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I. Kinematics

The process e + p->e + p + X is given in the one photon

exchange approximation by the following graph:
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The P, P' and Pi are the four momenta of the involved ingoing
and outgoing particles, q is the four momentum of the virtual
photon.

For describing the process we need the following variables

- a® =02 = EE' sin? Y2 , (1)
the mass of the virtual photon squared,
Y=E-E'-= q * P/M, (2)
the energy loss of the electron
w2 = amy + M2 - @2, (3)
the square of the mass of the outgoing pion nucleon system,

and = (1 + 2(1 + v2/Q2) tngye)'1, (L)

the polarization of the virtual photon.

19 is the scattering angle of the outgoing electron with
respect to the incoming one. The polarization depends strongly

on this angle. For small angles it is almost always 1.

Furthermore we need
K = v - Q°/2M s (5)
which is called the aquivalent photon energy, and the scaling

variable 2Mv

W = Qe . (6)




The cross section for the above process, if one detects only

1)

the final electron, can then be written in the form

.2

G{ o ~ ) 5 i ) 2 ‘2(/ .
(}(R_E,‘ GHM.{Wz(q,O') + (2 Lh(q.") /(3 12: . (1)

where the two form factors or structure functions W1 and W2
are functions of the two invariants q2 and v and describe
the processes at the hadron vertex.(?hott, the cross section

for scattering on a pointlike charge, is
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T I (8)
Mot FE* e *vh

Since we are looking for a photoproduction process, it is also

possible to write the cross section in terms of the total
Phelfcny

photoproduction cross sections G, for transverseYand G; for

Ay

longitudinal polarized photons:
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the number of virtual photons with transverse polarization
per incoming electron. The connections between the form factors

and the total cross sections are given by comparing (7) and

(9)
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Introducing the ratio R = (;§ /(?}- one can write W2 in

the following way

- % . (13)
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From this one can get a lower and upper limit for W2 by

R = 0 and R = 09 :

2 2
€ o & _ W, < A of G
Obyars HSUAE! Ohite R o€

< (14)

This means that W2 is given by the cross section itself, if

€ is close to 1or 2- AB <k'(4.* V- )

It is some~times of interest to look at the cross section
for elastic scattering in parallel. This of course contains

an extra integration over E':
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In order to separate the inelastic form factors one has to
make measurements for the same value of v and q2 at at least

two different angles as it is known from elastic scattering.




For (.-p scattering, which should give the same information

as e-p scattering, all formulas are basically the same. Only
where the electron mass was neglected, the mass of the muon
should stay (in Pt’C:Mott and 7).

The definition of deep inelastic is not so very clear. But

it is common to say that it starts above the main resonance
region, which means at WA 2 GeV, and at not too small momentum

transfers (perhaps q2 > 1(GeV/c)2).

II. Experimental methods and problems

Wewill come now to the experiments, which have been done so

. 2) 3)_. . .
far mainly at SLAC, some also at DESY. Firstwe will describe
briefly how the experiments were made and what the main diffi-

culties have been.

It is clear that one has to define momentum and angles of the
secondary electron. Together with the known primary energy
the virtual photon and by this also the mass W of the outgoing
hadronic system is then defined. For electron scattering
focussing magnetic spectrometers have been used, where angles
and momenta are determined by counter hodoscopes and the
electrons are defined by Cerenkov- and/or shower counters.
These spectrometers can handle large particle fluxes. The A=
proton scattering measurements at SLAChLere done by using
large spark chambers together with a large aperture magnet.
This was necessary because the flux of primary muons was much

5

smaller than that of electrons (about 10 muons/sec compared

13

with about 10 electrons/sec).
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Some of the main difficulties for these experiments were for

example:

1) At DESY the measurements were done with the internal beam

2)

3)

of the synchrotron to make use of the fact that the electrons
can pass several times through the same target, so having
effectively a longer target. But in this case it is diffi-
cult to measure the number of electrons in the beam with
sufficiently accuracy. Therefore this was indirectly done

by referring to elastic scattering measurements at sufficient-
ly low momentum transfer where the form factors are known
very well. These measurements were done alternatively with

the inelastic measurements. A quantameter, measuring the
Bremsstrahlung from the target, was used as a relative

monitor.

