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QUANTUM ELECTRODYNAMICS WITH THE

SPEAR MAGNETIC DETECTOR

John Zipse
ABSTRACT

Here we make a study of quantum electrodynamic processes which
are present at the SPEAR colliding beam magnetic detector. We begin
by déécribing the experiment performed by the.SLA¢—LBL‘collaboration
and the results concerning the strong interaction. Then the inter-
actions e'e” > e'e” and e'e” ~ u+uf are considered along with their
third-order fadiative corrections. These events, previouslf used
to determine new limits for cutoff parameters in QED breakdown models,
are furthef studied in this work to show.that the full
distribution in coplanarity angle fits the theoretical prediction
well.

The major focus of this work is on the fourth order two-photon
process, e+e-v+ e+efA+A-, which only recently has been realized to
be significant in such experiments. Cross sections afe 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 two-photon process in our detector.

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

e e = e e Hadrons, measuring pion cross sections, searching for

-

resonances, and discussing future experiments.
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I. Introduction

In the summer of 1973 éonstruction and testing of the magnetic
detector at SPEAR was completed, and preliminary data taking began
~on electrbn-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
iﬁteraction regions, one of which is reserved for a semi-permanent,
"large-solid-angle, charged-particle magnefic 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 vielded
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 performéd.
 Not only could total cross sections be measured, but angular distri-
butions could be fit to variousrbreakdown models to provide limits
on anomalous effects.

The second aim of the detector would be to measufe the timelike
total hadronic cross section throﬁgh electron-positron annihilation
and to provide details on the prong muitiplicities and momentﬁm

specfra. This would hopcfully lead to new tests of eXisting theories,



particularly in their asymptotic predictions, and possibly lead to

'a new and more comprehensive theory of the strong interaction.

thally, the detector would provide the ability to search for N

ahy néw énd unpredicted particles which exist -in the previously
unexplored mass range of 2.0 to 4.8 GeV/c2. An électron;postitron
pair annihilating to a photon have th =1 and lepton and baryon
numbers 0;_'Thus the high energy photon can decay.directly fo any |

' single vector mesén and to practically any conceivable pair of .
pérticles with threshold below'4.8 GeV. In particular, the search
would be on fo: new heavy 1eptons which could‘fit neatly into
existing theories of weak and electroﬁagnetic interactions.

The resnlts of-the experiment so far have more than fulfilled
the aims. Of course the discovery of the vector ﬁesons ¥ (3095) and
¢(3684) is the most important single ;esult. Tﬁe properties of
these particles and the hadronic cross section as measure& by the

'magnetic detector have literally addea a new dimension fb high
ehergy particle theory. Also of”related and great importarice is the
verification of quantum electrodynamics to neﬁ accuracies both
through Bhabha and muon production and thrbugh the'fourﬁh order two-
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 dgtector.
Therefore this work will concentrate primarily on the quantum y
electrodynamic predictions and results of the.experiment. The purpose

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

mupair cross sections with the third order predictions of Berends,

“or
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(9,10,11) is a huge success for quantum

Gaemers, and Gastmans
‘electrodynamics. A similar success is the agreement of fourth order
" QED cross sections with the predictions of Brodsky, Kinoshita, and

(12) and this work.

Terazawa

The other reason for exploriﬁg these cross sections in depth
is to instill confidence in our separation of these events from the
hadronié events. Indeed the separation is complete for hédronic-
events with three or more detected prongs. Contamination levéls of
the ofder of a few percent can be calculated for the two-prong hadron
class with momentum greater than 300 MeV/c and coplanafity 20°<y<160°.
These two classes comprise the hadron data used in previous works.

In section II we will describe the ring and detector and discuss
the eliminafion 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 iiterature 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
éection V we will discuss the fourth order QED procegses and - in
particular fhe 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 where 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

iA; Detection Devices

SPEAR is a Single-ring, electron-positron storage ring wﬁich
in its first phaSg was capabie 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 Ac;elerator; SLAC. SPEAR is
capable of accelerating them to 2.5 GeV or decélerating them to 1.0
GeV byvcﬁanging the magnetic fields. This process is controlled by
changing fhe-magnetic fields. This process is controlled by an XDS
z5 cbmputef which is dedicated solely to SPEAR. As can be seen, there
are 18 magnet seétions consisting of bending méghets and focusing
and defocusing quédrupoles. The ring can handle iuminosities of up
to 103! cm-2sec-! with lifetimes of several hours.

The particles travel in bunches rather tﬁan continuous bands.
There is one bunch each of electrons and positrons and hence two
regions in the ring where they‘interséct. These two regions are set
up as experimental areas.. The beams are well focﬁsed.in transverse
dimensions in the intefsection regions; and large pit areas are
available for ekperimental apparatus.

The westipit area is reserved permanently for the maghetic_'
detector, shown in Figs. 2 and 3 and 4 in its host recent stage
of development. The rrimary components of the detector are a
4 kG magnetic field coil sﬁrrounding four groups of cylindrical
spark éhambers,_and a.gfoup of scintillation and shower counters
to provide an event trigger. As a whole, the detector can detect

all charged particles within.rdughly 2/3 of 4rn 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 the beam pipe and
progressing to the muon spark chambers.

Fig. 4 1is a sidé view of the detector. Electrons and positrons

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

"+ There are 1.28 x- 105 beam intersections per second which produce on

-y

the order of one event a second at full luminosity. The beam pipe
muét.be sturdy and wéll evacuated for long beam lifetimes and thin
to reduce multiple scattering. It is made of 6 mil of corrﬁgated
stainleés”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
vwell as endcap spark chambers. When 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 onévcomposed of two "cylinders' of wires oriented at +2°

and -2° to the longitudinal, and the inner gap composed of similar
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"cylindéré” at +4°, The wires are'spaced 1 mm apart and are pulsed
‘with high voltage wvhen the trigger signals an event has passed. A

_ magnetostriétive wand readout system is employed to determine which
wires have sparked. This information will then yield "points" on

the charged particléftfacks accurate to within 0.5 mm in the azimuthal
direction and 7 mm for the 4° gaps aﬁd714 mm for the 2° gaps in the
'1bhéitudina1 direction provided the‘position ofvthe éhhmbers 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.. | |

‘Surfounding the spark chambers is the‘next part of the triggering
aparatus, a ring of 48 trigger counters made of 2.5 cm thick o
scintillator. The trigger counters afe arrangéd such that each
subtends 1/48 of the 2w azimuth and a pair is leccated 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
0 < |cose| < 0.5 and 97% for 0.5 < |cose] < 0.6.

Eéch trigger counter also measures the tiﬁe at whicﬁ the pérticle
passed thfough 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 infdrmationvand the track path length determined by the spark
éhambers, 87= v/c is calculated for the particlé. 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)
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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 uriform with openings
for the beam pipe and phototubes only. Compensating solenoids afound
the beam pipe provide for beam stability. The field is close enough
to uniform'(Z%) to make charged particles travel in helical paths.
Field non-uniformities are parameteriéed as a function of position

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

 to field inhomogeneities.

Between 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
ﬁave 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 while electrons range out in the shower

‘counters. This leaves the muons which need about 680 MeV/c of momentum

to reach the chambers. The ﬁuon chambers do not give a clear particle
separation and have not been used extensively fb date. Improvements
have recently béen made, and the current system is shown in Fig.4

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

muons) interleaved-with the spark chambers.
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The last detection device is the set of four luminosity monitors.
These are 2.5 cm by 7.5 cm tungsten shower counters with defining
‘counters in front, designed to measure the sméli—afgle Bhabha créss
section for a real time luminosity determination. The shower counters
consist of eight féyers ofldne radiation length of tungsten inter;
leaved with eight layers of sciﬁtillator. They are locatea 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 speciaily designed notches 220 cm
from the interaction region. To detect a Bhabha event, they require
the dgfiniﬁg and shower 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 monitors

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

rates of 250 events/sec (L = 103! cm-2sec-1l, E = 2.4 GeV).

The luminosity monitors have a second important function. They
are used as '"'tagging'" counters for ﬁeasuring the fourth order two-
photon events. The events, the subject ofrsectiqn V, are the result
of céllision of two bremsstrahlung photons and have surprisingly
large cross sections. It is useful to detect the-scatteied electron
and positron to measure suqh 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."
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B. Trigger

The defector was designed to have a flexible triggering mode,
but the most useful trigger for recording data was the one that
' required two or more ﬁharged particles in the detector.

The presence of a charged particle was detected by the firing of
a trigger countér and an associated shower counter (TASH) during
the passage 6f the beams. The 1.28 megacycle f;éQuéncy 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 véltage. Data froﬁ the magnetostrictive wands was recorded
glong with pulse heights from all of the counters. The event was
- then analyzed in real time, points determined and tracks and cognters
displayed, and the system was again made active to detect events.

The major soufcé of dead time was the .3-.5 seconds required for
the spark chambers to pulse and clear. This limits the rate at which
events could be recorded on tape to 2-3/sec. Events could be analyzed
and displéyed in real time at the rate of about one ?er two seconds.
The entire system was.controlled by the I5 computer and required thg

operator'oniy to start it and to watch out for prdblems.

C. Event Reconstruction
Once the data has been recorded, careful event analysis is done

offline on IBM 360 and CDC 7600 computers. The primary information
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used comes from the spark chamber data which provide momentum and
éharge for charged particle tracks. Other significant information
comes ffom the trigger counter flight times, the shower counter
pulse height, and the muon spérk chambers.'

