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The title of this talg, "Photon and Electron High-Energy Physics: Present
and Future" contains a coatradiction: High-energy physics, usually defined as
rhysics above the threshhold of production of unstable particles, cannot be.
properly separafed into branches dealing with electrons and photons 6n the
one hand,vand other particles on the other. What I wish'to speak about is that
area of high-energy physics to which electron and photon beams from accelerators '

have made important contributions and are € expected to do so in the future.
Before discussing specific physical proolems, let me first discuss the

question as to what is meant by "high-energy" electron or photon collisiqns in
the relativistic sense. In general, when a photon (rest mass m, = 0) or an
electron (rest mass m, = 0.51 Mev) participates in a collision it will transfer
an energy A E and & momentum A 5* in any given reference frame. In order to
describe the process in a manner independent of the motion of the frame of
reference, any physically méaningful results must depend on the covariant

combination¥
@@ = AEZ - Ap? a (1)

which is called the square of the "four-momentum”. If :g® > 0, the four-momentum

is called "time-like", if q® < O . the four-momentum is called "space-like";

these names are chosen in analogy with the relativistic space-time interval
T2 = at® - ax® : (2)

where At and Ax are the time and space separation between two events.

- ,
We choose units in which ¢, the velocity of light, is unity.
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Ir 2> C then there 1s a frame in which the two events are at the same place,
but separated in time; if =< 0, a frame can be found in which the two events are
similtaneous but separatad in space.

In broad terms the importance of high-energy electron éhysics is based on
the fact that, as far as is known,elect;ons interact only through the electromagnetic
interagtion (and the approximate 101C times weaker Fermi interactién); at ' this time
experiment and theory agree exactly in all areas where this question has been
>put to the test. In convrast to proton reutrons, pions, ¢ ., =lectrons are not
affected directly by the "strong” nuclear interaction. For this reasson, again
speaking generally, experiments in high-energy electron physics divide generally
into three classes: 1) those processes which explore an unknown or poorly
known structure, such as a nucleon or zn artificially produced particle with the
known action of electromagnetism (by "known" we mean the relativistic gquantum
description of the electromégnetic field, hereafter called QED for quantum
electrodynamics), 2) the study of processes in which artificial unstable particles
are created where the presence of a bombarding particle which possesses strong
interaction (such as a nucleon or pion) would complicate analysis of the process,
and 3)vexperiments which attempt to extend our range of qa,,the square of the
four ~momentun transfer, cver which QED is known to be valid or to cbserve
possible deviations.

Let us examine the first of these applications. The best known of these are
the now classiéal electron-scattering experiments in which the structure of nucleons
and nucléi is examined by the angular and energy dependehce of the elastic and
-inelastic electron-scattering cross-sections. In this case, the particle studied:
is "real" i.e., it has existed for a long time prior to the encounter. . As we
shall see later a similer method can also be used on & "virtual" particle, i.e.,

a particle created and then destroyed during the brief interval fermitted by
. guantum mechanics in which energy need not be conserved.

Electron scattering is commonly visualized in the anslogy to the classical
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theory ofvdiffraction of waves of wave length A on an object of linear dimensions
of order D. Scattering will then take place primarily into a forward cone of apex
angle of order K/D. Analyzed in more detail, classical diffraction theory shows
that the angular distribution expressed in terms of the scéttering angle 6 1is the
Fourier transform of the density p (;) of scatterers in the object; more pre-
cisely, the amplitude A (8, A) of scattering is proportional to aﬁ integral over

the distribution and over the volume of dimension D given Dby:

AN = fo @ e (D& (3)

where the scattering wave vector K 1s the vector difference between the initial
and final wave vectors of length A/2x ‘taken along the directions of the waves-
before and after scattering respectively; the magnitude of K is thus
(2x/N) Eé sin (9/23 ; therefore, the scattering angular distribution effectively

- Fourier analyses the spatial distribution in terms of the wave number k.
Although there are, of cour;e, many complicating factors, the relstivistic
generalization of this classical analysis relates the electron scattering amplitude
to thg Fourier analysis of the distribution in terms of the four-momentum trensfer
q2 .il.e., the larger the. quantity q?, the finer is the spatial detail of the
structure which can be examined;

Let us examine this situation in the language of quantum mechanics. The actual

scattering process (sketched in Fig. 1)..
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in which, say, an eleciron scatters from the "unknown" particle initially at rest,

can also be analyzed by stating that one or more particles are exchanged which -

transfer thg four-momertum ¢, as shown in Fig. 2.
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FIGURE 2

