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PREFACE

In June of 1971 a group of physicists from the Frascati Laboratory,
‘CERN, the Lawrence Berkeley Laboratory, and the Stanford Linear Accelerator
Center began a study of the feasibility of achieving a large reaction rate in
very high energy electron-proton collisions through the use of c¢olliding beam
techniques. The results of this work were presented in a paper at the 1971
_Accelerator Conference in Geneva, 1 which described a positron-electron-
proton colliding beam complex, and which excited a greaf 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 thorbugh study of the physics potential of a high reactidn raté
electron—proton colliding beam facility (the physics interest in the electron-
positron component 6f the complex had been extensively 1nvest1gated prev10usly )
The results of this study are presented inh 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. v

With the very exciting positive conclusions of the joint study on the experi-
mental potential of the compléx, a néw phase of the study has begun to work out
a detdiled 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 4 number of interdction regioné 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-8) as well as low dispersion. These are
the conditions for high luminosity and the luminosities for which the system is
designed are around 1032 cm 2 sec_l. With electrons or positrons in the
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 International 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 bf 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 energy 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
eléctron—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
sirhple 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 protons. 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 ¢.m. energy and also cor-
responds to the region where thé 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
préton—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''.

_l._ i



2. Weak interactions where the process would be

eP — vy + anything
especiall‘y in the region of 1arg‘e momentum transfer to the "'anything"_,

3. Photoproductlon where the. scattered electron produces a spectrum of |

essentlally real photons for the study of 'yP reactlons
4 Electron-positron colliding beams where the reaction is o
e e+—— hadrons, leptons, photons.

We summar1ze below some of the essential physms of these four categorles
The mam body of this report w111 further dlscuss these four categomes in more
detail. ' ' '

~A. Deep _Inel,as‘tichept’on Scattering

,Inelasltic electron-proton slcéttering plays an essential and uniqne .role in
the investigation of the structure of the hadrons. ‘The known erlecitromagne_tilc_.-
field generated by the scattered electron interacts with the local electromagnetic
current of:the proton and thus can probe the structure of the nucleon at. arbl— _
trarlly small-distances. This" local interaction is in sharp contrast to hadron— '
hadron scattering in which the basic interaction between the particles is more
complex.. By varying the.energy and angle of the scattered electron it is. ‘
.possible to: ”tune” or vary the virtual photon's mass Q 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 available in accelerators
using a fixed mass- prOJectxle | |

‘Experiments-on inelastic scattering at SLAC, where both the mass. and
energy of the virtual photon.are large, have yielded profound and_unexp_ect-e_d
results. These results show.that the cross sections do not depend independ-
ently on both the mass and energy of the photon, but instead ‘on their__ratio.

This "scaling" behavior-vhas-led to major new. concepts.in our understanding of .'
hadronic structure in terms of a possible substructure within the hadron that
is composed. of point-like constituents (partons). The greatly kenhsnc’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 compéred 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 f(\)r hadronic phenomena perhaps
associated with the production of new particles and of a 'size' for the con-
stituents themselves. Other general énd fundamental features to be studied
for large photon masses include the applic:ibility 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 ofé 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 fo become '"'strong'. Essen-
tially the same theory as proposed by Fermi for g 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

of this theorv already extends from couplings of order GE =10 -15 to

GE2 = 10

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. Th1s has the startling
bconsequence that at energies in the PEP reglon 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



-parameters used in this study, the scaling hypothesis indicates that the deep
inelastic electromagnetic cross section is smaller than the weak processl.
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 f1rst magm-
tude in importance; additionally one could then entertain hopes of dlscoyemng
the mechanism o‘f breakdown. If a W boson, for example, were the éouroe of
a major, fai_lure of Fermi theory, its mass might be sufficiently lowi('z 25 GeV)

that W particles could b_e produced by PEP.

C. DPhotoproduction

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 éxperiments then becomes possible,
including total cfoss sections, single-particle inclusive cross sections and
certain react1ons leadmg to special final states. The reactions with hadronlc
final states will bear similarities to the analogous states produced by a v
hadronic p103ect1le With the energies available at PEP, comparisons and
correlatmns may be made on states complementary to those studied with both
the ISR and NAL, thus enriching the general body of knowledge oh hadromc
reactions in the next decade of energies.

In addition the photon—pi‘oton reactions allow for the possibility of elastic
and inelastic Compton scattering and their comparison wlth fundamental
dispersion theory as well as with conjectures about the str‘uctufes of the broton.
Certain tests of quantum electrodynamics (QED) also are feasible, such as
muon pair production These tests would complement similar studles made
with the e Tet facility and could extend our compar1son of experiments W1th

QRED theory to d1stances of order 10~ 16 cm or less.



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

+ -
— € €

+ -
- 0.

The virtual time-like photon v * has an invariant (mass)z 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 7.
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 énnihilation channel, the e"e facility has the additional 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.