‘The first stepAin track reconstruction is to determine the
azimuthal positidns ofvthe spark chamber wires which have fired.
For each real spark which occurs in a chamber, two wires will
1carry a current across fhe magnetbstrictive wards, one wire from the
outer cylinder of wires and one from the inner. Since fheiwires .
are skewed at a sﬁall angle to the longitudinal, buf in opposite
directions, fihding 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 which
pulsed is determined. Each pair of pulsed wires s then examined to
detefminé if the th wires .could hévé pulsed due to the same physical
spark. For each such pair, tﬁe wire azimuthal angles are used to
find r, 8, and z coordinates for the spafk using the standard coordi-
nate system of Fig. 46. The sum and difference of the azimuthal angles
directly yield 6 and z while r is taken to be the average of the
radii of the two wires. Careful corrections are made to these r, 6, 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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predictéd T, 6, 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
severél different élgorithms 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 two

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
correcfed‘magnetic field. Then a grand fit is done for all of the
tracks,'fequiring a single vertex but not requiring energy or
momentﬁm ¢onservation. ~The program CIRCE(IS) is used, which
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 chargé for each track,'and a vertex position.

Thé accuracy of the momenta determined by the detector is

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

most ciosely dependent upon the accuracy with which the sagitta,

‘s in Fig. 7  can be measured. The accuracy of s is roughly

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

L 2 L2
s =p - p cos(8) =.—;~o[§;] = 8

where p is the radius of curvature for a nearly circular track and
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L islthg farthest distance between any two measured points. Using
fhis.formﬁla‘aﬁd the relationship Eetween momentum and rédius of
curvature:

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

one can derive the following crude formulas:

Ag-=v.l4 p(in GeV/c) As(in mm) non-constrained (L = .7)

é§-= .036 p(in GeV/c) As(in mm) constrained (L = 1.4).

The first is for tracks not constrained to pasé through the beaﬁ
origin“and the second is for tracks which are (an imaginary spark
is placed at the origin).

Here,:if As is ‘assumed to be the errér in the measurement of a
space point rather than the sagitta, these-formulas provide a uSefuIl
means.for estimating efrors due to several éffects. The most
probable sources of error are the followings

1) Magnetic field errors nét accounted for by the fiéld

parameterization. This will be constant and very small

9% - % < .001.

2) Errors due to multiple scattering. These errors are

theoreticélly the worst. For non-constrained fits, A8 = (1.0 MeV/c)/p -

dhe to mﬁltiplg scattering on the material in the spark chambers.
For tracks constrained to pass through the origin, the beam pipé and
pipe counter provide an additional A8 = (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 mayfoccur between two wires. The wand'#ighal, however,
"displays the currents in all of the wires néaf,the spark, and the
centroid of the current distribution gives ﬁhe_spark position to

a better accuracy than the 1 mm wire spacing.}'Depending on the
hypothesis.dSed-for ion travel, the one standard deviation error
in spark pqéition varies from As = 0.15 mm at.bést to As = 0.25 mm
using the worst model.

4) . Errors due to chamber misalignments.'_These are the errors
which afe.eliminated by fitting the 300 paramétgrs to tracks with
known propérties. The best way to measure the rééidual error here
is to-mﬁasﬁre the spread in momenta Ap/p for tracks with known
momenta. Tﬂis Ap/p will include errors frdm:gll of the above
sources as.wéll aS chamber misalignments. Af’p;esent Ap/p = .04p
(in GeV/c) for non-constrained fits which give é total As = 0.3 ﬁm{
This isvtﬁelsum of errors due to all sources andvdemdhstrates quite
a remarkablé determination of the position of chambers with dimensions

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

D. Backgrbﬁnd
The defector does an excéllent job of ¢iiminating events not
derived frdﬁ beam-beam interactions, backgrouhd_éyents. We will
considef'briefly the means for eliminating‘the:three major types
of ﬁackgr¢ﬁnd events: coémic rays; beam—prodﬁcéd, photon-beam
pipe collisioné; and beam-gas interactions. |
_ Cosﬁic'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 from the vicinity

of the beam. Cosmics are easily flagged in event analysis, however,

by their unusual.flight times recorded by the tfigger counters. Also
the "event'" vertex is usually far from the beam axis. They remain a
nuisance however since cosmics can "fire" two TASH's and the pipe
counter at the rate of 1 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 signifi;ant number of them onto.
tape.

Beam-pipe collisions occur when é bremsstrahlung photon
produced by one of the incident beans collides with the beam pipe

and produces enough particles to trigger. Most of these events are

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

will have vertices at the origin with-stanﬂard deviation inr = 3 cm.
Beam-pipe events have vertices at the beam pipé, r= 6 cm, with a
similar standard deviation. The vertex cut is made at ¥ = 3 cm.
Beém-gas events occur whenva beam particle cdllides with a
particle of residual gas in the beam pipe. These events are similarly
reduced, but not completely eliminated with avverte* cﬁt. They will
generally occur at the origin in'r,e space so the r cut does not
eliminate them; The vertices, howeVer, are uniformly distributed
in z frpm -45 cm < z < 45 cm wﬁile be;h-beam event vertices seldomv
lie outside of |z| < 30 cm. The vertex cut in z is made at |z] = 30
cm and the number of background events not eliminated is estimated

from the number of events with vertices 30 < |[z]| < 45.
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E. Resolution and Cutoffs
The spark chambers will measure the mohénta-of all tracks
with | |
~ |cose]| < 0.6, p > 150 MeV/c
or equivalently o
|cose] < 0.6; p > 200 MeV/c.
It éan‘measure somewhat beyénd these bounds; but these are the

~standard safe cuts. The momentum resolution is roughly

-é§-= .14 p(in GeV/c) As(in mm) non-beam constrained

é§-= .036 p(in GeV/c) As(in mm) beam constrained

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

- detector is reduéed-only by shower counter inefficiencies. Trigger
counter and pipe counter efficiencies.aré >99% for tracks with
P> 200 MéV/c. Fig. 8 shéws the shower countef efficiency_és a
function of z measured from cosmic rays; the.dip at z = 0 is due to
light aftenuation. Fig. 9 shows the dropoff in éfficieﬁcy for low-
momentum pions due to ranging out in the fizld coil.

- The shower counter efficiency for an eleétron or muon is
95 ; 5% for 225 MeV/c < p < 400 MeV/c and 100% for p > 400 MeV/c,
determined from events where the shower counter firc was not
necessary for a "triggér," In the effective two-photon calculations
-in.section \ the‘data.are cut to require b,> 225 McV/c and 95 + 5%
as the shower counter efficiency, since most of the cross section is

below p = 400 MeV/c.
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Particle identification (energy determiﬁation) is done in three
Aseparéte ways.. Trigger counter flight times, measured to .5 ns allow
measurement of B = v/c.
| Fig. 10 is a scatter plot of p versus 8 for a sample of hadronic
events at 2.4 GeV beam energy. Theoretical cﬁrves for several -
partiéles are shown. (The blank area around the muon and pion
curves should feally be filled in with black.) As can bé seen,
pion-kaon sepafation is impossible above about p = 300 MeV/c usihg
this method on a track;by—track basis. Shdwe; counter pulse ﬁeights
serve fo separate electfons from more massive particles above
about p = 1 GeV/c. They are used primarily to separate e'e - e+¢'
from e e + p u". Finally the muon spark chambers will signal
muons which make it through the iron flux retufn. - This requires a
muon t§ have p > 660 MeV/c but contamination by pions is non-

negligible.
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III. Review of Hédronic Resultsv

We begin the presentation of the detector data results with
a brief review of the important hadro;ic or strong interaction
results which have élréady been published.  References will be
giveﬁ covering all publications by the'SLACFLBL group to date.
The hadronic results consist of a measurement of fhe cross section
fof

e'e” + hadrons.
_in the enérgy range 2.0 to 5.0 GeV, as well as the intefesting_
resonant results at 3.1 and 3.7 GeV. |
~ All known particle interactions cah be put into four classes:

i) Gravitation

2) Electromagnetism

3) Strong Nuclear Interaction

4) Weak Nuclear Interaction.
Gravitational interactions are well understood but so weak that they
are significant oﬁly.when the other interactions are neutralized,
thaf is for large masses of stable, slow-moving, and electrically .
neutral Atoms. The electrqmagnétic interaction is similarly well
understood in terms of theﬁtheory of relativistic quantum electré-_v
dynamics, QED. This theory predicts that all electromagnetic
interactions are well deséribed by the pointlike exchange .of
photons betwcen‘charged particles. Crbss sections can be calculated -
fdr all QED processes and the agreement with experiment has been
éxcellént; In sections IV and V of this work we willluse the

detector data to make the most stringent tests of QED to date.
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Again QED will be verified and we wiil be confident'in our theoretical
~ predictions for the electromagnetic iﬁteraction. The last two |
interactions, strong and weék nﬁclear,vare not well understood in
theory. Many models attempt to describe the interactions but none
is.compléte ;nd SatiSfying. It was hoped that SPEAR would shed some
light on the subject és indeed it has, but the neQ 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..TThe weak interactioﬁ
accounts for procegses which breék the nice éfmmetries of the strong
intéractibns bu; with cross sections too gmali for our dete;tor to
measure. Since QED is sd well understood, cuts can be made on the
‘data to eliminate most QED events, and tﬁe residuals can be calcula-
ted. HThiS‘leaves us with a large body of hadronic or strong inter-

action data.