At SLAéB%here was also a problem with monitoring, because
the high intensity beam heated up the target; so the pre-
cise density of the target was also indirectly measured by
elastic scattering, which was done simultaneously with a

second spectrometer.

At both places for lower values of secondary energies the
flux of electrons through the spectrometers, coming from

7 A4 -decay and pair production, became an appreciable
amount of the inelastic scattering rate. A subtraction was
made by making measurements with reversed polarity of the

spectrometer and setting the positron rate equal to the

electron rate, which should be subtracted.




4) In the case of muon scattering the difficulty is to dis-
tinguish the scattered muons from hadrons. This was done by
using a set of spark chambers with iron plates before and
in between to stop the hadrons. They were stopped with an

efficiency of 97%.

Since one is interested in measuring the form factors as function
of q2 and v, one should have a look at the qz,o-plane to find
out at which values to measure (Fig. 1). In this plane curves
of constant W, primary energy and angle x&' are straight lines.
Also keeping the scaling variable ¢v constant gives a straight
line. Normally a total spectrum is taken by keeping E and Ly
fixed and changing the spectrometer momentum from a highest
value to the lowest possible one. This means the spectrum
starts at elastic scattering, goes across the resonances and
ends at some large value of W. While W increases the momentum
transfer decreases. Such measurements have been made for 60,

o o o o 2) . 2 p
10°, 189, 26° and 34~ at SLAC for various primary energles
as we can see in the next slide (Fig.2). The measurements
cover almost completely the area shown. At DES? measurements
of this type with fixed E were made only at larger angles
(48° and 76°) and of course only up to 6 GeV, which means
mainly in the resonance region. But also some spectra were
taken at similar angles with fixed momentum transfers of

2

q° & 0.8 and 1.9 (GeV/c)2. For this the energy of the syn-

chrotron had to be changed in small steps.

If one does this for different angles one is able to separate

w1 and W2 along the whole spectrum, while for the other type




of spectra one has to look for as many crossing points in the
q2, v-plane as possible in order to lay out the experiment.
Fig. 3 shows a spectrum with fixed momentum transfer, measured
at DESY. The first resonance is still prominent, also the next
ones can be seen. The large errors at the end of the spectrum
are due to subtraction of large positron rates and empty target

rates.

Before coming to another source of difficulty and errors, the
radiative corrections, we would like to show also spectra, taken
at SLAC, where the primary energy is fixed (Fig. 4). The momentum
transfer changes along the spectra. Comparing the three differ-
ent spectra one gets already a first impression about the be-
haviour of the cross sections. At small momentum transfer the
resonances with their background are very dominant. At high

momentum transfer however the high W range is dominant.

This is not the place to go into details about radiative correct -
ions. However, while for elastic scattering this correction is

no problem at all, for inelastic scattering it can be a major
difficulty. The reason is the following:

The emission of photons during the scattering process is given

. ; /
by the two diagrams ‘ X%/'+ Y>AA44 . The photons

are mainly emitted in the directions of the primary and secondary
electron (peaking approximation). In the first case the primary
energy at the vertex is lowered, in the second case the second-

ary energy at the vertex was higher than the measured one.




Looking at the E, E'=-plane

’LS = c—d-‘-u)/.

=~
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one has again curves for constant W and constant q2. If one
measures a spectrum for constant 1> and E one gets contribution
by radiative tails from the whole shaded area ABC, especially
also from the elastic curve. In addition one has a correction
due to the radiative tails, which originate along the line A B.
In order to do corrections properly one has to know the depend-
ance of the cross section on W and q2 in the whole area A B C.
This means that one has to move somewhat continuously into a
new area. Since momentum transfer is decreasing along A C one
gets the largest corrections from there. It is a luck that the
inelastic cross sections in the deep inelastic region are so
big. Fortunately also one does not have to know cross sections
at other scattering angles (in the peaking approximation).
Fig.5 shows a comparision of spectra without and with radiative
corrections and the total corrections itself, which goes up to
4L0% at the end of the spectrum.