II. LARGE MOMENTUM TRANSFER REACTIONS

(Deep Inelastic Electron Scattering and Weak Interactions)

" A. Physics Considerations on Deep Inelastic Electron Scattering -
Inelastic el‘ectron'—px.'oton scattérihg plays an es,s:ential and unique role in
the investigation of the structure of the hadrons. The known _eléctromagnetic
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
arbitrérily small distances. This is in sharp contrast to hadron-hadron scat=
tering. in which the basic interaction between the particles is both unknown and
- diffuse. By Qa’r‘ying the scattered electron's eﬁergy and angle we are able to
,‘study virtual photori-proton collisions as a function of pho’tén energy, mass,
and polarization. This unique capability of "tuning' the photon mass q2 in
lepton~-induced reactions has opened up a sigrﬁficant new area of ,Study of
hadron structure.. v ,

The inclusive inelastic electron scattering experinient carried out at SLAC
over the last féw years have yielded profound and unexpected results. 'Thev
experimental results have given evidence of a scale-invariant behavior of the
proton and neutron structure functions which str.ongly hint at a rich substruc-
ture wi‘thin. the nucleon itself. Instead of being functions of the two independent
variables, the energy transfer, v = p-q/M, and the invariant montentum trans-
fer squared q2, the measured nucleon structure functions are observed to
‘behave as un'ive‘rsal functions of the dimensionless variable w = 2Mv/ lq2 "
as first conjectured by Bjorken, and remain large in the presently accessible
SLAC range (2 < v < 20 GeV, 1g lq2l < 25 GeVz). The enormous center-of-
mass energy of PEP will greatly extend these inclusive measurements far into
the unknown region (v < 2000 GeV, and qul < 4000 GeV) and will critically
test theory. The observation of scale-invariant behavior in the PEP energy
range would imply that we are 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 electromagneti¢ 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

-6 -



themselves, nonscaling béhavior 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 1n
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. d

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 — €' +X+(anything)
are important tests E)f 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 qz and v available at PEP, final
hadrons will emerge with a sharp jet-like distfibution. 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 -possiblé 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 qz, 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, qz, and momentum
transfers possible at PEP. _

The above discussion is predicted on the dominance of the lowest order
electromagnetic one—photoh exchange contribution. Possible two-photon
exchange contributions could be determined by comparing electron-proton

with positron-proton scatf;ering at PEP. In general, the analysis of radiative

-7 -



corrections at PEP are not expected to be more difficult than the analysis
performed for the present MIT-SLAC inelastic experiments. o
Therevavre, however, higher order electromagnetic processes which WilAl
be especially exciting to measure at PEP. For example, the measurements
of the elastic and inelastic wide-angle bremsstrahlung processes e+p —~e+ v+p',
and e+p —e++y+ (anything) can not only test the timelike and spacelike electron
propagator 1\n the standard Bethe-Heitler amplitude at masses up to 65 GeV,
but also leads to a measurement of the virtual Compton amplitude
'y(qz) +p—vy+p, 'y(qz) +p-y+ (a.nythihg) . It is especially interésting 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 arﬁplitude which interferes with the Bethe-Heitler .
contribution. This is a very important measurement related to the réal 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
experifnentvs at PEP.. Further, measurement of the order oz4 processes such
as ep — epL+/.¢~, + (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 interactions to apply to g-decay
where the energies released were of order kilovolts. .Esséntially this same
theory gives the framework for understanding neutrino induced reactions
where the ¢c.m. energies are of order 1to 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'E; = 10-"15 (EB ~ 10 keV)
to GElzl = 2X 10—4 (Eu ~ 5 GeV). If the elementary Fermi theory were to

-8 -
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rerhain 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(l) - K2

o mass difference is roughly second order in the
Fermi constant

Am = m [Gmf{:]z
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 regivon of
higher enefgy 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
G'S _ 47ra2

T S

or S~ 4000 GeVz. 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 eléctromagnetic, or

a breakdown of the Fermi theory, would constituté a spectacular and important
result. '

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

ep—> v + 'anything'

-9 -



when the 'anything' would be compoéed of various combinatiohs of hadronic,
leptonic and photonic state/s. 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 coilectio‘n of .fiﬁail‘
states. There will be a net transverse momentum irribalahce of the observed
final states to compensate the momentum carried off by the neutrino and
~ thereby producing a very distinctive signal for the weak 1nteract10n 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"
| seétion did rise proportional to the c.m. énergy squared S. Deviations from
this dependence could be due to the existence of an intermediate meson W
which prevents the lepton current frorh in-teractir_ig locally with the hadron
current. ‘Or the deviation might be due to a failing of the current x curfent
hypothesis evén in the p’r‘esehce of 2 W meson. In the first case the éross
sectio;l would rise linearly with S only when S is smaller than MW . When
S>M

W
direct measurement of their existence.

these mesons could be produced in f1na1 states thus allowmg for a

Theré are essentially two mechanisms for producing w particle's in the'.
final states: either as single production of one W, or by pair production of
W, W. | .

