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SPEAR MAGNETIC DETECTOR 

John Zipse 

ABSTRACT 

i 

Here we make a study of quantum electrodynamic processes which 

are present at the SPEAR colliding beam magnetic detector. '\'e begin 

by describing the experiment performed by the SLAC-LBL collaboration 

and the results concerning the strong interaction. Then the inter-

+ - + - + - + -actions e e ~ e e and e e ~ ~ ~ are considered along with their 

third-order radiative corrections. These events, previously used 

1.:0 determine ne\i limits for cutoff parameters ~.n QED breakdOlm models, 

are further studied in this hork to shoh" that the full 

distribution in coplanarity angle fits the theoretical prediction 

well. 

The major focus of this \\ork is on the fourth order two-photon 

+ - + - + -process, e e ~ e e A A , which only recently has been realized to 

be significant in such experiments. Cross sections are derived 

and calculated exactly for this process and the results compared to 

a Weizacker-Williams equivalent photon calculation. The two-photon 

data is then isolated and fit to the calculation. A special experiment 

has been done where the small-angle scattered electron or positron 

is "tagged" along with particles in the main detector. Cross 

sections and coplanarity distributions are measured and compared to 
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calculation. Through these studies, we feel confident that we 

understand the nature of the tlio-photon process in our detector. 

We further explore the hadronic physics of the two-photon process, 

+ - + - . . • . e e ~ e e Hadrons, rneasur1ng p10n cross sect10ns, searching for 

resonances, and discussing future experiments. 

v 
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I. Introduction 

In the summer of 1973 construction and testing of the magnetic 

detector at SPEAR was completed, and preliminary data taking began 

on electron-positron annihilation in the center-of-mass energy 

region of 2.0 to 4.8 GeV. SPEAR is an electron positron storage ring 

fed by the Stanford Linear Accelerator, SLAC. It contains two 

interaction regions, one of which is reserved for a semi-permanent, 

'large-solid-angle, charged-particle magnetic detector. The 

detector was constructed and used by a collaboration of 'physicists 

from the Stanford Linear Accelerator Center and the Lawrence Berkeley 

Laboratory. The experiments performed with this detector have yielded 

some very exciting results on high energy particle interactions and, 

are presently continuing to do so. 

The initial aims of the detector were threefold. First, the 

study of electron-positron scattering and annihilation into muon-

antimuon pairs would provide a more stringent test of the theory 

of quantum electrodynamics than has ever been previously performed. 

Not only could total cross sections be measured, but angular distri-

butions could be fit to various breakdow~ models to provide limits 

on anomalous effects. 

The second aim of the detector would be to measure the timelike 

total hadronic cross section through electron-positron annihilation 

and to provide details on the prong multiplicities and momentum 

spectra. This would hopefully lead to new tests of existing theories, 
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particularly in their asymptotic predictions, and possibly lead to 

a new and more comprehensive theory of the strong interaction. 

Finally, the detector would provide the ability to search for 

any new and unpredicted particles which exist in the previously 

unexplored mass range of 2.0 to 4.8 GeV/c2 .An electron-postitron 

pair annihilating to a photon have JPc = 1-- and lepton and baryon 

numbers o. Thus the high energy photon can decay directly to any 

single vector meson and to practically any conceivable pair of 

particles wi til threshold belOlo1 4.8 GeV. In particular, the search 

woul4 be on for new heavy leptons which could fit neatly into 

existing theories of weak and electromagnetic interactions. 

The results of the experiment so far have ~ore than fulfilled 

the aims. Of course the discovery of the vector mesons tP(3095) and 

tP(3684) is the most important single result. The properties of 

these particles and the hadronic cross section as measured by the 

"magnetic detector have lite~ally added a new dimension to high 

energy particle theory. Also of related and great importance is the 

verification of quantum electrodynamics to new accuracies both 

through Bhabha and muon production and through the fourth order t\\'o­

photon process. 

Several publications (1,2,3,4,5,6,7,8) have already appeared 

in the literature on the hadronic results of the magnetic detector. 

Therefore this work will concentrate primarily on the quantum 

electrodynamic predictions and results of the experiment. The purpose 

for this is twofold. First the beautiful agreement of the Bhabha and 

mupair cross sections with the third order predictions of Berends, 
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Gaemers, and Gastmans(9,IO,II) is a huge success for quantum 

-electrodynamics. A similar success is the agreement of fourth order 

QED cross sections with the predictions of Brodsky, Kinoshita, and 

Terazawa(12) and this work. 

The other reason for exploring these cross sections in depth 

is to instill confidence in our separation of these events from the 

hadronic events. Indeed the separation is complete for hadronic 

events with three or more detected prongs. Contamination levels of 

the order of a few percent can be calculated for the two-prong hadron 

class with momentum greater than 300 t-teV/c and coplanarity 20o <ljI<160o • 

These two classes comprise the hadron data used in previous works. 

In section II we will describe the ring and detector and discuss 

the elimination of background due to beam-gas and beam-pipe 

interactions and cosmic rays. In section III we will briefly review 

the hadronic results from the magnetic detector and refer the reader 

to the literature for further information. Section IV will provide 

a detailed study of second and third order QED processes at SPEAR and 

compare predictions with magnetic detector data. Similarly in . 

section V we will discuss the fourth order QED processes and in 

particular the two-photon process. The cross section for this process 

has been seen to be large in previous storage rings and is now known 

to increase logarithmically with energy. Fourth order four-prong 

events have been seen at SPEAR \.,rhere two. three. and four of the 

prongs are detected. All cross sections are in excellent agreement 

with theory. This work concludes with section VI. 
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II. Description of the Magnetic Detector 

A. Detection Devices 

SPEAR is a single-ring, electron-positron storage ring which 

in its first phase was capable of colliding beams with energies from 

1.0 to 2.5 GeV. The ring is shown in Fig. 1. Beams are injected 

at 1.5 GeV from the Stanford Linear Accelerator, SLAC. SPEAR is 

capable of accelerating them to 2.5 GeV or decelerating them to 1.0 

GeV by changing the magnetic fields. This process is controlled by 

changing the magnetic fields. This process is controlled by an XDS 

tS computer which is dedicated solely to SPEAR. As can be seen, there 

are 18 magnet sections consisting of bending magnets and focusing 

and defocusing quadrupoles. The ring can handle luminosities of up 

to 1031 cm- 2sec- 1 with lifetimes of several hours. 

The particles travel in bunches rather than continuous bands. 

There is one bunch each of electrons and positrons and hence two 

regions in the ring where they intersect. These two regions are set 

up as experimental areas. The beams are well focused in transverse 

dimensions in the intersection regions, and large pit areas are 

available for experimental apparatus. 

The west pit area is reserved permanently for the magnetic 

detector, shown in Figs. 2 and 3 and 4 in its most recent stage 

of development. The ~rimary components of the detector are a 

4 kG magnetic field coil surrounding four groups of cylindrical 

spark chambers, and a group of scintillation and shower counters 

to provide an event trigger. As a whole, the detector can detect 

all charged particles within roughly 2/3 of 4n steradians and 
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will trigger on any event with two or more detected charged tracks. 

·We will describe each of the detection devices in the order they 

are seen by produced particles, starting with th~ beam pipe and 

progressing to the muon spark chambers. 

Fig. 4 is a side view of the detector. Electrons and positrons 

enter from the left and right respectively and collide in the center. 

. . : There are 1. 28 x. 106 beam intersections per second which produce on 

the order of one event a second at full luminosity. The beam pipe 

must be sturdy and well evacuated for long beam lifetimes and thin 

to reduc~ multiple scattering. It is made of 6 mil of corrugated 

stainless steel. 

Surrounding the beam pipe are the first triggering devices. 

In Fig. 4, the most recent version of the detector, two scintillation 

counters (pipe counters) and two proportional chambers are shown, as 

well as endcap spark chambers. hnen the data described in this 

work were taken, however, there was a single pipe counter consisting 

of two halves, front and rear in the figure, each with a phototube 

at the left and right ends. The pipe counter halves were semi-

circular pieces of 3 mm scintillator, 91 cm long and 13 cm from the 

beam line. Two of the four phototubes were required to have pulses 

in them for the pipe counter to have "fired." 

Next in the path are the four modules of cylindrical spark 

chambers. The modules are 2.2 meters in length and .66, .92, 1.12, 

and 1.35 meters in radius. Each module consists of two spark gaps, 

the outer one composed of t\W "cylinders" of wires oriented at +2° 

and _2° to the longitudinal, and the inner gap composed of similar 
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"cylinders" at ±4°. The wires are spaced 1 mm apart and are pulsed 

'with high voltage \yhen the trigger signals an event has passed. A 

magnetostrictive wand readout system is employed to determine lyhich 

wires have sparked. This information will then yield "points" on 

the charged particle tracks accurate to within 0.5 mm in the azimuthal 

direction and 7 rom for the 4° gaps and 14 mm for the 2° gaps in the 

longitudinal direction provided the position of the chambers them-

selves is known. The two gaps in each module make the chambers very 

efficient (>99%) at finding at least one point on a track at each 

radius. 

SurrOl.mding the spark chambers is the next part of the triggering 

aparatus, a ring of 48 trigger counters made of 2.5 cm thick 

scintillator. The trigger counters are arranged such that each 

subtends 1/48 of the 2n azimuth and a pair is located underneath 

each of the 24 shower counters. There is a phototube at each end 

of each counter, and both are required to pulse to have a trigger 

counter "fire." The trigger counter efficiency is 100% for 

o < Icosel < 0.5 and 97% for 0.5 < Icosel < 0.6. 
Each trigger counter also measures the time at which the particle 

passed through relative to the time the beams crossed. This time is 

typically 6-8 ns and is measured to an accuracy of .5 ns. From 

this information and the track path length determined by the spark 

chambers, B = vIc is calculated for the particle. This leads 

ultimately to pion-kaon separation on a track-by-track basis for 

particles with momenta less than about 0.3 GeV/c. (See Fig. 10) 

t 
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Next is the magnetic field coil which creates a 4 kG magnetic 

'field in the region of the spark chambers. The iron flux return 

." surrounds the entire detector to keep the field uniform with openings 

for the beam pipe and phototubes only. Compensating solenoids around 

the beam pipe provide for beam stability. The field is close enough 

to uniform (2%) to make charged particles travel in helical paths. 

Field non-uniformities are parameterized as a function of position 

to within .1% in order to minimize momentum measurement errors due 

to field inhomogeneities. 

Betl'leen the coil and the flux return is a ring of 24 shower 

counters. Each one is a sandwich of 5 layers of 1/4 inch lead 

interleaved with five layers of scintillator. The shower counters 

have a dual purpose. They are used in the trigger and they provide 

electron-muon separation for 1 GeV/c particles and above. Electrons 

deposit all of their energy in the counters and yield large pulse 

heights, while more massive particles pass,through giving small showers. 

Finally outside of the iron flux return is a double layer of 

spark chambers which will detect particles which pass through the 

iron. Hadrons interact strongly in the iron and deviate significantly 

from their incident direction '>'hile electrons range out in the shower 

counters. This leaves the muons ",'hich need about 6@O MeV / c of momentum 

to reach the chambers. The muon chambers do not give a clear particle 

separation and have not been used extensively to date. Improvements 

have recently been made, and the current system is shown in FigA 

with concrete muon absorbers (which absorb the hadrons, not the 

muons) interleaved· with the ~park chalOlhcrs. 



12 

The last detection device is the set of four luminosity monitors. 

T~ese are 2.5 cm by 7.5 cm tungsten shower counters with defining 

counters in front, designed to measure the small-argle Bhabha cross 

section for a real time luminosity determination. The shower counters 

consist of eight layers of one radiation l~ngth of tungsten inter­

leaved with eight layers of scintillator. They are located at an 

angle of 25 mr to the beam axis and set above and below the beam pipe 

at each end of the detector in specially designed notches 220 cm 

from the interaction region. To detect a Bhabha event, they require 

the defining and shmver counters of two opposite monitors to fire 

in coincidence. Accidentals are simultaneously measured by recording 

similar coincidences, but with the signal from one counter delayed 

by one revolution of the beams. When used as luminosity r.Jonitors 

these counters are not gated by the detector trigger and have typical 

rates of 250 events/sec (L = 1031 cm- 2sec- 1 , E = 2.4 GeV). 

The luminosity monitors have a second important function. They 

are used as "tagging" counters for measuring the fourth order t\vO­

photon events. The events, the subject of section V, are the result 

of collision of t\vO bremsstrahlung photons and have surprisingly 

large cross sections. It is useful to detect the scattered electron 

and positron to measure such cross sections, and this is done by the 

luminosity monitor. When used for this purpose, pulses in the 

monitors are recorded with each event, and again both defining 

counter and shower counter are required for a "fire." 

• ;.. i 
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8. Trigger 

The detector was designed to have a flexible triggering mode, 

but the most useful trigger for recording data was the one that 

required two or more charged particles in the detector. 

The presence of a charged particle lvas detected by the firing of 

a trigger counter and an associated shower couuter (TASH) during 

the passage of the beams. The 1.28 megacycle f~equency of the beams 

. gave a 780 ns revolution time and a 30 ns gate was opened with each 

crossing. Two TASH's as well as the pipe counter were required to fire 

in order to have an event. 

When the presence of an event was detected, the triggering system 

was made inactive for .3-.5 sec while the spark chambers were pulsed 

with high voltage. Data from the magnetostrictive wands \-tas recorded 

along with pulse heights from all of the counters. The event was 

then analyzed in real time, points determined and tracks and counters 

displayed, and the system was again made active to detect events. 

The major source of dead time was the .3-.5 seconds required for 

the spark chambers to pulse and clear. This limits the rate at l.;hich 

events could be recorded on tape to 2-3/sec. Events could be analyzed 

and displayed in real time at the rate of about one per t\\O seconds. 

The entire system was controlled by the rs computer and required the 

operator only to start it and to watch out for problems. 

C. Event Reconstruction 

Once the data has been recorded, careful event analysis is done 

offline on IB~I 360 and CDC 7600 computers. The primary information 
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used comes from the spark chamber data which provide momentum and 

charge for charged particle tracks. Other significant information 

comes from the trigger counter flight times, the shower counter 

pulse height,· and the muon spark chambers. 

The first step in track reconstruction is to determine the· 

azimuthal positions of the spark chamber wires which have fired. 

For each real spark which occurs in a chamber, two wires will 

carry a current across the magnetostrictive war:ds, one wire from the 

outer cylinder of wires and one from the· inner. Since the wires 

are skewed at a smal1 angle to the longitudinal, but in opposite, 

directions, finding the azimuthal positions of the two wires will 

determine the point in space at which the spark occurred. (See Fig. 

5. ) 

The magnetostrictive wands are read and the set of all wires \~hich 

pulsed is determined. Each pair of pulsed wires Is then examined to 

determine if the two wires could have pulsed due to the same physical 

spark. For each such pair, the wire azimuthal angles are used to 

find r, e, and z coordinates for the spark using the standard coordi­

nate system of Fig. 6. The sum and difference of the a:imuthal angles 

directly yield e and z while r is taken to be the average of the 

radii of the t\iO wires. Careful corrections are made to these r. e, z 

values to account for the skewing of the wires, the placement of the 

wands, ExB drift of the ions, and inaccuracies in the positioning 

of the chambers. A set of almost 300 parameters is determined by 

fitting tracks with known characteristics (Bhabhas, cosmics. etc.) to 

'. 
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predicted r, e, z values. These parameters fix the location in space 

of the wands and cylinders to a better precision than obtained during 

construction. 

With a bank of coordinate locations found, the programs use 

several different algorithms to connect them into curved tracks in the 

magnetic field. All algorithms use loose bounds to connect points, 

- allowing for multiple scattering and field errors. No spark is used 

in more than one track. Since finding at least one spark on the t\vO 

gaps of each chamber is so probable, the efficiency for finding all 

tracks with at least two points on each is almost perfect (99.7%). 

For each track, a momentum is found from the curvature using the 

corrected magnetic field. Then a grand fit is done for all of the 

tracks, requiring a single vertex but not requiring energy or 

momentum- conservation. The program CIRCE(l3) is used, \.;hich 

minimizes the X2 error in the fit by varying the momenta of the 

tracks and the position of the vertex. The result of the 

track reconstruction is a number of charged tracks, a momentum 

and charge for each track, and a vertex position. 