. These diagramsv(which I.will here not use in the completely formal Feynman graph
sense) are interpreted as follows: In Fig. 2, a proton (double line) approaches.
an electroﬁ (single line) and they affect one another through the electromagnetic

':field. This diagram can be described by stating that the electron "virtually"

emits a photon (wavy line) which is then absorbed by the proton. The four-momentum

q is then “"carried" by the virtual photon. |

The quantity which corresponds for high energy scattering to the diffraction
amplitude A (6, A) given by eq. (3) is called a form factor F (g%). In the

Physical interaction involving scattering of an electron from an unknown structure

there is in general more thap one form factor if the unknown structure has spin

and fhus can change its spin étaté,'or in case the unknown particle can be excited

or disintegrated, i.e., i it can change its energy state.

If écéttering is ei;ééié (i.e., if the energy étate bfufﬁé—agknown particle is
not changed) and if the rrocess can be described by only a "one-photon exchange"
corresponding to the diagram of Fig. 2a, then in general two form factors, called
GE(QZ) and GM(q?} are required; the former corre5p§nding to the case in which

the spin of the particle to be explored is unchanged, and the latter to the case
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in vhich it changes by one unit of angular momentum along the ‘axis of the momentum
transfer. Figure 3 shows the values of e (a®) and Gy, (¢®) for +wo of the most
important unknown particles: the proton and neutron. The data are those of the
ploneering work of Hofstadter and collaborators combined with more modern data from
Cornell, Orsay and Stanford. Fof reasons not discussed bere the figure shows the
sun (isotopic scalar) and the difference (isotopic vector) between the proton and

neusron values of the form factors.
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FIG. 3a.”iéo£b£ic Qééiormfofﬁ‘factorﬁ. ['IG. 35. Isotopic scalar f;;ﬁ‘fé;£$;sﬂm-
How can we underétand such data and what future growth of understanding can we
expect? Initially the data were interpreted in analogy to the low energy diffraction
plcture discussed above ard thus&one can construct models of charge and magnetic dis-
tributions which give some intuitive picture. More fruitful.is the approach to relate
the resﬁlts to dynamic modgls of the nucleon arising from the recent discovery of
“resonant" or "excited" stafes of nucleons. To understand the subseguent discussion,'
the reader should remember the general shape of the curves of Fig. 3.
Recent high energy experiments have shown that the nucleon can abéorb various

emounts of energy resulting in something closely akin to-a set of energy‘levels;

in aralogy to excited atomic states. Excess energy would be provided by
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absorption of a "time like" photon, i.e., a photon gaining a larger energy
than momentum transfer.

Anmong the excited states of the nucleons only some can contribute to the
electromagnetic properties of the nucleon, due to certain selection rules involved.
The most important state is the one in which +he p-meson (spin 1; m, = 750 Mev)
is "oscillating" about “he nucleon; this generates a resocnance curve as a function
of q2 centering about a space like (i.e., excess energy) point at q2 equal
to the sguare of the rest mass. On the other hand we note that for elastic scattering
of electrons on stationery targets !A §f>-AE, il.e., q? 1s space-like. What
might happen on the time-like side, i.e., the side on which excess energy can be

transferred? A conjecture which corresponds to one of the currently explored

resonances of the nucleon is shown in Fig. k.
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The elastic scattering thus measures the tail of the resonance curve. At

present a single resonant nucleon state is not sufficient to fit the data; this
may be due to higher mass resonant contribution, to inadequacy in calculation,
or due to inadeguacies of the model of Fig. 2a in wh&ch only one photon is
exchanged.

This latter question can be analyzed by substituting positrons for electrons
in scattering experiments; if diagrems like Fig. 2Zb contribute, negative and
positive electron scattering cross sections will differ; such experiments
(instituted by J. Pine and collaborators) are in progress and there are indications
of such differences for large values of q?.