A. Determining the Detected Cfoss Section

The primary sources of QED eveﬁts which must be eliminated from
the hadfonic data are Bhabha and mu-pair events; shown in Fig. 11- 
Since the electron and positron collide with eqﬁal and opposite
momenta, the produced particles in such events must also have equal
‘and opposite momenta, making these eveﬁtg very distinctive. The
final momenta may appear slightly unequal due to measurement errors,
multiple scattering, or the radiation of é photon by one of the
pérticles. To elimihate these eveﬁts the hadronic events are

required to satisfy
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1) 3 or more prong events may not contain two tracks
collineér to within 10° and with large shower counter pulse heights;

2) Z;prong events must have a coplanarity angle between 206
“and 160°. The coplanarity angle is the angle between the plane
:formed by one final state particle and the beam axis, and the plane
vformed by the other final staté partiéle ahd thé beam axis. |

. Another source of QED events which can contaminate the hadrons
~.is the twquhoton process shown invFig.'IZ. This process is the
subject of Section V. Typically oniy the particles indicated will
be detected, the others escapihg down the beam pipe. This can be
viewed as a "double-bremsstrahlung" prdcess, wherelthe 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 bf each prong greater
than 300 MeV/c.
vThe residual tﬁo-photon cross section is calculatéd iﬁ se;ﬁion \
(less than 6% of the detected hadron yield) and is figured:into the
systematic error on the hadronic crosg section. | |

The remaining events comprise the hadronic déta. Gas scatter
background is subtracted as described in sectionbiI. From these
d#ta,.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
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section for e e - hadrons, not just the part measured by our
detector. The "detected" cross section must be unfolded to give

the total or '"produced'" cross section.

B. Unfolding tﬁeVCrosé Section

Determining'the "produced” cross séction frqm the "detected"
cross section is a crucial andApotentiélly dangerous step and
"deserves a careful explanation. Our method Hasvbeen a two-step
procedure. First a complete Montg Carlo simulation of the detector
was constructed including the inefficiencies due to the fraction |
of the fﬁlivsolid angle covered by the detector and the inefficiency
~ of the sho&er counters for detecting charged particles which pass
through them. A model was used for the "producéd"vhadronic Cross
.section, and varioﬁs paraméters were adjusted to make the ”detecéed”
cross section, coming from the Monte Cario; fit the data. From this
first step alone, one might infer'thét the produced cross section, as
adjusted,vﬁas the true hadronic cross section. This method, howeyer,
would be highly model-dependent. Instead, this first step was used
~only to determine a "produced-detected"vmatrix,an,.the probabilities
that a produced event with n charged prongs would be detected with
m charged prbngs in the detector. Then using the data Dy, the number

of events with m detected prongs, the m equations

were solved to find P, the number of events with n produced prongs.

n!
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The total number of produced events

I p
n=2 n

found by this method is an' improVement in accuracy over the one-step
method‘and is fairly mbdélaindependent;

~ We now describe the first step in.detail. The siﬁplest model
;for the detector is one in which the probability of detecting any
one prong is independent of its momentum and fhe momentum and
direction of the other prongs in the event.  This probability,
e = 47, would account for shower counter inefficiencies and the
possibility of missing the detector. Since two prongs must be detected
“to trigger_th¢ 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:

‘ P(n)'= 1 - (1 -¢ )n‘- ne(l - ¢)n-1,

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

Q= m!(ﬁ!— m)!€ SO LN

A more accurate model is complicated only by the following:

1) The shower counfer efficiency and héncé € is moméntumf
dependent.

2) For mogt models, the momentum and direction of 6ne prong
depends on those of the others.

3) Possibilities of photon pair production, multiple scattering,

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 prohg—tb-prong angular correlations. Many events are>
generated and the matrix Qp, 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 theimean number ‘of charged particles
detected and theif mean ﬁomentum assuming Poisson distributions.
-The total number of pions produced is made to follow a Pbiéson
distribution. Other models tested are the heavy particle model,
which allows for kaons and nucleons,‘and a jet model which inserts

a matrix element
 _yp .2
M|z = e7EPi/R
where p; is the momentum tranévefse to a jet axis and R is adjusted
to make p = = 350 MeV/c.
Using'the Qun and the data Dy, the overdetermined set of m .

equations

- -

Dp = J Qun Pn

n=2

are solved for P, using a maximum likelihood mathod. The final

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

produced'

o~ 8

D

o
- . detected =2 'm

o h]
produced

e~y 8
-}
)

=
N

Here the produced cross section does not include all neutral states.



The variation in € using the three different mode1s'is less than
5%. This efficiency is shbwn in Fig. 13. Figs. 14 énd.ls vshow how
weil the data is reproduced Qsing just step one Qf the procedure
(Monte Carlo) and both steps (unfold). Using T from Fig. 13
may now be calculated from

aproduced

odetected

cproduced - €

C. Measured Cross Sections

1fThe totél meésured cross sections have been reported in
reference 1 and a detailed>description of the detector and anaiysis
programs in réference 14. Fig. 16 shows o (produyced) as a function

of center-of-mass energy W and R = o;/o . where oﬁp is the cross

. S+ - + -
section for e e . =+ u u .

The most outstanding features of this data are the narrow
resonances at W = 3.1 GeV and W = 3.7 GeV and the possible broad
resonance or threshold at W = 4.1 GeV. A detail of thes€resonances

is. shown in_Figs, 17 and 18.

D. The Narréw Resonances

In the early SPEAR data inconsistencies were found in the value
determined for o detected from hadrons at 3.1 GeV, a standafd data
point. The value of the cross section from one run to the next

differed by as much as secveral standard deviations. A careful energy
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scan was done in that region, and in November of‘1974 a very‘
remarkable resonance was found, the ¢(3095). Fig.17 shows d vs W.
The fesonant-cross section for hadrons was 100 times the background
" and ohly'Z.S MeV wide. This explained the previous run-to-run fluc-
tuations; some runs were closer to the resonant energy than others.

| Soon the Y (3684) was found and theSe surprisingly narrow
resonances»ﬁecame the cenﬁral focus of strong interaction theory.
‘Their discovery is reported in references 2 and 3, and more detailed
properties in.6 and 7. Table'I shows their masses and widths.
Seyeral theories were constructed to e*plain the existence of these
resonant'particlés, but most remaiﬁ to be tested. The most interesting'
“additional piéce of information the dgtector data has provided is that
the ¢(3684) decays fo the ¢(3095), 0.57 + 0.08 bf the time, and via
the reactibn

w(3684) > w(30§5) + n+_+ ™

0.32 + 0.04 of-the time (see reference 5). Ffomvthis information one
can infer that the Y particles interéct with’eaéh.other thfough the
. strong interaction rather than the weak.‘ |

A complete search was done for other resoﬁ;ncés in thé energy
range 3.2 to 5.9 Gev, Fig. 19, and no evideﬁ;e was found for further
structure (see reference 4). Thesé resonances are, of course, the
focus of a great deal of interest, and much has aiready been published
by the SLAC-LBL collaboration concerning them. In particular, a good
-summary of the resonance results can be found in feference 15. Also a
review article on electron positron hadronic physics is found in

reference 16.



Properties Of The Y Particles

Y (3095) Y (3684)
Mass 30955k MeV 368445 MeV
r e(vridth to electrons) 4.8%0.4 Kev | 2.1%0.3 KeV
- [T (full width) 69+10 KeV 228156 KeV
fvhadron(w)dw 10.8#2.7 3.730.9
: nb-GeV nb-GeV

Table 1

43
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‘ E. Present and Future Studies

Much work is presently being done with the magnetic detector at
SPEAR to uncover furtner informatiqn on the strohg interaction.
"~ Concerning the fesonancés, the search for fﬁrthér resonances will
hbpefully be extended to 8 GeV, and fhe'decay modes of the ¢(3095)
| and'w(§684) are being carefully_énalyzed fo determine more about
their pfoperties. - A popular theory of the particles is that fhey
- are composed of ''charmed quarks," previously unseén. Several types
of searches are being done for other kinds of "charmed" matterf(s)
Other studies with the detector include a search for hadronic jet

structure, an understanding of the unseen neutral particle, and a

search for heavy leptons.
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IV. Second and Third Order QED Cross Sections
and the Radiative Corrections

In this section we will begin the study of qu2ntum electfodynémics
" at SPEARbe studying the lowest order cross sections, e'e” > ee”
and'e+e' > u+u', and comparing the predictions of QED to our data;
These processes, second order in a, cannot be measured accurately |
without also accountlng for processes which are thlrd order in a.
_This;includgs calculating the cross sections for the above processes
to third order in o as wéll as including the radiative correctiéns,
the cross sections for e'e” » e'e’y and e'e” + u*u"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
consideted;>theVer the remarkable two-photon pfocess has been shown
to.be'compafable to second order processes. Fortunately these events -
are fairly distinctive and can be separated from those of other processes.
The twd-photon_events are the subjecf of section V.

' The aims of this section are twofold. Firét'we will apply the
most stringent test to quantum eiectrodynamics that has been done to
date.  Values for cutoff parameters in QED breakdpwn models will be
defermined 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 whéle, rather that by the author
individually, the results are presentea here because they are crucial
to the understanding of the second and third order QED events. Second
we will demonstrate that our event classification $chcme successfully

separates hadronic events from QED events. This will be donc 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 (br two-photon events as 'in section V) are
then confidently called‘hadtonié events andranalyzed 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,(g’lo’ll)

and we are grateful(to them for supplying the
SPEAR collaboration with their computer programs. The calculations
are'completevand exact to third ofder in a, and have been used
excluSively_to determine Bhabha and mu-pair cross sections. We

' willvoutline briefly here what is included in theée-crossvsections
and then use them for compérison with data.