For the contribution from the elastic tail one is able to cal-
culate the corrections without approximations, whereas in the

inelastic region one uses the peaking approximation.




III. Discussion of experimental data

Before we come to the discussion of the data in the deep in-
elastic region it may be good to bring back to our memory some
features of the resonance regionS) (Fig. 6). Here the photo-
absorption cross sections for the dominant resonances are
plotted against q2. The connecting lines are lines of constant

momentum transfer. Whereas at small momentum transfer the cross

section decreases with W, at high momentum transfer it increases.
The values shown are the resonances including the background
underneath. By comparing the bumps in the spectra one can

roughly say that the two parts itself show the same behaviour.

a) The q2 and v dependance of the SLAC data.

We will now discuss the SLAC data. So far only the 6° ana 10°

data are published numerically. 18° gata do only exist in a

6)

preliminary form ’. The higher anlges 26° ana 34L° have been

used by the SLAC group for some preliminary Ogr 9p separations,

7

given at the Daresbury conference in the form R = os/oT only.

In the next Fig. 7 cross sections normalized by Mott for
different values of W above the resonance region are compared
with eachother and with elastic scattering in their dependance
on q2. The dramatic change of the elastic scattering 1is slowed
down to almost constant structure functions at W = 3,5 GeV.
Making assumptions about R it 1is possible to calculate W2

(oL, “J

from —————— .| For the small angle data W, should then not
o 2
L A E

depend too much on R. In the following Fig. 8 the dimension-

less quantity vw2 is plotted against v for various values




of q2 for the 6° and 10° data with R = 0 and R = 0.5. The zero
of the scale for vw2 is suppressed. The values of W, the mass
of the total hadronic system, are also marked down. In all
four cases the data are covering about the same range of W.

At small momentum transfer the function vW2 is falling down
with increasing v whereas at high momentum transfer it is
going up. For R = 0 it does not go above 0.34. For R = 0.5

all values are higher, the difference is increasing with in-
creasing v. The drastic change of the data while going from

q2 = 2 40 q2 = -} (GeV/c)2 looks very peculiar, but as we will
see later, this is a general feature of the behaviour of the
structure functions. We may also keep in mind that for

q2 = 2.0 (GeV/c)g, where we have mainly only 10° data, vW2 seems

to be constant as a function of v.

b) The scaling of vW2

8 . s
Bjorken Las shown by relating the structure functions to matrix
elements of commutators of currents at almost-equal times at
infinite momentum that the structure functions should depend
2

for large values of q2 and v , but finite values of v/q",

<

only on this ratio
a

' 2 ,?_'_L:)
v u/l(iq lb) qavn%cw ) ( g (17)

W, (qztv) DI 7;7 {, -2 )

ﬁ?,l/'—%fo 67?'

The limit q2 + ®» and v *» ® 1is generally called the Bjorken

limit.
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The next Fig. 9 shows vW2 for the 6° data from SLAC as function

s : 2
of w = 22v in a) only for E = T GeV (which means q“< 0.5

q
(GeV/c)2), in b) for higher energies with the assumption R = =

and in ¢) with R = 0. If indeed R is close to zero, then data

for different q2 or v, but same w are very close. But one should
note that points with smaller primary energy, which means smaller
q2 at the same w, above w = L4 are generally lying lower than
those with higher primary energy. The 10° data are shown in

Fig. 10. The evaluation of vW2 is more sensitive here to R.

But again one can say, if R is small, then the data are consistent
with scaling. The momentum transfers are in general higher here
at the same values of w than for the 60 data. To see a remaining
q2-dependance is difficult because of the errors. Whereas the

6° fall down above w = 5, these stay constant. But this differ-
ence may be due to a momentum transfer still too small in case

of the 6° data. The coneclusion could be, if R is small, that

vW2 is scaling and in addition getting constant in w and there-
fore also in v and q2, if q2 and v are large enough. But of

course for much higher values of w (for large q2 also) vW2

could still change.

