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PREFACE 

In June of 1971 a group of physicists from the Frascati Laboratory, 

CERN, the Lawrence Berkeley Laboratory, and the Stariford Linear Accelerator 

Center began a study of the feasibility of achieving a large reaction rate in 

very high energy electron-proton collisions through the lise of colliding beam 

techniques. The results of this work were presented in a paper at the 1971 

_Accelerator Conference in Geneva, 1 which described a positron-,electrori."'­

proton colliding beam complex, and which excited a great deal of interest in 

the physics community. 

In the fall of 1971 a joint LBL, SLAC study was organized whose first goal 

was a more thorough study of the physics potential of a high reaction rate 

electron-proton colliding beam facility (the physics interest in the electron­

positron component Of the complex had been extensively investigated previousli). 

The results of this study are presented in this report and indicate that this type 

of colliding beam complex will vastly expand our horizons in the study of the 

structure and interactions of the elementary particles. 

With the very exciting positive conclusions of the joint study dn the experi­

mental potential of the complex, a new phase of the study has begun to work out 

a detailed conceptual design of the machines. This work is still in an early 

stage .. In the system of rings under study, electrons and/or positrons are 

stored in one storage ring and protons in another. The two rings, which pre­

sumably will be of about the same size and will occupy the same housing, 

intersect each other in a number of interaction regions where the optiCal prop"" 

erties of the guide fields are specially tailored to produce strongly focused 

beams with small transverse beam dimensions and concomitant short local 

betatron-oscillation wave lengths (low-.B) as well as low dispersion. These are 

the conditions for high luminosity and the luminosities for which the system is 

d · d · d o32 - 2 - 1 w· h 1 · · · · th es1gne are aroun 1 em sec . 1t e ectrons or pos1trons m e 

electron ring and protons in the proton ring, e + p or e-p collisions can be 

achieved; e +e- collisions are provided by storing both species in the electron 

1. c. Pellegrini et al. , Proc. of the futernational Accelerator Conference 
(1971). 

2. S.M. Berman, S.D. Drell, J. R. Rees, B. Richter, Report No. SLAC-
TN-71-22 (August 1971). 
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ring. All particles in each ring will be concentrated into one or more short 

bunches which will encounter each other only in interaction regions. 

Studies are underway of the required high voltage rf system, the phase­

space densities which can be achieved for the protons, the design of interaction­

region optical systems for both rings which permit flexibility of experimental 

arrangements, the beam instabilities to be expected and alternative methods of 

injection into both rings. This work is not covered in this report which con­

centrates on the physics interest and the experimental physics possibilities. 
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I. INTRODUCTION 

The successful operation of high ener~ electron-positron and proton­

proton colliding beam machines has led us to consider the possibility of both a 

large increase of energy in electron-positron interactions, and of applying the 

colliding beam technique to achieving an even larger increase of energy in 

electron-proton interactions. In this report we discuss the kinds of physics 

which can be studied with a positron-electron-proton colliding beam complex 

(PEP). We find that in electron-proton collisions, PEP is capable of an 

enormous extension of parameters in traditional electron machine experiments 

(inelastic electron scattering, photoproduction, etc. ) , and in addition will open 

the field of weak interactions to practical experimentation with a well under­

stood, well controlled probe--the electron. In electron-positron collisions, 

PEP is capable of investigating particle production with a pure and beautifully 

simple photon probe at center-of-mass energies comparable to the highest­

energy conventional accelerators now under construction. 

In order to give the physics study a focus, we have chosen the energies of 

the beams in PEP to be about 15 GeV for electrons and positrons, and 72 GeV 

for protonso This gives a center-of-mass energy for electron-proton collisions 

of 65 GeV which is the same as that which would be available if a 2000-GeV 

beam from a conventional accelerator strikes a stationary hydrogen target 

(there is no_ economically feasible way of reaching these energies with a con-

ventional accelerator). The energy of 65 GeV in the c. m. is also in the same 

range as the ISR proton-proton machine of 50-GeV c. m. energy and also cor­

responds to the region where the weak interactions are expected to become 

comparable to the electromagnetic interactions. The 30-GeV c. m. energy 

available in electron-positron collisions matches the c. m. energy available in 

proton-proton collisions from a 500-GeV NAL. It should be emphasized that the 

detailed accelerator studies which will define the final parameters of a PEP 

device are in an early phase and still higher energies are under consideration. 

The physics possibilities. with PEP can be divided into roughly four areas. 

These are: 

1. Deep inelastic electron scattering. where the reaction would be 

- + - + 
e (e ) + P - e (e ) +anything 

with the study of both the scattered lepton as well as the nature 

of the hadronic states composing the "anything". 
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2. Weak interactions where the process would be 

e P - v + anything 

especially in the region of large momentum transfer to the ''anything"~ 

3. Photoproduction where the scattered electron produces a spectrum of 

essentially real photons for the study of y P reactions. 

4. Electron-pos:j.tron colliding beams where the re~ction is 

- + e· e - hadrons, leptons, photons. 

We summarize below some of the essential physics of these four categories. 

The main body of this reportwill further di13cuss these four categories in more 

detail. 

A. Deep Inelastic Lepton .Scattering 

. Inelastic electron-proton scattering plays an essential and unique role i~ 

the investigation of the struc.ture of th~ hadrons .. The known electromag;J.etic 

field generated by the scattered electron interacts .with the local electromagnetic 

cu.rrent of the proton and .thus can probe the structure of the nuc,eo.n at .arbi-. - ' . .: . ~ 

trarily small:distanc,es. This 1ocal interaction is in sharp contrast .tQ .hadron­

hadron scattering in which the bas.ic interaction between the particles is more 
' . - . . - . .' . ~ -

complex. By varying the energy and angle of the scattered .electron ,it ~s 

possible to'''tune'' or vary the virtual photon's mas!" .Q
2 over a,large range. 

In particular it 'is possible to achieve virtual photon masses whose square is 

negative and whose :magnitude is much greater than the proton .mass and there­

fore allows for collisions .in an asymptotic region not avail~ble in accelerators 

:,us.ing a fixed mass projectile. 

Experiments on inelastic scattering at SLAC, where both the mass and .. ' 

energy of the virtual photon are large, have yielded profound and unexpected 

results. These results show. that the cross sections do not dependiJ2depend­

ently on both the mass and energy of the photon, but instead on their .ratio. 

This "scaling" behavior has led to major new concepts in our understanding of 

hadronic structure in terms of a possible substructure within the hadron t?,at 

is composed of point-like constituents (partons ). The greatly ,_enhanc,ed 

center-of-mass energy .of a PEP facility would extend the measurements of 
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deep inelastic scattering far into the unknown region. With the example 

parameters used here the virtual photon energy would reach to 2000 GeV and 

its mass to 65 GeV compared to an energy of 20 GeV and a mass of 5 GeV at 

the present SLAC frontier. 

Confirmation of the scaling behavior at these larger values of energy and 

mass would give support to these new ideas while observation of violations of 

scaling would indicate a new energy scale for hadronic phenomena perhaps 
' ' 

associated with the production of new particles and of a "size'' for the con-

stituents themselves. Other general and fundamental features to be studied 

for large photon masses include the applicability of Regge theory analyses, 

the validity of sum rules based on current algebra, and the "fragmentation" of 

very massive virtual photons into jets of secondary hadrons. 

Thus, this unique feature of a PEP facility, the study of deep inelastic 

scattering, will yield results on one of the most significant problems in 

particle physics. 

B. Weak Interactions 

A PEP system opens very exciting new possibilities for studying weak 

interactions in an energy range when they begin to become "strong". Essen­

tially the same theory as proposed by Fermi for {3 decays with energy releases 

of the order of kilovolts is used presently as the framework for interpreting 

neutrino-induced reactions with energies of 1 to 10 GeV. Since the effective 

Fermi interaction coupling constant is energy dependent, the range of validity 
. . . 2 -15 

of this theory already extends from couplings of order GE = 10 to 

GE2 
= 10-4. 

If the scaling phenomena observed in deep inelastic scattering is assumed 

to hold also for the weak interactions, as would be implied at least in part by 

the conserved vector current (CVC) idea, then with the Fermi theory one is 

led to the conjecture that the total weak interaction cross section will continue 

to grow quadratically with the center-of-mass energy. This has the startling 

consequence that at energies in the PEP region the weak interactions with 

their inherent violation of parity and strangeness would have grown in strength 

to be comparable to the electromagnetic interaction. In fact in the region of 

'the largest momentum transfer accessible for the particular example of PEP 

- 3 -



parameters used in this study, the scaling hypothesis indicates that the deep 

inelastic electromagnetic cross section is smaller than the weak process. 

Experiments with PEP will show either that the weak interaction is no 
. . . ' 

longer "weak" or that the Fermi theory in its simple form breaks down. The 

discovery of a failure in the Fermi theory would in itself be of the first magni­

tude in importance; additionally one could then entertain hopes of discovering 

the mechanism of breakdown. If~ W boson, for example, were the source of 

a major. failure of Fermi theory, its mass might be sufficiently low (::::: 25 GeV) 

that W particles could be produced by PEP. 