A . ' : . + - + -
We begin with the easier of the two cross sections, e.e > u p ,

~the cross section to second order is well known to be:

1/2 2 2 232
o o fis - M2 2M2 + M2) MO M, M
dL = E_ 4—.——1 l + ._.e_L - 2 C052 (e) -_1.. + -
o~ B\ o Z " S g7 s s2
4 e

~ where dQ and 6 refer to the positively charged muon. ;This is for
diagrém a of Fig.zo, |

To calculate the crbss sectioh to third order, two types of terms
must be added. The first type is interference terms betweeﬁ the second
order di#gram a and the fourth order diagramsvb, 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 for diagrams e including
intetference'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 becomes very simple
. if one assumes that the photon momentum can be neglected and the muon
- momenta ere unaltered by the emission of the photon. The approximatioﬁ
is good when the photons are eufficiently 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 integfation 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 which will cancel the divergent term coming f;om‘the vertex
eorrectiOn diagram.; The residual integral, exact miﬁusrsoft photon,
is then calculated numerically in the iéotropie region I and the
exact expression is calculated for the remaﬁniné anistropic region AI.

The expression derived for the_third order crass section is the

. following:

do do° do™28
aaq - do ISyt Sypripptsst t 5w,

4% B A Lt N
dQ d..; + — dQY dl;_Y
o dn_dE da dq, dE_ |

AT 1
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Here do®/da is the second order cross section, a in Fig.?o_
.30°/JQ GQC+.domag/dQ is the vertex correction.term b; dof/dQ GVP
isvthe vacuum polarization term c; dg°/dQ 5Tp-is the two-photon
term d; do°/dQ 85 is the "soft photon' approximation to terms e,
taken over the maximum isotropic sub-regién of the total region
of integration.' All of these terms are analytic; fhe lést two terms
" must be integrated numerically. . oB refers to the.exactvbremsstrahlung
'crosS section for‘tefms:e, and o> refers to the "soft photon'
appfoximatioﬁ. The previous expféssion is also simply Qritten:

‘do _ i (1+8, +8, )= do” (1« aTj_'

.de da S~
where GA refers to ;hg analytic terms ahd_éN tp the'numerica11y
integrated tefms. GT'representSIthe total third order correction |
to the second order célculation;‘ | -

Two parficular types of ihtegfatibp'regions have been programmed
by Berends et al. Thé first reqﬁires the muons to be collinear to
within some threshold n, and to have energy above somg threshold |
E . . This region wa$ used with tight constants, n % 10° and |

min
Emin = 1/2 (beam energy), to tesﬁ quantum'electrodynémics and determine
breakdown parameters. The other type of region réduired a sﬁegific
 degree of'acoplanarity betweenvtwo muohs, and energy above a threshold
Emin' The acoplanarity angle, Y, is w minus the angle between the

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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do _ do? 1,5+ | 439" g ,dcosé _dE
dy dy A Al dQu+dQu_dEu_ ut u- ou”
a5 (oB-5%)
+ 5 dQ ,dcos6 _dE _
I dQu+d“u_dEu_‘ u T in

rather than do/dQ. An integratibn of this type will be used for
comparison'with a coplanarity distribution of all observed QED events
with fina1 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 addition of the spacelike
photon diagrams shown in Fig. 21. Here the secondvorder €ross section
must include.diagrams-a from both Figs. 20 and 21 as well as the
interference term between them. Vertex correction terms must include
diagrams b from both figures, vacuum pqlarization terms must inciude
diagrams ¢ from.both, etc. Otherwise, the calculétion is the same

and has been done in the same way as for muons.

B. Test of Quantum Electrodynamics
Results of the stringent test applied to quantum electrodynamics
using the magnetic detector comprised the first publication of the

SLAC-LBL collaboration.(17)

The test parameterized QED breakdown

models in terms of cutoff parameters and established vaiués considerably
larger than previoﬁsly highest values established by Beron et al.fls)

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

) . + - + - )
from the QED cross section for e e ~e e must ultimately be found

; £33 RS , : > i 3
at suificiently large momentum trans<er to vnreserve unitarity. The
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Figure 21
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test'involvéd selecting a clean sample of events of the types

'é*e; > e'e and e'e” > n+ﬁ- and fitting them to cross sections
coﬁtaining breakdown parametérs. Radiafive corrections are included
to third order in a.

The sample of events consisted of all two-prong events with
opposite charges which originated from an interaction region
fiduCial Qolume of 4 cm radius and 80 cm iength. 'The two tracks were
‘required to have equal trigger counter times-of;flight to within
3 ns, to be collinear to within 10°, and to have momentum p»i E em/4.
These last two cuts eliminated e'e” - e'e” and e+é_ + u'u” events
which radiated very strongly and suppressed e'e” > e+e;A*Af events
where A is any particlé. .

The e+e; > e'e” aﬁd e'e” » u+u— events wereISeparated'using_'
fheir shoWer>couﬁter pulse heights. Fig.22 is a.histogram of the
sum of pulse heights for the two tracks for the'séhple of events
at Ecm = 4.8 GeV. As can be seen, there is a cléar separation of
the mu-pair events Qithvlow pulse heights from the Bhabha events with
lérger pulse heights. A sihgle cut was ma&e ét pulse height 70 to
separate the two. |

Although hadron events, suéh as e+e; > nfn-, cou1d appear in the
mu-pair sample, a study of the muon spark chamber ihformation_showed
no significént céntamination from this source. The only significant
hardwére correctioﬁ,pamé from the shower counter efficiency oﬁ_mu-pairs,
which_ﬁas 94% to 98% depending on 8. No backgroﬁnd subtraction was
.necessary és no QED candidates were seen in non-colliding beam runs

which comprised about 10% of the running.
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" The eQents for the fwovsamples were binned in cos(e) and the
distributions compared to third order calculations.v Fig. éB
shows fhe normalized fit to QED and QED with the detector acceptance
folded in. ”

To establish the validity of QED, one modifies the photon
‘propagator: |

1_’1 25
@ F(Q%)

"where the most general form for F(Q2?) to first order in Q2 is
F(Q?) =1+ £ Q2.
One then éttempts to prove that f is very small. Specific modified

photon propagator models postulate F(Q2) to be

_1' 02 -
F+(Q)=[1-%:2J_ -1+ %,

or

|
—
—
+
l,O
N
[
!
[o—
1
[
|
e
N

F_(@») = =~
. A‘

for positive or negative metric models(lgizoj.

For each of our fits
we will first determine f and its error and then separafely eqﬁate'f_
Fo (Iv\+)'.2 ahd f(A_)'zin order to derive 95% confidence ievelvlower
limits for A, an& A_. Proving A, aﬁd A_ large is;'of course,
equivalent to proving f small. Note that'to-firsﬁ order in Q2, this
method effectively tests every conceivable model for QED breakdown.

The thifd order radiative correction is determined as a single
.quéntity GT(ej such that

do do° »
i < in (1+5T(9) )
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so in the following we will include it by multiplying our modified

» cross sections by (1 + &1). In the case of separate spacelike 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 using the single factor (1 + 6T) are

the next order smaller in a.

- . : . + - + - + - + - A
- The cross sections for e e > e e and ee - u p are (setting

jMe = 0):
ESEE- = Ei s2+u? ; 2u? + t2+u? (1 ;.5 ee)
dq 2s tz St 52 T
do 2 2,2 |
up - a‘ o |t+u 24 2tu MU
do = 3 B[ s + (1-84) ;—*J (1 + 6T )
where ' '
Ipufl ut
and's, t; u, are the Mandelstam variables:
= 2 . 2
s = (Pe+ * Pg.) (Py+ * p,.)
’ 2 2 O+
= - = - ~ s 2
t = (P P,.) (Pg-- p,.) s sin®—
. 6
u=(p_, -p )2=(p,_ -p.,)2%=-s cos2 L
e+ M- e-  “u* 2 -

The‘modified formulas are

F
do_. 2 (c2,42 2 2, .2
ee . _ a‘ Isc+u r2 . 2u t°+ u
dQ T 2s [ 2 IFsl TSt Re{FSFT*} * R |F
t i - S
F .
do 2 2 2 .
ww a2 [t2+u 2y 2tu} o 12 uu
aa 255[_2 (-85 ZEIR2A . 67
s s s .
o - - 2 _
where FS =1 + fs t Q< = t)
- 2 _
T% =] + fTs (Q¢ = s)

7l ZJ (1+2,.5%)
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are the spacelike and timelike form factors. The fits can be

s = fT or allowing them to be different although

this would violate crossing symmetry as well as QED.

done requiring f

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

fer the 14 bins in cos(8) shown in Fig. 23

'= Number of Events (cos6) A; dof (cos8)
- Luminosity x Efficiency (cos8)}) bin aa - da

I(cos8)
.The luminosity is found by requiring

] I(cos8) =0

bins
e,
and then Xv IilEEEQl. is minimized as a function of f of f_ or £,
bins 92(cose) . S i