In the process ep — W + 'anyfhing' the electromagnetic and the semi-
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 photoproduction of sihg.le'_ '

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

2E
Gy = a? Glog Bi= 2 X _10_36 cm?
e
provided S/ M 1. Figure 1 shows the dependence of the cross section
as S approaches M Since the W lifetime is short of order 10_19 sec its

A .
production would be observable only through its decay products. Observation’

of a single lepton at high transverse momentum via the decay mode

- 10 -
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W — u(e) + v with the unobserved neutrino carrying off the missing transverse
momentum would be a signal peculiar to the W producfion.
In the second case of W pair production the cross section is expected to

be of order -

4 2E
v ~ O lo £
OW 2 g m
MW e

which is in general _smaller than the single W production for W masses greater
than 18 GeV. However, should the W-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 —WW by the coincidence detection of a large transverse
momentum muon . and electron from each of the W decays. |

Tests of the exiétenCe 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 82 (dzo /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 interacdtions of the type ep — Vv + 'anything' continue to be
described by the matrix element of a local current between the initial proton :
state and the final hadror_ﬁc state 'anything' even at PEP energies, then one
may envision various experimental studies relevant to the problem of _riucleon
structure and hadronic 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.
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Experiments Testing Conventional Weak Interaction Concepts

i) Current algebra» sum rules by Adler. From the SU4 ¥ SU3 chiral

algebra of currents Adler has shown that when the incident electron energy is

large

- + 2
do(e p) do(e p) _G~ (cosz 9 +2sin’ 0 )
dq2 . dq2 or c c
and

- + ‘ 2
do(e n) do(en) _G~ (—cos2 6 + sin2 0 )
2 2 m ¢ ¢
dg dq

where Oc is the Cabibbo angle and where the .various cross sections refer to
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 - 3800 GeVz. 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
: élernents 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 cross section can be written in terms of three
structure functions (see Egs. (8a 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 wéak 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 secondafy hadrons confined to a column with
small transverse mbm‘entum about a speéified direction

as suggested by certain parton models ?

- 13 -



iv) What is the ratio of total strange to nonstrange particle
' production, 1 e., is the Cabibbo suppression factor of
sin 6 playing the same role as at lower energies? |
v) Are there diffraction processes presentwhen the weak.
current has large invariant mass ? 4
vi) Do the hadronic multiplicities behave in a similar manner |
when compared to electromagnetrc and strong processes?
vii) Are there analogous scaling laws in the final state hadronic
distributions in transverse and longitudinal momentum ? 7
Although this list is far from complete, it indicates 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 rate‘s and detection
problems related to the study of large momentum transfer wea.k and electro— -
magnetic transfer. We conclude that the countmg rates are reasonable and
the experimental 31gnatures of both the weak and electromagnetlc events are
sufficiently unique to allow their identification without any new developments -

in detector technology.

1. Kinematics1 ‘ . _ SR

' 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,

Q% =2My + M% - W2, ()

with M2 and W being the initial and final hadron mass- squared remains valid

prov1ded the energy transfer, v, is defmed as,

P g 2E 9 Oe' _
__P - _ _ ! —
V=M ™ Ee Ee cos 5 , ‘ (2)
— - H
Q=P - Py
For the PEP parameters used in this report, Q =8 =4200 GreV2 and

Vonax = 2240 GeV. In Fig. 2a the solid parallel hnes are loci of equal invari~

ant hadron mass, while the parallel dashed lines are those of equal final lepton
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FIG. 2a--Final lepton kinematics for inelastic lepton scattering of -
15 GeV leptons incident on 70 GeV protons.
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energy. The radial lines originating at Yonax - 2240 GeV and Q2 =0 are for
equal lepton scattering angles. Most of the Q2 vs. V space is cléarly experi-
mentally accessible. Figure 2b displays the kinémvatics in momentum space.
Also shown are values of the scaling variables X, = -u/s, Xy = -t/s as defined
by Berman, Bjorken and Kogut2 where u = —(Pp’-pé)2 and -t = Qz, S= (pe+Pp)2.
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 dis"cributions2 of
hadrons confined to the forward direction and along the difection 6 + l_fp (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 PER-type detection system. ' » C

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,

% axPpr? 2 206 o 29
dordET ~ T oa [P s e W0n QY cosi5m | (59
where, the double primes refer to final state quantities in this frame.
The structure functions W2 and W1 can be expressed in terms of the photo-
production cross section by longitudinally and transversely polarized photons,
5 ,

= 1 Q 2 ) 2 ‘
W, 4ra NPERTY [OT(VIQ )'+ o (v,Q )] o (3Db)
’ 2 2 2 .
Wl - — 3 < ; z ?'T(V 1Q2) . . (3¢)

an’a p2+ Q2 Q

In the limit as Q2 — 0,
. 2 :

| L) =0

and .