I have outlined how in the pest electric electron and positron scattering'
have illuminated the nucleon structure provlem and formed a direct link to the
resonances discovered in st;ongly interacting particle systems. What then is
the future? Clearly mucih more work of the kind indicated needs to be done; in
particular the situation in relation to neutron structure is still quite unsatis-
fectory .since, in the absence of free neutron targets, complications introduced
by the deuteron structure seriously limits reliable analysis. Moreover, there
are already indications that analysis will become progressingly more difficult as
q? increases in the space-like direction: first there is the contribution of more
complex mechanisms, such as the one shown in Fig. 2b. Secondly, unless there
will be new high mass resonances discovered which contribute to the scattering, the
cross section will continue to decrease at high energies and thus the data rate of
experiments will go down. Thirdly, as we go to higher values of q? the validity
of QED is no ;onger established and such guestions become intertwined into the
study of particle structure. Finally, time-like values of q? are inaccessible
to electron scattering and hence,.as seen in Fig. h, the role of resonances has to
be inferred by far away measurements on the q2 axis. We will return later to
experimental techniques involving collisions between electrons and positrons
traveling in opposite directions; these have bearing on extending structure information

along the time-like portion of the g® axis and also to examine the validity of QED.
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How do we examine the structure of particles which are themselves unstablé?
A possible answer lies in certain types of photo- and electro-production
experiments involving such particles.

APhoto production of pions has been one of the earliest successful applications
of electron accelerators; in fact the first information of the interaction
between pions and nucleons have been inferred from the behavior of photo-production
cross sections. Ehto-production of unstable particles can proceed, in broad

terms, via the two alternate methods sketched in Fig. 5.
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FIGURE 5

“in dgagréﬁu5a fhe rhoton interaéfs at A throughMi£$®éle¢tromagﬁégié-field
with an electric or magnetic property (charge or magnetic movement) of the
‘nucleon. The resultant éxcited nucleon then disintegrates at B into a nucleon
and the particle P. The resultant production rate then depends on the forces
acting at B between the pérticle. P and the nucleon, i.e., on information similar
to that gained from scattering experiments of particles P generated as an

external beam from an accelerator, scattered in a drogen target.
> g
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The absorption of a photon of zerc rest mass corresponds-to a four-momentun
transfer q2 = 0, hence the absorption at A wiil give no new information. How-
ever, corresponding to eech photon - absorption process there is also an inelastic
electron' scattering process, i.e., instead of absorbing energy from the field of a
Tree photon, the process can be induced by absorbing thg field from a rapidly moving

electron. In this case Fig. 5a changes schematically to the form shown in Fig. 6.
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In this case q2 # (0; in fact the part of the process involving the inter-
action at A and C are very similar to the ordinary electron scattering
process of Fig. 2. Hence inelastic electron scattefing can alsc give information
on nucleon structure.

The second mechanism for photo-production of single particles is shown in
Fig. 5b. Here the photon is absorbed by the created unstable particle and thus
the interaction is between the electromagnetic properties of this new particle and
the field of the photon. If, as above, we substitute the field of an inelastically
scattered electron for that of the photon, we find that the resultant scattefing
amplitude depends on the structure of the unsteble particle. Hence, such‘an
electro~-production process constitutes a "virtual targetf.of unstable particles
for electron scattering. Successful exploitations of tﬁis scheme depend. on
isolating this process from other reaction channéls; this should be possible in
the future.
| We thus find that photo-producticn of unstable particles has taught us
a great deal about the Iinteraction of these particles with nuclei and about
the structure of these particles themselves, and will continue to do so.

Production of more than one particle opens up a new series of interesting
phenomena. I shall only discuss two: electromagnetic pair production and
"peripheral production”. Electromagnetic production of electron-positron pairs
is the well-kndwh process by which gamma rays of energy above 1 Mev can
"materialize’; it becomes the dominant absorption process for high energy
~electromagnetic radiation. A gamma ray by itself cannot convert into a pair of
positive and negative particles and still conserve energy and momentum; a third,
preferably heavy particle has to participate to absorb the recoil. Since this
third particle (in genera; the nucleus of the nuclear species under gamma ray
bombardment) can_absofb tne recoll Jjust through its electrpstatic field, the en-

tire process 1s "all electromagnetic', i.e., it can be totally'analyzed in terms
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of well understood electromagnetic forces. Clearly the same type of theory ad-

Justed only for the mass and spin of the charged particle pair to be produced can thus
bredict a production rate of any particle through this mechanism. - The process has
been verified for muons (in addition to electrons) and thus lends itself well to a
systematic particle search. Such a search has recently been carried out at Stanford
for particles iIntermediate to the electron and ruon mass with (not unexpected)
negative results; depending on observational techniques such a search can be con-

tinued in the future to higher masses. Of practical consequence is the production

of pure high intensity muon beams; beams thus generated have a much smaller pion
contamination than beams produced by the decay of primary pions.