Qhere o(coee)_is'the standard deviation of I for e given bih.'
Tablel é shows the results of fits to the Bhabﬁas enly and
‘Bhabhas and mu-pairs together. These are the reSulf of weighted
.averages ever three samples of data at E_ = 3.0, 3.8, and 4.8 GeV.
~In each case’a:fit was done separately'iequifing,fs»= fT and allowing
them to be independent. The results are the fitted.parameters in
column three. Columns four and five are the resulfs ef fitting
f to (A)"2 aﬁd -(A_)~? respectively for the ﬁoéitiVe and hegative
metric models. Also shown in the table is the result of allowing
the form factor at.the muon vertex to be different from that at the
electron vertex. To keep things simple, we require fT = ?S for the
Bhabhas, but now f?ui fTe' Thus in the forﬁula for eogu/dQ, we

replace IFT_l2 by Re{FT FT-*} where
e



OuUw0a4a40272%9
59
Test of QED
Data Model Fitted Parageters Aat 95% Conf.
Sample (In Gev °) (In GeV)
Used .
A, | A
Pos Met . lleg Met
£ T fs =0,0008£0.0022 | A + >15 Ao >19
Bhabhas Independent S :
. f, =0.0013%0.003L | A, >15 |A,_>16
Only :
| fs=ft £ =0,0007+0.0022 A+ >15 A >19
I gy £ =0.0003%0,0013 A, >2l A >23
Indefenfent 5 s+ s
_ o £, =0.0001#0.0005 [A,, >33 | A, >36
Bhabhas e
o £.f, £ =0.000230.0004 | A, >35 | A_ >47
o £ =f £ =0,0004+0,0011 | S2L | AL >2T
MuPairs But® € R Aes 7 ) e
: T, »f f =0.0014#0,0021 | A.. >1 >22
Indggeng.gnt u A u+ Au—
fue=0 .QOlO":O 002k A ue+>l§ A e >15

Table 2
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F =1+ fs
U

1
"

1 +f s
e

and in the formula for dcge/ﬂd we have
F. =1+ £t
Te
F... =1+ f s
e

. ) e .
The limits on p-e universality is defined by

A
ue v : .
and we also derive Aué* and Aue" for positive and negative metrics.

The cutoff parameters determined in Table 2 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 Distributiop

Now that we have shown to good accuracy that the Bhabha and mu-
- ‘pair events are ﬁresent in the detector, there isionly one logical
step left to complete our understanding cf these cvents. 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 two-prong events are candidates for non-hadronic events. Of.
these, Bhabhas and mu-pairs are classified as in the previous section;
collinearity <10°, momentum >Ecm/4. They are separated from each
other by their shower pulsc heights. The remaining two-prong cvents

.. + - + - + - + -
consist of radiative QED's (e e + e ey, ee = puy), tvo-photon
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events (e'e” ~ e'e’A*AT), and two-prong hadronic events. The
radiative Bhabhas are separated from the rest'oﬁ.the basis of their
large pulse heights and at least one track‘havingv2/3 of the beam
energy or more. The remaining two prongs are cﬁt to require p < 300
.'MeV/c'and P < 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.prdngs, we will fit a coplan-
érity distribution of all Bhabhas and radiative Bhébhas'to the calcu-
lated distriﬁution by Berends ét al. Figs. 24, 2§ and26.show the
’éoplanarity distribution of the data and the calculation.. The»region
v = [160°, 180°] is left off since it is not possible to separate
events of the tybe e+e- > e+e_y in fhis region from e+e- > Yy eveﬁts
where one y » e'e” in the beam pipe. The errors shown on the data
are statistical. Those on the calculations are negligibleiin compari-
- son, except in the bin y = [0°, 2°]. The calculation becomes very
-inaccurate as ¢ > 0° so we exclude the first bin for fitting purposes.
The three different momentum cutoffs ére p > 200 MeV/c, a maximal .
sample, p > 600 MeV/c, and p > 900 MeV/c. |
The remaining range ¥ = [2°, 160°] is divided into_79 fwo-degree

bins. The effective luhinosity (luminosity times efficienecy) is .
found by requiring |

¥=12% 1607  ¥=[20,6007 4Y

)

where N(y) is the number of events pér bin, L is the tine-integrated

luminosity times efficiency and f do(yp)/dy d¥ is the calculated
Ay
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cross section integrated over a bin. This removes one degree of
freedoﬁ.‘ X? is calculated for the fit in the range ¢ = [2°, 1606]
_and cohfidence levels are given in Table 3. As can be seen all fits
are excellent.

‘éossible causes of errors in previous fits are:

1) Allof the errors in determining space pointsvin thé spark
chambers contribute to an error in the determination of Y. This may
‘céuse fhe particularly steep bins to spill into each other enough
to signifi;antly flatten the distribution. We estihate the error
on ¥ is <<1°.

2) Tﬁe separation of the Bhabhas.from other two prbngs is ﬁot
v,infallibie.' Some Bhabhas are lost; some_eventS'are not Bhabhas. To
eliminaté.errof from the second source, we aid a'further:fit of the
foilowing nature:  All two-prong events, instead of just Bhabhas
" and radiative Bhabhas were fit to a theoretical copianari;y distribu;
tion. The theoretical distribution accounted for Bhabhas and mu-
pairs using the célculations of Berends. It accounted for two—phofpn
events using calculations borrowed from section V. Calculating the
expected two-prong hadronic sample was more difficult; .The'Moﬁte
Carlo caiculation described in section III was used to calculate
- the coplanarity distribution of two-prong hadroné and the overall
normalizatién was found thfough a fit.

In this case we had

. Lo () o
N(Y) = /—.A% TV + R H(‘f’)

where N(¢) is the number of all two-prong events in a 2° bin.



Radiative Bhabha Fit

. » 'xd Deg. of Freedom Confidence Levél
p>o.é-'Gev/c' _ 71.56 8 68.6%
p>0.6 Gev/e T72.60 T8 65.6%

| p>0.9 GeV/e 62.78 . 78 89.3%
All Two Prong Fit
fX2 Deg. of Freedom -Confid_.ence I;evel
>0.2 Gev/e - 107.6 7 . 1.07%
0.6 GeV/e 58.33 T T 9k.2%
0.9 GeV/e | .67 T 99.5%

Table 3
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fdc(w)/dw dy is a sum of the calculations for ete” > e e,
A¢

ete” » u+p", e+ef >e'ee’e”, and e'e” » eTe ' y” imtegrated over
a bin.' L is the effective luminosity. H(m) is the Momte Carlo
distribution for two-prong‘hadroq events-integreted over a bin, and
R is a factor to normalize this distributien. Again we used 79 two-
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, L and R, to fit. - We did this
by requiriﬁg-an integrated fit in two sub-regions ¢ = [2°, 20°].and

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

> N = LY L EEPae « R T H®)
Y=[2° 207 - Y:[2° 207 S O Pl 20]

]

> | ""N(% = L Z Jor ”mdw + K Z_ H(q/)
p=[ 20% 1607 - Y=o (6] Y =[ 20, 1607

.and we solved the two equations for the two unknowns, L and R,
eliminating two degrees of freedom. These fite are shown in Figs.
27, 28 antl 29 and )(2 and confidence levels are listed in Table 3.

In thls case the fit is poor for the sample P> 200 MeV/c,:

but the fit gets better for p > 600 MeV/c and is even better than
the radiative Bhabha f1ts for p > 900 MeV/c. ' The reason is that
the p > 200 MeV/c sample contains a large number of hadronic two
prongs, most of whieh have low momenta. As the.mOmentum cutoff is :

eincreased, the hadronic events are practically eliminated while the
rad1at1ve events are unaffected Thus, the small confidence level

at low momentum is due to the crudely fit hadron events while the
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excellent fitrat higher momenta demonstrate . a fit to the
-radiative events which is even better than that to radiative
Bhabhas on1y5

By doihg'all df these fits we have given ourselves confiden¢e
in two things. First, we know tﬁat our event claSsifiéatiOn'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 fwo—prong class

in the hadron Monte Carlo and unfold is justified.
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V. Fourth Order QED Cross Sections
and the Two-Photon Process
In this Section we wilivconsider the fourthcorder Cross
sections which have not been discussed in the section.on the radiative
corrections. This is equivalent to the class of processes wheree
the electron and positron produce four final state particles, none
_of them photons. The study of these processes is impoftant_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 in e+e-”inter+
actions.(lz) Here -the electron and positton each emit"a-phOton and
.continue forwéfd, 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 wnere only two pafticles reach the detector.
We will refer to the‘diagram of Fig. 30a as the C = + two-photon
process, since the produced pair, which is usuaiiy.all that is
observed, has positive C parity. _

"Also, as has been shown by several authors,(21;22’23’24’25)
the C = - twoephoton processes (Fig. 30b ) may become significant
and must be understood. In this section we will calculate the
cross sections for

ete” » c'e e’
e+e— -> C+e-u+u~

+ - + -+ - . . :
ec¢c >eecm (pointlike)
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and comﬁare theﬁ with the data. This will provide a.meésure of
our confidence in the calculation of their ;ontamiﬁation to.the
lower ordef processes and provide a test of QED Since the n1 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 geﬁtioh is large
enough at present energies tb'provide neQiinformation on the
hadronic intgf&ction through photoh-photon'collisions; The hadron
physics of tﬁe two-photon-proceés_will be considered in the»Iasf
section. Two photon events havé previously been dbserved at .’
' Novosibirsk(*®) ana Frascati, (*1+42) |
A _Order of Magnitude Estimates