0 (v,Q%) — 0 (v)

T 1 v ?

where Gy (v) is the photoproduction cross section for real photon of energy v.
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The present SLAC data show that 0p < Op and consequently

2

+ v

W,/W,, =-
V2 2
Q

Equation (3a)re-expressed in terms of the Lorentz invariant quantities,

2, _ = Q%/¢ =
x;Q /2Mv and y = V/Vmax becomes, (xy Q°/S, ZMVmax S).

2 2 uW 2 2 W ,
d°c _4me”® "Wa l(i_y)[l MXX:‘ L 2M 1] @

dxdy S x2y2 s(1-y) .8 .W:2

 Since, M%/s = 2.1x 10_L,1 and W, ~ (Vz/QZ) W, (see Ref. 2), Eq. {4) can be
simplified to ' '
2 vW

d%s _ 4mo’ 2 (1, 1y T
ady sz 27 2) S

Furthermore, if the structure function VW2 is approximated by the siimple

form,
w,~ (1% | - ®)
vWo ™ 7 ,
one has,
2 2 , '
do  ma 1-x\ (1 1l-y _ (7)
dxdy s X2 2 y2 ,

Figure 3 shows the number of events detected per _day in the various portions
of the 'Q2 vs. v space, using,
i. Luminosity = 1032 (cm2 sec)_1
ii.- 0.0l<xandy<1 -
iii. 100% detection efficiency.

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

analogous to Eq. (5) is,

d20 st LZ y . e
dedy ~ox VB U G (R + W]+ Y(1-2> (w-®]t (@1
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FIG. 3--Inelastic lepton scattering event rate using
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or
2

2 ,
40 _G's 2 ;_ B} 02 } |
dxdy ~ 2m Q7 (1-x) {UL+ (1-y) (TS+ (1-y) %R , (8b)
Where
Q>
v (= Wy =30 (1) (205 + op + ) | (9)
R
(R):2cr + 0. +0 (10)
L
oy
L
(L) = - (11)
20S + O’R + O'L .
with I and Ig being the 1, -1, 0 helicity cross sections.

Figure 4a shows the number of events per day in the various sectors of -
Q2 and v for the spin 1/2 parton model which states that 0 = 0g~ 0. Other
assumptions are; ,
i Opop = 0;.8 vma;( 10;28 cm22 .
ii. Luminosity = 107" (ecm” sec)
fii. VB« (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 measurable with these rates?

A ten day run seems a reasonable pério‘d 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 determinihg the minimum acceptable luminosity, (b) the aVerage
duration of a run is 10 days. _

(1) The separate determination g US ;an@ GRas a function of x ahd y
can be accomplished by exploiting the differences in y dependence of the
factors 1, (1-y), and (1—y)2, respectively of Eq. (8b). Figuré 5 shows that

the similarity of the 1‘-'y and (l-y)2 will cause some difficulty in separating

N - 20 -
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FIG. 4--Neutrino event rate for spin 1/2 parton model assuming
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3) op =0y =0, i.e., spin 1/2 parton model.

4) 100% detection eff. 5) Luminosity = 1032(cm2 sec)—1 .
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O'S from (TR. Because the factor 1 is much different from the others indicates

that oy, can be easily measured separately from US and IR

(2) Modification of ""scaling' by the intermediate vector boson (IVB). The
presence of an IVB would cause Gz/ 2w to be replaced by (Gz/ 27) [Mi/(M3V+Q2)].
Figure 6 shows the distortion factor [Mi/(MfozE]z as well as how the v

structure function would be modified as a function of y by the presence of an

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

e

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

1031 (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 chooge the Weinberg5 model as an example. It calls for an inter-
mediate scalar boson of mass M, as well as an intermediate vector boson of
mass MW and an intermediate neutral boson of mass Mz‘

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,

a%o :47ra2 vWy 1, 1y 14 z(e_z) 1 (12
xdy s 2 |27 72 o 2 ’ )
X \ y m, 4
1+—2—=
- 8 Xy
where - '
e .
z 3y -1 :
s "1 tan Qw n cot OW ;: : _ (13)

9W is the Weinberg angle defined as..tan GW = g'/g, the ratio of the (NIB) and
- (IVB) coupling constants.

m = 37.3 GeV/sin OW , and m = 2(37.3)/sin 2 GW .
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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 GW, namely,
Gw =0 and 90 degrees. The "daisies'" emerging from the square plots are
typical statistical errors in the enhancement factor that would result in a

ten day run. For the 9w =90° case it is clearly a detectable effect. For

6 =0 it is doubtful. Reformulated in terms of minimum acceptable luminosity,
£ . = 1031 (cm2 sec)_1 for & =90°and @ . ~ 1032 (cm2 sec)_1 for

min w min
6 =0".

w

c. Detector requireménts

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 regio'n, 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.
The signature used t)o identify a weak reaction will be the absence of an electron
in the final state:

’ eiN - Ve + X

In this reaction, N =n or 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. ' 4