Even in the resonance region there seems to be some kind of
scaling at least for the background. With increasing primary
energy the resonances are more and more moving down the curve

towards w = 1. We will come back to this region later again.




¢) What is known about R = G /Gy ?

In order to separate G§ from G}., small angle data have to be

compared with large angle data. This has been done in the next
: 9.) :

Fig. 11 for SLAC and DESY data. C;% t f(:é is plotted versus
¢ s which should give a straight line. The slope is equal to

jg, which is quite small in all cases with respect to G;,

In Fig. 12 we see the SLAC small angle data compared with

their larger ones, which are prelimina;y.R does not exceed 0.5.

In the pictures there are also shown predictions by the VDM,

calculated by Sakur;¥{)This is the only model among the many

others, which gives definite predictions for the cross section.

According to the following diagram

the virual photon is coupled to a vector meson, which then
interacts with the proton. Assuming that the hadronic matrix
element varies very little with q2 Sakurai gets for f}} only

S

factor q2, which makes it zero in the 1limit of real photo-

the f -propagator as q2 dependence and for G an additional

production. So he gets the relation

X 2 2
R = §(k) % [/f~ w—’(—]

(18)

> il ;
with %(kW = G}P(K)//G};(k) , the ratio of total cross
sections on protons for longitudinal and transversely polarized

f mesons, which are expected to vary very little with K.




The extra factor in brackets in (18) comes in due to a special
choice of frame, which is for example not obtained by Fraas and

19)
Schildknecht, using helicity amplitudes.

Coming back to the data, we see that R comes out much too big
in the VDM and G}, which falls in this model roughly with ’ﬁ/??,

much too small.

In the next figure Fig. 13 we see a summary of the preliminary
status on the determination of R. It is very unlikely that R
can be in this range of ¢ and q2 larger than 0.5. The average
value 1is abéut 0.2. In their last paper Cho and Sakura}2élaim
that the success of VDM for inelastic electra production should
be better, if W2,>} q2 or & 2>10. So this range would just
start at the end of the range we have in Fig. 13. The pre-
diction would be 2,5, using ? = 1.22 as determined from the

slope of the inelastic data at very low values of q2. This

value has to be compared with an experimental one of about 0.2.

d) Final conclusions from the data

In Fig. 14 all 6° and 10° values of vW, for W > 2 GeV and

q2 5 1 (GeV/c)Z, calculated with R = 0,2, are plotted against
L « Within the error bars and the available range of q2 at

the different places in o scaling is fulfilled. Above ¢ = 5§

¢W2 seems to fall down a little. For R = 0 the SLAC group]3)has
made a fit to the values for (p s 5, and get a statistically

significant decrease of W2 (2,5 stand. dev.). But for R = 0.2

this should be 1less.




The almost constant part of vW2 leads to the following behaviour

of Tps neglecting the small contribution of Og to W2,
= i
Agj‘ o< y 5 v >9
(4 / (19)

\V%

o

v 2
A (5

Cir——o et Ao A ¢<v"1 Q> Lﬂ‘)

e) Comparison with resonance region

We would like to come back once more to the resonance region.

In Fig. 15 and 16 v, is plotted again against w using the

small angle data of SLAC only for W > 2 GeV and some large

3)5)1h). For both uW, is calculated with

angle data from DESY 5

R = 0.2. It is surprising how well these values, except for the
resonance peaks itself, also lie on top of each other. If one
uses larger values of R, this is not as good, since the large
angle data are sensitive to this. The background in the resonance
region seems to scale in itself and with the region above the
resonances, if in both regions longitudinal contributions are

small.