C. Photoproduction 

Here the proton beam interacts with a spectrum of photons having all 

energies up to a maximum energy equal to the incoming electron. For almost­

real photons of low virtual masses the physics is roughly equivalent to that 

accessible to a real photon beam of maximum energy '""'2000 GeV, incident on 

a stationary proton. If the photon is "tagged'' by a coincidence measurement 

of the scattered electron, its energy and polarization as well as mass will be 

.known. A variety of photon-nucleon experiments then becomes possible, 

including total cross sections, single-particle inclusive cross sections and 

certain reactions leading to special final states. The reactions with hadronic 

final states will bear similarities to the analogous states produced by a 

hadronic p1:ojectile. With the energies available at PEP, comparisons and 

correlations may be made on states complementary to those studied with both 

the ISR and NAL, thus enriching the general body of knowledge on hadronic 

reactions in the next decade of energies. 

In addition the photon-proton reactions allow for the possibilityof elastic 

and inelastic Compton scattering and their comparison with fundamental 

dispersion theory as well as with conjectures about the structures of t~e proton. 

Certain tests of quantum electrodynamics (QED) also are feasible, such as 

muon pair production. These tests would complement similar studies made 

with the e-e+ facility and could e~tend our comparison of experiments with 
. -16 . 

QED theory to distances of order 10 · em or less. 
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D. Electron-Positron Colliding Beams 

When the electron and positron collide, a state of hadrons or of a lepton 

pair with the unique quantum numbers of one unit of angular momentum and 

odd charge conjugation is produced by an electromagnetic current in the 

reaction 
+ 

e + e - y* hadrons 

+ -
- e e 

+ -
~t J.l • 

The virtual time-like photon y * has an invariant (mass )
2 

equal to the square 

of the total of the collision energy s =(2E)
2

. The production cross sections, 

energy dependences, correlations and multiplicities of final particles can all 

be studied in this one pure angular momentum channel produced by a single y. 

This· is in contrast to electroproduction, photoproduction, or hadronic 

projectile production where all angular momenta are present and contribute to 

the reaction. Many direct tests of hadronic structures are thus permitted by 

the e-e + colliding beam which are not possible in any other manner. In 

addition, recent analyses indicate that final states produced by two virtual 

photons can also be studied in detail. 

Besides the possibility of studying the structure of hadrons created by the 

pure ~nnihilation channel, the e-e + facility has the ;dditional unique feature of 

producing pairs of leptonic-like particles up to large masses (of order 1/2 the 

center-of-mass energy). Should these particles have only electromagnetic and 

weak interactions (such as the w...:meson) then the colliding electron-positron 

beam reaction will be the most direct and simple manner for their observation. 

These examples show the wealth of physics possibilities that are accessible 

by the combining of PEP and e-e +colliding beams. The information already 

acquired at lower energies surely indicates that experiments in the higher 

energy regime will have an extremely important impact on our understanding 

of the nature of elementary particles. 
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II. LARGE MOMENTUM TRANSFER REACTIONS­

(Deep Inelastic Electron Scattering and Weak Interactions) 

A. Physics Considerations on Deep Inelastic Electron Scattering 

Inelastic electron.:..proton scattering plays an essential and unique role in 

the investigation of the structure of the hadrons'. The known ~lectromagnetic 

field generated by the scattered electron interacts with the local electromag­

netic current of the proton and thus can probe the structure of the nucleon at 

arbitrarily small distances. This is in sharp contrast to hadron-hadron scat.:.. 

tering in which the basic interaction between the particle~ is both unknown and 

diffuse. By varying the scattered electron's energy and angle we are able to 

. study virtual photon-proton collisions as a function of photon energy, mass, 

and polarization. This unique capability of "tuning" the photon mass J;;x irt 
lepton-induced reactions has opened up a significant new area of study of 

hadron structure. 

The inclusive inelastic electron scattering experiment carried out at SLAC 

over the last few years have yielded profound and unexpected results. 'fhe 

experimental results have given evidence of a s_cale-invariant behavior of the 

proton and neutron structure functions which strongly hint at a rich substruc­

ttire within the nucleon itself. Instead of being functions of the two independent 

variables, the energy transfer, v = p· q/M, and the invariant momentum trans-
2 .. 

fer squared q , the measured nucleon structure functions are observed- to 

·behave· as universal functions of the dimensionless variable w = 2Mv I iq
2

1, 

as first conjectured by Bjorken, and remain large in the presently accessible 
. I 21 2 SLAC range (2 ~ v ~ 20 GeV, 1 ~ q ~ 25 GeV ) . The enormous center-of-

mass energy of PEP will greatly extend these inclusive measurements far into 

the unknown region (v ~ 2000 GeV, and iq
2

1 ~ 4000 GeV) and will critically 

test theory. The observation of scale-invariant behavior in the PEP energy 

range would imply that we ate observing asymptotic features of the proton 

structure, and would strongly support the main hypothesis of the parton and 

light-cone models: that the carriers of the electromagnetic current within the 

hadrons are structureless and light. Observation of scaling breakdown, on 

the other hand, would imply a new scale for hadronic phenomena, as would be 

required, e.g., if there are thresholds for parton or quark production. 

Scaling breakdown could also reflect form factor structure of the partons 
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themselves, nonscaling behavior of Regge and Pomeron contributions, a non-

scaling variation of the longitudinal/transverse virtual photon cross section 

ratio R, or even a breakdown of quantum electrodynamics as in the Lee-Wick 

and Weinberg theories. Thus the experimental support or failure of scaling 

in the new energy regime represents one of the most significant problems in 

particle physics. Further checks of sum rules, duality constraints, and 

threshold properties, such as the Drell-Yan formula, are also important areas 

of study in the inclusive PEP measurements. / 

Further clues to the fundamental substructure of the nucleon must come 

from the detailed study of the properties of the final state in deep inelastic 

e-p scattering, and this will be a dominant focus at PEP. The analysis of the 

multiplicities, momentum distributions, and correlations of the final state 

will distinguish many theoretical models - whether, for example, the consti­

tuents of the proton have a clustered, rather than a homogeneous or gas-like, 

distribution. The semi-inclusive measurements, e+p- e' +X+(anything) 
/ 

are important tests of various parton model scaling predictions and provide a 

critical check of dynamical symmetry for various particles X of a multiplet. 

Parton models also predict that at the large q2 and v available at PEP, final 

hadrons will emerge with a sharp jet-like distribution. Of course, an even 

more dramatic possibility would be the production of new constituent particles, 

but in any event, the analysis of the properties of the final state hadrons and 

the search for dominant channels is of critical theoretical interest. 

Another very interesting area of possible PEP measurements concerns 

the photon mass dependence of specific electroproduction channels. For. 

example, does the effective "size" of the electromagnetic interaction become 

smaller with increasing q2, as predicted in various models. There are also 

questions in the area of diffractive production and vector meson production -

especially the role of vector dominance and s-channel helicity conservation -

which will be important to investigate at the large v , q2, and momentum 

transfers possible at PEP. 

The above discussion is predicted on the dominance of the lowest order 

electromagnetic one-photon exchange contribution. Possible two-photon 

exchange contributions could be determined by comparing electron-proton 

with positron-proton scattering at PEP. In general, the analysis of radiative 
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corrections at PEP are not expected to be more difficult than the analysis 

performed for the present MIT-SLAC inelastic experiments. 

There are, however, higher order electromagnetic processes which will 

be especially exciting to measure at PEP. For example, the measurements 

of the elastic and inelastic wide-angle bremsstrahlung processes e+p-e+y+p', 

and e+p -e+y+(anything) can not only test the timelike and spacelike electron 

propagator in the standard Bethe-Heitler amplitude at masses up to 65 GeV, 
I . 

but also leads to a measurement of the virtual Compton amplitude 

y(q2) + p- y + p', y(q~ + p ..... y + (anything), It is especially interesting to 

measure the difference of electron and positron bremsstrahlung (a natural 

possibility for PEP) since the difference of cross sections is proportional to 

the part of the Compton amplitude which interferes with the Bethe-Heitler . 

contribution. !his is a very important measurement related to the real part 

of the elastic Compton amplitude. The determination of the q2 and energy 

dependence of this quantity (especially confirmation of energy-independent 

terms in the amplitude due to point-like substructure) will be critical in testing 

further predictions of the parton model and would represent a unique feature of 

experiments at PEP.· Further, measurement of the order a 4 
processes such 

as ep - eJJ. + Jl- + (anything), allows for the determination of the virtual 

Compton amplitude with one spacelike and one timelike photon. 

These examples show the wealth of possible physics that can be studied 

in the deep inelastic region. The information already acquired at lower energies 

surely indicates that new information at PEP energies will have an extremely 

important impact on the understanding of nucleon structure. 

B. · Physics Considerations on Weak Interactions 

Fermi envisioned his theory of weak tnteractions to apply to {3-'-decay 

where the energies released were of order ·kilovolts. Essentially this same 

theory gives the framework for understanding neutrino induced reactions 

where the c. m. energies are of order 1 to 5 GeV. Since the basic weak inter­

action proposed by Fermi involves the weak coupling constant G with dimen­

sions of inverse energy squared, we see that his idea of an elementary point 

interaction has been valid for a (dimensionless) coupling constant region 

spanning more than 11 orders of magnitude from G Ef32 
= 10"'"15 

(Ef3 ~ 10 KeV) 
2 -4 

to G Ell = 2 x 10 (Ell ~ 5 GeV). If the e~ementary Fermi theory were to 
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remain true as the energy continues to increase, then the effective strength 

of this "weak" interaction would continue to grow until it became stronger 

than both electromagnetic and strong interactions. Eventually the continued 

growth would clash with the principle of unitarity for purely leptonic systems 

at a c. m. energy of order 300 GeV. (This principle of unitarity is basic to 

all present understanding of elementary particle theories but has not been 

experimentally verified at these high energies.) 