The accuracy of the momenta determined by the detector is 

crucial to most of the results it has produced. This accuracy is 

most closely dependent upon the accuracy \vith which the sagitta, 

. s in Fig. 7 can be measured. The accurar.y of s is roughly 

the same as the accuracy of a measured point. Consider Fig. 7.: 

1 . (L ) 2 L2 
S = P - P cos (e) = - p - =-2 2p 8p 

where p is the radius of curvature for a nearly circular track and 
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L is the farthest distance between any two measured points. Using 

this formula and the relationship between momentum and radius of 

curvature: 

p(in GeV/c) = .03p(in m) B(in kG) 

one can derive the following crude formulas: 

~ - .14 p(in GeV/c) ~s(in rnm) 
p non-constrained (L = .7) 

~= .036 p(in GeV/c) ~s(in rnm) constrained (L = 1.4). 

The first is for tracks not constrained to pass through the beam 

origin and the second is for tracks which are (an imaginary spark 

is placed at the origin). 

Here, if ~s is assumed to be the error in the measurement of a 
'. 

space point rather than the sagitta, these formulas provide a useful 

means for estimating errors due to several effects. The most 

probable sources of error are the following. 

1) Magnetic field errors not accounted for by the field 

parameterization. This will be constant and very small 

~ = ~B 001 P B <. • 

2) Errors due to multiple scattering .. These errors are 

theoretically the worst. For non-constrained fits, M = (1.0 ~teV/c)/p 

due to multiple scattering on the material in the spark chambers . 

For tracks constrained to pass through the origin, the beam pipe and 

pipe counter provide an additional 66 = (1.4 MeV/c)/p. 

3) Errors due to wire spacing. The physical ions formed in a 

spark must travel to ground via a physical wire, even though the 
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spark may occur bet,,,een two wires. The wand signal, however, 

-displays the currents in all of the wires near the spark, and the 

centroid of the current distribution gives the spark position to 

a better accuracy than the 1 mm wire spacing. Depending on the. 

hypothesis used for ion travel. the one standard deviation error 

in spark position varies from 6s = 0.15 mm at best to 6s = 0.25 mm 

using the worst model. 

4) Errors due to chamber misalignments. These are the errors 

which are eliminated by fitting the 300 parameters to tracks with 

known properties. The best way to measure the residual error here 

is to measure the spread in momenta 6p/p for tracks with known 

momenta. This 6p/p will include errors from all of the above 

sources as well as chamber misalignments. At present 6p/p = .04p 

(in GeV/c) for non-constrained fits which give a total 6s = 0.3 mm. 

This is-the sum of errors due to all sources and demonstrates quite 

a remarkable determination of the position of chambers with dimensions 

in meters since 6s due to all other errors is very close to this value. 

D. Background 

The detector does an excellent job of elim1nating events not 

derived from beam-beam interactions, background events. We will 

consider briefly the means for eliminating the three major t)~es 

of background events: cosmic rays; beam-produced. photon-beam 

pipe collisions; and beam-gas interactions. 

Cosmic rays incident on the detector can be mistaken for real 

events since the long single track passing from one trigger counter 

.. 
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to another can look like two single tracks coming fiom the vicinity 

'of the beam. Cosmics are easily flagged in event analysis, hO\.;ever, 

by their unusual flight times recorded by the trigger counters. Also 

the "event" vertex is usually far from the beam axis. They remain a 

nuisance hO\'iever since cosmics can "fire" two TASH's and the pipe 

counter at the rate of I per second. The inclusion of the pipe 

counter in the trigger and its duty cycle of only 3.8% (the time when 

the beams cross) is primarily to reduce the cosmic rate, but still 

there is no way to avoid logging a significant number of them onto 

tape. 

Beam-pipe collisions occur when a bremsstrahlung photon 

produced t-y <,neo oof the incident beams collides with the beam pipe 

and produces enough particles to trigger. ~lost of these events are 

eliminated by putting a vertex cut on the evem:s. Beam-beam events 

will have vertices at the origin with standard deviation inr ~ 3 cm. 

Beam-pipe events have vertices at the beam pipe, r = 6 cm, with a 

similar standard deviation. The vertex cut is made at r = 3 cm. 

Beam-gas events occur when a beamp&rticle collides with a 

particle of residual gas in the beam pipe. These events are similarly 

reduced, but not completely eliminated with a vertex cut. They will 

generally occur at the origin in r,e space so the r cut does not 

eliminate them. The vertices, hOl'iever, are uniformly distributed 

iri z ftom -45 em < z < 45 cm while beam-beam event vertices seldom 

lie outside of Izl < 30 cm. The vertex cut in z is made at Izl = 30 

cm and the number of background events not eliminated is estimated 

from the number of events with vertices 30 < Izi < 45. 



E. Resolution and Cutoffs 

The spark chambers will measure the momenta of all tracks 

with 

Icosel < 0.6, P > 150 MeV/c 

or equivalently 

Icosel < 0.6, P > 200 MeV/c. 

It can measure somewhat beyond these bounds, but these are the 

standard safe cuts. The momentum resolution is roughly 

~ - .14 p(in GeV/c) ~s(in mm) non-beam constrained 

~ = .036 p(in GeV/c). ~s(in mm) beam constrained p 

with ~son the order of .3 mm. 
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The triggering efficiency for two or more prong events in the 

detector is reduced only by shower counter inefficiencies. Trigger 

counter and pipe counter efficiencies.are >99% for tracks with 

p > 200 'MeV /c. Fig. 8 shows the sho'ier counter efficiency as a 

function of z measured from cosmic rays; the dip at z = 0 is due to 

light attenuation. Fig. 9 shows the dropoff in efficiency for low-

momentum pions due to ranging out in the field coil. 

The shower counter efficiency for an electron or muon is 

95 ± 5% for 225 fo~eV/c < p < 400 lofeVl.c and 100% for p > 400 lofeV/c, 

determined from events where the shOlier counter fire was not 

necessary for a "trigger." In the effective two-photon calculations 

in section V the data are cut to require p > 225 McVle and 95 ± 5% 

as the shower counter cfficienc~since most of the cross section is 

below p = 400 foleV /c. 

" 

, 
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Particle identification (energy determination) is done in three 

separate ways. Trigger counter flight times. measured to .5 ns allow 

measurement of B = vIc. 

Fig. 10 is a scatter plot of p versus B for a sample of hadronic 

events at 2.4 GeV beam energy. Theoretical curves for several 

particles are shown. (The blank area around the muon and pion 

curves should really be filled in with black.) As can be seen, 

pion-kaon separation is' impossible above about p = 300 ~leV/c using 

this method on a track-by-track basis. Shower counter pulse heights 

serve to separate electrons from more massive particles above 

abQut p = 1 GeV/c. + - +-They are used primarily to separate e e ~ e e 

. + - +-from e e ~ p p • Finally the muon spark chambers will signal 

muons which make it through the iron flux return. This requires a 

muon to have p > 600 ~leV/c but contamination by'pions is non-

negligible. 
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III. Review of Hadronic Results 

We begin the presentation of the detector data results with 

a brief review of the important hadronic or strong interaction 

results which have already been published. References will be 

given covering all publications by the SLAC-LBL group to date. 

The hadronic results consist ofa measurement of the cross section 

for 

+ -e e + hadrons 

in the energy range 2.0 to 5.0 GeV. as well as the interesting. 

resonant results at 3.1 and 3.7 GeV. 

All knO\·m particle interactions can be put into four classes: 

1) Gravitation 

2) Electromagnetism 

3) Strong Nuclear Interaction 

4) Weak Nuclear Interaction. 

Gravitational interactions are well understood but. so weak that they 

are significant only when the other interactions are neutralized, 

that is for large masses of stable. slow-moving, and electrically 

neutral atoms. The electromagnetic interaction is similarly well 

understood in terms of the~theory of relativistic quantum electro­

dynamics, QED. This theory predict~ that all electromagnetic 

interactions are well described by the pointlike ex~hangeof 

photons between charged particles. Cross sections can be calculated 

for all QED processes and the agreement with experiment has been 

excellent. In sections IV and V of this work we will use the 

detector data to make the most stringent tests of QED to date. 
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Again QED will be verified and we will be confident in our theoretical 

predictions for the electromagnetic interaction. The last two 

interactions, strong and weak nuclear, are not well understood in 

theory. Mariy models attempt to describe the interactions but none 

is complete and satisfying. It was hoped that SPEAR \IIQuld shed some 

light on the subject as indeed it has, but the new structures found 

at.3.1 and 3.7 GeV leave a total description, such as QED, for 

these interactions far in the future. In this section we will be 

studying essentially the strong interaction. The weak interaction 

accounts for processes which break the nice symmetries of the strong 

interactions but with cross sections too slJal1 for our detector to 

measure. Since QED is so well understood, cuts can be made on the 

data to eliminate most QED events, and the residuals can be calcula­

ted. This leaves us with a large body of hadronic or strong inter- -

action data. 

A. Determining the Detected Cross Section 

The primary sources of QED events which must be eliminated from 

the hadronic data are Bhabha and mu-pair events, shown in Fig. 11. 

Since the electron and positron collide with equal and opposite 

momenta, the produced particles in such events must also have equal 

and opposite momenta, making these events very distinctive. The 

final momenta may appear slightly unequal due to measurement errors, 

multiple scattering, or the radiation of a photon by one of the 

particles. To eliminate these events the hadronic events are 

required to satisfy 
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1) 3 or more prong events may not contain two tracks 

collinear to within 10° and with large shower counter pulse heights; 

2) 2-prong events must have a coplanarity angle between 20° 

and 160°. The coplaharity angle is the angle between the plane 

formed by one final state particle and the beam ax~s. and the plane 

formed by the other final state particle and the beam axis . 

. Another source of QED events which can contaminate the hadrons 

.is the two-photon process shown in Fig. 12. This process is the 

subject of section V. Typically only the particles indicated will 

be detected, the others escaping down the beam pipe. This can be 

viewed as a "double-bremsstrahlung" process, where the photon 

propagators tend to make the detected particles have low momentum 

and be coplanar. Cut 2) on the 2-prong hadrons is not sufficient 

to eliminate "two photon" events. The following additional cut is 

made: 

3) 2-prong events must have momenta of each prong greater 

than 300 MeV/c. 

The residual two-photon cross section is calculated in section V 

(less than 6% of the detected hadron yield) and is figured into the 

systematic error on the hadronic cross section. • i 

The remaining events comprise the hadronic data. Gas scatter 

background is subtracted as described in section II. From these 

data. the cross section for hadronic events detected by our detector 

can be computed using the Bhabhas for a luminosity normali:ation. 

The important quantity to measure, of course, is the total cross 

~ I 



o a 

s 

s.~ 

Figure 12 



32 

section for e + e - -+ hadrons, not just the part measured by ~)Ur 

detector. The "detected" cross section must be unfolded to give 

the total or "produced" cross section. 

B. Unfolding the Cross Section 

Determining the "produced" cross section from the "detected" 

cross section is a crucial and potentially dangerous step and 

deserves a careful explanation. Our method has been a two-step 

procedure. First a complete Monte Carlo simulation of the detector 

was constructed including the inefficiencies due to the fraction 

of the full solid angle covered by the detector and the inefficiency 

of the shower counters for detecting charged particles which pass 

through them. A model was used for the "produced" hadronic cross 

. section, and various parameters were adjusted to make the "detected" 

cross section, coming from the Monte Carlo, fit the data. From this 

first step alone, one might infer that the produced cross section, as 

adjusted. was the truehadronic cross section. This method, however, 

would be highly model-dependent. Instead. this first step was used 

only to determine a "produced-detected" matrix Qmn, the probabilities 

that a produced event with n charged prongs would be detected with 

~ charged prongs in the detector. Then using the data Om, the number 

of events with m detected prongs, the m equations 
• 

co 

were solved to find Pn • the number of events with n produced prongs. 
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found by this method is an improvement in accuracy over the one-step 

method and is fairly model-indepeDdent. 

We now describe the first step in detail. The simplest model 

for the detector is one in which the probability of detecting any 

one prong is independent of its momentum and the momentum and 

direction of the other prongs in the event. This probability, 

£ = .47, would account for sho\ier counter inefficiencies and the 

possibility of missing the detector. Since two prongs must be detected 

to trigger the detector, the probability of detecting an event with 

two produced prongs would be ~2. In general the probability of 

detecting an event with n produced prongs would be: 

PCn) = 1 - {I -£ )n_ n£(l _ £)n-1. 

In terms of this simple model, the produced-detected matrix is 

A more accurate model is complicated only by the following: 

1) The shower counter efficiency and hence £ is momentum-

dependent. 

2) For most models, the momentum and direction of one prong 

depends on those of the others. 

3) Possibilities of photon pair production, multiple scatteri~g. 

QED contamination, etc. must be included in the model. The method, 
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however. is the same. A model is used to predict the prong momenta 

and the prong-to-prong angular correlations. ~lany events are 

generated and the matrix Qrnn is determined. 

The most useful model. the all-pion model, predicts only pions 

produced with a phase space distribution. The only parameters to be 

adjusted in this model are the mean number "of cl:arged particles 

detected and their mean momentum assuming Poisson distributions . 

. The total number of pions produced is made to follow a Poisson 

distribution. Other models tested are the heavy particle model. 

which allows for kaons and nucleons, and a jet model which inserts 

a matrix element 

where Pi is the momentum transverse to a j etaxis and R is adjusted 

to make Pi = 350 MeV/c. 

Using the Qmn and the data Dm, the overdetermined set of m 

equations 

are solved for Pn using a maximum likelihood mathod. The final 

result is the ratio of the detected hadronic cross section to the 

produced 

CD 

C1 r D detected m=2 m = = e; C1 produced 
.., 
r P 

n=2 n 

Here the produced cross section does not include all ~eutral states. 



. ~ 

o lJ o 7 

35 

The variation in £ using the three different models is less than , 

5%. This efficiency is shown in Fjg. 13. Figs. 14 and 15 show how 

well the data is reproduced using just step one of th~procedure 

(Monte Carlo) and both steps (unfold). Using ~ from F:i g. 13 

a may no\'1 be calculated from produced 

°detected 

°produced = -
£ 

c. -Measured Cross Sections 

.The total measured cross sections have been reported in. 

reference 1 and a detailed description of the detector and analysis 

programs in reference 14. Fig. 16 shows 0T(produced) as a function 

of center-of-mass energy Nand R = ° /0· where a is the cross 
T l-Il-I lJlJ 

. + - + -section for e e . -+ lJ lJ • 

The most outstanding features of this data are the narrOl'l 

resonances at l'l = .~.1 GeV and l'l = 3.7 GeV and the possible broad 

resonance or threshold at \~ = 4.1 GeV. A detail of theseresonances 

is shown in Figs. 17 and 13 . 

D. The Narrow Resonances 

In the early SPEAR data inconsistencies were found in the value 

determined for a deteCted from hadrons at 3.1 GeV, a standard data 

point. The value of the cross section from one run to the next 

differed by as much as several standard deviations. A careful energy 
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scan was done in that region, and in November of 1974 a very 

r'emarkable resonance was found, the lJI(3095). Fig.17 ShOHS (J VS l'I. 

The resonant cross section for hadrons was 100 times the background 

and only 2.5 MeV wide. This explained the previous run-to-run fluc­

tuations; some runs were closer to the resonant energy than others. 

Soon the lJI(3684) .was found and these surprisingly narrO\'i 

resonances became the central focus of strong interaction theory. 

,Their discovery is reported in references 2 and 3, and more detailed 

properties in6 and 7. Table 1 shows their masses and widths. 

Several theories were constructed to explain the existence of these 

resonant partiCles, but most remain to be tested. The most interesting' 

additional piece of information the detector data has provided is that 

the lJI(3684) decays to the lJI(3095), 0.57 ± 0.08 of the time, and via 

the reaction 

~(3684) ~ lJI(3095) + ~+ + ~ 

0.32 ± 0.04 of the time (see reference 5). From this information one 

can infe~ that the lJI particles interact with each other throu~h the 

. strong interaction rather than the weak. 

A complete search was done for other resonances in the energy 

range 3.2 to 5.9 GeV, Fig. 19, and no evidence was found for further 

structure (see reference 4). These resonances are, of course, the 

focus of a great deal of interest, and much has already been published 

by the SLAC-LBL collaboration concerning them. In particular, a good 

summary of the resonance results can be found in reference 15. Also a 

review article on electron positron hadronic physics is found in 

reference 16. 
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Properties Of The 4' Particles 

'f' (3095) 0/(3684 ) 
, 

.. M3.ss 3095±4 MeV 3684±5 MeV 

r (width to electrons) 4.8±o.4 KeV 2.l±o.3 KeV e 

r (full width) 69±lO KeV 228±56 KeV 

f (j hadron (W)dW lo.8±2.7 3.7±o.9 

nb-GeV nb-GeV 

Table 1 
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E. Present and Future Studies 

Much 'iork is presently being done with the magnetic detector at 

SPEAR to uncover furtner information on the strong interaction. 