This then impoSes the crucial requirements ubon the detector:’ (H 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 47 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: AE/E ~ 1/VE. Thus, at PEP energies it should work very .
well indeed. The plaﬁ 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
lbehihd 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 ekplained by an electron from an EM event going forward down

the beam pipe. How large the P, unbalance must be to give a certain identifi-

cation is of course a function of ’;Il‘le‘background level and the calorimeter
resolution. |

it is noted that this criteria makes use of a minimum PT misging relative
to the beam direction, and automatically this criteria simultaneously insures
that the EM background is suppressed by requiring a corresponding minimum

Q% |
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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 of the 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 SLAC 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 Dalitz 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 of .all particles. To all these necessary
components are added now inner wire chamberé 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(S) decays.
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I. 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 deterfnined
from a coincidence measurement of the scattered electron. Given the expected
luminosity of 1032 cm™2 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 encouhters 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.

- 30 -



, B. Physics of Photoproduction

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 fof 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 P cross sections,

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

yP—p°P, ¢°P; yp — 'y yP — vp, .

(c) Inclusive reactions yP — h +anything, where h is 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 vyP cross sections

Here one expects the energy 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 ub. 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 GeV, PEP
measurements up to c.m. energies of 65 GeV 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 quasi-two-body reactions

At energies of order 20 GeV, the process yP — pOP 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 (po') 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 like yP — 7r+N and yP — °P are expected to fall as
E;Z, and if this is the case, eveﬁ at PEP enérgies these will be very small
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 7r+N cross section multiplied
by S2 is constant 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 — P 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 p, a parton model predicts a power-law dependence rather
than an exponential falloff with p, as observed presently at small transverse

momentum.
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Tests of QED

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

vP — u_u+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 5X 10_17 cm. 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 parton

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
YyP—W W P
1 - or ' W pairs
W W™ anything

(i) v vP— W + anything } single-W production

If the W mass is greater than .10 GeV, the second process of single-W pro-
duction is expected to be of order aG ~ 10—34 cm2 for S/M\2V > 1, and larger
than the purely electrodynamic cross section, a3/ MSV’ 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 wit.h a large
transverse momentum imbalance (the missing transverse momentum being

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

Since any charged particle interacts with photons it will be pair-produced

by reactions of the type
) - -4
< vP—LLP R |
This will allow a more definitive determination of the existence of such parti~.
cles and of their possible structure.

C. Calculations of Counting Rates

For small photon momentum transfer in inelastic electron-proton scat-
tering, the process can be considered as the radiation of an almost real

pho,ton' followed by the interaction of this photon with the proton.

P . P

va®, v)

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 (Xe), where the effective

bremsstrahlung intensity per electron is

dk ’ .
L=X T - (1)

This equivalent radiator is conceptually as follows. Let n be the number of
hadronié reactions produced by a beam containing N electrons passing through

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

- a radiation lengzth 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 Pe ~ 2250 GeV/c. The following table gives Xe for
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various values of P;a’ the scattered electron momentum:

P X : k
e— e
0.1P_ 3.1% 10-2 2025 GeV
0.3 P 3.7x 1072 1575 GeV
0.5 4.3% 1072 1125 GeV
0.7 Pe 5.3 X 10"2 675 GeV
0.9 P_ 6.3% 1072 225 GeV

We see that Xe is a function of energy and at 0.5 Pe is about 0.03. The yield
for a photoproduction reaction with cross section o-y is then given by
Y=££Xe%oy_ . (2)

To better understand the kinematics in this phoboproducfion region, we
show in Fig. 1 plots of the momentum transfer q2 against the laboratory elec-
tron scattering angle for several values of the final electron energy we see
that for q2 < m72T = 0.02, all the scattered electrons of interest are contained
within a 35 mrad cone about the electron beam. In order to know precisely
the energy of the virtual photoh,' one must measure the energy and angle of
the scattereéi electron (tagging). Alternatively, if one doesn't detect the scat-
tered electron, one integrates over the entire bremsstrahlung spectrum and
this procedure may belacce'ptable for some experiments. To enable vtagging
counters to miss the beam, we arbitrarily set a lower limit‘of 10 mrad for
the angular acc epténce 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
Py ()
C.M.  32.5 GeV . 32.5 GeV
(center- : > -« : . p'
_ 1 SU =t
of mags) Py _ P, =Py
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0.0l _
0 l ' ' R
0 10 20 30 40 50 . 60 .
. | 8 (erd) ‘ 204782

FIG. 1--Graphs of the electron momentum transfer qul versus
the lab scattering angle in mrad for various final electron
energies.
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proton electron notation for momenta
2250 GeV
.Lab o pvv
equivalent |, _ "

The Lorentz transformation parameters are:

N lab and PPy Py Py
etween lab and c.m. B, =T Y4 =
‘ Lopyfpy ' o2vpp,
o Mz .
between lab equivalent _ El —1-—R _ ﬂ__
and lab Fo™ E 2 YoM
1 2p, p

while the total c.m. energy squared is
s = 4p1p2

Assummg the transverse matrix elements are independent of q for (very)