Further, from the point of view of field theory the elementary Fermi 

theory cannot be a fundamental theory since calculations including the higher 

orders are badly divergent. Nevertheless, we are faced with the experimental 

fact that the observed K~ - K~ mass difference is roughly second order in the 

Fermi constant 

and thus higher order weak interactions must be present in some fashion. 

Physicists are faced here with a puzzle of the type which in the past has 

led to major new discoveries. A fundamental theory must fail in a region of 

higher energy but the nature of this breakdown is not yet known. 

To answer the question, "At what energy should a deviation occur from 

the elementary Fermi theory?", one can appeal to the principle that the weak 

interaction with its inherent violation of parity and strangeness conservation 

should always remain smaller than the electromagnetic. If this were the case 

then at an energy when the electromagnetic and weak interactions are compa­

rable some kind of effect might occur. Namely, when 

2 2 
G S _ 47ra 

7f - -s-

or S ~ 4000 GeV
2

. Since such a value for S falls in the region accessible to 

PEP weak interaction experiments will be among the most significant investi­

gations that can be carried out at such a facility. Either the observation of 

the weak interaction growing in strength to surpass the electromagnetic, or 

a breakdown of the Fermi theory, would constitute a spectacular and important 

result. 

The study of the weak interaction process would be via the reaction 

ep- v + 'anything' 
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when the 'anything' would be composed of various combinations of hadronic', 
. I 

leptonic and photonic states. Since the neutrino is unobservable the determin- · 

ation of the important kinematic quantities, the energy and momentum transfer 

to the lepton system, will be made by observing the complete collection of .final. 

states. There will be a net transverse momentum imbalance of the observed 

final states to compensate the momentum carried off by the neutrino and 

thereby producing a very distinctive signal for the weak interaction events. 

The feasibility of this task is discussed below. 

· An experimental study of weak interactions might begin with first estab~ 

lishing whether the conventional theory which is applicable at lower energies 

might continue to apply. This would be to determine whether the total cross·· 

section did rise proportiomil to the c. m. energy squared S. Deviations fi·om 

this dependence could be due to the existence of an intermediate meson W 

which prevents the lepton current from interacting locally with the hadron 

cu·rrent. Or the deviation might be due to a failing of the current x current 

hypothesis even in the presence of a W meson. In the first case the cross 

section would rise linearly with S only when S is smaller than MW . When 

S > M~ these mesons could be produced in final states thus alloWing for a 

direct measurement of their existertce. 

There are essentially two mechanisms for producing W particles iri the 

final states: either as single production of one W, or by pair production of 

(W,W). 

In the process ep - W + 'anything' the electromagnetic and the sem{~ 

weak interaction will both occur. While in the process ep- w-w+ + 'anything', 

only the electromagnetic interaction will occur. In the first case the dominant 

mechanism by several orders of magnitude is just the photoprodtiction of single· 

W' s without neutrino emission and the cross section will be of order 

2 2Et -36 2 
CL. = 0' G log -- = 2 X 10 em w m · 

e 

provided S/M~ » 1. Figure 1 shows the dependence of the cross section 

as S approaches M~. Since theW lifetime is short of order 10-19 sec its 

production would be observable only through its decay products. Observation· 

of a single lepton at high transverse momentum via the decay mode 
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W- p.(e) + v with the unobserved neutrino ·carrying off the missing transverse 

momentum would be a signal peculiar to the W production. 

In the second case of W pair production the cross section is expected to 

be of order· 

2E£ 
log­

m e 

which is in general smaller than the single W production for W massE:ls greater 

than 18 GeV. However, should theW-meson have some kind of anomalous 

magnetic moment the above estimate would be several orders of magnitude too 

small. The pair production of W' s would in principle be detected similarly to 

the case of e-e + - w-w+ by the coincidence detection of a large transverse 

momentum muon and electron from each of the W decays. 

Tests of the existence ·of any current-current interactions can be made by 

studying the dependence of the cross section on the center-of.;..mass energy. 

The general form of s2 (d2
CJ /dq2dv) must be at most a quadratic function of S 

for fixed v and q2 if the form of the interaction is any of the five possible 

tensor invariants (S, P, V, A, T) or if these invariants are made nonlocal by 

coupling to various intermediate ·mesons. 

If the weak interactions of the type ep - v + 'anything' continue to be 

described by the matrix element of a local current between the initial proton 

state and the final hadronic state 'anythin.g' even at PEP energies, then one 

may envision various experimental studies relevant to the problem of nucleon 

structure and hadroll.ic symmetries. We list some examples of high physics 

interest which would be experimentally feasible with the PEP parameters 

considered here. Should experiment show that the simple Fermi theory does 

not apply then possibly other experiments may become more significant such 

as the W meson production mentioned above. 

- 12 ~ 
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Experiments Testing Conventional Weak Interaction Concepts 

i) Current algebra sum rules by Adler. From the SU 3 x SU 
3 

chiral 

algeb!a of currents Adler has shown that when the incident electron energy is 

large 
- + 2 

do-(e p) - do- (e p) = Q_ (cos2 ec + 2 sin2 ec) 
dq2 dq2 211' 

and 
- + 2 ) .;;;:d_o-..l,.(e:;_,.;:n~)- do-(e n) = _G_ (-cos2 e + sin2 e 

dq2 dq2 27T c c 

where e is the Cabibbo angle and where the various cross sections refer to c 
the total inelastic weak process. 

The inverse of these reactions with the initial lepton being neutrino or 

antineutrino will be studied at NAL in the c. m. energy squared (S) region of 

400- 800 Gev 2. Measurements at PEP would test these very basic sum rules 

at S values an order of magnitude higher. 

Thus such ,assumptions as the conserved vector current hypothesis as 

well as the algebra of current densities will be confronted by experiment in a 

much higher energy domain. 

ii) Measurement of the' structure functions. If the hadronic matrix 

, elements involved in the weak interaction inelastic process can be represented 

as matrix elements of vector and axial-vector currents as is valid at lower 

energies then in terms of calculated energy and momentum transfer between 

initial and final lepton the crosi:! section can be written in terms of three 

structure functions (see Eqs. (Sa or 8b), below). These functions are 

analogous to the structure functions of inelastic electron scattering experi­

ments and their measurement will give added information about the structure 

of the nucleon and the validity of the scaling hypotheses in this new energy 

domain. 

Many other questions about weak interactions of considerable physics 

interest can also be studied., These are briefly listed below. 

iii) The existence of jets in the final state hadronic systems, 

i.e., are the secondary hadrons confined to a column with 

small transverse mom:entum about a specified direction 

as suggested by certain parton models? 

- 13-



iv) What is the ratio of total strange to nonstrange particle 

production,. i.e., is the Cabibbo suppression factor of 

sin () playing the same role as at lower energies? 

v) Are there diffraction processes present when the weak 

current has large invariant mass? 

vi) Do the hadronic multiplicities behave in a similar manner 

when compared to electromagnetic and strong processes? 

vii) Are there analogous scaling laws in the final state hadronic 

distributions in transverse and longitudinal momentum? 

Although this list is far from complete, it indj.cates the Wealth of studies that 

could be made in the area of conventional weak interactions with the PEP 

facility. 

C. Experimental Considerations 

In this section we discuss the kinematics, counting rates and detection 

problems related to the study of large momentum transfer weak and electro­

magnetic transfer. We conclude that the counting rates are reasonable and 

the experimental signatures of both the weak and electromagnetic events are 
. . . 

sufficiently unique to allow their identification without any new developments 

in detector technology. 

1 K . t• 1 . . 1nema ws 

Neglecting the electron rest mass, the kinematics for inelastic electron 

scattering and neutrino production reactions are the same; and are shown in 

Fig. 1. The usual relation, 

2 2 2 
Q = 2Mv + M - W , (1) 

with M
2 

and w2 
being the initial and final hadron mass-squared remains valid 

provided the energy transfer, v, is defined as, 

v ~ Pf " 2~P {Ee- E~cos2 e;] (2) 

q = p - p' 
e e 

For the PEP parameters used in this report, Q2 = S = 4200 Gev2 and 
max 

v max= 2240 GeV. In Fig. 2a the solid parallel lines are loci of equal invari-

ant hadron mass, while the parallel dashed lines are those of equal final lepton 

- 14-
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energy. The radial lines originating at v max= 2240 GeV and Q2 = 0 are for 

equal lepton scattering angles. Most of the Q2 vs. v space is clearly experi­

mentally accessible. Figure 2b disphi.ys the kinematics in momentum space. 