Concerning the resonances, the search for further resonances will 

hopefully be extended to 8 GeV, and the decay modes of the ~(309S) 

and~(3684) are being carefully analyzed to determine more about .. 
their properties .. A popular theory of the particles is that they 

. are composed of "charmed quarks," previously unseen. Several types 

of searches are being done for other kinds of "charmed" matter. (8) 

Other studies with the detector include a search for hadronic jet 

structure, an understanding of the unseen neutral particl$, and a 

search for heavy leptons. 



IV. Second and Third Order QED Cross Sections 
and the Radiative Corrections 

46 

In this section we will begin the study of qu?ntum electrodynamics 

at SPEAR by studying the lowest order cross sections, e+e- + -
~ e e 

+ - + -ande e ~ ~ ~ , and comparing the predictions of QED to our data. 

These processes, second order in a, cannot be measuredoaccurately 

without also accounting for processes which are third order in a . 

. This.includes calculating the cross sections for the above processes 

to third order in a as well as including the radiative corrections, 

+ - + - + - +-the cross sections for e e ~ e e y and e e ~ ~ .~ y where the photon 

is of low enough energy that its presence goes undetected. Fourth order 

cross sections are generally small enough that they need not be 

considered; however the remarkable two-photon process has been shoKn 

to becornparable to second order processes. Fortunately these events' 

are fairly distinctive and can be separated from those of other processes. 

The two-photon events are the subject of section V. 

The aims of this section are twofold. First we will apply the 

most stringent test to quantum electrodynamics tllat has been done to 

date. Values for cutoff parameters in QED breakdown models \.;ill be 

determined which are significantly higher than the previously highest 

values. Although the determination of these cutoff parameters was done 

by the SLAC-LBL collaboration as a whole, rather that by the author 

individually, the results are presented here because they are crucial 

to the understanding of the second and third order QED events. Second 

we will demonstrate that our event classification scheme successfully 

separates hadronic events from QED events. This will be done by 

'. 
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showing an excellent fit of predicted to detected QED event distribu-

tions with various momentum cutoffs. The remaining events, not 

classified as QED events (or two-photon events as in section V) are 

then confidently called hadronicevents and analyzed as described 

in section III. 

A. Calculation of the Cross Sections 

The calculation of Bhabha and mu-pair cross sections to third 

order has been carried out exactly by Berends, Gaemers, and 

Gastmans, (9,10,11) and we are grateful to them for supplying the 

SPEAR collaboration with their computer programs. The calculations 

are complete and exact to third order in a, and have been used 

exclusively to determine Bhabha and mu-pair cross sections. We 

will outline briefly here l~hat is included in these cross sections 

and then use them for comparison with data. 

+ - +-We begin with the easier of the two cross sections, e e- -+ II II ~ 

the cross section to second order is well knolffl to be: 

1 1/2 ( 
dao __ a2 (:is -r.f~) __ I +_ 2 (r.t~ + r.l~) I 

---:::----'-- - 2 cos2 (8) -- + 
dO 2S ~ _ r.12 2 S 4 

4 e 
S 

where dO and e refer to the positively charged muon. This is for 

diagram a of Fig. 20. 

To calculate the cross section to third order, ~wo types of terms 

must be added. The first type is interference _terms bet"een the second 

order diagram a and the fourth order diagrams b, c, and d of Fig. 20. 

The result of such interference terms will, of course, be third order. 
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Interference of a with b, the vertex correction, will be divergent 

but the divergent term will be cancelled by the infra-red divergence 

of diagrams e. 

The other third order terms are those fo~ diagrams e including 

interference among themselves. This is the more difficult part of 

the calculation, for an integration must be done over the final 

state variables of the photon. The expression hecomes very simple 

. if one assumes that the photon momentum can be neglected and the muon 

momenta are unaltered by the emission of the photon. The approximation 

is good when the photons are sufficiently soft and hence is called 

the "soft photon" approximation. The approximation, however, is not 

adequate when angular distributions good to an accuracy of a few 

percent are needed. The calculation is therefore done exactly in the 

following way: for the integration region chosen, the maximal iso-

tropic region in photon momentum is found. The soft photon approxi-

mation is used in this region to obtain an analytic expression, part 

of \'1hich will cancel the divergent term corning from the vertex 

correction diagram. The residual integral, exact minus soft photon, 

is then calculated numerically in the isotropic region I and the 
. 

exact expression is calculated for the remaining anistropic region AI. 

The expression derived for the third order cr·1SS section is the 

following: 

dad0'° 
dn = ,dn { l+OVC+oVP+oTP+oS} 

J dS B 

dnadrl 
AI Y 

dE 
Y 

dn 
Y 

dS 
Y 

dE 
Y 
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Here dao/dn is the second order cross section, a in Fig.~O 

dao/dn 0VC+ damag/dn is the vertex correction term b; dao/dn 0VP 

is the vacuum polarization term c; dao/dn 0rp is the two-photon 

term d; dao/dn Os is the "soft photon" approximation to terms e, 

taken over the maximum isotropic sub-region of the total region 

of integration. All of these terms are analytic; the last two terms 

must be integrated numerically. a B refers to the- exact bremsstrahlu~g 

. cross secti~n for terms' e, and as refers to the -"soft photon" 

approximation. The previous expression is also simply written: 

= 
dao daD 

( 1 + 0A + 0,. ) - = - ( I + 0r)_ 
dn ,', - dn 

. do 

where 0A refers to the analytic terms and oN to the numerically 

integrated terms. or represents the total third order correction 

to the second order calcul~tion. 

Two particular types of integration regions have been programmed 

by Berends et al. The first requires the muons to be collinear to 

within some threshold n, and to have energy above some threshold 

E . • This region was used ,with tight constants, 11 ::; 10° and m1n 

E. ::; 1/2 (beam energy), to test quantum electrodynamics and determine m1n 

breakdo\ffl para.meters. The other type of region required a specific 

degree of acoplanarity between two muons, and energy above a threshold 

E . . The acoplanarity angle, $, is w minus the angle between the m1n 

two final state momenta projected onto the plane perpendicular to the 

incident particles. For this region the cross section is expressed 

as: 
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rather thanda/dn. _ An integration of this type 'vill be used for 

comparison ,,/i th a coplanari ty distribution of all observed QED events 

with final state momenta above some threshold, 

+ - +-The calculation for Bhabha events e e ~ e e is similar to that 

for mu pairs. It is complicated only by the adci.ition of the spacelike 

photon diagrams shown in Fig. 2l. Here the second order cross section 

must include diagrams a from both Figs. 20 and 2l as well as the 

interference term between them. Vertex correction terms must include 

diagrams b from both figures, vacuum polarization terms must include 

diagrams c from both. etc, Other'vi se, the ca 1 cu 1 at ion is the same 

and has been done in the same ''lay as for muons. 

B. Test of Quantum Electrodynamics 

Results of the stringent test applied to quantum e]ectrod)~amics 

using the magnetic detector comprised the first publication of the 

SLAC-LBL collaboration. (17) The test parameterized QED breakdmm 

models in terms of cutoff parameters and established values considerably 

larger than previously highest values established by Beron et aI.J(IS) 

also at SPEAR. Rigorous tests of QED are crucial since deviations 

+ - +-from the QED cross section for e e - e e must ul timutcly be found 

at suffi.:iently 1- "'10 t t' . . -. d1bl:J men lUll rans7"('r to urC5CITC ullltarltr. The 
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test involved selecting a clean sample of events of the types 

+ -' + - + - +-
e e ~ e e and e e ~ ~ ~ and fitting them to cross sections 

containing breakdo\ill parameters. Radiative corrections are included 

to third order in u. 

The sample of events consisted of all two-prong events with 

opposite charges which originated from an interaction region 

fiducial volume of 4 cm radius and 80 cm length. The two tracks were 

"required to have equal trigger counter times-of-f1ight to within 

3 ns, to be collinear to within 10°, and to have momentum p ~ E cm/4. 

.. +- +- +- +-These last two cuts e11m1nated e e + e e and e e +p p events 

+ - + - + -which radiated very strongly and suppressed e e ~ e e AA events 

where A is any particle. 

+ ~+ • + - + -The e e ~ e e and e e ~ ~ 11 events \\ere sep"arated using 

their shower counter pulse heights. Fig. 22 is a histogram of the 

sum of pulse heights for the two tracks for the sample of events 

at Eem = 4.8 GeV. As can be seen, there is a clear separation of 

the rou-pair events withlO\y pulse heights from the Bhabha events with 

larger pulse heights. A single cut was made at pulse height 70 to 

separate the two. 

+ - + -Although hadron events, such as e e + 11" 11" ,could appear in the 

rnu-pair sample, a study of the muon spark chamber information shm ... ed 

no significant contamination from this source. The only significant 

hardware correction came from the shower counter efficiency on mu-pairs, 

which was 94% to 98% depending on e. No background subtraction ''las 

necessary as no QED candidates were seen in non-colliding beam runs 

which comprised about 10% of the running. 
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The events for the two samples were binned in cos(6) and the 

distributions compared to third order calculations. Fig. 23 

shows the normalized fit to QED and QED with the detector acceptance 

folded in. 

To establish the validity of QED, one modifies the photon 

propagator: 

112 Q2-+Q2 F(Q ) 

where the most general form for F(Q2) to first order in Q2 is 

One then attempts to prove that f is very small. 5pecificmodified 

photon propagator models postulate F(Q2) to be 

F+(Q ) = [1 Q ]-1 :;::! 1 + Q2 
- "A2 AL 11.+ + 

or 

F _ (Q2) [ Q2]-1 I -
Q2 

= 1+- '" A 2 A 2 
-

f . . . . . d I (19,20) or pos1t1ve or negat1ve metr1c mo e s , " For each of our fits 

we will first determine f and its error and then separately equate f 

2 2 to (11.+)- and -(11._)- in order to derive 95% confidence level lower 

limits for 11.+ and 11._" Proving .'1.+ and 11._ large is, of course, 

equivalent to proving f small. Note that 'to first order in Q2, this 

method effectively tests every conceivable model for QED breakdo\m. 

The third order radiative correction is determined as a single 

quantity QT(a) such that 

do doo 
dQ = dQ (l+oT C8 )) 
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so in the following we will include it by mUltiplying our modified 

cross sections by (I + 0T)' In the case of separ-ate spacclikc and 

timelike form factors, the corrections could be computed separately 

for the spacelike, timelike, and interference terms, but we will 

assume that the errors due to u'sing the single factor (1 + 0T) are 

the next order smaller in a. 

+ - +- + - +-The cross sections for e e ~ e e and e e ~ ~ ~ are (setting 

·M e = 0) : 

da ee 
CRl"" 

da 
~].1 

= 

dQ = (1 + Q J.l~) 
T 

where 

and s, t, u, are the Mandelstara variables: 

a + 
'" -s sin2-J.l-

2 

a . 
u = (p - P )2 = (p - D )2 = -s cos2~ e+].I- e-·].I+ 2 

The modified formulas are 

da ee 
dQ 

da 
].1].1 

d0. 

where 

F 
a 2 (s2+u2 

= 25 t 2 

F 
a 2 (t2+u2 

= -8 
25' 2 . 5 

. FS = I + fS /t 

'F'T = 1 + fTs 

., 2 
IF i2 .;.u Re{F F *} + 5 5t 5 T 

+ 0-82 ) 

(Q2 = t) 

(Q2 = 5) 

2tU) IFTF (l 
52 . 

+ 

+ 

t 2+ u 2 
1 F T 12 ). (1 +3 Tee) 
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are the spacelike and timelike form factors. The fits can be 

done requiring fS = fT or allowing them to be different although 

this would violate crossing symmetry as well as QEe. 

Using these cross sections, the function I(cose) is constructed 

for the 14 bins in cos (e) sho\ffi in Fig. 23 

I (cose) = Number of Events (cose) 
Luminosity x Efficiency (cose) 

.The luminosity is found by requiring 

I I(cose) = 0 
bins 

and then r 12(cose) 
bins a2 (cose) 

is minimized as a function of f .of fS or f T, 

where a(cose) is the standard deviation of I for a given bin. ° 

Table 2 shows the results of fits to the Bhabhas only and 

°Bhabhas and mu-pairs together. These are the result of weighted 

averages over three samples of data at E = 3.0. :5.8, and 4.8 GeV. em 

In each case a fit was done separately· requiring fS = fT and allowing 

them to be independent. The results are the fitted parar.leters in 

column three. Columns four and five are the results of fitting 

f to (A+)-2 and _(A_)-2 respectively for the positive and negative 

metric models. Also sho\ffi in the table is the result of allo\~ing 

the form factor at the muon vertex to be different from that at the 

electron vertex. To keep things simple, we require 

Bhabhas. but now ~T}l t fTe · Thus in the formula for 

replace IFrl2 by Re{FT FT. *} where 
11 e 

fT = is for the 

do F /dn, we 
lJlJ 
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Test of QED 

D3.ta Model Fitted Parazeters "at 95% Conf. 
Sample (In GeV- ) (In GeV) 
Used . 

A± A_ 
Pos Met neg Met 

f. ,f f =0.0008±o.0022 A . >15 As- >19 
Bbabbas Inde~enaent s s+ 

f t =O.0013±O.0031 At+ >13 At - >16 
Only 

f =f s t ·f =0 .0007±O. 0022 Ai- >15 A_ >19 

f ,f f =O.0003±O.0013 A >21 As- >23 
Independent s s+ 

f t =0 .0001±O .0005 I\t+ >33 A
t

_ >36 
Bbabbas 

f=! f =0. 0002±O .0004 1\+ >35 A_ >47 s t 
and 

~ =f ·f =0.0004±O.OOll I\e+ >21 Ae- >27 
MuPairs -"Euttt e 

f ,f f =o.0014±o.0021 Au+ >14 '\_ >22 
Ind~~en~~nt u 

f =O.0010±o.0024 Aue?13 1\ >15 ue ue-

Table 2 



= 1 + f s 
1.1 

= 1 + f s e 

F and in the formula for doee/nd we have 

FS = I + f t e e 
FT = I + f s ". e e 

The limits on ll-e universality is defined by 

I f f f --= = 
A 2 lle 1.1 e 

lle 
and we also derive A lle+ and A _ for positive and 

lle 

The cutoff parameters determined in Table 2 
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negative metrics~ 

are considerably 

larger than any previous values and we have shown that QED is obeyed 

well in the energy range of our detector. 

c. Fit of the Coplanarity Distribution 

Now that we have shown to good accuracy that the Bhabha and mu-

pair events are present in the detector. there is only one logical 

step left to complete our understanding of these events. That is 

to prove that all of the events which we classify as second and 

third order QED events do indeed belong in that classification. 

The event classification scheme is described in section V-D. Simply. 

only t\~o-prong events are candidates for non-hadronic events. Of 

these, Bhabhas and mu-pairs are classified as in the previous section; 

col linearity <10°, momentum >Ecm/4. They are separated from each 

other by their shower pulse heights. The remaining two-prong events 

+ - + - + - + -consist of radiative QED's (e e + e e y. e e + 1.1 u yl, two-photon 
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+ - + - + -
events (e e -+ e·e A A ), and two-prong hadronic events. The 

radiative Bhabhas are separated from the rest on the basis of their 

large pulse heights and at least one track having 2/3 of the beam 

energy or more. The remaining two prongs are cat to require p < 300 

MeV/c'and 1/J < 20°; this eliminates hadron events. The removed events 

are considered entirely hadronic, as contamination by radiative 

mu-pairs should be small. 

To .test our classification of two prongs, we \."ill fit a coplan-

arity distribution of all Bhabhas and radiative Bhabhas to the calcu-

lated distribution by Berends et al. Figs. 2/f) 2. S' and 26 show the 

coplanarity distribution of the data and the calculation. The region 

1P = [160°, 180°) is left off since it is not possible to separate 

events of the type e+e- -+ e+e-y in this region from e+e- -+ yy events 

+ -where one y -+ e e in the beam pipe. The errors shown on the data 

are statistical. Those on the calculations are negligible in compari-

son, except in the bin 1/J = [0°, 2°]. The calculation becomes very 

inaccurate as I/J -+ 0° so we exclude the first'bin for fitting purposes. 

