of At. The data have been taken from Refs. 35-37,42,43,

Reaction yvp-+pop.

(a) The W dependence of the p spin density matrix element rzi
versus W at Q2 = 0 (Ref. 45) and for 0.3 < Q2 < 1.4 Gev2
(§ Ref. 35, + Ref. 43).

(b) The phase between the longitudinal and transverse photon rho

production amplitudes. (+ Ref. 35, + Ref. 43, *’ Ref. 37).
Reaction v, » »“p.

(a) The ratio R = versus Q2 for different wvalues of W (Ref. 35).

o fo
BT,
() T.2 narareter £ = R/(Q /mp) versus W (+ Ref. 35, + Ref., 36,
+ Ref. 43, Y Ref. 37).

The ratio R = OL/UT for the total photon proton cross section com—
pared with the VDM prediction (curve, see text). The data come from

a SLAC-MIT experiment.

. . 2 .
Cross section for YyP > wp as a function of W. The Q° = O points
stem from Refs. 42,45, The electroproduction measurements come from

Ref. 49.

Reaction YyP 7 WP Differential cross section in the ecms for the

a9

df 2

threshold region 1.7 < W < 2.0 GeV for 0.3 < Q2 < 1.4 GeV™ (Ref.49).
. . 2

Reaction YyP > wpi do/dt versus ﬁc] at Q = 0 (Refs. 42,45) and

0.3 < Q% < 1.4 GeV® (Ref. 49).
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26,

27,

28.

29.

30.

31.

32,

. . 2
Reaction YVp +wp: The ratio of GM(QZ)/OM {0) versus Q . The data
have been taken from Refs. 36 and 49. The solid curves show the

VDM prediction.

Illustration of particle production im yyP collisions at high

energles.

Average charged multiplicity vs s for different Q2 intervals.

Data come from Refs., 36, 50-52.
Average charged multiplicity vs Q2 {(Ref. 51).
Average charged multiplicity vs Q2 (Ref. 52).

Fractional prong cross sections as.a function of s for electro-
production (data points, Ref., 51} and for pp + pX {(Ref. 53) where
s is the square of the mass of X and the number of charged par-

ticles 1s that of the system X,

The.invariant cross section for inclusive 7 production, YyP T X,
. 2 . . .
as a function of X at Q° = O for all data with a p cut {(in this
. 2.
case the data have been renormalized to © - Gp) for the Q@ 1in-

9 tot
tervals 0.3 — 0.5 and 0.5 - 1.4 GeV™ (Ref. 51).

. . . . . + . +
The invariant cross section for inclusive g productilon, P X,
*®

at x = O as a function of Xp = pT/pmax'

Photon nucleon scattering in a quark model.

+, - . . - -
The t /m ratio for inclusive 7 production versus X at W = 2.1 GeV

for p2 < 0.02 GeV2 (Ref. 56).

The ratio of positive to negative hadron production for
0.4 <x< 0.85 as a function of s:

(a) for fixed Q2

{b) for fixed w.

Data taken from Ref. 57.

The charge ratio for yv.,p = th, h¥X versus . (Refs. 56,57,58).
g v

The curve represents the calculation of Dakin and Feldman (Ref. 61).

. +
The charge ratio for Yvn > TX, n¥x versus w. (Refs. 56,57). The curve

represents the prediction of Dakin and Feldman (Ref. 61).
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34.

35.

36,

37.

. . . . . + . +
The invariant cross section for inclusive K production, YyP X X,
versus . The solid line represents the invariant cross section for

n production multiplied by 0.2 (Ref. 63a).

. - . - 2 .
Inclusive m production, YR T X; <p”> wversus X for different W

and Q2 intervals (Ref. 31).

2
Inclusive = production, YyP -+ 1X; <R£> versus Q2 for 2.2 < W < 2.8

GeV (Ref. 51) and 12 < s < 30 GeV2 (Ref. 64).

Slope of the Ri distribution for TyP 1T X {(Ref. 65) and YyP > 7°X
(Ref. 66) versus Q°.

Computer display of a multiprong event of the type ep —+ e'X observed
with LAME. The beam enters the magnet from the left. The skewed lines
mark the position of the proportional chambers. The curved lines show
the reconstructed tracks. The positions of water Cerenkov counters
(at top and bottom) and shower counters (to the right) are also

marked. (Private communication By H. White.}
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