Also shown are values of the scaling variables x1 = -u/ s, x2 = -t/ s as defined 
. 2 2 2 2 by Berman, BJorken and Kogut where u = -(P -p') and -t = Q , S = (p +P ) . · p e e p 

The distribution of final hadrons in inelastic lepton reactions either weak 

or electromagnetic has, as yet, not been experimentally determined. Theo­

retical models yield distributions ranging from jet-like distributions2 of 

hadrons confined to the forward direction and along the direction Q + Pp (Ref. 3) 

to statistical models with essentially isotropic distributions and large multi­

plicities. Both of these types appear to be within the limits of detectability 

for a PEP-type detection system. 

2. Estimated Counting Rates 

a. Assume structure functions continue to be functions only of Q2 
/2Mv 

(1) Inelastic electron scattering. The usual expression for the cross 

section for electrons on stationary protons is, 

d2
a. 4x2E" 2 [ 2 . 2 8 ~ 2 2 8 ~]· 

drl"dE" = Q4 2W1(v,Q ) sm 2 + W2(v,Q ) cos 2 (3a) 

where, the double primes refer to final state quantities in this fra·me. 

The structure functions W 2 and W 
1 

can be expressed in terms of the photo­

production cross section by longitudinally and transvers~ly polarized photons, 

1 w =--
1 4 2 1f a 

In the limit as Q2 - 0, 

and 

(3b) 

(3c) 

2 
aT ( v 1 Q ) - a 'Y ( v) 

where a ( v) is the photoproduction cross section for real photon of energy v. 
'Y 
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The present SLAC data show that o-L « o-T and consequently 

2 . 2 
W /W = Q + v 

1 2 Q2 

Equation (3a)re-expressed in terms of the. Lorentz invariant quantities, 
2; . I 21. x = Q 2Mv andy= v v becomes, (xy = Q S, 2Mv = S). · max max 

~ = 41Ta . __ 2 (i- ) 1 _ ~ + 2M _1 . . 2 . 2 vW [ [ 2 ] . 2 W I 
dxdy s x2y2 . y s(1-y) . s w2 . (4) 

. 2 -4 2 2 Slhce, M /s = 2.1x 10 . and w1 ~ (v /Q ) w 2 (see Ref. 2), Eq. (4) can be 

simplified to 

2 2 vW 
~ = 41TO! __ 2 (.! + !:.Y) 
dxdy s 2 2 2 

X y 
(5) 

Furthermore, if the structure function vW 
2 

is approximated by the siinple 

form, 

vW ~ .!. (1-x) 
2 4 

(6) 

one has, 

2 2 ' 
~ ~ !!!!..._ ( 1-x) (.! + .!.:.Y) 
dxdy s 2 2 2 

X y 
(7) 

Figure 3 shows the number of events detected per day in the various portions 

of the Q2 vs. v space, using, 
. L . "t 1032 ( 2 ) -1 1. ummos1 y = em sec 

ii. 0. 01 ~ x and y ~ 1 

iii. iOO% detection efficiency. 

(2) Neutrino interactions. (The final lepton is a neutrino.) The equation 

analogous to Eq. (5) is, 

d2o- G2s [ 2 ( ) I dxdy = 21T v{3 (1-y) + '1-- [(R) + (L)] + y 1-i [(L) - (R)] (Sa) 

- 18-



N 

u 
....... 
> 
Q) 

(._') 

N 
0 

l.\. \., ..•. ·. ·~- .. ij :._, ,· • •).( --; 't "i • ~ • ~ t';·· • d....,• I ............ ~ 

NUMBER OF ELECTRON EVENTS PER DAY 

15 GeV 70GeV 
Lepton Proton 

4000 

3000 

2000 

1000 

2,760 

0 
0 

11 (GeV) 

,, 
1· 

1.0= X 

0.4 

0.2 

2047B8 

FIG. 3--Inelastic lepton scattering event rate using 

d2CT 1ra2 (1-x) (1 .!.:-_y) ( . 1 1) dxdy = -s- 2 2 + 2 assummg vW 2 ::::::: 2 (1-x) 
X y 

andW/W2 =v 2/Q2 ). 2) 0.01.:::_xandy.:::_l. 

3) 100% detection eff. 4) Luminosity= 1032 (cm2 secf1 . 

- 19 -



or 

2 2 } ~ = G s Q2(1-x) {a:.L + (1-y) a:S + (1-y)2 a:.R 
dxdy 21f 

(8b) 

Where 

2 
v{3 (= vW2) = ~1T (1-x) (2crS +era+ CTL) (9) 

(10) 

CTL 
(L) = 2CT + CT + CT 

S R L 
(11) 

with erR, crL' and cr
8 

being the 1, -1, 0 helicity cross sections. 

Figure 4a shows the number of events per day in the various sectors of . 

Q
2 

and v for the spin 1/2 parton model which states that erR= cr
8 

= 0. Other 

assumptions are: 
-38 2 

i. CTTOT = O. 8 V 10 em 
· max 32 .2 ,..1 

ii. Luminosity = 10 (em sec) 

Hi. v{3 ex: (1-x) 

iv. 100% detection efficiency. 

Comparing Fig. 3 with 4 at the largest Q
2 

one finds that the weak inter­

actions are comparable in counting rate to the electromagnetic ones. 

b. What kinds of things are measurabl~ with these rates? 

A ten day run seems a reasonable period of time. A 100 day run is very 

long and begins to approach the length of runs anticipated at NAL for neutrino 

bubble chamber exposures. A 1000 day run is completely out of the question. 

We therefore, adopt arbitrarily (a) a maximum run duration of 100 days, as 

a way of determining the minimum acceptable luminosity, (b) the average 

duration of a run is 10 days. 

(1) The separate determination crL' cr
8 

anq crRas a function of x andy 

can be accomplished by exploiting the differences in y dependence of the 

factors 1, (1-y), and (1-y) 2, respectively of Eq. (8b). Figure 5 shows that 

the similarity of the 1-y and ( 1-y) 
2 

wiH cause some difficulty in separating 

\ - 20 -
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us from erR. Because the factor 1 is much different from the others indicates 

that uL can be easily measured separately from us and erR. 

(2) Modification of "scaling" by the intermediate vector boson (IVB). The 

presence of an IVB would cause G
2

/27rto be replaced by (G
2
/27r) [M!J<M!+Q2~. 

Figure 6 shows the distortion factor [M!J<M!+Q2~2 as well as how the vf3 
structure function would be modified as a function of y by the presence of an 

IVB of mass M =53 GeV. The error bars represent the statistical uncer-
. w 

tainty that would result from a 10 day run on PEP. Only the data between 

0 < y 0. 2 (labelled as y = 0.1) and 0. 8 <y < 1. 0 (labelled as y = 0. 9) have been 

plotted. The remaining data between 0. 2 < y < 0. 8 yield additional information. 

It is evident from this figure that in a ten day run one could clearly observe 

the effects of an IVB as massive as 50 GeV. If the luminosity were / 

103! (cm2 sec) - 1 this run would have to be 100 days, the maximum tolerated 

by our criteria. 

(3) Enhancement of inelastic electron scattering by an neutral inter­

mediate boson, a form of breakdown of scaling. 4 Can one observe effects 

caused by very massive intermediate bosons? As a guide to answering this 

question we choose the Weinberg5 model as an example." It calls for an inter­

mediate scalar boson of mass M<P as well as an intermediate vector boson of 

mass M and an intermediate neutral boson of mass M . 
w z 

The interference of the massless photon amplitude with that of the inter-

mediate neutral boson amplitude produces a detectable term. Adding this 

interference term to Eq. (5) .yields, { · 
2 

1 
d2cr =47Ta2 vW2 (!+!:Y) 1+2(ez) 1 

dxdy s 2 2 2 e 2 
x y m 

1 
z 1 -+--

~ s xy 

(12) 

where 

= -4
3 

tan e - 1. cot e ,w 4 w .. (13) 

e is the Weinberg angle defined as tan e = g'/g, the ratio of the (NIB) and w w 
· (IVB) coupling constants. 

m = 37.3 GeV /sin e , w w and m = 2(37. 3)/sin 2 e . z w 
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The quantity in brackets {}in Eq. (12) is defined as the "enhancement factor" 

and is plotted vs. x and y in Fig. 7 for two different values of 0 , namely, w 
() = 0 and 90 degrees. The "daisies" emerging from the square plots are 

w 
typical statistical errors in the enhancement factor that would result in a 

ten day run. For the () = 90° case it is clearly a detectable effect. For 
w 

() = 0 it is doubtful. Reformulated in terms of minimum acceptable luminosity, 
w 31 2 -1 0 32 2 -1 

g: . = 10 (em sec) for () = 90 and g: . ::::; 10 (em sec) for 
m1n w m1n 

() =Oo. 
w 

c. Detector requirements 

We consider in this section the detector requirements for the study of 

both the deep inelastic electron scattering and the weak interaction. In the 

deep inelastic scattering region, the electromagnetic event rate is expected 

to be comparable to the weak interaction event rate. 

Identification of the inelastic electron scattering processes is a fairly 

simple affair experimentally. The kinematics shown in Fig. 2a, b indicates 

that over almost all of available Q2 and v space, a high energy secondary 

electron is produced at a relatively large angle to the beam line. The use of 

the well developed shower counter technique allows the unambiguous identifi­

cation of an electron even in a large background of other particles. 