The three different momentum cutoffs are p > 200 rvleV / c, a maximal 

sample, p > 600 MeV/c, and p >900 MeV/c. 

The remaining range I/J = [20, 160°) is divided into_79 two-degree 

bins. The effective luminosity (luminosity times efficiency) is 

found by requiring 

L N (0/) 
If=- (2..) fl,o·J 

L ~ J 
'r:[2.",160-,j .:1~ 

where N(I/J) is the number of events per bin, L is the ti~e-integrated 

luminosity times efficiency and f da(I/J)/d¢ d~ is the calculated 
llI/J 
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cross section integrated over a bin. This removes one degree of 

freedom. X2 is calculated for the fit in the range ~ = [2°,160°] 

. .and confidence levels are given in Table 3. As can be seen all fits 

are excellent. 

Possible causes of errors in previous fits are: 

1) All of the errors in determining space points in the spark 

chambers contribute to an error in the determination of 1)J. Thi,s may 

cause the particularly steep bins to spill into each other enough 

to significantly flatten the distribution: We estimate the error 

2) The separation of the Bhabhas from other two prongs is not 

infallible. Some Bhabhas are lost; some events are not Bhabhas. To 

eliminate error from the second source, we did a further fit of the 

following nature: All two-prong events, instead of just Bhabhas 

and radiative Bhabhas were fit to a theoretical coplanarity distribu-

tion. The theoretical distribution accounted for Bhabhas and mu-

pairs using the calculations of Berends. It accouated for two-photon 

events using calculations borrowed from section V. Calculating the 

expected two-prong hadronic sample \vas more difficult. The Monte 

Carlo calculation described in section III was used to calculate 

the coplanari ty distribution of t\.;o-prong hadrons and the overall 

normalization was found through a fit. 

In this case we had 

N (r) == L J 
t1'f 

cI. 0'" (~) 
df 

+ R H (f) 

where N(~) is the number of all tKo-prong even~s in a 2° bin. 
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Radiative Bhabha Fit 

, 
, ~ .. : <:: 

'X Deg. of Freedom Cunfidence Level 

p>O.2GeV/c 71..56 78 68.6% 
" 

p>o.6 Gev/c 72.60 78 65.6% 

p>O.9 GeV/c 62.78 78 89.310 , 

All Two Prong Fit 

x2 
Deg. of Freedom Confidence Level 

p>O.2 Gev/c 107.6 77 1..07% 

:p>O.6 GeV/c 58.33 77 94.2% 

:p>O.9 Gev/c 47.67 77 99.5% 

Table 3 
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Jda(~)/d~ d~ is a sum of the calculations for e+e- + e+e-, 
ll~ 

+ - + - + - + - + - + - + - + -e e + ~ p • e e + e e e e , and e e + e e p p integrated over 

a bin.' L is the effective luminosity. H(~) is the Monte Carlo 

distribution for two-prong hadro~ events integrated over a bin, and 

R is a factor to normalize this distribution. Again we used 79 t\VO-

degree bins in ~ = [2°, 160°] and did three separate fits for 

p > 200 MeV/c~ p > 600 MeV/c, and p > 900 MeV/c. 

This time we had two constants, Land R, to fit. We did this 

by requiring an integrated fit in two sub-regions ~ = [2°, 20°] and 

~ = [20°, 160°] rather than just the full region. Hence we had 

r N (If') :: 
If= [2") 20"] 

+ R r f-I (0/) 
'1'= Cl.° ) 20'J 

I. N (o/) R L H (0/) 
If: ( :z 0', I ~o'2 

and we solved the two equations for the two unknowns, Land R, 

eliminating two degrees of freedom. These fits are shown in Figs. 

27, 28 and 29 and X2 and confidence levels are listed in Table 3. 

In this case the fit is poor for the sample p > 200 HeV/c, 

but the fit gets better for p > 600 MeV/c and is even better than 

the radiative Bhabha fits for p > 900 ~leV/c. The reason is that 

the p ~ 200 MeV/c sample contains a large number of hadronic two 

prongs, most of which have low momenta. As the momentum cutoff is 

increased, the hadronic events are practically eliminated while the 

radiative events are unaffected. Thus, the small confidence level 

at low momentum is due to the crudely fit hadron events ~hile the 
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excellent fit at higher momenta demonstrate.a fit to the 

radiative events which is even better than that to radiative 

Bhabhas only. 

By doing all of these fits we have given ourselves confidence 

in two things. First, we know that our event classification scheme 

is reasonable and those events which are classified as QED events 

indeed fit the expected distribution. Also we know that the remain-

ing events should be classified as hadron events, for they are not 

accountable for in any other way. Our use of this two-prong class 

in the hadron Monte Carlo and unfold is justified. 



v. Fourth Order QED Cross Sections 
and the Two-Photon Process 

In this section we will consider the fourth order cross 

72 

sections which have not been discussed in the section on the radiative 

corrections. This is equivalent to the class of processes where 

the electron and positron produce four final state particles, none. 

of them photons. The study of these processes is important for the 

understanding of their contamination to lower order processes, as 

a high order test of QED, and as a source of new information on the 

hadronic interaction. 

In the past, the two-photon process (Fig. 30a) has been 

. +-calculated to provide a significant cross section ln e e inter-

actions.(12) Here ·the electron and positron each emit a phtiton and 

continue forward, while the photons collide to produce a pair. 

Typically, the electron and positron escape down the beam pipe unde-

tected and the pair is easily mistaken to be a one-photon event such 

+ - + - + -as e e ~ y ~" n n n n where only two particles reach the detector. 

We will refer to the diagram of Fig. 30a as the C :: + two-photon 

process, since the produced pair, which is usually all that is 

observed, has positive C parity. 

Al has been h b I thO (21,22,23,24,25) so, as s own y severa au ors, 

the C = - two-photon processes (Fig. 30b) may become significant 

and must be understood. In this section we will calculate the 

cross sections for 

+ - + - + -e e -.. c c c c 
+ - + - + -c c .... c e )J )J 

+ - + - + -e e .... e e 11 11 (poi nt 1 ike) 



- ------ - --------

o u 

FOURTH ORDER QED DIAGRAMS 73 

s~ 

A 

S ----"""i> 

s- ---..£> 

s 

s-

o 

Figure 30 XBL 756.1724 



and compare them with the data. This will provide a measure of 

our confidence in the calculation of their contamination to the 

lower order processes and provide a test of QED since the nn cross 

section is relatively small. The cross section for the process 

+ - +-.e e ~ e e + hadrons 

will also be measured from the data. The cross section is large 

enough at present energies to provide new information on the 

hadronic interaction through photon-photon collisions. The hadron 

physics of the two-photon process will be considered in the last 

section. Two photon events have previously been observed at 

'Novos1birsk(40) and Frascat1.(41,42) 

A. Order of Magnitude Estimates 

All non-radiative fourth order QED processes are shown in 

Fig.30 , where it is understood that final state particles are 

electrons or muons where possible and exchange diagrams will be 

included. Naively one would guess that, since all of these processes 

are fourth order, the 
2 0(1( 

cr == (-lie) ? 

cross sections are of order 

-If 
= 2. x/O fib af £ - 2.tt GeV 

However, the process of emitting a bremsstrahlung photon as in 30a 

and b actually contributes a i"actor of a/Tf In Elme where me is the 

electron mass rather than alE and the process 30a is asymptotically 

of order 

112. -'rTf 

where m
f 

is the mass of the produced particles. (12) For muons at 

E = 2.4 GeV this is 
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D -+ 90 nb 
a 
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which is comparable to the one-photon hadronic cross sections. 
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Fortunately (or unfortunately from the point of vie\ ... of two-photon 

physics) most of this cross section is undetectable with the magnetic 

detector cuts for two reasons. First, typical of bremsstrahlung 

processes, the scattered electron and positron tend to continue for-

ward emitting only low-energy photons. The produced particles peak 

at zero momentum and tend to fail to reach the spark chambers. This 

eliminates most of the cross section. Secondly, df those p~oduced 

" particles that have enough momentum, only about 10% fall \ ... it"hin the 

angle cuts (coseI<o.6 (22) 

Hence, in this section we will consider carefully tl1e 

C= + (two-photon) process (Fig. 30a) and the C = - process 

(Fig. 30b ). The remaining diagrams are expected to be of order 

2 x 10-4 nb and therefore negligible. Contributions from 30c are 

( 21 22 23 24) discussed by Arteaga-Romero et al. ' , '. and those from 30d 

are discussed by Attukhov. (28) 

In Table 4 we present estimates of the cross sections for the 

C = + and C = - processes from three different authors. First are 

estimates by Brodsky et aL(l2) of C = + cross sections using the 

equivalent photon approximation. D (c = +) are their calculations tot 
" + - + - + - + - + - + -for e e -+ e e ~ ~ and e e -+ e e TI TI (pointlike) total cross 

sections. Deff(C = +) are estimates of the cross sections detected 

by the magnetic detector. Deff is obtained by using their asymptotic 

formulae 



+ - ~I- - + -Estimates of' Cross Sections f'or e e -te e A A 

~oJhere A is as Indicated and E=2.4 GeV 

BrodSky,Kinoshita,Terazawa(12)- Equivalent ?hoton 

A+A- + - + - + - 11"+1f +-ee uu Tt'Jr' KK 
point f dom. point 

O"ror(C=+) = - 40 nb 3 nb - -
O"EFF(C=+) = 7 nb 5 nb 0.6 nb - .05 nb 

Baier,Fadin(25 )_ Asymtotic Limit 

O"TOT(C=+) = 1 mb 30 nb 2 nb - .05 nb 

0TQT(C=-) = - 1 nb 0.1 nb 0.8 nb .01 nb 

K+K-

~ dom. 

-
-

-
.03 nb 

Arteaga-Romero, Jaccarini,Kes sler , Parisi (22)_ Upper Limits 

O"EFF(C=+) = 6 nb 2 nb 0.3 nb - ~03 nb -
O"TOT(C=-) < 300 nb 100 nb 30 nb 30 nb .01 nb 10 nb 

Table 4 
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and substituting for mf , the energy of a "just detectable" particle, 

i.e. one with p = 200 Mey/c. This number is then multiplied by 

their bias factor to account for the angular cutoff of the detector. 

~ext are Baier and Fadin's(25,30) asymptotic estimates for 

both C = + and C= -. They have expressed cross sections ~n terms 

of leading logarithms without using the equivalent photon approxi-

mation. Included are results for pointlike particles and pions 

and kaons in the limit of p and 4> dominance respectively. 

Finally we use, the da/dM plots of Arteaga-Romero et al. (22) where 

M is the effective mass of the produced state~ For the.C = + 

process we assume the momenta of the produced particles are roughly 

opposite and integrate da/dM down to the minimum allowed effective 

mass for p = 200 MeV/e particles. This number is then corrected for 

angular acceptance using their graphs of angular distribution for 

the produted particles. Since the scattered parti~les are cut off 

at e < 1°, we must also correct for the fraction of the cross section 

lost by multiplying by (2.55)2 , a factor calculated from the 

equivalant photon approximation. For the C = - process, it is not 

possible to incorporate the momentum cutoff into the effective 

mass since the momenta of the two produced particles are not 

primarily opposite. Therefore \oJC calculate only ;1. total cross section 

for C = - Further, we cannot handle thelO cutoff of the scattered 



particles well. For the bremsstrahlurig electron a factor of 2.55 

is appropriate since the equivalent photon approximation applies, 

but the distribution of the other electron is difficult to_estimate. 

It is likely to peak fon.,rard •. but little more can be said. Therefore 

we merely assume a phase space distribution and use the result as 

an upper limit. 

From the table we can see that the c = + effective cross section 

is definitely non-negligible, and no really good estimates of the 

C - - effective cross section exist. Hm.,rever, judging from the 

C - - tot~l cross section, we can see that it may have a significant 

effective cross section and needs to be understood. 

For these reasons, we have done detai1ed calculations for both 

of the~e cross sections using the cuts imposed by the detector. We 

generally regard cross sections of the order of 10-2 nb as negligible 

and find that, if a momentum cut of p = 3QO MeV/c and a coplanarity 

cut of w > 20~ is imposed, the C = - process is eliminated, and 

cross sections for the C = + process can be calculated sufficiently 

well. In the next two parts we consider the calculatioris of these 

two processes in detail. 

B. The C = + Two-Photon Process 

1. Methods of Calculation 

There has been considerable interest in the past few years ln 

the two-photon process as a means of studying gamma-gamma colli­

sions~26,31) If the scattered electron and positron are detected 
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in the near forward direction, the photons are almost real, and the 

cross section appears to be large enough due to the bremsstrahlung 

enhancement, that measurable rates can be detected. The yy ~ X cross 

+ - +-section can be determined from e e ~ e e X(C = +) cross sections 

from the formula(12) 

where 

in the limit that the photons are real. The approximations used 

in obtaining this formula are: 

1) The photons are emitted .in the for\iarddirection. 

2) The photons have only transverse polarizations; -
This allows one to average over the azimuthal angles of both 

the scattered electron and positron eliminating one degree of 

freedom, but also eliminating all information about the total 

transverse momentumc of the produced state. 

This method greatly simplifies the calculation of fourth order 

QED processes, because a seven-dimensional integral is reduced to 

two three-dimension integrals, one of which can be done analytically. 

Many authors have discussed the accuracy of this method both from a 

. (32 33 34) .". (12 35 36) . 
theoretIcal " and calculatIonal " pOInt of view. 

None claim it to be better than 10-20% and some claim it to be much 

worse. 
'. (32) 

The major problems summari:ed by Bonneau et al. are 

1) The approximation that the photons arc rea] breaks down loJhen 

the electron or positron is scattered to large angles, and this can 
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happen for a significant part of the cross section. Since we will 

be interested in calculating contamination to the hadronic cross 

section, ,\'e cannot assume the scattered particles will be collected 

at small angles. 

2) Longitudinal and scalar polarization terms will not 

necessarily be 'small, especially for massive photons. 

3) The expression is derived to highest order in Elm . 
e 

E = 2.4 GeV we are not in a sufficiently asymptotic region to 

At 

neglect the lower powers; . E will have to increase by many orders 

of magnitude before that is possible. 

4) The asymptotic form of this cross section is wrong by a 

factor of 2/3. This can be corrected by changing 

(Irl ;~ - ~) ~ 
to 

,,,here rs is the invariant mass of the two-photon state and wI and 

w
2 

are the energies of the photons, but this ,,,ould increase the, 

complexity of the integration. Bonneau et al. estimate the error 

at 30-4090. (32) 

5) 
+- +-+-If this form is used to study e e + e e To n , the 

three independent form factors in the Cheng-\~u analysis are constrained 

to just one, restricting the'possible dynamics. 

6) Total transverse momentum is an important quantity to 

measure for separation of two-photon events from other hadronic 

processes, but this quantity is lost in the approximation. 
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For these reasons we decided that the equivalent photon method 

\~ould be insufficient for calculating fourth order cross sections. 

Much work has been done on the exact calculation of these 

processes, but there has been considerable difficulty. (12,35,36) 

One generally attempts "to numerically integrate the seven-dimensional 

cross section. This has been done successfully only by holding one 

or more of the variables fixed. The problems arise from peaks in 

the integrand as a function of almost all of the variables. For 

the SPEAR detector,hO\vev"er, the situation is not this bad, since 

the natural momentum and angle cutoffs of the detector eliminate 

or minimize the worst of these peaks. We have done a Monte Carlo 

integration of the exact formulas to determine effective cross 

sections good to about 10%. Later we compare the results to those 

using the equivalent photon method. 

In the next section the exact formula is derived, and the 

results of the numerical integration are given in the following 

sections. The exact formula, F2 ,can be integrated in several ways 

depending upon how one wishes to express the phase space. All 

methods in principle give identical results, but sbme are more 

efficient than others. Due to the complexity of the integration, 

four different methods were tested and one, the BKT method 

expressed by formula F3, ""as chosen and. used throughout. The next 

sectlons include a discussion of these methods. 
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2. + - + - + -Exact Calculation of e e ~ e e A A 

a. Phase Space Calculation 

+ - + - + -The cross section for the process e e ~ e e A A can be 

calculated-exactly when A+A- are a pointlike fermion-antifermion or 

boson-antiboson pair. The numerical integration can be performed 

in several different ways, however, and, due to its complexity, 

results have been found to differ by about 30%. 