Allvﬁon-radiative fburth order QED pfocesses are shown in
Fig.30 , wﬁere it is understood fhat final étate pérticleé are
electrons or muons’where,pOSsible and exéhange'diagramsvWill_bev
included. Naively one would guess that, since ail of these processesi

are fourth order, the cross sections are of order

: (2 4 ' - .
0 = (’ﬁc) OE(z = 2 xlo nb “*_ E =2‘f GeV
However, the process of emitting a bremsstrahlung'photon as in 30a
and b actually contributes a factor of a/w Iln E/me'where m, is the

electron mass rather than «/E and the process 30a is-aéymptotically

-

of order
SLLES E 2( E
% = ar m (W) (I E)
f ¢ f »
where me is the mass of the produced particles.(lz) For muons at

"E = 2.4 GeV this is
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g, > 90 nb

which is comparable to the one-pﬁoton Hadronic cross sections.
Fortﬁnately (or unfortunateiy from the poiht of view of two-photon
physics) most of this cross section is undetectable with the magnetic
detector cuts for two reasons. First, typical of bremsﬁtrahlung
processes, the scattered electron and positron tend to continue for-
ward emitting énly low-energy photoné. The produéed particles peak
~ at zero momentum and tend to fail to reach the Spark chambers. This
"eliminates most of the cross section. >Sécondly, of those produéed
‘particles_thaf have enough momentum, oﬁly about 10% fall within the
| angle cuté cos6]<0.6 .(22)

| Hehce, iﬁ_this section we will consider carefully‘the
C‘: + (two-photon) process (Fig.BOa).and thevC = - ﬁrOCGSS
(Fig.30b ). The remaining diagrams aré expected to be of order
2 x 107% nb and therefofe negligible. Contribﬁtion5 from 0c are

discussed by Arteaga-Romero et al.(21’22’23*24)

(28)

and those from BQd ‘
afe discussed by Attukhov.

In Table 4 we present estimates of the cross sections for the
c %_+ and C = - processes from three different.authors. First aie

(12)

‘estimates by Brodsky et al. of C = + cross sections using the

(c = +) are their calculations

equivalent photon approximation. ot

) + - * -+ - + - + -+ - A :

for ee »eepp andee »eenn (pointlike) total cross
sections. oeff(C = +) are estimates of the cross sections detected
by the magnetic detector. Oeff is obtained by using their asymptotic

formulae



Brodsky,Kinoshita,Terazawa (12) - Equivalent rhoton

Estimates of Cross Sections for e e=eteatA”

“Where A is as Indicated and E=2.k GeV

Ata” efem | v | wtw | vt | k% | k%
: point | P dom.| point | ¢ dom.
O‘TOT(C=+) = - YOonb | 3nb - - -
om(c=+) = T ob 5 nb 0.6 nb | - .05 nb -
Baier,Fadin(es ). Asymtotic Limit
"TOT(C=+) = lwb| 30 nb 2 nb - .05 nb -
c'rTo,T,(c=-) = - 1nb 0.1 nb} 0.8 nb fOl nb| .03 nb:
| - (22) .o

Arteaga-Romero,Jaccarini,Kessler,Parisi ~ Upper Limits
cEFF(c=+) = 6 nb | 2 nb 0.3 nb - .03 nb -
aTOT(c=—) €| 300 nb | 100 nb | 30 nb 30 nb .01 nb | 10 nb

Table L
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.and substituting for me, the energy of a "just detectable'" particle,
i.e. one with p = 200 MeV/c. This number is then multiplied by
their bias factor to account for the angular cutoff of the detector.

(25,30) asymptotic estimates for

Next are Baier and Fadin's
both' C = + and C = -. They.havé expressed cross sections in terms
of leading logarithms without using the equivalenf phéton approxi-
mation. Inclﬁded are results for pointlike particles and piohs
and kaons in the limit of p and ¢ dominance respectively.

(22)

Finally we use‘thevdo/dM plots of Arteaga-Romero et al. 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 do/dM down to the minimum alldwed.effective
mass for p'= 200 MeV/c particles. This numbef is then-corrected for
~angular aéceétance using their graphs of angular disfribution for

the pfodﬁCed particles. Since the scattered partiples afe cut off

at 6 < 1°, we must also correct for the fraction of the cross section
lost by multipiying by (2.55)2 , a factor calculated from the
équivalant photon’approximation. For the C = - process, it is not‘
possible to'incorporate the momentum cutoff into the effective

mass since the mpmenta of the two produced particles'are.nOt
primarily.oppositc. Therefore we calculate onlya tofnl cross scction

for C = -.  Further, we cannot handle the 1° cutoff of the scatterecd
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particles well. For the bremsstrahlung electron a factor of 2.55
is éppropriate since the equivalent photon apprﬁximation applies,
but the distribution of the other electron is difficult to estimate.
It is likély to peak forward, but little more can be said. Therefore
we merely assume a'phase spaée distribution ana usé the result_as
"'van upper Iimit.

Froh_the tablebwe can see that the ¢ = + ¢ffective cross section
is definitelyvnon—negligible, and no really good estimates of the

o

- effective cross section exist. 'However, judging from the

C

it

- total cross section, we can sée that it may have a significant
effective cross section and needs to be undersfpod.

For fhesé'reasons,-we have done detéiied_calculations for both
of these cross séctions ﬁsing the cuts imposed by the detéctor.‘ We
generally fegard cross Sections of the order of 10'2 nb as negligible
and fiﬁdvthat; if a momentum cut of p = 300 MeV/c and a coplanarity
cut of ¢ > 20° is imposed, the C = - process is eliminated, and
cross sections for the C = + proéess can be calculated sufficiently
well."In the next fwo pérts wevconsider thé calculations 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 in

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

(26,31)

sions. 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 fofmula(lz)
4* :
' 2
= &Y E o1 f s L/ Y o, (S
0;\‘6-—’"6')! (E) Y4 (Tr) (/h e 1) o 5 )L‘(lg) YY—?X»

where
L&y = (24x3 o (£) = (1-x7)(3+x7)
in the limit that the photons are real. The approximatibns used
in obtaining this formula areg'

1) The photons are emitted .in the forward direction.

2).'The photons have only transverse polarizations. ‘ -

This allows one to avérage over the azimuthal angles ofvboth
the scattered electron and positron eliminaiing one degree of
freedom,_but also eliminating all inférmation about the total
transverse momentum. of the produced state. |

This method greatly simplifies the calculation of fourth order
QED brocesses, because a seven-dimensional integral is reduced to
two three-dimension ihtegrals, oﬁe of which.can.be done analytically.
Many authoré_have discussed the accufacy-bf this method both from a
(3?’33’34) and calculatidgél(12;35’36) poiht of view.
None claim it to be-better than 10-20% and some claim it to be much

(32) are

.worse. The major problems summarized by Bonneau et al.
1) The approximation that the phoions are real breaks down when

the electron or positron is scattered to large anglcs, and this can
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~ happen for a significant part of the cross section. Since we will
be intefested in calculating contamination to the hadronic cross
sectinn, we cannot assume the scattered partiéles will be collected
at small angles; | |

2). Longitudinal and scalar polarization terms will not
necesearily be 'small, especially for massive photons.

3) The expression is derived to highestfofdervin.E/me. At

= 2.4 GeV we are not in a suffieiently asymptotic region to

‘neglect the;lower powers; - E will have to increase by many ordere
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 |
, 2 :

| (In £ - 4)
to . : , _
(In {,,,ew- 1) (& Z)-4)

where ¥s is the invariant mass of the two-photon state and ml-and

w, are the energies of the photons, but this would increase the
complexity of the integration. Bonneau et al. estimate the error
(32) |

at 30-40%.
. . . 4 - 4+ -+ -
5) If this form is used to study e e > e e x ©m , the
three independent form factors in the Cheng-Wu 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-thesg reasons we decided that the equivalent photonbmethod
would be insufficient for calculating fourth order cross sections.
Much work has been doné on the exact calculation of these
processes, ﬁut there has been considerable difficulty.(12’35’36)
One generally aftempts,to numéricéll} integrate the seven-dimensional
cross section. This has been done successfully énly by holding one
or more of the variables fixed. .The problens ari;e from peaks in

the integrand as a function of almost all of the variables. For
the SPEAR detectdr,'howevér, 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
in£egratiqn of the exact formulas to determine efféctive 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 ihe
results of the‘numericél integration‘are given in the following
sectioné. The exact formula, F2 , can be integrated in several_ways
‘depending upon how one wishes to expréss the phaée épace. All |
methods in principle give identical results, but some are more
efficient phan others. Due to the compléxity*of.the integration,
Jfour different methods were tested and one, the BKT'metﬁdd
'expressed by formula F3%2 was chosen an&.used throughoﬁt. The next

sections include a discussion of these methods.