Identification of a weak interaction process is a more subtle problem. 
I 

The signature used to identify a weak reaction will be the absence of an electron 

in the final state: 
± 
eN-v +X. e 

In this reaction, N =nor p, and X is the net hadronic final state. The char­

acteristic signature which must be recognized is the large energy-momentum 

unbalance caused by the neutrino, which escapes detection; this is 'in contrast 

to the E. M. case, where all particles, including the electron, are detectable, 

and within the resolution of the detector a balance of momentum-energy is 

observed. 

This then imposes the crucial requirements upon the detector: (1) It 
, 

should be able to measure energy and directions of all hadrons with "good" 

precision; (2) it must not fail to detect electrons with any appreciable proba­

bility, and (3) it must cover essentially the 41f solid angle. These require­

ments can be satisfied using present day techniques. 
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(1) Electron detection and measurement. A relatively inexpensive, high 

efficiency electron shower detector ( ESD) can be made of alternate layers of 

lead and plastic scintillator perhaps 10 radiation lengths thick, with enough 

layers to insure that the statistics of shower formation do not limit the counter 

resolution. Such a detector is currently being built at LBL for use at SPEAR. 

This type of detector can be made essentially 100% efficient for detecting 

electrons in the 1-2 GeV range; furthermore, its relative resolution improves 

with energy as: ~E/E ~ 1/ JE. Thus, at PEP energies it should work very 

well indeed. The plan for a PEP detector might be similar with perhaps 10 

radiation lengths and 10- 15 planes. Proportional wire spark chambers are 

also to be located at different depths to give directly the shower location and 

hence the direction of the electron (or y-ray) which initiated the shower. 

(2) Hadron measurement. A more difficult problem is the one of meas­

uring the hadrons. This would be accomplished by a large calorimeter lying 
1 

behind the electron detector. 6 The scale of the hadron showers is 20- 30 

times longer than that of the electron shower, and somewhat poorer resolutions 

must be expected. One may expect that techniques of calorimetry will improve, 

since they have been only slightly explored or used at present. By means 

of a modular type of design with wire chambers it appears straightforward to 

measure energies and directions of individual hadrons. The calorimeter also 

does the work of a muon identifier by measuring the multiple scattering of the 

muon through several interaction lengths of material. Recent work in this area 

shows promise of doing efficient separation based upon multiple scattering. 7 

(3) Reconstruction of event. In the case of an e -p event, a large missing 

momentum and energy transverse to the beam pipe and absence of an electron 

pulse from the ESD is the signature for a missing neutrino. If there is relatively 

little missing transverse momentum, then the absence of a large pulse in the 

ESD might be explained by an electron from an EM event going forward down 

the beam pipe. How large the PT unbalance must be to give a certain identifi­

cation is of course a function of the background level and the calorimeter 

resolution. 

It is noted that this criteria makes use of a minimum PT mis~ing relative 

to the beam direction, and automatically this criteria simultaneously insures 

that the EM background is suppressed by requiring a corresponding minimum 
Q2. 
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(4) The need for a magnetic field. Up until now no mention has been made 

of possible momentum measurement by a magnetic field. This is because the 

identification of the WI events have not required it. Rather, in fact, the identi­

fication depends mostly on adequate measurement ofthe highest energy par...;. 

ticles, which are likely to be the most poorly measured in a magnetic field and 

the best measured in a calorimeter. However, considering the possibly large 

hadron multiplicities, one should use all means possible to sort out the 

resulting confusion. The SLAG experimenters' ability to reverse the 'magnet 

polarities· on their spectrometers allows them to measure the positron of the 

Dalitz pair, thereby, allowing them to subtract out the balitz pair background. 

In similar fashion a magnetic field would be useful in eliminating the same 

background in PEP. 

It is therefore highly desirable to have a magnetic field, at least to be 

able to determine sign-of-charge oLall particles. To all these necessary 

components are added now inner wire chambers to read out coordinates of 

·· charged tracks for the reconstruction of the events, including a proportional 

wire chamber (PWC) surrounding the beam pipe interaction region which is 

essential in reducing the cosmic ray trigger rate. Several other such PWC's 

at small radius may also provide for detection of A and K~ decays. 
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III. PHOTOPRODUCTION (ALMOST REAL PHOTONS) 

A. Introduction 

Electrons scattered in the Coulomb field of the incoming proton will pro­

duce an effective spectrum of photons for interaction with this proton. The 

energy of these photons is just the energy lost by the scattered electron. 

If the scattered electron is confined to the exact forward direction, then 

in the limit of negligible electron mass, the photons interacting with the 

proton will have their energy equal to their momentum. This situation of zero 

mass corresponds to the usual case of a photon beam scattering on a proton 

target, except that in PEP the proton is also moving in the laboratory system 

toward the photons with very high momentum. This makes it possible to 

extend the investigation of photoproduction processes to a very much higher 

energy regime. 

For most photoproduction reactions one would like to measure the energy 

dependence of the process. In principle this can be accomplished either by a 

subtraction of measurements at two slightly different incident electron energies 

or by using a "tagged" photon beam in which the photon energy is determined 

from a coincidence measurement of the scattered electron. Given the expected 
32 -2 -1 

luminosity of 10 em sec and our present knowledge of photon cross 

sections, the subtraction method would yield insufficient counting rates. Thus 

a knowledge of the photon energy requires a tagged beam. 

In this connection one encounters the very important problem of brems­

strahlung by the beam electron. Electrons which have lost energy by this 

process can be confused with the electrons involved in hadronic reactions, and 

are produced at such a large rate that they would completely swamp any 

detector designed to measure an electron at zero degrees in coincidence with 

a hadron. Fortunately the bremsstrahlung cross section falls very rapidly 

with angle, while the hadronic reactions fall much more slowly. Thus it is 

possible to choose an angular range for the detected electron in which the 

bremsstrahlung contribution is negligible, but in which the photon mass is 

still small enough to be neglected and the photon can be considered real for 

the hadronic processes we wish to study. 

, 
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1 B. Physics of Photoproduction 
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The availability of a high energy photon beam at PEP allows for the study 

of photon-induced reactions up to an equivalent laboratory system photon energy 

of 2250 GeV. This allows fot the extension of present photoproduction experi­

ments to a much higher energy domain, as well as the study of new processes 

that are available only for study because of the much larger c. m. energy. 

Examples of the first type are: 

(a) Total hadronic yP cross sections, 

(b) Specific two-body and quasi-two-body states, such as 
0 0 + 

yP-p P, ¢ P;yp-1r n, yP-yp, 

(c) Inclusive reactions yP- h +anything, where his an 

observed hadron or photon, 

(d) Certain tests of QED, 

(e) Production of multibody final states. 

Examples of the second type are: 
- + 

(f) W-meson production: yP- W W +anything, 

(g) Heavy lepton or quark pair production. 

We discuss these processes below in light of their physics interest. 

Total hadronic yP cross sections 

Here one expects the ene~gy dependence of the cross sections to follow 

that of purely hadronic total cross sections. At laboratory system energies 

of order 20 GeV, the yP cross section is known to be approximately constant 

in energy and of amount 120 Jlb. Experiments detecting the produced hadrons 

should be able to determine a possible log s (/s is the yP c. m. energy) 

dependence in the energy variation of the cross section to about a 5% accuracy. 

Any deviations of the energy dependence of the total yP cross section from the 

hadronic cross section behavior would be totally unexpected and thus this 

measurement constitutes an important check on the general understanding of 

strong and electromagnetic reactions. Since the ISR will have measured 

hadronic total cross sections to a center-of-mass energy of 50 Ge V, PEP 

measurements up to c. m. energies of 65 Ge V would lead to comparisons in 

the same general energy region. Furthermore, we note that the yP total cross 

section serves as input into the calculation of the Compton scattering amplitude 

via the method of dispersion relations and thus its knowledge is important in 
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connection with testing certain fundamental assumptions related to dispersion 

theory. 

Two-body and guasi -two-body· reactions 

At energies of order 20 GeV, the process yP- p
0

P is diffractive inde­

pendent of energy, and accounts for about 10% of the total cross section. The 

higher energy photons would allow for diffractively produced heavier vector 

mesons (p0
') possibly up to mass 17 GeV. Such heavier vector mesons have 

been proposed in many contexts and are a subject of considerable controversy, 

Two~body processes li~.e yP- 1r +Nand yP- 1r
0 P are expected to fall as 

E~2 , \lnd if this is the case, even at PEP energies these will be very srriall 

cross sections. The interest in these processes is both in their energy de­

pendence and in their t (momentum transfer) dependence, particularly in the 
. + . 

very small t range. For example, the forward 1r N cross section multiplied 

by s2 
is const~t and given by the Born approximation over the entire range 

of energies from less than a GeV up to energies or order 20 GeV. 

Knowledge of the Compton process yP- yP is useful for the comparison 

of experiment with fundamental dispersion relations as well as with such models 

as vector dominance. Accurate measurements of the forward amplitude will 

give information about its real and imaginary parts which are related through 

dispersion relations. Since these relations are fundamental to almost all 

theories of elementary particles, tests of their validity are important. 

The t dependence of the Compton process in the diffraction region is 

expected to be roughly the same as in hadronic reactions. This is indeed the 

case at energies of order 20 GeV, and should be tested at higher energies. 