. (12) 
To calculate the cross section l'le follow Brodsky et al. and 

label the momenta and energies as shown in Fig. 31 , E , P are the . x x 

energy and momentum of the two-photon final state S0. that Px = Kl + K2 = 
-+ ~ 

ql + q2· We choose a coordinate system such that the initial p~rticles 

are in their center of mass traveling along the Z axis, and the scattered 

positron PI' is in the X-Y plane. The cross section is: 

t 
(I = e 

where Me is the electron mass, Pi = 1 if the produced particles are 

bosons and Pi = 2t-'p' twice the mass, if the produced particles are 

fermions. 

TJ(lI (p'J("') = V ((',') (/~ V(p,) v (t") yV V Cp,') 

Tot(l (p:)p~I)= U(p,:) 'ttf.U(p~)U(P~) 'I~U.(f~') 
+ -and M~a is the matrix element for yy ~ A A . Then using current 

conservation we calculate 
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m/ L-
s,) 5,' 

-:::. i,t.( 11 (pI) k,) 
.. 

T O(~ (f;!J p,') = ;f«P (f1 J k~) 
. 

to find 

where 

and 

Fl) 

To do the exact calculation, we reduce the phase space in 

the following way 

J I I lCD I ' 1. 7T 
-= . d CO} e. . ~ E, -=-, ~ {(OS ~ - CPS 870 cos 9,' - 5fh 9

1 
SIn e,' cos ""~) 

- I nt, I P)l y,. 

where 

cos ~ = 
(2£:-£lf)1 - fix" -2E.' (Z~-E)t) 

2. If,' J I ~I 

The produced particle phase space is written 

f ~'S~, ~ r~"W. {d (o,e, r"w,{,{ co,(}, If,M·! I~1. f~~, w, w,. JMp -I fYI,' -11' . -1 

It is useful to describe the final state in terms of "coplanarity 



.. 
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o 0 

-+ -+ 1-+ -+ 1 -+ -+ 1-+ -+ 1 angle" 1jJ where costjl = Cql x Pl)/e ql x PI ) • Cq2 x P2)/C q2 x P2 ). 

This is equivalent to costjl = -cosC.l - .2). The coplanarity angle 

is a measure of the angle between the projections of ~l 

the x-y plane. tjI = 0 indicates ~l~ and ~2LoppositelY 

while tjI = 1r indicates they point "in the same direction. 

-+ and q2 in 

directed 

. -+ -+ -+ Using .x' the azimuthal angle of the vectorpx = ql + q2' we 

can write: 

with 

J = 

J J f d~)C rJ cos if 
:"1f < ~I< 7T' 
-11' <4'. < 7f 

d ( <Pit) cos cr) 

d (f,) 1$2) 

and determine the limits on ¢ and coslJi in the follO\"ring way: 
x 

.x is some angle in the acute region between .1 and 42 and can have 

any value between -1r and 1r. For a given value of •• there are two x 

possible regions for .1 and .2 as shown in Fig. 32. 

1) The region we denote by b = +1 

where 

~)( - TT <- cr, < 4>)( 

4')( <: <P~ <- 4')( + If 

2) The region we denote by b = -1 

where 4>x < cPt < 4>x T 1T 

4'x - 1T < 4>1. <: <p)( 

For each of these regions '.1 .2 1 can range only from 0 to 1r 

since .x i~ in the acute region between .1 and .2' so cosC.1 .2) 

= -costjl ranges from -1 to 1. Therefore cosl/J also ranges from -1 to 
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1 and we can write: 

J
Tr 7f 

d 4>, I dtPl == 
-7r -"IT 

"i! 
I 

rr , 
; f d 4>)f L f d Cos If 

-rr b=f'-' 

Since no other angles in <p have been chosen other than ~l' = ° 
for the scattered electron, we have by parity symmetry: 

All that remains is to find the Jacobian J. As shmm in Appendix 

A, . J = I simp I and the final expression becomes: 

In the last step, we are free to choose [O,n] or [-n,O] for limits 

on tjI. Ho\\,ever both give the same values for costjl which is the quantity 

used in calculating the matrix element, so the choice is arbitrary. 

We now combine the results to get: 

(J :. (L)lf -' (2. rr)'1 -'- I y~ -/ f dw,' fdwl r d C(lS B, Jd (OS 81 (q,I/. 9:/ 
(27)' £,:1. '1 I v~ 1"7 J,." L, _/ (} /) 

, f 

Finally we cancel the remaining delta function against the integral 

in .x' Since cos~x is single valued in region .x = [Din], we are 

left with 

where 
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The maximum energy of the produced particles for an initial state 

Eror = 2E'Pror = 0 is Emax = E + (Mp2 - Mr2)/4E2 where Mp is the 

produced particles's mass and ~~ is the invariant mass of the rest 

of the final state. Now f\-L > ~Ip so E < E and we can replace <X> 
T max 

by E as the upper' limit in the integrations over WI 'W2 and E
I
'. 

Also using IV
I 

- v21 = 2 (good to I part in l~) we find for a: 

If £ C i I . f I rr I 'JE 
I 

0" = (01-) -' rrr dw. r dwl. "cos 0 , c/cos 81. f ell{' f&1coS(f, d£. 
1T E~ '- J... I J~ -, -I D -I t¥e 

"'f . f 

where 

I P)C I =: I eg. -+- 'K-, I 

'~rI coS 9, + I i .. 1 cos ()~ 
C 05 6~ :::. , "./ 

(1 c- E)I)% - P-)lt - 1 ~,' (2 £- £)1) 
C05(3':: 

2 / PI ' I I P>t I 
, 

Cos tPJt =- cos ~ - Cos 19, cos G)I 

Sin e,' Sm ()1f 

b -I l 
-2 '2 -.... -' 2: 

4>2 ~ ~y + cos ~z Sln_91 +f)t Sil1(};c - ~/ 5;11 e~] 

). {&'./ S;YI {}1 ({;ct sin 8)t' 

0 -: ..I- p, P, j,uV( P" k,) 11:'1111(1 ;t~P (P1.)J<.) " 
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b. Simplification of the Phase Space 

The previous expression can be used in a numerical integration 

to calculate a cross section; however, the theta function 

SCI - Icos. I) is very restrictive and eliminates a large fraction x 

of the phase space, resulting in a prohibitive number of steps 

needed to obtain good accuracy. This situation can be improved by 

incorporating the theta function into the limits of integration on 

E1 ' and Sl'. This has been done in several different ways. 

Brodsky et al. (12) use the follO\·ling method: the theta function 

(1 - I cos. I) come·s from imposing the limits of integration, x 

o ~. ~1T, on the delta function Q (cose - cose l' cosS - sinSl'sine cos. ). x x x x 

This is equivalent to the requirement 

or 

with 

A ~ 

B == 

A-BE,' (1)/ e) 
~ ~ (OS (71- )( 

I p,'/ 

( 2 £: - E)I):1 - P": 
'). I jiJC I 

'J.. £ - £)l 

I ~I 
>1 

> 

They make the approximation Ipl ' I = E. and derive ~he limits 
1 

A 
£. L 

A 

resulting in 



E C , , IT f ' lEt 
]I. r dw,f. otWl f ot (058, r ~(()5el J dr /cosO,' dE,' 

:z.. J WI "'" J -I .. - f "If ,', -, . p .-

\'ihere f A me] E_ max 8+cos((),'-8
J

) 
, 

£+ min f 
A £] == B -1' COS ((),' +8J ) 

, 

(Formu fa F 3) 

Here, even though the phase space has been simplified, we keep the 

theta function in COS$ because of the approximation made in 
x 

deriving the limits. And still, there is some question as to 

whether part of the phase space has been accidentally eliminated 

through the approximation. 

Grammer and Kinoshita(35) claim that the errors are of the order 

of 309& and simplify the phase space in a different way without approx-

imation. Instead of applying the condition 

A-BE:,' 
I f,' I . 

to the limits on EI' after el ' has been chosen, they apply the 

looser condition 

- J ~ C 0 sf?, ~ I 

to El' before el ' has been chosen, and then apply the tighter limit 

to 91 '. Their expression is 



where 

0 0 0 L 
<~ <4 U ;~ 7 4 

~ ••• ,.;II 

.;;) 

E :-- f A 8 - J A:t -m/ (8 1
_/)' rnax 

f3'" -{ 

£~ :::: rni n r A8 + .; A 2 _ me"' 
8"'-[ 

c_ = C05 (~-+ ax) 

C... = cos (~- (},,) 

( 8 1
-/) 

1 

, me] 

, E"] 

This expression was derived without approximation. 

As one can easily see, the theta funct ion a (C + - C.:) :: 1 

since cos(S + ax) < cos(S - ax) for all s,ax where 0 < S < 'IT, 
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o < a < 'IT. We were interested in calculating this integral for 
x 

prescribed limits on aI' corresponding to our small angle electron 

detectors. This, however, puts additional restrictions on aI' and 

C± becomes 

C_ = max f ct?5 (r&+ 8)(), Ct9s({j.' ... ~J] 

C ... = m; nf Co:. ((3 - e~), C()5 ( Gi'",,;,,)] 

No longer is a(c - c ) :: I and in particular for the limits 
+ -

o = a' sa' < a' = s°· I min I - I max 

the theta function becomes as restrictive as the original 

a (1 - I coset> I) and the integral becomes very difficult. \\11 at x 

happens is that for a large portion of the range on El ', 

(E_ ~ EI' ~ E+), a(c+- C_) vanlshes and integration steps are wasted. 



A third expression for the phase space was derived in hopes of 

combining the accuracy of the second method with the ease of 

integration of the first. The condition 

cos (B,'+8x) 
A-Be,' 

(P, '/ ~ C05 (e,' - e,\') 

was solved exactly, resulting in 
Ee' , ]r I E:+ 

0- : CO;; ) q ~. "'; J.,p"w, Jt'1; W; I:' (os G, I~ cos e, f. d'f L d' CoS 6 :J/ £",' 

) ) 
I fJ I f% r D 

X e (1-lco~4>1'1 e(l£-W,-Wz-~,' 1f,1 S;I1e-)(Sil19-,'/s;"tPxI t;,(IC,t.k,&)'" 

where 

E:_ = f'na.x f A(3 - (Os((}/-{))I)jA'I.-rn:{B2.-"-(os~({),/_O~)j me] 
8 1- _ Cos 1. { e,' _ ()~) , 

£+. -= ("lin f AB - (oS (e,'+{}I')/A 2..-m~'(l3"'_ cos'tG,'+e~))' 
B .... - cos'&. ( (),' + 87-) 

If the expression under the square root is less than zero in the 

formulae for E and E • we must use E = E or E = M for the limits, 
+ - + e 

which is why e(l - Icos~ I) was left in the integral. x 

c. Calculation of the ~1atrix Element 

The matrix element D can be calculated in QED for either bosons 

or fermions. In the case of bosons we can find only a rough 

+ - + - + -approximation for the cross section for e e ~ e e ~ ~ since the pion 

interacts strongly. In the case of fermions we can calculate exactly 

+ - + - + - + - + - + -the processes e e ~ e e e e and e e + e e p p . 
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For bosons, diagrams a, b, and c of Fig_ 33 give 

+ 

with 

hi Y == k'lI -1 tt' v 

b1(3 =klfJ - ~/P + ~~(J 

P b -:: 2.. 1<'-11. - k,2. 

and 

P, = f-z. -= I 

giving 

1- (b,op,)(b:10p~) + (bt
op,)(blt°f2 ))'-

P4 pp 
I< .. (b3 " p~) P, ( b If " p~) b -z. ) 1-+ L/" (1 p,. -r +. 

PA Ph 

+ k 1. ... 
(b, . P') bJ ( b,. • P') b If ) 1 ~ {If' + 

-+ 
P4 p& 

For fermions, only diagrams a and b of Fig. 33 contribute to give 
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Then 

with 

A,~:: t~'1 (P', k,) t"'P{Pt, 1(~)1 Tr f (-j1.-l-Y1,) ~(2tll,-(l'{y)(P-H~f)'(()f.~-Z~~Jl)J 

+ i
PY 

(PI, k/) f-<f3 (f1, ~~1 Tr f (~-ttnp) (fvJfl- 2t~}1) ~ ($/-t(YJf) (2'ftp - ~)t()'Itl.l 

'" h" (35) These traces have been worked out by Grammer and K1nos 1ta 

and we quote their result here: 



Al - 32P1 oql P2oQ2(kloql P1 oP2 - k 1 oP2 Ploql + Pl .. ql i'2 oQl) 

- 8k~P2 oq2 (k1-ql k1oP2 - 2kl °P2 P10qI + 2P2 -Ql PI oql 

+ 2P1 oQl P1 oP2) 
2 .. . 

+ 8k2P1 oql (k1 oq2 P10ql - k10ql P1 oq2 .- ql-Q2 PloQl) 

+ 8N2ki{P2oql P2~Q2 - k 1 oP2 P2 oQ2) - 4m4kiql-q2 

: 4m21o~k~(kloql +k1
oq2 - ql-q2+ 2P1 oql -}~ - m

2 ) 

+ lIm2ki (k1oql k1
oq2 - 2Pl o~l kI

oQ2 + 2Q I oq2 PI -ql 

+ 2P2 oql P2-Q2+2Pl-ql PI oq2) 

. 2!P 2 2 
- 4k2(4~r{PloQl) - m k10ql k 1 ·q2) 

4· 2 2!P 
+2kl(2P2°Ql P2o Q2 - m QloQ2 - 2m H-) 

+ 2kik~(kloql k I
oQ2 - 2kl -Q2 P10ql + 2ql-Q2 Pl·ql 

+ 2Pl °Ql PI 'Q2 - m2qI oQ2) 

+ 2kik~~~ (k i oQ2 + 2kl -q 1 - Ql° Q2 + 4P1 oQ 1 - 2M2 - 2m2) 

4 2 2 2 2 )2 - k I k2 (4M + q 1 oQ2) - 16mM (P1oql 

+ 8m
4

k 1 ·ql k 1 oQ2 + 16m2(PloQl)2(kloQ2 - QI-q2) 

2 . . . 
- 16m k1oql(k1 °P2 P2 oQ2 + P10ql PI -q2) 
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A12 - 16kt°q2 Pl oP2 P1 oql{P2 ok l - P2 ·ql) 

+ 8k1 oP2 Pl oq2 Ploql{2P2"ql - kl oP2) 

I, 

- 8{PloP2)2kloql k l oq2 - 16P1 oQl P2 0Q l P1 oq2 P2 0Q2 
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+ 4k~PI oQI (kl oq2 PloQl + PI oQ2 ql "q2 - Pl oQ2 k10ql +2~oPloQ2) 

+2M2kI{(k1oP2)2 - 2k1 "P2 Pl oP2 + 2(Pl oP2)2) 

+ 2m2~~kI(QloQ2 - 2P1 oql - m2 ) 

+ 2m2kIql oQ2{Q1 oq2 - 2k1oQl - rn
2 ) 

+ 4m2kIPl oQl{P1 oQ2 - Q1 oQ2 - k1 oQ2} 

11 2 ~ 2 
+ k1(m }r + 2m <}1° Q2 - 2P2oQl P2° G2) 

2 . 2 
+ 4kl P2 0Ql P20Q2(kloql - qJ..°<}2 + 2P1 oQl + rn ) 

+ 4~P20Ql kI oQ2(2Pl oP2 - P2 °Ql) 

+4kIk1
oP2 QI oQ2(P2°QI - PI oP2) 

+ 4kIPI oP2(P1 oP2 Ql oQ2 - 2P2oQl P1 oQ2} 

+ 4m2~~ ({k i oP2)2 + 2P1 oql PI oQ2) 

2 8 2 2 + 8m PIoql P1 oQ2(q1 oQ2 - k1oQl) + :n k1
oq2(P1 oQl) 

+ 4m2kIoP2(kloP2 QI oQ2 - 2k1
oQ2 P2 oQ I) 

4 + 4m k10ql kl oQ2 

+ k~~2 qI oQ2(ql oQ2 - 2k1oQl - 2PI-ql + 2~ + m2 ) 

- ~k~~{kIoql + 4P1 oql) 

+ k~~(QloQ2 +~) 

+ (Ql ~ Q2) 
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3. The Numerical Integration 

The cross sections of the previous section have been integrated 

numerically in order to determine the expected two-photon event 

rate .. They were calculated on the SLAC IBM.370 computer system using 

double precision and Monte Carlo integration techniques. 