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

as:
2 2 2
+
d 2 EO - E E2 62 '
0 min

where EO’ E are the incident, scattered electron energies. emin and Omax
define the angular range of detection for the scattered electron. Figure 2

shows the variation of -d—(E) with the followmg parameters:

E =15GeV + 6 ., =10 mrad 8 =35 mrad o,.=100ub
0 c min max T

When integrated over scattered-electron energies between 1 and 14 GeV, a
total electroproduction cross section of 1.4 ub is obtained. This is approxi-
mately 1% of the total cross section for real photons so that the equivalent
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 do/dE as a functlon of the final electron energy
E for incident energy E, = 15 GeV, minimum angle of detec-
tion Oyyin = 10 mrad an(? maximum detection angle 35 mrad
with oop = 100 pb.
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The following table summarizes these photoproduction lumiriosities,

including a comparison with NAL projections.

Energy Range Luminosity

Accelerator (1ab equivalent) cm™2 sec™!
NAL 150-200 3 x 1027 (tagged)
3% 1032 (untagged)
PEP 1500-2100 1022 (tagged)
1030 (untagged)
PEP 150-2100 103 (tagged)

1031 (untagged)

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

‘backgrounds in the tagging counters from other processes.

v

Bremsstrahlung

In the lab equivalent frame the scattered electrons are distributed as
dE"/(EB—E") at angles typically ~ me/E'd . The cross section in the lab frame
will be:

dE_ _ ,, 4dE
| do-_40mbe0_E—4oAE

With a luminosity #Z = 1032 cmz/sec there are 20 Z_EE:) bremsstrahlung events/
crossing. Fortunately they occur at scattering angles

0 ~ 2')/2 " ~ 150 me/EB =~ 30 prad 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

p=15(1+ 1.03x107° q2) GeV/c
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and the cross section is:

ﬁ—‘rz——zm 41+2'2%4ub/GeV2
dq q(1+1 4q)

giving 10 pb in the angular range 10 to 35 mrad. ThlS is 7 times larger than
the electroproductlon 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 fhé_above experi-
ments, some general—purpose detectors are envisioned. A large class of
experiments wi_ll require the use of a forward spectrometer to analyze both
the scattered electron and forward-produced hadrons: this .setup would be
particularly useful for pselidoscalar and vector mesoﬁ photoproduction. Total
cross section and inclusive-reaction measurements would be done with an
almost 47 detector together with the tagging spectrometer: Specific expéri-
ments like Compton scattering will demand a proton spectrometer.

Table I then summarizes several classes of experiments with their typical

rates.

~

- 40 -



Table I

Brief Summary of Sample Photoproduction Experiments

/

Electron |  Expected Expected
Process detected?| cross section rate
(1) vp total - yes 120ub 150/sec x A—kk
cross section
(2) Spécific channels
(a) diffractive yes 12ub 15/sec x ék—k
° _
YP—~p P
(b) exchange process yes 20pb 2/day x %
yp—Tn at 1000GeV | at 1000 GeV
() yp—vp yes 0.1ub 2/min x —AEk-
‘ Zt>0.15 GeV?2
(3) Inclusive reactions
yp — hadron + anything yes -—— large
yp -~ v + anything yes 25 nb (-t>1 GeVz) 20/hr x A—kk—
(4) W search no -3 _1073%em? ———

{210 -10 ~'cm
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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 positron 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 — v*—» hadrons

N —p U 5 o (1)

The virtual time-like photon y* has an invariant (n'la.ss)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 v. 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 bstates., In
these experiments at Orsay, Novosibirsk and Frascati, vector meson prodﬁction
and decay have been studied; the range of interaction energies over which quantum
electrodynamics is known to be valid has been extended to rougﬁly 3 GeV. 1 The
first measurements of the total hadronic cross 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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ILL ‘ 1891A6

FIG. 1--Electron-positron annihilation into hadrons and
muons via the one photon channel.

- 43 -



1922A5

FIG. 2--Final states X produced by two photon annlhllatlon
' in lepton—lepton coll1s1ons ‘

- 44 -



be covered by the various collidiﬁg beam facilities which runs from about 1 GeV
to 6 GeV. This c.m. energy 'range is comparable with that of the éxisting U.S.
proton accelerators which extends up 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 additionofa 20-30 GeV colliding beam facility* would allow similar comparisons
inthe same c.m. energy range as the new generation of protonaccelerators (NAL and
CERN II). Sincethis energy for collidingbeams is an order of magnitude larger than
present energies available, many new fea;ures 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-

tions, we conclude that a luminosity of the order of 1032 cm_2 sec—1 would be

appropriate.
' \

A. Behavior of the Total e_e+ Hadronic Cross Section as a Function of Energy

Experiments in the 1-to 2.5-GeV region have shown2 that both the energyde—

pendence and the magnitude of the total hadronic production cross section are
_ 85x 10733 cm2

roughly the same as those for mu-pair production, i.e., G = S v (GeV)Z.