]
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2. Exact Calculation of e e -~ ee AA

a. Phase Space Calculation

The cross sectioﬁ for the pfocess e'e” > e'e"A"A” can be
calculated5exactiy when A*A” are:a pointlike fermion-antifermion or
Abosonéantiboson pair. The numerical integration Ean be perférmed
in severél'different ways, howeVer, and, due to its complexity,
results have been found fq differ by ébout_SO%,

To calculate the cross éection we follow Brodsky et ali(lz) and
label the momenta and energies as shown in Fig. 31, Ex’ Ex are tﬁé
energy and momentum of the‘fwo-photon fipal'state sb‘that 3; = Ki'+ ?2 =
31 + 32.' We choose a coordinate system such that,tﬁe initial particles

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

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

o= et e Me me o1 5 Me dp’ ( me L7p) p,dg, P %,

w-wl e E 4 “WE.’» <m>’E’ (zm’zv nY 2W,

4,53 'y Ss

x (2" S(/sz P 3 5’=)T (F'R)M«Mwe T . f’)(k K

where Me_is the electron mass, s =>1 if the peruced particles are
bosons ‘and p; = ZMP, twice the mass, if the produced particles.are
fermions. | : ‘
T (p,p?) = V(P ¥ vipyvip) ¥V V (pr)

T (i, pa)= W (p) Y™ Ul () vbu(ps)
and M_, is the ﬁatrix element for yy » A'A™. Then using current

VB

conservation we calculate
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52: T“(p, p}”‘Z,O pl+ T K g
5/ :
= /éAV(F')k’)
Mei‘ , Tqﬂ : 7y = ot .71 2)
S | (P AT (k)
to find '

o= ((zw)’ E? IV—v,I f"ﬂf fdgf (1“5 5(:”/’2)0'/"‘ 5)(1<,

.where
D= %p P«_A‘””(Pu’“) M M”ﬁ e, )

and

.E' = EZ = E v (ﬁ)rmula F{)

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

the foiloWing way
O e = S(F*PF ” ff)
. f'za,e'fzg'_zr_ = oeb osd e e
v, (] ', ! ’ﬁ;r, S(COSF-—(&,SG, 6059"‘5”7915/09, CD_5¢,)

'XVQ(ZE—Ex—EI’)

 where v ' . :
cos (ZE—E){) - P){z "'Z'Ell (ZE‘EX) .
P =
¢ 2 15 15

The produced particle phase space is written

J o{sz f/h/fd(n@f/%fa((os@ fd¢fa(4>

Wi

—

It is useful to descrlbe the final state in terms of ''coplanarity
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angle" y where cosy = (4 X ;1)/t131 x Eil) © (@, x 3,/ (1, x B,1.
This is“équivalent to cosy = —cos(¢1 - ¢2). The toplénarity angle
is a measure of the angle between the projection§ of 31 and az’in
the x-y piahe. p = 0 indicates ali énd azl’bppbsitely directed
while w -111nd1cates ‘they point ‘in the same direction.

U51ng ¢ , the azimuthal angle of the vector p 31 + 32’ we

can wrlte. ‘
[at {4t =+ f] apaer
T . ‘H<¢<W
~T L4 <T

with

(b cos)
3(9,4.)

and detérmine.the limits on ¢x and cosy in thg‘following way:
oy is somezgngle'in the acute region between ¢i aﬁd<§ and can have
any value bétween -m and v. For a given value‘of ¢x’ there are'two
. possib1e‘regiQn$ for ¢, and $, as shown in Fig. 32.L
1) Thé region we denote by b =
where
: _¢&——7T < ¢..< b,
4&' < ¢Q < 4& + T
2) The region we denote by b = - -
yhére 'CP', < 4,' < ¢x.+7r
. '4& -m < ¢1- < ¢x v
Eof each of these regions |¢1 - ¢2| can range dh1y from 0 to =
sihce ¢x‘is:in the acute region between ¢1 and'¢2, sq cos(¢1,- ¢2)

_ =_—cosw'ranges from -1 to 1. Therefore cosy also ranges from -1 to



TWO CONFIGURATIONS OF AZIMUTHAL ANGLES

59,

-

b=+1
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1 and we can write:
T T 4
fﬂl‘ﬁfa/zﬁ: mf“{qs Z falcos‘{/
=T -7 b=21 -
Since no other angles in ¢ have been chosen other than ¢l' =0

for the scattered electron, we have by parity symmetry:

o . | v
.["d‘k jv_.”ﬁ(‘?, = f d#, j_" A cos¥

¢

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

A,"J = |siny| and the final expression becomes:

J o [laa =2 [[40, T S 4¢

In the last step, we are free to choose [0,w] or [-w,0] for limits
on Y. However both give the same values for cosy which is the quantity
used in calculating the matrix element, so the choice is arbitrary.

We now combine the results to get:

c = (211')3) E_z(zr) + 5o fdl«/fa(w f&l(asefdcosa !g (Z‘

~

fa/Cos 8, a{E.I "l fa(‘l’f a(45x 2 5 S((osfq €056y €056, 5me,smo,ca;¢)
= ) Me Px b=ty

|
0 (ZE-Wi-Wi-E)) D Tirgay

%

Fiﬁally we cancel the remaining delta function against the integral
in ¢x. Since cos¢x is single valued in region ¢y = [0,7], we are

left with

\fd¢ S&uﬂ aw%cm&—ﬁm&sm&cnﬁ) G(F-Mu¢05 6;*;7—2
indy /n,Smf

where
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Cos § - cos 6x Cos 8,

cos =
ox sin 6x sin 8,

The maximum energy of the produced particles for an initial state

Eror = 2E ’pTOT

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

= 2 _ 2 2
0 is Emax E + (M M )/4E where Mp is the

of the final state. Now M, > Mp so E < E and we can replace «

max

by E as the upper 11m1t in the integrations over W0, and El'.

Also usin V - V.| =2 (good to 1 art in 108») we find for a:
g 4 g P

|
2
(;;) E"‘ Wf dh/f AV, f o/Ca.st o/Cos&-;f asz'j‘_a(c_ose,’fm?&'

Ig:l IZ;I D
dls’”é?xsma,[smq&{ betl (Krkz)l

x §(1-lcosd,) 6 (2 -W;- wl E)

where v
IP"‘ = , %.'4' ?'.xl
l{al cos5 6, + 13.] cos 6

Co56, = YA
—.z -'
Cosﬂ__ (2E- En)* - px —_.z E: (2€-€y)
Z 1p/'l 1 pxl
Cos ¢, = Cos B - cos 0. cos By

Sin 91, Stn 9x

' - =2 . 2 =2 ... A _ o2 .2
: é = ¢){ - b 605-' {$I 5[’)—.9, f‘P) Slnégx Zz s 91;
. 2181 siné 15l sin 6x

sz = ¢X + b 60.5 Eg; sin 91*’7)‘ Sin 9}: g, 5/” a,z
Zlg;lsmé‘ 1Pxl 5in 8x

P =5re 2 p, k) M. Mg p s (p;.,K,)

(F;rmu l F.Z)
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b. Simblification of the Phase Space

The_previous.expression can be used in a numerical integration
to calculate a cross sectioh; however, the theta function
9(1 - |cos¢x|) is very restrictive and eliminates a large fraction
of the phase space, resulting in a prohibitive number of steps
needed to obtain good accuracy. This situation can be improved by
incorporéting the theta function into the limits of integration on
"E, ' and 91', This has been done in several different ways.

1

Brodsky et al.(lz) use the following method: the theta function

(1 - |cos¢*|) comes from imposing the limits of integration,
t

0 < ¢x < m, on the delta function §(cosg - cose1 cosex - sinel’sinexcos¢x).

This is equivalent to the requirement

| cos '(9"+ 9}) & Cospg < Cas. (9.'- 9;)

or _
cos (8 +6y) € AZBE [ coscoi-8)
. ' ’P‘l‘
with
2 = 2 "
A _ CZE‘E)!) - Px > 2 Me
2 15l 17
- 2 E"Ex
B= — >
They make the approximation lﬁl'l,z Ei and derive the limits
A - R ) A

LA

< -
-~ El é _g’_‘_ C95(9|I+6,)

8 + COS(Q_,'- 6;)

resulting in
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: e 1T £ £ | ! m ! o E+ ,
o o= (_;_r‘_) ,Ez 3 fmfg/h/,LPa/h/z L/(osewrﬂ/(o.i@ J‘O%[%Ji/CoSQ,LfEI

D

(gl 1 s
| Pl Sin6y 5ing,'| sinil ,b=n(k‘ k)

Y 0 (- lcoshl) 6(26-Ww,- £))

A

where . ' _ : :
E_ = max{’3+cos(9/—90,, "“3

| | A |
£, = m:n.{ ST oo o E{

| (frbrn1ula - F3)
Heie, eﬁen though the phaSe space has.been simplified, we kéep the
theta function in cos¢ because of the approximation made in
deriving the limits. And still,'there‘is some question és to
whether part of the phase space has‘been accidentally eliminated
through the approximation.

(35)

iGrammer and Kinoshita qlaim that the errors are ofthe order

- of 30% aﬁd simplify the phase space in a different Way without approx-

imation. Instead of applying the condition a

A-BE/
IP.I'/'

to the limits dn El' after el"has been chosen, they apply the

cos (8/+6;) & Cosp = < cos(6/-6,)

looser condition
-1 & cos B < |

to El',before 8,' has been chosen, and then apply the tighter limit

1

to el'. Their expression is
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. _ (_g‘_‘/ o7 E £ ! . T (28
o = n’) £ 7 f a/h/,f /l«/zfo/ws{), (a(casézfdyf LE/ b( —C‘_)
‘ mF mf . —1 J—l , E Tt
C, o L R
x f oA cos f' 6 (2E-W-W,-£) — rg.! /e_’zl L
3 P Sin0 5in 0, Tsing i, (R

where 7

= AB'—\/A - * "_—l
_E__ Mayx e me (8 ) ’m€3

—I

. - . AB + Eag 2 + ?
"_E* min § ! ﬁ,,me (8*n F_-)?
C_. = cos (§-+9x)

C+ = cos (‘3—9,)

(Farmala F‘f)
This expressidn was derived without approximation.
As one can easily see, the theta func‘tion‘e(C+ —'C;) =1
since cos(B + ex) < éos(B - ex) for all B,SX where 0 < B < ﬁ,
0 < 6, < T- We were interested in calculating thisvintegral for

prescribed limits on 01' corresponding to our small angle electron

detectors. This, however, puts additional restrictions on 61' and

C+ becomes

C. = max f ces ({‘4+ 9,}); 605(9.',,,”)}

Ci = minp f Cos Cﬁ- 9,), cos (Q.',,,i,,)}
No longer is e(C+ -C) =1 and in particular for the limits

0=6," ' = 5%

. t
1 min ° 61 . e1 max . ‘
the theta function'becomes as restrictive as the original
6(1 -vlcos¢x|).and the integral becomes very difficult. What
happens is that for a large portioﬁ of the range on El',

(E_ < E' < E+), 6(C+- C) vanishes and integration steps are wasted.