The difficult problem of peaks in the integrand was alleviated 

in two ways. First the cuts of the SPEAR detector were imposed 

cutting out the worst of the peaked regions. With detector cuts, the 

integration ranges were: 

-y (225 r.feV) 2 + r.f 2CI+. < W < E 
P 1 

./(225 MeV)2 + M 2C'+ < W < E 
P 2 

-0.6 < cosa l < 0.6 

-0.6 < cosa2 < 0.6 

r.1e < E1 ' < E 

0° < a1 ' < 49.60 

0° < 1P < 1800
• 

Second, integration factors were substituted for the variables 

WI' ·w2 ' and aI', to make the integrand flatter. -The substitutions 

were: 

W -+ W. + (W - W . ) (e Zl, 2 - 1) 
1,2 mln max mln 

W In2 max 
eZ1 ,2 dZ f dWl 2 -+ J (Wmax - W • ) 

W. , 
0 

'nlln 1,2 
mln 

a ' 0+- a' . + (e' - a' ) t HI ~ff -IJ 1 mln max min 

a' 1 (In[\:fJ [1 (ff max 
J da ' -+ J (e~ax - a' ) dY 

e' . 1 
0 

min 
mln 
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where 

f = some small constant. 

For each cross section, da/d~ was calculated at 20 different 

values of W, 8 between 0° and 20° and 12 between 20° and 1800
• At 

each value of W, the other variables were chosen in Monte Carlo 

fashion with N = 2 x lOs tosses. The cross section was then computed 

as 
I N 

a = N La .. 
. 1 ..(. -<.= 

The error in the computed cross section was also calculated as the 

standard deviation of the mean(38) 

I 
(6a) 2 = 

The final integration over W was done in a piecewise fashion over 

a smooth curve drawn between the points. 

We proceeded to compare the different phase space methods 

outlined in the last section: I) the BKT method, formula F3 

2) The GK method, formula F4 , 3) the BKT (corrected) method, 

formula F5 , and 4) the CRUDE method, formula F2 . The first 

conclusion we drew was that BKT and BKT (corrected) integrations 

gave identical results contradicting, at least in our range of 

integration, the claim of Gra~r an<;l Kinoshita(35) that the 

error in BKT could be as large as 30%. The choice seemed to be 

between the BKT method and the GK method. Figs. 34 and 35 show 

+ - + - + -the results for dajd~(e e + e e p p ) at 2.4 GeV for the BKT and 

GK methods respectively. As can be seen, the cross sections are 
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comparable. but the errors in the GK method become increasingly 

large as coplanarity approaches zero. For this reason. we chose 

the BKT method to do the exact calculations that follow. 

The next problem was dealing with the peak in the integrand as 

S' -+ o. The extent of the problem is shown in Fig . 36 • a plot of 

da/d1l1dcosS' vs. 111 for various values of the angle a'. As can be 

seen. the integrand is very peaked in e' for all 111 and uniformly 

peaked in the region 111 > 20°. Nhen integrating in the region 

111 > 20° the integrand was simply flattened by using the integrating 

factor described. ( was varied to assure that there was no dependence 

on its choice. The cross section stabilized at t = .001 and this 

value was used for the region $ > 20°. In Fig. 34 the values of 

da/dt/J are plo'tted for f =.0001 as \vell as E: = .001 for comparison. 

As can be inferred from Fig. 34 • the situation becomes much 

worse for smaller and smaller values of 1/1. for the integrand is even 

more peaked in ~'. da/d~ was calculated down to ~ = 0.1° but the 

integral became somewhat unstable with varying (for ~ < 2°. and 

we feel less confident of the results in fhis region: (See section 

V-DS.) 

In Table 5 + - + - + -we shO\v the results for e e -+ e e e e (C = +). 

+ - + -+ - + - + - + -e e -+ e e ~ ~ (C = +) and e e -+ e e ~ ~ (C = +) (point like) for 

three different ranges of coplanarity (~ = 0° corr~sponds to 

oppositely directed particles in x-y space). Also in Table 6 

\ole show similar results, except for "tagged events," that is where 

we have required at least one scattered electron to be detected in 

the small angle counters. All of these results have been corrected 

for shower counter inefficiency as discussed in section II-E and the 
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+ - + - + - . 4 I O'EFF For e e -te eA A at E=2. GeV Beam 

With Icose .1<0.6, p.>.225 GeV Ic 
. 1. 1. 

And .76±.08Detection Efficiency 

Exact Calculation 0·<"'< 20- 20· <'1'< l60· l60(f{l80 0"<"1'< l80· 
(nanobarns) 

e+e-(C=+) .3l4±.047 .070±.OlO .002±.0003 .387±.048 

e +e-(C=-) .003±.0003 .OO3±.OOO3 .007±.0007 .Ol3±.00lO 

u+u-(C=+) .245±.036 .058±.009 .002±.OOO2 .304±.037 

"'+tr-(C=+) .049±.007 .ol6±.002 .OOO55± .066±.o08 
(pointlike) .00008 

WeizackerWilliams 
Calculation 
(nanobarns) 

e+e-(C=+) - - - .528±.056 

u+u-(C=+) - - - .428±.045 

tr+'(r-(C=+) - - - .089±.009 
(pointlike) 

\ 

Table 5 
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7- & 9 ... 

a
EFF 

For e+e-~e+e-A+A- at E=2.4 GeVjBeam 

With .lcose.I<0.6., p.>.225 GeV/c 
1: J.: 

And .76±.08 Detection Efficiency 

One Scattered Electron "Tagged." 

EKact calculation 0·<'1'<20· 20·<'1'<160· 1600<1(<180. 
(picobarns) 

.+ -
e e (C=+) 1.4.5±2 .2 2.78±.31 .084±.OO9 
'+ e e-(C=-} .21±.02 .13±.O2 .32±.03 

u+u-(c=+) 13.2±2.0 2.1.4±.24 .O63±.OO7 
+' 

1r rt(C=+) . 3.14±.47 .66±.07 .O2l±.OO2 
(pointlike) 

WeizackerWilliams 
Calculation 
(picobarns) 

+ -e e (C=+) - - -
U+U-(C=+) - - -
V+1T-(C=+) - - -

(pointlike) 

Table 6 
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0°<'1'<1800 

1.7.4±2.3 

.66±.04 

15.4±2.1 

3.82±.48 

25.0±2.6 

20.3±2.2 

4.28±.45 
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. 
8% of 21T azimuth obstructed by spark chamber support posts. The 

differential cross section, da/d~, was calculated for several values 

of ~ and the integration over ~ done by hand. In the region 0° < $ < 1°, 

a log~log plot was used to do the integration over~. Later we will 

compare these results to the data. 

4. 'Comparison with the Equivalent Photon Method 

Now that we have exactly calculated the fourth order cross 

.sections, it will be of some interest to see how good the equivalent 

photon method does at approximating these cross sections with our 

detector cutoffs. To derive a suitable expression we start with 

equation F1 and apply the equivalent photon approximation to each 

photon. This approximation assumes the photon is emitted in the 

forward direction and is transversely polarized. This gives for the 

first photon: 

[(2:~ 3J 
d
3
p • [ r I 1 ~v + 

f EEl' ~ t (PI,KI)MllCl Mvl3 
I 

d 3 , 
(_1 y(_.!. K 2 

E2E ,2 . 
~ [ .2 1 f PI + 1 _ sin2a ,1 r-t Mvl3 

(21T) 3· EEl' K 2 2 1 -+ 2 1 ) llCl 

1 Kl . 

dW I I 
- f Newl ) M:N ~~'13 - .w-;:- 200

1 
,..u. v 

\V'here 
[E2 + E .2 

(In -tJ 
(E _ E ') 2 2E ' 

+ 1) N(w l ) Cl 1 E I 
(InE = EI' = + 

1T E2 m 2E2 e 

(E + E ,)2 
2EI ' J + 1 In E+ E ' 2E2 1 
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When it is applied to both photons we get 

x .!.. p p ~t M 
4 I 2 ~\I \.1\1 

E dWI E dW 2 = J - J - N(w) N(w2) a (w
I

,·w.
2

) 
o wI 0 wi I yy 

where we have set I 
IVI - V21 

I = '2 ' and 0yy (wl ,w2) is the cross section 

for the two photons to produce the final state. 

It is important to notice here that we have assumed the photons 

have zero mass and travel forward, and we have averaged oyer the 

azimuthal angles of the electrons eliminating one degree of freedom, 

but in the process losing all information about coplanarity of the 

produced particles. In this approximation, we require the produced 

particles to have zero total transverse momentum. 

where 

As derived in appendix B, the result of plugging in a gives: yy 

da (0) (E) 
ee . 

w = w + W I 2 



Using this formula and detector cutoffs of 

4(225 MeV)2 + 4m 2C 4 < S < 4E2 
P 

-0.6 < cose l < 6.6 

-0.6 < cose2 < 0.6 

225 MeV/c < ql < E/c 

225 MeV/c < q2 < E/c 
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we calculated an equivalent photon expression to compare with the 

. exact calculation. Again a Monte Carlo integration was done \ITi th 

200,000 steps and is given \"Ii th calculational errors in Table 5. 

The formula for events "tagged" by at least one small angle 

counter is found by replacing 

N(wl )N(w2) -+ N(w l ) N'(w2,a' . ,a' ) + N'(wl,e'. ,a' ) N(w2) . mln max mln max 

where 

N' (w a ' a ' ) _ a 
I' min' max· - u 

E2+EI'2 l+cos(a ) 
---In max 

2E2 l+co~(a . ) 

where 

mln 

(E + E ,)2 E2 + E ,2 - 2E· E 'cosa 
I I 1 

. 
In------~----__ ~~ ____ m-l--n + 

4E2 E2 + E ,2_ 
I 

2EEl'cosa max 

a. = 0.02 rad mln a = 0.03 rad max 

appropriate to the small angle counters. These results are given in 

Table5. 

The equivalent photon cross sections are consistently about 30% 

larger than the exact cross sections. This is consistent with 

. db h h (33,34,35) h . I accuraCles reporte y ot er aut ors, as t e equlva ent 

photon approximation, applied twice in this ca~e, is expected to break 

.-
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down when the electrons scatter to angles large compared to 1m/E. 

The 30% agreement, however, increases our confidence in the accuracy 

of the exact calculation. 

C. The C = - Process 

Once we had available the expression for the cross section for 

+ - + - + -e e ~ e e e e (C = +), it was a simple matter to convert this for 

C = - process. The method is shown by Fig. 37: a) is the diagram 

for the C = + process with the produced particles detected and one 

scattered particle tagged. For the, C = - process, the phase space 

is the same but the matrix element must be changed by exchanging 

certain variables. 

If the produced particles are to be detected and one scattered 

particle undetected, the matrix element is shown in b). It is 

the same matrix element as for a) if the following substitution is 

made: 

~ ~ 

(E2 ,P2) ++ (-WI,-ql) 

(E2',P2') ++ (lv2 ,Q2) 

~ ~ ~ 

(W2,K2) ~ (-WI -W2,-QI-q2)· 

Alternatively for the C = - process one can detect only one 

produced particle and one scattered particle letting the other 

produced particle go undetected. Actually the detected state is 

no longer C = - This is shmo,11 in c) and requires the substitution: 

~ 

(E2 ,P2) 

~ 

( ~, K2) 
.... ~ 

.... (-W -~ , -q -p ') I -2' 1 2 . 

This method is valid only for a final state of all electrons and 
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posi trans. Fig. 38 + - +- + -shows a comparison of da/d~'for e e + e e e e 

at 2.4 GeV for the three processes of Fig. 37 on a log scale. 

Notice the peak from diagram b) at coplanarity 1800 characteristic 

of two particles produced by a photon. These calculations are also 

shown in Tables 5 and 6 where the C = -cross sections are 

doubled because both incident particles can pair produce. As can be 

seen, these cross sections should be negligible compared to the 

G = + cross sections. 

D. Two-Prong Data 

1. Nature of the Data 

T\~o-photon events* are of interest as a source of background to 

the one-photon events in this experiment. It is very useful to the 

understanding of the calculated t\\,o-photon background to understand 

also the most prominent features of the two-photon events themselves. 

The most striking feature, as we have seen, is the sharp coplanarity 

+ -peak of the two prongs Cyy + A A). Fortunately these events are not 

buried in Bhabhas or mu pairs for two reasons: they generally have 

momenta much less than the beam momenta and, although they tend to 

be coplanar, they do not tend to be colinear as do the Bhabhas and 

mu pairs. 

The radiative Bhabhas: 

+ - +-e e + e e y 

do overlap with the two-photon events some\.;hat since the electron 

and positron can lose a considerable fraction. of their momentum. 

*From here on, by "two-photon events" we mean the C = + process of Fig.3Oa 
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The radiative Bhabhas are eliminated on the basis of their large pulse 

heights and the fact that· one track must be >2/3 Ebeam. 

The one-photon events also provide a background to the two 

prongs, specifically where the. one photon produces many low-momentum 

tracks, only two of which are detected. Such one-photon events have 

acoplanarity distribution which is only slightly peaked at zero 

coplanarity. This distribution is found either from extrapolation 

of data from where the two-photon process is small (at resonant 

energies), or from simulated one-photon cross sections as will be 

discussed later. The one-photon events can be neatly subtracted to 

give a two-photon event distribution that agrees well with the 

calculation. 

2. Event Classification 

In order to compare the two-photon calculations with the 

experimental data, we look at the class of events which have !\om 

tracks found in the detector and separate out those events which 

do not come from the two-photon process. There are basically three 

types of background to the two-photon process: 

1) Non-beam derived backgrounds: 

cosmic rays 

gas scatters (collision of an electron in one beam with a 

proton in the residual gas) 

pipe events (collision of photon produced by one beam with 

with the beam pipe) 
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2) Lmver order quantum electrodynamic processes: 

+ - +-Bhabhas (e e ~ e e ) 

+ - + -) mu pairs (e e ~ ~ ~ 

radiative Bhabhas (e+e- ~ + -e e y) 

3) One-photon hadronic events, specifically \vhere many 

particles are produced, but only two tracks are detected. 

Each of these types of background is separated by the event 

classification scheme which is shown in a simplified form in Table 

7. 

Cosmic rays can trigger the detector by passing close enough 

to the beam interaction region to trigger the pipe counter, and leave 

a single track which looks like two back-to-back tracks coming 

from the be~ position. These events are easy to separate from real 

events by their measured flight times. As the track passes through 

a trigger counter'~ the time is measured relative to the time the 

beams cross. For beam-originated two-prong events, the times in the 

two counters will both be the same, about 4 or 5 ns. For cosmic rays 

these two times will differ by the time it takes the cosmic ray to 

pass from one trigger counter to the other, about 8 to 9 ns. Since 

these times are measured with accuracy of 0.5 ns, the cosmics are 

easily identified and eliminated. 

The next step for events with good flight times is to fit the 

tracks to a common vertex. A general fitting program, CIRCEf I3) 

is used which varies momenta and the vertex point to find the best 

fit to the spark chamber space points. Only events for which a 

convergent fit is found are kept. These events are represented 

by the top box in Table 
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If an event produces only two charged tracks, their momenta must 

be equal and opposite and their charges opposite. The two tracks for 

such an event will look like one continuous curved track and can be 

fit to a single global momentum. This is the method used to 

identify Bhabhas and mu pairs. Only global tracks are considered 

candidates for Bhabhas and mu pairs and those must have momentum 

greater than 1/2 of the beam momentum, allowing for a reasonable 

momentum error at p = 2.4 GeV/c. The shower counters provide the 

discrimination between electrons and muons at these high momenta. 

Electrons will radiate in the shower counters giving up all of their 

energy and hence a large pulse height. The heavier muons are 

affected less by the lead and travel on through \vith only ionization 

energy loss. Pulse height classes for t\vo-track events are shown 

in Table 7 with SO being the minimum electron pulse height. The 

Bhabha and mu pair separation scheme is diagrammed. 

The Bhabhas and mu pairs present the further problem that. they 

can radiate significantly and be non-colinear enough to escape 

the global classification; Such events have tracks with a momentum 

distribution which falls rapidly with decreasing momentum from a 

peak at ·the beam momentum. The two-prong events, on the other 

hand, peak at low momentum as shown in Table 

The remaining events are nOlv called t\vO prongs, but still 

need to have background and multihadron events subtracted to give 

the two-photon sample. 

-. 
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3. Background Separation 

Next we consider the more difficult problem of separating 

out the background events. By background events, here, we mean 

non-colliding-beam-derived events other than cosmic rays, 

specifically gas scatters and pipe events. 