Inclusive processes yP- h +anything 

In these processes, the comparison of the observed hadron or photon 

spectra with the hadronically induced spectra will yield complementary knowl­

edge about the nature of inclusive processes. For example, at large trans­

verse momentum p1 a parton model predicts a power-law dependence rather 

than an exponential falloff with p
1 

as observed presently at small transverse 

momentum. 
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Tests of QED 

As an example, we have the muon pair production process 
- + 

y P- f.1. p. P, where one of the muons is observed at an energy very near the 

photon. In this case, the virtual muon propagator in the Bethe-Heitler ampli­

tude is removed sufficiently from its mass shell so that QED could be 

tested down to a range of 5 x 10-17 em. This distance is nearly two orders of 

magnitude smaller than present high energy muon comparisons with the pre­

dictions of QED. 

Multibody channels 

Multiparticle production by photons would again be compared with the 

equivalent hadron processes giving complementary knowledge about the nature 

of the produced spectra. Here one would like to study such effects as jets 

emerging at large energies and transverse momenta, as predicted by p3;rton 

models. 

W -meson production 

If the hypothesized mediator of the weak interaction (W) should exist with 

its mass in the range of PEP energies, then there is possibility of producing 

this particle by the reactions 

(i) or 

(ii) 

- + l yP-WWP 

W pairs 
- + W W anything 

yP- W + anything} single-W production 

If the W mass is greater than 10 Ge V, the second process of sing le-W pro­

duction is expected to be of order aG ~ 10-34 cm2 for S/M~ » 1, and larger 

than the purely electrodynamic cross section, a 3 /M~, for process (i). 

The process might be observed via the leptonic decay mode of the W, in 

which case reaction ( ii) could lead to single muons or electrons with a large 

transverse momentum imbalance (the missing transverse momentum being 

carried off by the unobservable neutrino). 
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Heavy lepton or quark pair production 

Sine~ any charged particle interacts with photons it will be pair-produc~d 

by reactions of the type 
- + . 

-yP-££P 

This will allow a more definitive determination of the existence of such pa;rti­

cles and of their possible structure. 

C! Calculations of Counti:ng Rates 

For small photon momentum transfer in inelastic electron-proton scat­

t~ring, the process can be considered as the radiation of an almost real 

photon followed by the interaction of this photon with the proton. 

p 
·e 

P------1 

P' 
e 

The Weiszacker-Williams approximation then gives the equivalent photon 

beam intensity coming from this small momentum transfer scattering. This 

can be written in terms of an equivalent radiator (X e), where the effective 

bremsstrahlung intensity per electron is 

dk I =X - • 
'Y e k 

(1) 

This equivalent radiator is conceptually as follows. Let n be the number of 

hadroriic reactions produced by a beam containing N electrons passing through 

a very small H2 target. The equivalent radiator is defined as that fraction of 

a radiation length which, if traversed by the beam containing N electrons, 

produces a bremsstrahlung beam which, when incident on the very same small 

H2 target, produces n hadronic reactions. In order words, it is the ratio of 

the electroproduction cross section to the photoproduction cross section. In 

the proton rest frame P :::::: 2250 Ge V /c. The following table gives X for 
e e 
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various values of P' , the scattered electron momentum: e 

P' X k --e e 

0.1 p 3. 1 X 10-2 2025 GeV e 

0.3 p 3. 7 X 10-2 
1575 GeV 

e 

0.5 p 4. 3 X 10-2 
1125 GeV 

e 

0. 7 p 
e 

5.3X 10-2 
675 GeV 

0.9 p 6. 3 X 10-2 
225 GeV e 

We see that X e is, a function of energy and at 0. 5 P e is about 0. 03. The yield 

for a photoproduction reaction with cross section O" 'Y is then given by 

Y = P X dk O" ( 2) 
e k 'Y 

To better understand the kinematics in this photoproduction region, we 

show in Fig. 1 plots of the momentum transfer q
2 

against the laboratory elec­

tron scattering angle for several values of the final electron energy we see 

that for q
2 

< m
2 

= 0. 02, all the scattered electrons of interest are contained 
~ . 

with~n a 35 mrad cone about the electron beam. fu order to know precisely 

the energy of the virtual photon, one must measure the energy and angle of 

the scattered electron (tagging). Alternatively, if one doesn't detect the scat­

tered electron, one integrates over the entire bremsstrahlung spectrum and 

this procedure may be. acceptable for some experiments. To enable tagging 

counters to miss the beam, we arbitrarily set a lower limit of 10 mrad for 

the angular acceptance of the scattered electron. The actual value will depend --.. 

on the ultimate machine parameters. 

The kinematic variables used will refer to three frames defined as follows: 

proton electron notation for momenta 

70 GeV 15 GeV 
Lab p 

(p1) (p2) 

C.M. 32'.5 GeV 32.5 GeV 
(center- p' 

of-mass) p' 
1 

p' =p' 2 1 
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FIG. 1--Graphs of the electron momentum transfer I q I versus 

the lab scattering angle in mrad for various final electron 
energies. 
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proton electron notation for momenta 

Lab 2250 GeV 

equivalent • p" 
p" = 0 p" 1 2 

The Lorentz transformation parameters are: 

between lab and c. m. 

between lab equivalent 
and lab 

while the total c. m. energy squared is 
\ 

s :::::: 4p1p2 

Assuming the transverse matrix elements are independent of q
2 

for (very) 

small q
2

, the electroproduction cross section can be written in the lab frame 

as: 

dcr =~ 
dE 2n E - E 

0 

where E
0

, E are the incident, scattered electron energies. e . and e · mm max 
define the angular range of detection for the scattered electron. Figure 2 

shows the variation of ~~ (E) with the following parameters: 

E0 =15 GeV .' e . = 10 mrad 
mm 

e = 35 mrad 
max 

When integrated over scattered-electron energies between 1 and 14 GeV, a 

total electroproduction cross section of 1. 4 J..tb is obtained. This is approxi­

mately 1% of the total cross section for real photons so that the equfvalent 

luminosity for tagged photoproduction is 1% of the luminosity of the storage 

ring. For experiments not requiring the knowledge of the photon energy 

we can integrate over all angles resulting in an equivalent luminosity of 

about 7% of the e-p luminosity. 
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FIG. 2--Variation of da/dE as a function of the final electron energy 
E for incident energy E0 = 15 GeV, m~nimum angle of detec­
tion Bmin = 10 mrad and maximum deteCtion angle 35 mrad 
with G"T = 100 p.b. 
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The following table summarizes these photo production luminosities, 

including a comparison with NAL projections. 

Accelerator 

NAL 

PEP 

PEP 

Energy Range 

(lab equivalent) 

150-200 

1500-2100 

150-2100 

Luminosity 

cm-2 sec-1 

29 
3 x 10 (tagged) 

3 x 1032 (untagged) 

1029 (tagged) 
30 10 (untagged) 

1030 (tagged) 

10
31 

(untagged) 

Given that most experiments will require tagged photons, we can consider the 

·backgrounds in the tagging counters from other processes. 

Bremsstrahlung 

In the lab equivalent frame the scattered electrons are distributed as 

dE''/(E()-E") at angles typically ,..., m/E() . The cross section in the lab frame 

will be: 

dE dE 
da- ~ 40 mb X E _ E = 40 ~E 

0 

With a luminosity 9? = 10
32 c~2 

/sec there are 20 ~~ bremsstrahlung events/ 

crossing. Fortunately they occur at scattering angles 

() '==" 2y2 ()" ~ 150 m/E() '==" 30 p.rad and so the resultant electrons go straight 

down the beam pipe. 

Pair production (tridents) 

The cross section is of order 7% of the bremsstrahlung cross section and 

is also peaked at very small angles. 

Elastic scattering 

The elastically scattered electron momentum slowly increases with angle 

as 
' -3 2' 

p = 15 (1 + 1.03X10 q ) GeV/c 
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and the cross section is: 

.2 2 .;· 1 + .2 q 
4 . 2 4 J.Lb/Ge ' 

q(1+1.4q) . 

giving 10 J.Lb in the angular range 10 to 35 mrad. This is 7 times larger than 

the electroproduction cross section but in this case the electron energy stays 

equal to 15 GeV for all practical purposes; hence elastic scattering can be 

discriminated against when triggering a detector. 

Although it is premature to discuss the actual design of the above experi­

ments, some general-purpose detectors are envisioned. A large class of 

experiments will require the use of a forward spectrometer to analyze both 

the scattered electron and forward-'produced hadrons: this setup would be 

particularly useful for pseudoscalar and vector meson photoproduction. Total 

cross section and inclusive-reaction measurements would be done with an 

almost 4n detector together with the tagging spectrometer • Specific experi­

ments like Compton scattering will demand a proton spectr0meter. 