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 scaftering experiments conducted by the SLAC-MIT g;roup.4
The important considerations here are to probe experimentally a wide range
of variation in s so that we can answer the questioﬂs:
(a) Does the cross section decrease with energy as 1/5 as for point--
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

oo 1 n-32
Y=@ x- 22>< 10
beam(GeV)
= 0.01 sec

for a luminosity of 10°2em 2 sec™! and a beam energy of 15 GeV.

We must, however, be prepared for major surﬁrises in this time—like.world
of colliding beams in which the eleetromagnetiC'current producing hedroris from
electron—positroh pairs carries very 1arge energy but zero morh_entum. It is
possible that the many resonances that can be produced .by this current will lead
to even largei' than point-like cross-section behavior. For 'example; if ‘the,fe are
particles lying on many linearly rising Regge trajectofies, as in Veneziano-type ’
models, or 1f there are additional vector resonances, they will eou'ple to the 'elec‘—
'tromagnetm current and may lead to very different energy var1at1ons of the Cross
sectlons 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 -



. e .
wd i e

m
-
.
T
<
Id

%
gl
i

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 ‘inomentum deposited on the one detected hadroﬁ
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
, 2E
h

the detected hadron can be éxpressed covariantly by P. q= Eh Js where w=
. S
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 fo'rm5
dzo 1

. 2
Gwdoosf s [fl (w)+sin 6 f2 (w)] (3)

where 0 is the anglé 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 magnitqdes and w dependences of fl(w) and fz(w) for :
different hadrons such as 7, K, N, £, 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 predicl_;ions of invariance pi'inciples'at h.igh.
energies? For example, C invariance of hadronic electromagnetic
interactions severely constrains relations between magnitudes and
front-back asymmetries when comparing Eq. (2)'f0r' h with fhé |

. hadron being its antiparticle. 6 As another example,v SU3 symmetry,,
together with the hypothesis that the electromagnetic current is a |
U-spin singlet,l léads to the following relations 'betwe»en; cross sec-

tions for the p'rodliced hadron h:

Ot = K+ %7 %~

(B0 -04) + o . '-‘(,4')'

DN

O'KO = O'KO ,:

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
Eq:. (4) should be accurately confirmed.

An important feature of Eq. (2) is that the hadron is being produced with a
ver& large transverse momentum transfer P = Js (%’—’Sin 9> . It is clear that
the scaling law, Eq. (3), predicts that a large part of the cross section corre-
sponds to hadron prbduction at large values of P and this is a very irnpoitant
feature of the point-constituent model to test. In contrast, a statistical mode17‘
that does not gi\:e scal_ing might lead one.to expect éx_ponentially decreasing cross
sections with increasing P - 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,
Bjorken, and Kog;ut8 suggest for pf ~ 10 GreV2 event rates of from 1 to 25 even_ts/hr

at a total collision energy of 30 GeV and for a luminosity of 1032/cm2 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

4+ -
e +e h1+h2+ +hn+X. v (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 —Iﬂomentum processes. Experimental observation,
both of jets at large transverse ﬁlomentum and a scaling béhavior, would indeed
offer a very striking confirmatioﬁ of this kiﬁd of constituent model.

These examples show that studies of the inclusive processes at high energy
and ti‘énsverse 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 undbservably small counting rates for hadron
pair production ete” = Tm, PP, etc.) at fs = 30 GeV with planned lumi-
nosities.

However, there may exist point-like heavy leptons in the mass range
3 < MN* < 15 GeV which are similar to muons in that they have point-like
electromag‘nétic couplings and no strong interactions. These heavy leptons (u*)
would bé pair-produced just as o_x;dinary 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

Y = (10— cm2>$ ~ 1072 counts /sec : (6)

for a luminosity of 10%2 em ™2 sec L.

Since the u* would have a very short lifetime (7 =~ 10716 sec for Mli* ~ 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* — u vy *and u* — e VeV * have appreciable
branc_hing ratios, then the heavy muon pair could be detected by_observingﬁavn
electron-muon coincidence emerging directly from the target point. This type
of event is“not expected to occur by any direct processes such a‘_s e_e+—~ e_;;+
oree — u—e+, which violate muon. conservation. Also, if 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 :ov> +(u+_'-:"o V“)+anything.

A theoretical understanding of the mass spectrum of leptons is one of the most
challenging problems ih elementafy _particlé physics, and at present if 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 thelweak interactions are me-
diated by massive charge vector mesons. Experimental investigations have been |
per'formed‘us ing all presently available particle beams and energies with the hope
of finding the W. The fact that it has not yet been detec’téd (1971) could meéan 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 'prpdixcing w pé.irs. This conclusion is based on the as.sumption_ that the -
W-meson has.only __wéak and electromagnétic interactions as is true of the heavy_
leptons discussed in the preceding section.