These events have been studied carefully by running SPEAR in a 

mode \ .. here the beams pass each other but do not colI ide. In this 

mode, only background events \dll trigger. It is difficult to 

obtain absolute rates in this way, since there are no Bhabhas to 

normalize on, but valuable inforQation can be found about the 

vertex distribution of these events. 

The pipe events have a vertex distribution which peaks at 

ex 2 + y2)1/2 = 7 3/4 cm rather than 0 cm in xy space and are 
v v 

rather uniform in z space between z = ±45 cm. The gas scatters 

vertex distribution is also uniform in z. To eliminate these 

events, a vertex cut is made at (x 2 + Y 2)1/2 < 3 cm and 
v v 

Iz I <30 tm. This cut eliminates most of the background while 
v 

having a negligible effect on the beam-beam derived events. 

The remaining background eve~ts are also dealt with. After 

the (x 2 + Y 2)1/2 < 3 cm cut is ~ade on the data, the remaining 
v v 

background is still uniform in Zv The IZvl < 30 em cut only 

removes a part of what remains. To estimate this remainder, the 

data satisfying (xv
2 + Yv 2 )1/2 < 3 em and 30 c~ < I;: I < 45 cm is 

I v 

sampled, and twiee this amount is considered to be equal to the 

remaining background. The amount of this background is subtracted 
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from the amount of data satisfying (xv
2 + Yv 2)1/2 < 3 cm, 

I Zv I < 30 cm to give the sample of beam-beam derived t\vO prongs. 

"4. Multihadron Separation 
," 

~, , 

The measured minus background two-prong distribution is shown 

in Fig. 39. This is certainly not all t\vo~photon events for 

there are non-negligible contributions at large coplanarity. 

This contribution is due to one-photon multihadron events which 

send only two tracks into the detector and must be eliminated. 

This has been done in two independent ways. 

The first method is to measure the two-prong distribution with 

sufficient cuts (p > 300 MeV/c, ~ > 20°) to eliminate two-photon 

events and combine this with all of the multiprong events to 

extrapolate the full distribution. This is, of course, just what 

is done when the total hadronic cross section is inferred from the 

detected hadronic cross settion as discussed in part III. Here 

models must be supplied for the total number of charged and neutral 

tracks produced in an event and the angular distributions of these 

tracks. Then, using Monte Carlo computer simulations, the distribution 

and number of charged tracks reaching the detector is calculated and 

fit to the data by varying the parameters of the model. This model 

will then give the distribution of two-prong events in any region 

desired. 

The second method is more direct and uses data from the ~(3095) 

resonance, The resonant data shows an enhancement of the hadronic 
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cross section by a factor of 200 (2). How.ever, since this resonance 

is in the one-photon channel, it should not enhance the two-photon 

cross sections at all. For the resonant data, the tl.;o-photon cross sec-

tion is a negligible fraction of the two prongs, which then reflect 

just the one-photon distribution of two prongs. This method, of 

course, assumes that the angle and number distributions of 1/1(3095)-

produced hadrons is the same as for photon-produced hadrons. This 

is not necessarily true, since the tj/(3095) has been shmffi not to 

decay primarily by turning into a photon. (6) This method, however, 

shows excellent agreement with the first method. Fig. 39 

shows the one-photon contribution as estimated by the second method. 

The data are consistent with most of the non-coplanar two prongs 

coming from one-photon processes. 

s. Comparison with Calculation 

Once the one-photon contribution has been estimated, it is 

subtracted from the two-prong class with non-beam events removed. 

A final cut is made on that data requiring PI < 2/3 Ebeam and 

+ + -P2 < 2/3 Eb to eliminate radiative e e- + ~ ~ events and any earn 

residual radiative e+e- + -
+ e e and non-beam events. The remaining 

events in the region 0° < tj/ < 20° are shown in Fig. 40 wi th 

statistical errors. These are the two-photon events. The scale is 

absolute, the data being normalized to Bhabha events. Also shmffi 

with.calculational errors is the calculated two-photbn cross section 

for e's, ~!s and pointlikc n's. The agreement is excellent for 
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1JJ > 2°. This is probably due to errors in calculating dcr/dljl in this 

region as discussed in section V-83. 

Numerical results are given in Table 8 for cross sections 

with two tracks in the detector and p > 225 r,feV/c. t/J < 20° at 2.4 GeV. 

The calculated cross section is shown to be 0.608 ± 0.075 nb and the 

measured cross section with backgrounds subtracted is 0.685 ± 0.069 nb. 

The overall agreement is quite good. 

6. Other Features of the Data 

To further compare the data with calculation we can plot event 

distributions versus other variables and observe further characteris­

tics of the distinctive two-photon events. As with dcr/dt/J. the data 

will be cut such that 0° < ~ < 20° and one-photon and background 

events will be subtracted. 

The most significant characteristic of the events is their peaking 

at low momentum due to the infrared divergence of the bremsstrahlung 

photons. Fig. 41 shows the distribution of the data with the 

momenta cut off at p = 0.225 GeV/c. Also shown for comparison is a 

calculation of do/dp. The calculation is done at t/J = 1° where most 

of the data resides rather than for 0° < 1JJ < 20° to reduce the 

calculational errors. Fig. 42 sho\'1S the distribution of data with 

Icosel. Again the calculation is done at 1JJ = 1°. The data shows a 

slight peak as Icosel +1 unlike the hadronic one-photon data. Both 

calculations are normalized to the data. Errors are large on both data 

and calculation, but the agreement appears to be good. 
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+ - + - + -Calculated and Measurec cr,",}, for e e 1e e A A 

At E=2.4 GeV/Beam with JcosGi/<0.6, Pi>.225 GeV/c 

0"<'l'<'200 and • 76±.08 Z)ete~tion Ef'ficiency 

Cross Sections in Nanobarns Nfu"~~edll O~ IlTa§aedll eC"G on ec-cr 
I". 

Calculated Cross Sections: 
"'~. . 

+ - . + - + e-(C=+): • 314±.047 .0145±.0022 e e~ e e 

+ - + - + -( ) .245=.036 e e ..,..e e u u C=+: .0132±~0020 

+ - + - + -( ) .049=.007 .0031±.0005 e e~ e Tn C=+,point: 
" .' 

.... 
.. 

SUm of Calculated Cross Sections: .608=.075 .0302±.0038 

Measur.ed Cross Sections: 

Measured Two Prongs I-lith 
Background Subtracted: 1.120±.066 .0:)J-0±.0090 

Minus Hadronic Cross Section: , , -.435±.021 -
Minus. Accidental "Tagsll: - -.0009=.0003 

Measured Two Photon Cross Section: .685=.069 .0301±.0090 

Table c: 
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7. Particle Identification 

In this experiment, we were unable to distinguish electrons 

from muons in the momentum range 200-500 MeV/c. Unfortunately, this .. 
is precisely where the two-photon events were produced, so we 

+ - . + - + - + - + - + -were unable to separate the events e e -.. e e e e from e e . -.. e e J.1 J.1 

There were three separate means for electron muon discrimination. 

The most important was the shower counter system. High energy elec-

trons (1 GeV) radiate all of their energy in the shower counters 

giving large pulse heights while high energy muons deposit only a 

fraction of their energies. At lower energies, the muons give off 

much more of their energy while the electrons have less energy to 

give. By 500 ~leV Ic the two pulse height distributions have merged. 
. .. 

The second means was the time-of-flight information from the 

trigger counters. From the flight time, one calculates velocity and, 

using the momentum, the rest mass. This works best at low momenta 

(100 MeV). At 200 ~1eV/c, S for an electron is 1-3X IO- 6 and for a muon 

is .89; flight time is 4.9 ns for an electron and 4.4 ns for a muon. 

The .5 ns resolution of the flight times did not allow separation of 

electrons and muons, but the flight times were consistent with the 

two-photon events being about half of each. 

Finally the muon spark chambers could only identify muons which 

passed through the iron flux return. This required at least 600 MeV/c. 
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E. "Tagged" Two-Prong Data 

L Tagging the Two Prongs 

The tl'lo-prong data showed an excellent fit to the calculated 

two-photon cross section, but only after the estimated one-pho'ton 

contribution was subtracted. The subtraction accounted for about 

50% of the data and hence statistical errors were not small. It 

is desirable to find a means to separate the two-photon events from 

the one-photon events without resorting to a subtraction. 

The simplest method is to detect one of the scattered electrons 

along with the particles found by the main detector. This method 

has the advantage that the one-photon events are eliminated but the 

disadvantage that, with our apparatus, only about 4.8 % of the two-

photon events are detected. As far as statistics are concerned, 

these features approximately balance each other. The "tagged" events 

have one further advantage which is that, while most of the cross sec-

tion is still within $ < 20°, ther~ is not as sharp a peak at $ = 0° 

as there was for the "untagged" events. This occurs because the tagged 

electrons must be collected at a relatively large angle and hence the 

produced state will have significant total transverse momentum. 
• 

Fig. 43b shows the tagging apparatus used to select two-photon 

events. The detector is schematically draWn as a barrel ,d th particles 

which pass through its side. The four tagging counters consist of 

defining counters followed by sho~er counters. They are situated at 

25 mr to the beam axis above and below the beam on each ~idc. Each 

has an effective area of 3 square inches and the four subtend a total 
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of 1.3xlO-4 of 41T steradians. When an event has a signal present 

in anyone of the four counters, it is considered a "tagged" two-prong. 

The bremsstrahlung electrons of the two-photon events are strongly 

peaked forward and the chance of such an event's being "tagged" in 

one of the four counters is greatly enhanced to about 4%. The chance 

for. a one-photon two-prong event to be tagged as in Fig. 43a can be 

ro~ghly estimated by phase space to be 3xlO-4 . Such events are 

further discriminated against by requiring the pulse in the tagged 

shower counter to be large, characteristic of an electron, virtually 

eliminating the small pulses of pions from one-photon events.' The 

actual pulse height cut was made at >50% of the pulse height 'from an 

electron with beam energy. Hence electrons with energy roughly'50% 

of the beam energy \\'ill be counted by the shO\\'er counter. This is 

the case for virtually all two-photon scattered electrons. 

2. Accidental Rate 

We obtained a good empirical estimation of the accidental rate 

in the tagging counters. Accidental tags can corne from an accidental 

count in the defining counter and a gas-scattered electron in the 

shower counter for example. The number of "tagged" Bhabhas compared 

to the total number of Bhabhas is 8.1 ± 2.~ X 10-4 .. Since Bhabhas 

produce no other particles to be tagged, this must be just the 

accidental tagging rate. 

To calculate the accidental t~o-prong cross section ~e merely 

multiply the accidental rate by the two-prong cross section with the 

background subtracted. This gives: 



Ace. Rate = (8.1 ± 2.4) X 10-4 x (l.l2 ± .03 nb) 

= .0(09 ± .0003 nb 

(see Table 8 ). 

3. Comparison with Calculation 

l30 

Fig. 44 and Table 8 show the comparison between the data and 

. the calculated tagged cross 'section. As can be seen, the agreement 

is again excellent, hut statistics, based on l2 events, are not much 

better than for the untagged case. Notice the much flatter coplanarity 

distribution. From Table 8 . we find the calculated cross section 

to be 0.0308 ± 0.0038 nb and the measured cross section 0.0301 ± 0.0090 

assuming pointlike pions. 

4. Angular Distribution 

There is one further method to assure ourselves that the events 

we are observing are t\vo-photon events. This is to observe the effect 

of the bias on the data caused by tagging the events. lfthe taggings 

were all accidental, there would be no bias, while, if we are indeed 

tagging two-photon events, the results are quite predictable. 

We have already seen one effect of the tagging in the flatter 

coplanarity distribution of events. The untagged events have a strong 

coplanarity peak because the bremsstrahlung electrons are emitted 

very close to the forward direction and there is little transverse 

momentum available for the produced state. Hence the two produced 

particles are back-to-back in x-y projection. 
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l'Ihenwe require one scattered electron to be tagged, the 

sample becomes biased. Most of the untagged scattered electrons 

are emitted at less than the 25 mr polar angle of the tagging 

counters. Thus the tagged electrons have roughly 40 MeV more trans­

verse momentum than the average untagged electron. This transverse 

momentum is balanced by an equal (and opposite) total transverse momen­

tum in the produced state. If the produced particles are emitted 

perpendicularly to this transverse momentum, the additional ~ransverse 

momentum will have the effect of spreading out the coplanarity peak 

through aboUt 15°. This is precisely what we see in Fig. 44. 

We can further test this hypothesis. The additional transverse 

momentum is always in the vertical direction since the tagging counters 

are above and below the' beam pipe. Thus produced particles emitted 

horizontally will feel the maximum effect of this transverse momentum, 

while those emitted vertically should show the samecoplanarity peak 

as the untagged sample. 

To attempt to observe this effect, we loosened the cuts on 

the tagged sample to provide more events and improve statistics. 

The looser cuts were P.i. > 200 r.teV/c and IcossJ <: 0.6481. Although 

the detector is somewhat inefficient in the added region the 

additional error due to this inefficiency should be less than 10%. 

The larger sample contained 22 events. 

We divided the 22 tagged two-phot6n events with ~ < 20° into 

two groups: the horizontals, where the tracks had cos2~ > 1/2 and 

the verticals, which had cos2~ < 1/2. We expect the verticals to 

' .. 
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shm'l a sharper coplanarity peak than the horizontals. Fig. 45 

shows the coplanarity distribution of the two samples as well as 

ca1cu1ationsof the expected distributions. 

A difference between the two distributions is apparent . 

Compared to the full sample of Fig. 44 we see the coplanarity peak 

is sharper for the verticals and almost flat for the horizontals 

out to ~ = 15°, Also, the agreement with calculation is excellent, 

making it even more plausible that these are two-photon ,events. 

5. Doubly Tagged Event 

We found one "exclusive" event where all four final particles 

were detected or tagged. It is' shmffl in three proj ections, in 

Fig. 46. 

Fig. 31. 

Final state momenta in MeV/c are, using the notation of 

PIx = 179 Ply = -155 Plz = -25 

P2x = -192 P2y = 55 P2z = -125 

pix :: 0 piy 
:: S6 piz :: 2237 

PZx :: 0 PZy 
:: 52 PZz :: -2088. 

This accounts for a measured cross section of .0026 ± .0026 nb 

for the exclusive channel, compared to the .0015 ± .0004 nb calculated 

cross, section. 
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F. Subtraction of Fourth Order Contamination 

1. Method of Elimination 

Now that \ve have a good understanding of the two-photon events, 

we return to the problem of eliminating them from the ~ne-photon data. 

As we have seen the coplanarity peak is very sharp for two-photon 

events and also the momenta tend to be small. We can eliminate 2/3 

of the two-prong two-photon events by requiring the coplanarity to 

be greater than 20 0
• About half of the remaining events can be 

eliminated by requiring the momentum to be greater than 300 MeV/c. 

These two cuts on the two-prong events, while not drastic 

for the one-photon events, make the two-photon contribution negligible. 

The cut in cose. is loosened to Icose·1 < 0.6481 to include the maxi-
~ ~ 

mum possible sample of events. 

'2. Calculated Contamination 

The remaining two-photon contribution can be calculated from the 

exact formulas and is shown in Fig. 47 for beam energies from 1.2 

to 4.0 GeV. This is the method used to calculate the two-photon. 

contamination to the hadronic data.· At 2.4 GeV, it accounts for 

1.5 ± .2% of the two-prong data and is subtracted for calculation 

of the total hadronic cross section. 

As a check on the calculation of two-photon cross sections in 

the acoplanar region we can compare the calculated acoplanar "tagged" 

cross section, .0124 ± .0010 nb for Icose·1 < 0.6481 and p. > 200 MeV/c, 
~ .{. 

with the equivalent measured quantity 0.1119+ .OO()() nl>. The agrcl~lIIcnt 

is excellent within the statistics. 



0.12 
I 

Pmin = 300MeV 

0.10 I- Icos 81 <0.6481 
cos 8' > 0.6481 

I 0 

0/ > 20 0 I c 
"i'l 

0.08 J- • = e+e-~ e+e-e+e-
:';...u . 

! Cd 

I-rj I f 
~4;;; 

1-'-
OQ -
~ .a 0.06 2 

.~ 

I'D c: - } -2 2 c 
-r:-

-.:J b 0 ! 
~ .. . i ~ 

0.04~ 
0= e+ff-e+e-fL+fL-

I 
"-1 

0 
0" 

'. I 0 
• = e+e-"""'e+e- .".+1T'- ..t:.. 