Table I then summarizes several classes of experiments with their typical 

rates. 
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Table I 

Brief Summary of Sample Photoproduction Experiments 

; 

Electron Expected Expected 
Process detected? cross section rate 

(1) yp total 120J.tb D.k yes 150/secx k 
cross section 

(2) Specific channels 

12J.tb 
D.k (a) diffractive yes 15/sec x T 

'0 yp- p p 

(b) exchange process 20pb D.k yes 2/dayx k 
+ 

YP- 7r n at 1000 GeV at 1000 GeV 
I 

2/ . D.k (c) yp-yp yes 0.1J.tb mmxk 

.:.t>o. 15 Gev2 

(3) Inclusive reactions 

yp ---hadron +anything yes ---- large 

YP -- Y + anything 
. 2 . D.k 

yes ?5 nb (-t>1GeV) 20/hr x k 

(4) W search no ?10-34 -1o-37cm2 ----
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IV. PHYSICS WITH ELECTRON-POSITRON COLLIDING BEAM RINGS 

Electron-positron colliding beam rings have opened a beautiful and exciting 

field that is still in its infancy. When the electron and posit ron collide, a state 

of hadrons or a lepton pair with the unique quantum numbers of one unit of angu-

lar momentum and odd charge conjugation is produced by an electromagnetic 

current in the reaction (see Fig. 1): 

+ 
e + e ~ y* -- hadrons 

+ -.--e e 

The virtual time-like photon y* has an invariant (mass)
2 

equal to the square of 

the total of the collision energy s = (2E)
2

. The production: cross sections, 

energy dependences, correlations and multiplicities of final particles can all 

be studied in this one pure channel produced by a single y. In addition, recent 

theoretical analyses and experimental evidence suggest that states produced by 

two photons as illustrated in Fig. 2 can also be studied, as will be discussed 

later. 

Electron-positron colliding beams in the few-GeV region have been success-

fully employed for the study of hadronic, leptonic, and photonic final states. In 

these experiments at Orsay, Novosibirsk and Frascati, vector meson production 

(1) 

and decay have been studied; the range of interaction energies over which quantum 

electrodynamics is known to be valid has been extended to roughly 3 GeV. 1 The 

first measurements of the total hadronic eros s section for colliding electrons to 

positrons have been made. 

With the completion of the CEA bypass colliding beam system and the addition 

of the SLAC high-luminosity ring, a range of center-of-mass (c. m.) energies can 
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FIG. 1--Electron-positron annihilation 'into hadrons and 
muons via the one photon channel. 
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FIG. 2--Final states X produced by two photon annihilation 
in lepton:.... lepton collisions. 
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be covered by the various colliding beam facilities which runs from about 1 GeV 

to 6 Ge V. This c. m. energy range is com parable with that of the existing U. S. 

proton accelerators which extends u]J to a maximum of approximately 7 GeV for 

the Brookhaven AGS, thus allowing for a comparison by energy of the purely 

hadronic reactions with hadronic final states produced by colliding electron and 

positron beams. 

The add it ion of a 20 -3 0 Ge V colliding beam facility* would allows imilar com pari sons 

in the same c. m. energy range as the new generation of proton accelerators ( NAL and 

CERN ll). Since this energyfor colliding beams is an order of magnitude larger than 

present energies available, many new features of hadronic and also purely electro-

magnetic reactions are expected. In the following sections, we specify and discuss 

some examples of new and important phenomena which would be important to study 

with the proposed 30-GeV colliding beam facility. From the expected cross sec-
' 

32 -2 -1 tions, we conclude that a luminosity of the order of 10 em sec would be 

appropriate. 

A. Behavior of the Total e- e + Hadronic Cross Section ~s a Function of Energy 

Experiments in the 1- to 2. 5-GeV region have shown2 that both the energy de-

pendence and the magnitude of the total hadronic production cross section are 
-33 2 

roughly the same as those for mu-pair production, i.e., '1 = 
85 x 10 s em (GeV)2 

Such large cross sections and point-particle-like energy variations for the hadronic 

cross section were totally unexpected at the time of the first attempts to build col­

liding electron and positron beams. 3 However, this behavior is what we have 

learned to anticipate now on the basis of the constituent models of the hadron which 

have been used successfully in explaining the observed scaling behavior of the deep 

*Colliding beam energies given in this section are total energies in the c.m. system 

unless specifically stated otherwise. 
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inelastic electron scattering experiments conducted by the SLAC -MIT group. 4· 

The important considerations here are to probe experimentally a wide range 

of va·riation in s so that we can answer the questions: 

(a) Does the cross section decrease with energy as 1/s as for p<)int-

like constituents, or does it decrease·more rapidly or more slowly? 

(b) Is this dependence asymptotic, i.e., does the energy dependence 

reach some definite high energy limit? And if it does, what is the 

nature of the approach to the asymptotic region? 

Should the hadronic cross section be comparable to the mu-pair cross sec-

tion, then we can expect hadronic event rates of order 

2x 10-32 
y = 9? X -. --:2::---· -=----

Ebeam (GeV) 

= 0. 01 sec - 1 

32 -2 -1 
for a luminosity of 10 em sec and a beam energy of 15 GeV. 

We must, however, be prepared for major surprises in this tirrie-like world 

of colliding beams in which the electromagnetic current producing hadrons from 
. . 

electron-positron pairs carries very large energy but zero momentum. It is 

possible that the many resonances that can he produced by this current will lead 

to even larger than point-like cross-sectionbehavior. For example, if there are _ 

particles lying on many linearly rising Regge trajectories, as in Veneziano-type 

models, or if there are additional vector resonances, they will couple to the elec-

tromagnetic current and may lead to very different energy variations of the cross 

sections.- The possible P' enhancement at 1. 5 ± 0.1 GeV is one such candidate 

already seen. Another possibility leading to nonpoint-like behavior would be the 

occurrence of local couplings involving higher spin states. Such contributions 

- 46-



f_.l ' .• ~ •'. ', ,: ~ .'. ·}.( 'j ~_.. , ,: 'tJ ...;.
1 

... I l.) ~.;. :.:: .. ' ~- ;,Jl 

could defer the onset of high-energy limiting behavior, beyond our naive guesses 

for production amplitudes. 

B. Inclusive Production Cross Sectiohs with Detection of One Hadron 

With 30-GeV colliding beams, it is possible to study the inclusive reaction 

e e-~ h + anything (2) 

for large energy and transverse ·momentum deposited on the one detected hadron 

h. In this kinematic region, it may be reasonable to neglect all hadronic masses 

or constituent masses so that no intrinsic dimensions remain and all cross sec-

tions will exhibit a scaling behavior. It is just this scaling behavior that we de-

rive from an elementary point-constituent picture of the nucleon. The energy of 
2Eh 

the detected hadron can be e~pressed covariantly by P · q = Eh .JS, where w=--
.JS 

defines the fraction of the energy of one of the colliding leptons that appears on the 

detected hadron in the laboratory frame. In the one-photon approximation (Fig. 1), 

the scaling law takes the form 5 

dwd cos e (3) 

where e is the angle between the detected hadron and the colliding beam axis. The 

angular form of Eq. (3) reflects the fact that the electromagnetic current is a 

vector. 

The fundamental questions of crucial importance for this process are: 

(a) Does the inclusive cross section (3) scale with 1/s? 

(b) What are the magnitudes and w dependences of f1 (w) and f2(w) for 

different hadrons such as 1r, K, N, L , A, etc? Can they be related 

in any way to the analogous structure functions for deep inelastic 

scattering from protons? 
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(c) How accurate are the predictions of invariance principles at high 

energies? For example, C in variance of hadronic electromagnetic 

interactions severely constrains relations between magnitude.s and 

front-back asymmetries when comparing Eq. (2) 'for h with the 
'. 

hadron being its antipnticle. 
6 

As another example, su3 symmetry, 

together with the hypothesis that the electromagnetic current is a 

U-s pin singlet, leads to the following relations between eros s sec-

tions for the produced hadron h: 

O'rr+ = ~+ = O'rr_ = O'k_ 

1 
O'KO = O'Ko = 2 (3 0' - O'rrO) 

It is important to test such relations under kinematic conditions of high 

energy and momentum transfer. If scaling as in Eq. (3) is verified so that we 

can neglect the rest masses as well as their differences, equalities such as 

~q. (4) should be accurately confirmed. 

An important feature of Eq. (2) is that the hadron is being produced with a 

very large transverse momen~um transfer P
1 

= .JS (~sin e). It is clear that 

the scaling law, Eq. (3), predicts that a larg~ part of the qross section corre-

sponds to hadron production at large values of p and this is a very important 
1 

feature of the point-constituent model to test. In contrast, a statistical model7 

that does not give scaling might lead one. to expect ex;ponentially decreasing cross . 
sections with increasing p 

1 
. Estimates of the production cross section all sug-· 

gest large cross sections and comfortably observable event rates for processes 
. -

of the type of Eq. (2) for high-luminosity rings of the type considered here. For 

example, two different parton, or point-constituent, models analyzed by Berman, 

(4) 

8 2 2 
Bjorken, and Kogut suggest for p

1 
...., 10 GeV event rates of from 1 to 25 events/hr 

at a total collision energy of 30 GeV and for a luminosity of 1032 /cm
2 

sec. 
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C. Inclusive Production Cross Sections with Detection of Several Hadrons 

We can also study the structure of the cross section when many hadrons are 

observed in an inclusive process 

+ e + e (5) 

Just as for Eq. (2), we ask how Eq. (5) scales with the colliding-beam energy. 

In addition, in this case, we can study the hadron multiplicity as a function of 

energy as well as correlations among the detected hadrons. In a model where 

the photon decays into a pair of point-like constituents (partons) which subse-

quently decay into hadrons, we can expect a striking feature: the formation of 

jets associated with the decay of the constituent partons into the final hadrons. 