It is also possible to calculate W1 with the assumption R = 0.2.
2
%— W1, which is shown in Fig. 17, is with R = 0,2 almost identi-

cal with vw2, especially the shape is the same. The resonance
region does not fit as well to the region above the resonances

as it is true for vW2. But the small angle data are now more
I
J

(R A E'

W1 for small angles. If however scaling for the nonresonant

sensitive to R, since does not depend very much on
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parts is true for both structure functions, then exact equality
2
of vW2 and %— w1 is excluded and culd only be reached in the

limits q2 + 0 and q2 > o

IV. Inelastic u-proton scattering

Inelastic pu-proton scattering has been done at SLAC by Dieterle
L ; . . y ,
et al. ). A summary of their measurements is given 1n Fig. 18,

2
where the photoabsorption cross section _i‘._gﬁ—gz e (gz kj
. ’
Th oRolE “r
is plotted against q2. Also shown are the cross sections for

real photons, averaged over the results of different labora-

tories. The curves are fits, made by the authors, of the form

2
A+ 5}1

(20)

QZL\p - I:}(,k) '

with the mass  kept independent from K and resulting in

M = 0,85 GeV. There is however no reason for taking the same
value of u in the resonance region as above. For large values
of K and q2 the q2-dependence is qualitatively the same as in
electron proton scattering. A separation of og and Op was not
possible, because measurements were only made at small scattering

angles.




V. Futher comparison with some theoretical models

We would like to talk now briefly about a few main theoretical
models, to be able to compare them with the data and to see,
what one can learn from them for new experiments in this field,

which are planned at various laboratories.

There is at first the parton model, which was first developped

by Feynman, and then worked out by Bjorken and Paschoész The

basic idea is to see the scattering in a frame, in which the
proton has infinite momentum. The electron-proton center-of-
mass frame is at high energies of the electron a good approxim=-
ation to such a frame. The proton is thought to be built up by
pointlike constituents or "partons", whose relative motion is
slowed down by the time-dilatation in this frame. The virtual
photon interacts then with one of these structureless, free
partons, which carries a fraction x-P of the total momentum P,

according to the following diagram:

- ﬂ '_—‘——_‘—%r"’ —— . —i final

\V > _ hadrons

< <€/

Then in a final state interaction the outgoing physical hadrons
2 2 . : G5
are produced. Ff Q" >> M~, the scattering from individual partons

should be incoherent. The contribution from an individual parton

2
26 (v - g

: (i ; . .
to W, 1s W2 = Qi 2Mxi ), which is scattering on a

2

pointlike particle depending only on one variable.
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The results, obtained by Bjorken and Paschos, are

— i L~ 2 - —

v Wl(‘/‘%z) S % r’v) < % C?;>N »\/(’N(*) = fix) (21)
2

with x = o = L1

2Mv w ?

P(N) probability to find N partons in the proton,

NN

average value of sume of the charges of these

N partons,

and fN(x) probability of finding among these N partons
a parton with ongitudinal fraction x of the

proton's momentum.

Equation (21) means scaling for vW2.

Furthermore they get

g 0 for spin 1/2 partons,

(22)

I

0 for spin O partons.

The last condition is easy to understand, if one remembers that

Op corresponds to magnetic scattering. For the first one can argue
that in the infinite momentum frame one has in this case only

backward magnetic scattering leading in the laboratory frame to

zero for the scalar part.

Integration of (21) gives the sume rule

. S, <X 673
fa(x t(x) = 2 Pw) TN : (23)

N

= mean-square charge per parton.

Specific results for this and the ratio of cn/ op are ob-
tained by making assumptions for the partons, as for example

the proton built up by three quarks with a distribution of
quark-antiquark pairs. In Table I the predictions are summarized

and compared with experiment.
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Another interesting model is the fieldtheoretical model

16)

by Drell, Levy and Yan. They also use the infinite momentum

frame and the parton picture of the proton, where the consti-
tuents are seen pointlike by the virtual photon, if ¥ and q2
are large enough (in the Bjorken 1imit). The above parton

diagram is modified to

\ > JW —

_ > A)
e S5 >

P ( \

Two groups of particles are built up, which do not interact
with each other because they are separated by a large momentum
transfer q2. In the laboratory frame there will be these two
groups of particles, where group (B) is travelling along the
direction of the virtual photon 7; with high momentum, leaving
tne group (A) behind it. Using perturbation theory with &5
coupling and assuming a cutoff for all transverse momenta they
derive scaling for Vw2 and W1 in the Bjorken limit. For & —» 7o
in addition they derive, that the proton is built up by bare
protons itself, to which the photon iscoupled. An interesting
conclusion then 1is thatf?s= 0 for &> o7 (partons have spin 1/2).