Let us now consider a "peripheral’ collision. We noted that as the energy
of a photon becomes very large, a pion pair can be produced "almost"” in vacuo

with only a small urbalance of momentum ebsorbed by a target nucleus (Fig. 7).
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We can thus consider a process in vhich only one of the pair fragments

(0]

scapes while the other fragment interacts with the total cross section on the
target nicleus for the particle in question. The resultant cross section is gquite
large in the forward direction and in fact 1s likely to exceed the production cross

section of corresponding prarticles by protons for secondary particles of energy

8]

ear that of the bombardirg particle; comparative cross sections are shown in

ig. 8. As a result high energy electron accelerators will become highly competi-
tive "factories" for secordary particles, including pigﬁs, k-particles, reutrinos,
etc., in contrast to the situation at lower energieé where proton machines are
superior in this respect.

Finélly, I would like to discuss experiments which aim té extend the range
over which the correctness of QED has been established. Presently QED i1s kncwn
to be correct through experiments covering the range from very lerge interaction
distances down to intervals asllow as a small multiple of 10-** cm. By the un-
certainty principle examination of physical propertiés at small distances requires
large transfers‘of‘momentum or; relativistically, four-momentum. In addition
experiments designed to examine this question should, if possible only involve
electrons, photons or muors because these are the only particles not interacting
through nuclear‘forces;.since in general nuclear forces are larger than electro-
magnetic interactions, such forces would obscure observation of possible deviatidn
from the laws of eleétromaghetic interaction. Actually, some .of the experiménts
involving protons can be interpreted as setting limits to QED; this can be done by
comparing the results of different experiments in which the proton enters in the
same manner, but in which different electromagnetic processes are involved.

If proton térgets are not involved then limits of electrodynamics can be
explored either by a) comparing the electromagnetic properties of the “free®

electron or muon with QED, b) studying collision between electron or muon beams
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with electrons at rest, c) experiments between colliding electron beams. OFf

greatest Importance in the first category is the CERN experiment on the g-factor
of the muen; I Qill not have the opportunity to discuss this beautiful result
here beyond stating that no deviations from QED were observed.

Experiments of the second class suffer from the fact that the values of‘ q2
wnich can be reached if a light particle, such as the electron, is struck at rest,
will be very small even at a very high incident energy. Specifically, the value ‘

2

of the four-momentum transfer g if a particle of rest mass I is struck by

a very energetic incident particle of energy Eo is given by

Q% = - 2mOEO , ()

Which, in MeV becomes Jjust q2 = - Eo for an electron. Hence, a 10 GeV electron

striking an electron at rest will produce a g value of only - (100 MeV)Z. Hence,
such electron "knock-on' experiments will extend our range of knowledge about
QED only for very high incident energies indeed.

Our greatest hope of examining the validity of QED further lies in
colliding beam experiments. Such experiments are in progress at Stanford and
by the Frascati, (Italy) physiciste using their storage ring at the French
electron linear accelerator at Orsay. Figure 9 shows a diagram of the Stanford
intersecting sto;age ring arrangement. Electrons are injectedlinto each ring
separately from a linear accelerator and stored in each ring. Collisions occur
in the commen straight section between the rings.

Of possibly greatest interest are the future experiments in which electrons
and positrons are stored in a single ring and are allowed to collide;in specified
interaction regions. When an electron and positron eollides, one can obtain both

time-like and space-like momentum transfers, and thus test the validity of QED

in both of these regions. The reason time-like values of q2 are accessible if
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electrons and positrons coliide while they are not accessible if particles of like
charge are involved, is tha: electrons and posivrons can annihilate, and thus energy
can be given up which can be larger than the transfer of momentum; therefore for

e~ - e collisions we can have:

~, .
o 2 Azl
JAN = AD.

- LD
At sufficiently high energy, the time-like transfers lead to reactions like

‘these:

Rt

¥

states involving mére than twovparticles.
Electron-positron storage rings thus produce a "laboratory" in which pairs (a
larger number) of otherwise uﬁavgilable particles can be maintained and their
interaction studied.

I hope that this only too sketchy outline of the field of high energy
electron and photon physics has at least indicated that this is a vast and eas
yet very incomplgtely explored field.

Sincé the degree to which the fileld ¢an be explored is so much related to
the available high energy sources, I should like to conclude with a slide which
indicates the covefage over the often-mentioned variable q? now available
and to be avallable as machines now under study or construction, are completed
(FPig. 10). Study of the figure will impress you both with the power of the new
very high energy electron accelerator but also the potential value of storage
rings. As is usually thé case in physics these two classes of instruments are not

in competition for solving the same problem, but will complement one another in de-

fining fruitful areas of cesearch.
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