The electromagnetic interdction between a photon and a s'pin—one' boson in-
volves, in addition to the charge, theu magnéti¢ moment and the eIectric quadru-
pole moment of the boson. _Electron-positron annihilation méy be one of the most
effective means of discovering the existence of these Vevctor bosons ‘bvecaus‘e of
the quite favorablevcross section.

The differential cross section in the c. m: system can be written in the f_o’rm'.9 :

do'——‘ T2 ‘ 2 . )2
BB __1a” 3), E X 24 G (a2 2
dcos 6 32 E2 B z(mB> G1(a%) 1 Go(a®) + € Gg(a%)) (1+cos 9'“)%_
) B\ 2; 21 /gY 2N
+s8in 62 Gl(q )+2(E:- 6G3(q )|+ Gl‘(q )'+2(fn'—) [,LG-Z(q N ¢, (7
, B, 1 B . :
where mp is the boson mass; E is the c.m. energy; 8 = p/E; and Gl’ uGz, 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 Gr1 =1, G2 =0, and G3 = 0, then the totdl cross section

is given by7:
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where m_, is in GeV. At high energy, the total cross section becomes constant,

B

whereas the point-like-constituent cross sections discussed earlier decrease
with increasing enérgr as 1/E2. Furthermore, taking p G2 = 1 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 pairs would be a very efficie\nt means

of producing the particles.

F. Two-Photon Processes

The amplitude for 2-photon annihilation by the process

+ + +
ete — e+ y*+e + y* >2e+e +X v (9)

is illustrated in Fig. 2. Although this process is of order 044, whereas the
familiar lowest order 6ne—photon contribution is of order ozz, two factors op-
~ erate to overcome this added factor of az and to promote the process to im-
portance: | B
(1) We expect thé cross section for the one-photon process to decrease
at high energiesx as 1/s -~ l/E2 for point-like constituent theories.
In cbntraét, the "almost real" photons radiated by the electrons
favor large-impact parameter collisions and the cross section wﬂl
vary as a constant 1/ Mi where Mx is commonly the threshold mass
of the state formed in the photon-photon annihilation.
(2) We also expect the cross section to be énhanced by familiar loga-

rithmic factors of the form {n(E/Mg), one for each of the electron
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lines, and these are sizable (~ 10 for E = 15 B‘eV). - Additional loga- .
/ .

rithms are also expected, depending on the’high—en‘evrgy behavior_of
the vy annihilation process. | '

Thé significance of this behavjor is best seen by looking at Figv; 4 w‘hi(;h is

taken from the paper of Bro_dsky10 et al. and which__compares fhe .jrfpa_ir produc-

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

e e y* —, a
et re et re vy ty s et re 1 i
Evidently the two-photon cross seétion is very important. Of co.ux'-_s.e, -pio-ns afe .'
not point charges and thére are strucfure co>rrections. An estimate of these:
-structure effects in terms of a o resonance is shown in Fig. 4. They further in-
crease the 2y contribution. In ba.rticular, the region near the produétion thresh-
old for yy — 27 is important. A o
We éee here, then, the possibility of studying the entirely new 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 \erie'rgives k,; and ko of
the two colliding photons, one can measure in detail the differential cross sec-
tion for two colliding "almost real photons" to p’rdddce any ot;sérvable final state.
From two-body final states this procesé cén also be generalized to multi-
body hadronic states. For example, the production of hadrons of high transverse

momentum in the inclusive 4process
et+e” 4 vy+v— 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 vy +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 momehtum in a manner similar to that of the one-photon an-
nihilation channel described in the preceding section. Calculations of such cross
sections indicate they are large for low tré.nsverse momenta of the detected had-
roh 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
smaller than for the process of Eq. (2) for transverse momenta P, > 2 GeV. Al-
though this counting rate may be very small, it will be importé.nt to prove to as
large a value of P as can be observed.

The two-photon process_also provides a way for probing the structure of the
photon by deep inelastic scattering ofx electrons from photons. 11 In this case,
the deep inelastic scattering of electron e to €' takes place from the virtual, al-

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

e + v (real) — e' + anything .

The projectile electron is kinematically constrained to deliver large q2 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 thét 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.prdcess
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, NOVOéibirsk, and Frascati

have measured these processes at energies and momentum transfers of several
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GeV and have verified that QED is valid in that region. 1 One way of represent -
ing these experimental results is by expressing the smallest possible value of

a cutoff haé to be larger than 2_—3 GeV. By increasing the value of the éollision
energy of the incident pair from 6 GeV to 30 GeV, the large ring will allow pre-
cision tests to prqbe for possible modifications resulting from cutoffs in the 100 -
.200 GeV» re.gion. The validity of electrodynamics has now been established over
24 orders of magnitude from several earth radii down to less than a nucleon
Compton wavelength. These experiments would extend our knowledge yet another

order of magnitude by probing distances as small as 10716 om.
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