Since the point-like constituents are produced at all angles, these decay jets 

can appear also at all angles, as illustrated in Fig. 3. That the decaying hadrons 

should have most of their momentum along the direction of the parent constituent 

parton is a natural conclusion based on the fact that purely hadronic reactions are 

dominated by small transverse-momentum processes. Experimental observation, 

both of jets at large transverse momentum and a scaling behavior, would indeed 

offer a very striking confirmation of this kind of constituent model. 

These examples show that studies of the inclusive processes at high energy 

and transverse momentum offer the possibility of a wealth of new phenomena 

which are at present unexplored. 

D. Heavy Leptons 

Present experiments on two-body (exclusive) hadron production are not suf-

ficiently accurate and do not cover a wide enough range in energy to permit any 

confident extrapolation to the storage ring energies considered here. On theo-

retical grounds, however, we would expect hadron form factors falling at least 
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FIG. 3--Electron-positron annihilation into two 
back-'-to-back jets. 
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as fast as 1/s, which would give unobservably small counting rates for hadron 

+- +- r:: pair production (e e - 1r 1r , pp , etc.) at ....;s = 30 GeV with planned lumi-

nosities. 

However, there may _exist point-like heavy leptons in the mass range 

3 5 Mp.* $ 15 GeV which are similar to muons in that they have point-like 

electromagnetic couplings and no strong interactions. These heavy leptons (p.*) 

would be pair-produced just as ordinary muons with cross sections of order the 

ordinary muon pair cross section. For a mass of the p.* up to about 13 GeV, 

the expected counting rate is of order 

( 
-34 2) -2 Y = 10 em !l? :::::: 10 counts/sec 

32 -2 -1 
for a luminosity of 10 em sec 

-16 
Since the p. * would have a very short lifetime ( T :::::: 10 sec for MP. * :::::: 10 

GeV), the detection of these particles would be through their decay products. A 

high value of the mass would imply many possible decay channels. However, 

should the purely leptonic modes p. * - p. v v * and p. * - e v v * have appreciable . P. e 

branching ratios, then the heavy muon pair could be detected by observing an 

electron-muon coincidence emerging directly from the target point. This type 
' ' - + - + of event is~"not expected to occur by any direct processes such as e e - e p. 

or e-e +- p.- e +, which violate muon conservation. Also, it is expected to occur 

at only an extremely low rate from the rare leptonic decays of short-lived 

hyperon-antihyperon pairs, i.e., 

e + + e-- Q+ Q +anything - (e- E 0 v) + (p. + Z 0 
V p.) +anything. 

A theoretical understanding of the mass spectrum of leptons is one of the most 

challenging problems in elementary particle physics, and at present it is lacking. 

All possible experimental investigations relating to this question will be of very 

great importance. 
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E. Weak Intermediate Meson (W) Pairs 

It has been postulated in analogy to QED that the weak interactions are ine-

diated by massive charge vector mesons. Experimental investigations have been 

performed using all presently available particle beams and energies with the hope 

of finding theW. The fact that it has not yet been deteCted (1971) could mean that 

its mass is beyond the available energy threshold. If the mass is .less than 15 

GeV, the 15-GeV storage ring would be an excellent instrument for electromag­

netically producing W pairs. This conclusion is based on the assumption that the· 

W -meson has only weak and electromagnetic interactions as is true of the heavy 

leptons discussed in the preceding section. 

The electromagnetic interaction between a photon and a spin-one boson iil-

volves, in addition to the charge, the magnetic moment and the electric quadru­

pole moment of the boson, Electron-positron annihilation may be one of the most 

effective means of discovering the existence of these vector bosons because of 

the quite favorable cross section. 

The differential cross section in the c. m. system can be written in the form9: 

where mB is the boson mass; E is the c.m. energy; {3 = p/E; and a1 , p,G2 , EG3 

are the charge, magnetic moment, and electric quadrupole moment form factors, 

respectively. They are expected to be roughly constant over the energy region 

available. If we take G1 = 1, G2 = 0, and G3 = 0, then the total cross section 

. . b 7 1s gtven y 
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where mB is in GeV. At high energy, the total cross section becomes constant, 

whereas the point-like-constituent cross sections discussed earlier decrease 

with increasing energy as 1/E
2

. Furthermore, taking p. G2 == !-rather than zero 

increases Eq. (8) by a factor 2: 5 for E/mB 2: 1. 2. Therefore, we expect that 

electron-positron annihilation into boson p:tirs would be a very efficient means 
\ 

of producing the· p:trticles. 

F. Two-Photon Processes 

The amplitude for 2-photon annihilation by the process 

± ± ± 
e+e--. e+ y*+e + y*-.e+e +X 

is illustrated in Fig. 2. Although this process is of order a 4 , whereas the 

familiar lowest order one-photon contribution is of order a
2

, two factors op­

erate to overcome this added factor of a
2 

and to promote the process to im-

portance: 

· (1) We expect the cross section for the one-photon process to decrease 

at high energies' as 1/s - 1/E
2 

for point-like constituent theories. 

In contrast, the "almost real" photons radiated by the electrons 

favor large-imp:tct p:trameter collisions and the cross section will 

vary as a constant 1/M
2 

where M is commonly the threshold mass 
X X 

of the state formed in the photon-photon annihilation. 

(2) We al~o expect the cross section to be enhanced by familiar loga-

rithmic factors of the form £n(E/Me), one for each of the electron 

-53-

(8) 

(9) 

/ 



\ 

lines, and these are sizable ( ...... 10 for E = 15 BeV) .. Additional loga- . 
I 

rithms are also expected, depending on the high-energy behavior of 

the yy annihilation process. 

The significance of this behavior is best seen by looking at Fig. 4 which is 

taken from the paper of Brodsky
10 

et al. and which compares the 7r-pair produc:-

tion cross section, assuming point pions in the one- and two-photon processes 

+ - + -e + e -+ y * -+ 1r 1r · 

+ - + - . . + + ... -e +e -+ e +e +y+y-+ e +e +1r +1r 

Evidently the two-photon cross section is very important. Of course, pions are 

not point charges and there are structure corrections. An estimate of these· 

structure effects in terms of a uresonance is shown in Fig. 4. They further in-

crease the 2y contribution. In particular, the region near the production thresh-

old for yy -+ 27T is important. 

We see here, then, the possibility of studying the entirely hew field .of had-

ronic states with even C as produced from two photons. The cross sections are 

large. By detecting the final leptons and determining the energies k1 and k2 of 

the two colliding photons, one can measure in detail the differential cross sec-

tion for two colliding "almost real phq_tons" to produce any observable final state. 

From two-body final states this process can also be generalized to multi-

body hadronic states. For example; the production of hadrons of high transverse 

momentum in the inclusive process 

+ + -e +e --y+y-+ h+X+e +e 

would, in principle, be measurable; h denotes a hadron detected along with the 

lepton pair and X denotes all other hadrons that are not detected. Parton-anti-

parton-pair production y + y-+ q + q provides a mechanism for producing hadrons 
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FIG. 4--The rising two photon annihilation cross sections as a function of total c. m. 
energy plotted along with the falling one photon annihilation channel. 
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of high transverse momentum in a manner similar to that of the one-photon an..;. 

nihi.lation channel described in the preceding section. Calculations of such cross 

sections indicate they are large for low transverse momenta of the d,etected had-

roil and they fall off for large values. Measurement of this decrease will provide 

further important information on the constituent structure of hadrons. In the 

parton model of Ref. 8, the counting rates are expected to be at least 10-3 times 

s~maller than for the process of Eq. (2) for transverse momenta p > 2 GeV. Al-
l 

though this counting rate may be very small, it will be important to prove to as 

large a value of p as can be observed. 
1 

The two-photon process also provides a way for probing the structure of the 

photon by deep inelastic scattering of electrons from photons. 11 In this case, 

the deep inelastic scattering of electron e to e' takes place from the virtual, al-

most real, photon spectrum of the "target electron": 

e + y (real) ---. e' + anything . 

The projectile electron is kinematically constrained to deliver large q
2 

and v 

as in the SLAC experiments on deep inelastic electron scattering from photons. 

The recoil of the target electron with known momentum and at small angle. is 

also detected so that the almost real target photon has a known frequency and 

the conditions for Bjorken scaling are satisfied. This process can be measured 

with high-luminosity storage rings and if scaling is verified, it will provide a 

direct measurement of the photon's parton structure. Estimates of the process 

using a parton model7 indicate that the counting rate will be comparable to the 

case of the hadronic inclusive reaction with rates of the order 1 to 25 events per 

hour for a luminosity of 1032 /cm2 sec. 

Existing colliding-beam storage rings at Orsay, Novosibirsk, and Frascati 

have me'asured these processes at energies and momentum transfers of several 
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GeV and have verified that QED is Va.lid in that region. 
1 

One way of represent-

ing these experimental results is by expressing the smallest possible value of 

a cutoff has to be larger than 2 -3 Ge V. By increasing the value of the collision 

energy of the incident pair from 6 GeV to 30 GeV, the large ring will allow pre­

cision tests to probe for possible modifications resulting from cutoffs in the 100 -

200 GeV region. The validity of electrodynamics has now been established over 

24 orders of magnitude from several earth radii down to less than a imcleon 

Compton wavelength. These experiments would extend our knowledge yet another 

order of magnitude by probing distances as small as 10-16 em. 
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