A summary of conclusions from this model is also given in Table I.
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17)

For the diffraction model Harari has given a list of predictions,

where some of them are a combined result of parton and diffraction
model. Harari suggests that the § —channel resonances or the ex-
change of ordinary trajectories (P', A2,...) in the t-channel,
which correspond to each other, should vanish with a high power
of q2 (like Formfactors), so that the exchange of the Pomeran-
shukon or the nonresonating background in the §" =channel is

left over as the only important contribution. At large momentum
transfers the scattering should be purely diffractive and the
photoabsorption cross section should become constant as function

of v for V — ¢o and q2 large, but fixed:

,T'C?, —> constant in V

for v and q2 large.

Assuming scaling for vW2 and W1 this means

A
G o< G2 . (2k)

We remember that the experimental data are not in contradiction
to this. There is no prediction for the ratio R. Specific
diffractive channels like‘r ~production should also behave

like (24), whereas specific nondiffractive channels like single
7 -production should vanish with a higher power of q2. The main

predictions are again summarized in Table I.

The VDM as a special case of the diffraction model was already

discussed in part IIIc.
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VI. Further experiments in the deep inelastic region

There are three types of experiments, which are being planned
or which have started already and which might clearify the
situation in the deep inelastic region. This is at first the
electron neutron scattering without detecting the final
hadronic system. It is being done at SLAC by the same group,
which did the electron proton scattering. To see the difference
of G;'/G? = 0.8 might however be difficult, since it has to

be done on deuterium.

The second type are experiments, where one hadron will be de-
tected in coincidence with the scattered electron with the de-
finition of its parameters so that the rest mass can be de-
termined. These experiments are planned at NINA ;nd at DESYlg)
but due to the low energy more Or less only at the beginning
of the deep inelastic region. One would get information about
the contributions from specific channels like jﬁy or from

partons in Drells specific picture, where fast protons in the

direction of the virtual photon dominate the total cross section.

In the third class of experiments, where large aperture spark

chambers are used, more than one of the final hadrons can be
20)
detected. One of this type is running at DESY, but at first

with perhaps a too low momentum transfer, and a second one is
21)
planned at SLAC. These should give all the information needed

to understand the complete behaviour.
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Figure captions

Fig. 1: Kinematics in the q2,v-p1ane
Fig. 2: Kinematics of the SLAC measurements in the qz,v-plane
Fig. 3: Inelastic spectrum taken at fixed four momentum trans-

fer of q2 = 0.7T73 (GeV/c)2

Fig. U: Inelastic spectra taken at fixed primary energies
Fig. 5: Spectrum a) without and b) with radiative corrections.

Curve c) gives the total radiative correction. The
dotted line in a) is the contribution from elastic

scattering .

o\

Fig. : Photoabsorption cross section for the main resonances

as function of the four momentum transfer qza

Fig. T: The cross section, normalized to the Mott cross section,

for various masses W compared with elastic scattering.

Fig. 8: vW2 as function of v for the SLAC measurements for
various ranges of q2A

Fig. 9: vW2 as function of w = 2Mv/q2 for the 6° data .

Fig. 10: vW2 as function of w = 2Mv/q2 for the 10° data .

Fig. 11: Op + €0g as function of € for SLAC and DESY measurements.
Fig. 12: op + €0g as function of e for SLAC measurements .

Fig. 13: R = os/oT as function of w

Fig. 1k: vW2 as function of w for 6° and 10° data with R = 0.2

Fig. 15 and 16: Comparison of yW_ in the high energy small angle

2
range with resonance large angle range.

Assumption for all R = 0.2




Figure captions (2)

2
Fig. 17: Comparison of %_ W1 in the high energy small angle
range with resonance large angle range. Assumption

for all R = 0.2

Fig. 18: Results from p-p scattering
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