0.021- [J 
(pointlike) 

.i ~ 
~ ~ • 

~ .1:-
tI 
I 

0 
1:2 1.6 . 2.0 2.4 2.8 3.2 3.6 4.0 

E/8eom (GeV) I-' 
\).I 

XBL757-4464 -.:J 



Finally the contamination rate for the multiprong events (3 

or'more) is estimated by measuring the cross section for "tagged" 

multiprongs "minus accidental and dividing this by a general tagging 

efficiency of 4.8% ± 1.0 derived from the equivalent photon 

approximation. This upper limi~ for multiprong contamination is 

2.0 ± 1.3%. The net effect of the two-photon events in the two 

prongs and multiprongs is to cause a 6% error in the measurement 

of the total detected hadronic cross section. 

G. Hadron Physics with the Two-Photon Process 

1. Two-Pion Results 

There are several experimental results from two-photon processes 

that are useful to hadron physics, and these have been discussed by 

several authors. (26,27) Unfortunately this experiment cannot 

contribute extensively to this area of physics for two reasons; 

the hadronic two-photon sample is small, about 19 "untagged" events 

and 1 "tagged," as we were unable to separate the pions from muons 

and electrons in the relevant momentum range~ For several quantities, 

however, we can make a first expetimentalestimate. In this section, 

we will discuss only those areas of two-photon hadron physics for which 

we made measurements or for which we felt we were close to making 

measurements. 

The most fundamental quantity to measure is the cross section 

Ow' for producing two charged pions by the process 

+ - + - + -
e c·~ c e w n . 

" .. "" 
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Previously we had assumed the Born approximation and calculated this 

cross section, (1 (pointlike), in the detector to compare with the 
1f 

measured two-prongs. The good agreement between calculation and 

measurement indicates that (1 is not far from (1 (pointlike). 
1f 1f 

We can make this more quantitative by calculating the ratio of 

(1 , measured, to (1 (pointlike), calculated. This is done in 
1f 1f . 

Table 9 separately for "untagged" and "tagged" events. Statistical 

accuracies are similar for the t"o classes since one must have the 

,one-photon events subtracted and the other has a very small event rate. 

The cross sections are computed for events sending two tracks into 

the detector, I cose I < 0.6 and p > 225 ~1eV / c, and with coplanarity 
". , 

less than 20°. Thus the measured to calculated ratio, (1 /a (poirit-
1f .1f ,.' ""'. "" 

like) is for the effective region only. 
, 

The first line of Table 9 is the measured two-photon cross 

section with the one-photon part subtracted in the "untagged!! sample. 

+- +-+-Next the calculated cross sections for e e + e e e e and 

+ - + - + -e e + e e ~ ~ are subtracted. The remainder is assumed to be from 

+ - + - + -e e + e e 1f 1f and the ratio of this remainder to the calculated 

quantity is given. Results are 

(1 
2.6 -'- 1.9 untagged 1f - case 

= (point like) 0.8 3.1 tagged (1 - case . 
1f 

Combing these two results (assuming them uncorrelated) \oje find 

(1 
1f 

(1 (pointlike) 
1f 

= 2.1 = 1.6. 

Here statistical errors are large, but the result'that emerges is that 

the cross section for two charged pions is not far from the pointlike 

approximation. 
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"If + - + - + -() 4 I O'EFF for e e ""e e lr Jf C=+ at E=2. GeV Beam 
• 

With Icose.l<0.6, p.>.225 GeV/c, 0°<0/<.20° 
~ ~ 

And .76±.08 Detection Efficiency 

Cross Section in Nanobarns No "Tagged" . One "Tagged" 
Electrons Electron 

Measured Two Photon Cross Section: .685±.069 .0301±.0090 

M.l:n~ ~!cF-ted Cr~s~ S~c~i~n~ for 
e e ...,.e e e e and e e ~e e u u : .559±.059 .0277±.0030 

M~~ur~d_C~o~s Section, crT , for 
e e ~e e It 'J( (difference Wabove): • 126±. 091 .0024±.0095 

CSJ.cu..t.ated Poin-.;l~Ae Pion Cross 
.Section, O'~i~i(pointlike): .0494±.0074 .0031±.0005 

Ci 1T / Ci -rr ("Dointlike ) : 
EFF EFF- 2.55±1.88 0.77±3.05 

. 

Table 9 
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The next result c"oncerned a search for resonances in the. two-pion 

channel, . particularly the ° meson at 750 MeV. Again we are 

hampered by a small number of events and the lack of separation of 

e's, lJ'S, and 7f's. Fig. 48 is a plot of the effective mass of two-

prong events with coplanarity • < 20°. This sample is 11% non-

. . + - + - ~ -collision events, 37% one-photon events, 25% two-photon e e + e e e e 

+- +-+- +- +-+-events, 23% e e + e e lJ lJ events, and only 4% c e + e e 7f 7f events, 

the channel where a resonance is expected. Only a very sharp and 

strong resonance will appear in this sample which is mostly background. 

We can, however, put an upper limit on 

f Detected 
CIS) dIS fTotal 

for a hypothetical resonance, where 0RCIS) is the cross section for 

yy + Resonance at photon-photon invariant mass squared s, and 

f If is the branching ratio for the resonance to decay 
detected total 

to two pions in the detector. From the effective mass plot we can 

infer 

. (E 
°e+e- + e+e-Resonance = 2.4 GeV) 

r detected 
r total 

~ .08 nb 

for a narrow C.I Ge~ resonance around .75 GeV. 

Using the equivalent approximation: 

[
E) 2 2E 2d IS 

In- J--
me 0 IS 

4E2 

f( ;T)o yy+R (IS) 

- 9.9 x 10- 3 (GeV) - 1 J ° R( lS)d 15 yy-'>-o 

at E - 2.4 (;cV, S = (.75 C;cV)/. 
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Therefore 

JaR(rs)drs~Detected < 8.1 ub - MeV 
Total 

near the predicted a resonance .. These. quantities are to·be compared 

with the Born approximation calculations: 

8 .ae+e- ~ e+e-~+~-(E = 2.4 GeV) = 0.079 nb 

in the detector and. 

total. 

Finally the process yy ~ rrO is of interest as a direct 

measure of the rro lifetime. As first pointed out by Low(39) the 

rro lifetime T is related to the yy ~ rro cross section by 
no 

8rr 2 

a o (s) = yy ~ n 

where r 0 n ~ yy 
I 

=T 
no 

r 
m 

n°-+yy oem 2 - s) 
iT n 

Using the equivalent photon approximation 

m 3 
11 

'" 1.0 nbat E = 2.4 GeV 

with r = 8.6 eVe rro ~ yy 

the best present value for theiro lifetime is (.84 ± .10) x 10- 16 

sec. A good yy detection system could hopefully provide a measure-

ment to this accuracy. 

In this experiment we were uriable to make such a measurement. 

It would require detecting tIle ;wo photons from rrD 4 yy decay and 
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nothing else in the detector. This would best be done with a neutral 

trigger requiring one scattered electron to be ~agged. The 

effec'tive cross section for such a setup assuming perfect detection 

is about .03 nb. At SPEAR luminosity of 2 x 10 30 cm-2 sec- 1we could 

collect at most 20 events in 100 hours of such special running and 

hope for an accuracy in the lifetime measurement of about 20-25%. 

Several backgrounds would have to be carefully considered. Still, 

this is a promising possibi~ity for the future. 

2. Mul tihadron Results' 

We can measure the cross section (J ',for e+e- ~ e+e-x 
+ - + - + -e e ~ e e yy ~ e e "Anything", \~here "Anything" assumes more than 

two charged hadrons detected. Since the untagged data contains 

primarily one-photon events, we must use the "tagged" three-or-more~ 

prong sample and estimate the tagging efficiency from the Weizacker 

Williams approximation. 

Of the 10 tagged multiprongs 4.6 ± 3.5 are estimated to be 

accidentals using the accidental rate derived from tagged Bhabhas. 

This leaves 5.4 ± 3.5 real tagged multiprongs. Using the Weizacker-

Williams approximation for the equivalent photon spectrum (see 

section V-B4), we estimate the fraction of two-photon rnultiprongs 

tagged to be. 048 ± .010. This means \.;e expect 114 lIuntagged" events 

or an effective cross section in our detector of 

(J = .21 + 14 nb e+e- + e+e-x -. . 

This accounts for about 2.0% ± 1.3% of all thrce-or-more-prong 

events in the detector. 

• 

J, ,. 
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There are many ways to estimate \ihat this cross section should 

b B d" k (12)." h . f h e. ro s y et al. estlmate t e cross sectlon or tree or 

more hadrons to be .3fiband calculate 

0e+e- + e~e-x(E = 2.4 GeV) = .4 nb . 

"-This of course does not include the requirement of our detector that 

two or more charged tracks must be detected within Icosel < .6481 

and p ~ 150 MeV/c. Taking this into account our measurement is in 

excellent agreement lii th this estimate. 

It \iill ultimately be of interest to use the two-photon mul ti-

hadron events to study deep inelastic electron-photon scattering. 

Here one electron is tagged and used to provide a spectrum of 

-equivalent photons, while the other is scattered ata large angle 

from that photon as in Fig. 49. 

The cross section can then be expressed in terms of structure 

functions as 

do ey+ex 

d Q2 dv 

where I'll and \1/
2 

are defined by 

(2v)22PO I < pIJ~(o)ln > < 
n 

= - kv- q~:vJ WI (Q2,v) 
and 

v = q-P y , 

[ 
(poq)q J [ (P-q)q "J" + P _ ~ P _ v W (Q2,v) 

~ 2 v 2 2 q q 

v 
y = P P 

e y 

Substituting an equivalent photon spectrum for the tagged 

electron, one could, with a large amount of data, determine the 
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dependence of the structure functions on Q2 and v. Unfortunately, 

we have only ten candidates for events of \oJhich none clearly sho\oJ 

the presence of the strongly scattered electron in the detector. 

We cannot. give measurements for \';1 and \'12; however, if Brodsky's 

estimate of the expected cross section for such events, (27) 

0e+e- -+ e+e-x'" .05 nb, 

is accurate, we are not far from contributing in this· area. 
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VI. Conclusion 

The results of SPEAR to date have been impressive. Here we 

have increased the validity of hadronic results by demonstrating 

a clear understanding of the 'quantum electrodynamic processes ,which 

are present. QED is closely obeyed in this experiment and the 

tightest limits to date have been placed on QED breakdoh~ models. 

The t\\,o-photon processes have been sho,,""D to be present with 

expected coplanarity and momentum distributions. Twelve singly 

tagged events and I doubly tagged event have been seen and cross 

sections fall well within the limits of our cal~ulations. We are 

just at the brink of being able to study the hadron physics of 

the two-photon process. 
+ - + . .;. + -

The process e e + e e n n has been 

shOw"D to be consistent with the pointlike calculation. 

The future of SPEAR promises to bring many ne\v results. Two-

photon processes can be studied in more detail at higher energies, 

and a new frontier of hadronic physics has opened up in the one-photon 

channel. The success of the project continues. 
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APPENDIX, A 

Proof that ae.~, cos~) 
d e• 1 , 4>2) = Isin~1 

We must write 4>x and cos1/! in terms of 4>1 and 4>2 and other 

variables bf integration (WI' W2 ' 81, 82 EI ', 81 ') 

cos1/! - -

sin4> = x 

ql sinS l sin.1 + q2sinS2sint2-

q sinS x x 

l52 

q 2 = 
x 

cos8 = x 

q1 2 
+ q22 

+ 2qlq2(cosS1cos82 + sinSlsinS 2cosCt i - .2) ) 

1 
(q1cos Sl + q2cosS2)· 

qx 

Differentiating 

cos. d4> x x = 

= 

sin. x 
q sinS x x 

d(q sinS) x x 

sin. x 
Ad.1 + Bd!»2 + q sinS 

x x 

sine!»l - !»2) (d!»l - d!»2) 

Q1Q2sin81sinS2 
Q·sin8 

x x 

= (A + C) d$l + (8 - C) d!»2 

where 

A = Ql sinS l 
Q sinS x x 

. .,J i .. 

, 



B 
q2sine 2 

cos4>2 = q sine x x 

sin<l> Q1Q2sinelsine2 
C 

x 
sin (<1>1 - <1>2)' = Q sine Q sine x x ·x x 

The Jacobian can now be calculated: 

J = 

= 

= 

(<I>x' cosl/l) 

(<1>1' 4>2) 

(A + B) 

A+C B-C 
cos<l>x cos;x 

= 
sin(<I>l - 92) -sin (c!>l -<1>2) 

sin (<1>1 - <1>2) 

cos<l> x 
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APPENDIX B 

Derivation of 
do (0) 

ee 
d61d9 2 

by Equivalent Photon Method, following 

Brodsky et al. (12) We start with formula: 

and calculate the quantity: 

do (E) ee 

We will further use the approximations of the equivalent photon 

method by assuming that both photons travel along the z axis. Then 

. letting s be the invariant mass squa~ed of th~ y-y system, we have 

and 

do (E) ee 

q2 = 4w w 
, I 2 

= 
4E2 

ds J 
4m 2 s 
·f 

We must now calculate and, fo11O\ving Brodsky et ai, (12) \.;e wi 11 

now define it in terms of 
G(Wl ,61) = 1/2PIP2 1/4/M/ 2 

where Pi = 2 Mf for fermions and Pi = I for bosons, . and / ~1/2 is the 

invariant matrix element summed over initial and final spins. We have 

do (E) 4E ds 
E+s/4E 

dw I e4 I 1 ee J J ~(wI)N(w2) d6 l d6 2 
= "22w

1
2w

2 4mf 2 
s jqf q=± /q / (21T) 2 

IS 
(cont. below) 

" 

~ I 



J 

,. 
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It remains only to cancel the four dimensional delta function against 

= dwdql dq2d4>20(w-wl - w2)o(q1coS91 + q2coS92.- ';w2 - s ) 

o(q1sin6ICOs4>1 + q2sin92cos¢2) 0 (ql sin9 I sin4>1 + Q2sin92sin4>2) 

o(ql sin9 I sin4>1 + Q2sin62sin4>2) 

I = dQldq2 .. 6 I ~ *1 O(Qlcos6 1 + Q2cos92 - q*) Q2s1n 2 cos't'2 

o (Ql sin61 cos4>1 + Q2sin92cos4>;) 

dQI 
1 

o(Qlcos91 + Q2*cOS92 - Q**) = 
Q *sin 2e 

2 2 (-1 ,. ql Q2 sin911 

1 
sin6lcos6 2 

w -+ sin6 z . \\' W I cos9 1 + 
. I 2 IJ = sina 2 . 29 Q 

Q2s1n 2 

Wl w2 /Sin(6 1 + 62) / 
[WIVI sin2s1 + wIV2Sin292 \\ W sin2 (9 + = 

Q2 sin6 2 121 621} -1 



cP * 
. -1 (- ql sinal 

= Sln . a 2 q2 s1n 2 

q2* = ql 

The result is 

do (E) ee 

sin8 l 
sin82 

sinCPl) 

. q12sin8lq2/sin(6l+82)I 6((E 

/q/ (wWlsin2al+wW2sin282-WlW2sin2(6l+82)) 

s 2 ) 
- 4 It - q2 

where only one of the values q = ±I q / is permissable. \\e determine 

the variables by 

a l = [s::~::+az)J2 a Z = [Sin:~:::z)J2 
2{ala2s2-mf2[al+a2-(al-a2)2]s+mf4}1/2- (al +a2-1)s - 2mf

2 

q = 
Iqsin(6

1
+8 2)I 

sin(9 l +9 2) 

qsin6 2 
ql = sin(6

l
+9

2
) 

·00 = Is + q2 

1 
WI = 2(00 + q) 

E ' = E - 00 1 1 

qsin9
1 

q2 = sin(9
1

+9 2) 

Iq 2+ W2 = m 2 
2 f 

i 
...... i 

, 

• .' 

; 



I 

•• 

I 

0.' 0'" ,,' 
~} 174 

157 

Note the change in definition (6 2 ~ ~ - 62) when comparing with 

formula 5.11 of reference 12. 

Finally the function G for spins 0 or 1/2 is calculated by 

Akhiezer and Berestetski(37) and given by Brodsky et a1. (12): 

G~(W1,e1) = i /M/2 

= 1 
2m 2 

f ---
W 2 

1 

m 2 sin2e 
(
1 _ L) 1 

,\,2 ( mi) 2 2 
1 [1- 1 - - cos e] 

w 2. 1 
1 

1 = 8" 4m//N/2 
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r-----_____________ LEGAL NOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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