1
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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

A-BES ,
{P-,rl ‘.\ COS(GI“QX)

cos (8,/+6:) €

was solved exactly, resulting in

(;’) E{’ ﬂf a/h/fdm/f/cosé,fzfcoselfcfffc/fosefa/E,

lg;' Igz D

X 9([—-[(0547,[) 9(25 Wi-W; - £, ) IF‘S"’GXS’”G'IS’”‘?I bZ;, (K k)

where . '
E. = max { AB = cos (0 "6’:)/'41—”':(31—' (051(91'-9:5 | Me3
8’-" cos 1(91'—9;:) ’

E. =min § AB= cosC0/+8)/a~ me’(a-cos=(e,+g,n E}
BT~ cos™(a/+65) |

( Formula Fs)
If the expression under the square root. is less than zero in the

formulae for E+ and E_, we must use E+ =Eor E = Mé for the limits,

which is why 6(1 - ]cos¢x|)_was left in the integral.

c. Calculation of the Matrix 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
. i + - -+ - )
approximation for the cross section for e e > e e m 7 since the pion
interacts strongly. In the case of fermions we can calculate exactly

+ - + - 4+ - + - T
the processes e e »eeee andee +eeuy
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For bosons, diagrams a, b, and ¢ of Fig.}33 give

M - Y 3# 2y "fﬂ .
.vpl o + o t 29
with
bl)’ = k'V '25“’ : b2v= kl’y_.zz;v
. b?{} ‘-‘k)p "glp + g:.ﬁ | b‘fﬂ - Klp-{-g’ﬂ.__izp
Pa= 2Keg - K py=z Kega - ki
and _ _ ' ' |
'(01 = {Oz =

f’t”"fp.,w o, 3 - (p F'**j’”")(f’ poetgeei)

giving

. D - (2 P,'.Px + (bn‘Pl)P{bg'E»> + (bz'F:)P(b‘f' “) >z
(ZP (b3 Fz) bs - (bn,‘Pz.) _b,_)z
pe P
R _lf_'f(zp' . (b 21 _(%;@_bg)z

t K et wbebe  phY EpS (hebd (hroh)
+ + — —_— 2
| P Py *

pe* pe T

" For fermions, only diagrams a and b of Fig. 33 contribute to give

Myl = ¥ v LY §M ey oy, 45— gc o %14

(g~ k)2 mp (k-g.y'-mp

——

= -V (g;) [’;7: Yﬂ (zgly"%fy) + '#; '(X;}K{—Zg;v) Ylg]u(g')
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.P.tloz:.lmlp
Then |

D=4 e % p, ) Mol Mg £°F (., )

= ,_é‘-':- + A’-L + Z A
- & P" v P¢F5
with

A=,k 8, AT, g amyp G K B) (grem) (27K, K0) ¥,

A 2 t“_v(Pl, Kl).f.(ﬂ(Ft) kz}#TY' ? ('ﬁ'fmp).(xy)(' ’zgw)l)';(,g.ﬂ%»ﬁ (%Xﬂ”z;xﬂ)z

A, ’/f” (p,, K,) z“F(p, , 1(,)'—; Tr § (—g;«»m,) )/{,(Zg.rﬁﬂ)gﬁ+mf)(< (’%&a yi g,,,)j

+ 4 (F;, K;) ,f"P[P,’ k,)";Tr f(zqwnl,\ (Y*’K"ZZ”)Yp%f”?p)(lfm*?&%))/d}

(35)

These traces have been worked out by Gramme r and Kinoshita

~and we quote their result here:
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Ay = 32p) -9y Pp-dp(ky 93 Py-Pp =Ky Py Py -9 +Py-) Pp09))
- 8k§P2‘q2(ki‘q1k1'p2f'le'Pzrﬁfql'*zpe‘qlﬁl;ql
| | .'*2p1'q1p1-p2)
+ 8iapy +ay (k) *dp Py +9y - k19 Py-dp - 91°9p P;-9)
+ 8Meki(l’a'ql Pp-9p - kl;P2 Pp-ap) - m'kiq;-a,
+ 4Pk 2(kl-q1+k1-q2'- q)-a,% 2py-q; - ¥ - 2?)
+ "mekl(kl a) Ky -4y - 2p -9 ky9p +295 79, P19y
+2pyq; Ppdp +2p; "q) pl-qg)
- 4k2(4N?(p1-q1) - mk;-q; k;-G,)
+ 2}(2Py°q) Ppedp - Wy -dp - 207)
+ 2k§iG (k) "qy Ky *9p - 2Ky *dp Py 9y 29y 7y Py
| 'F2P1'q1 P, - - 7°q; +q,)

+ 2k8IGM (kq ra, + 2K cq; - q1 ‘q, + bpy-q; - 2M° - 2n®)

ko k2 (4M2 +q;°9,) - 16m?M (py- ql}‘ f
. . | » |
+ &m kpay kytdp 16m2(p1'q1) (k95 - 9;°9,)

- 16m k ql(kl "Pp Pprdp F P1-q; Py- ap)

2 = A9y <> 95)

XBL 757-1776
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Ayp = 16K; -9, py-Py Pyt (Pyiky - Pprdy) |
+ 8Ky 'y P19, P19, (2Py79) - ¥;°Pp)
) 8("1'?2)2“1"11 k-9 - 16p1°9) Pp'9) P19 P2 dp
+ ’*kgpl.'ql(kl-qg P1°9; + P19 9379 - P1°9; kl-ql+eu2-pl.q2)
"‘?“?kf((kl-pz)a - 2ky°py Py°Pp + 2(‘P1’P2)2)>
-+ 2rn2}i2k1(ql-q2 - 2py-qy - m2)
s 2m2k§ql-q2(q1°q2 - 2k +qy - m2) :
+ 418, q) (py+ap - 9379, - Ky -qp)
+ k,{(m?t‘lg + 2m2q1-q2 - 2b2°q1.p2-q2-)
+ 4k§p2'q1 Pe‘q'g(kl'ql - ql-qé + 2py-q; ¥ )
+ 1dpy-q; kl'qz(epl"’zv“ Ppeq;)
+uk§1:1-p2 4;°9(Pp"9; = P;°Pp)
+ %f‘pl-pe(Pl-pg 9;°95 - 2p5°9; P1-95)
+ ’*m2}12((k1-92)? +2p;+q; P1-9p)
+ 8m2p‘1-q1 Py°95(9q;°95 ~ ky0qy) * 8m2k1-q2(?1-q1)2
+ 4nCky -y (ky Py 9195 - 2kp*dp Ppe9y)

y
+ 4m kl-ql kl-q2

2.2 . 3
*lgky a3795(9) 09 - 2ky -9 - 2py-q; + 2 +n®)
' 2 2 -

- Mgk (kg -qy + bpy -q;)
R |
+ K7K5(ay ap + 1)

+ (ql > q2)
' XBL 757-1777



3. The Numerical Integration

The cross sections of the preyious 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 Moﬁte Carlo integfation techniques.

The difficult problem 6f 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:

“/}225 MeV)2 + Mp2c‘*<w1 < E

«[(225 MeV)2 + Mpzc"~<w2 < E

-0.6 < cose1 < 0.6

-0.6 < cose, < 0.6
?
Me < El < E
0° < el' < 49.6°
0° <y < 180°..
Second, integration factors were substituted for the Variables
| Wl, wz, and 6

‘were:

1{ to make the integrand flatter. - The substitutions

0 ' z,2
w1,2 > Woin ¥ (nax - wmin) (e™= - 1)

max In2

: 4,2
/ dwl,Z > Mnax = Ynin) €777 42 5
W_. 0
min _
Y
1 +€
8" > ®nin * Cpax = Onin) €>{I € ] B {}
; | 1 ' Y
max
1 +€) 1 +€
do,' > f(o' -0'.) ln[ J [ ) dy
f~ 1 0 max min Ei 6‘ . 6‘

]
emin
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where
€ = some small constant.

For éach CToss section; do/dy was calculated atv20 different
v.ﬁalues of ¢y, 8 between 0° and 20° and 12 between320° and 180°.. At
each value‘of Yy, the ofher_?ariables were chosen in Monte Carlo
fashion with_Nv= 2 x 10° tosses. The cross section was then computed

as

The error in the computed cross section was also calculated as the

sfandard deviation of the mean(38)

(Ac)2 = i g o.é - l—-[ g o.]zu
N2 4=t N3 Ll

The final integration over ¥ was done in a piecewise féshion over
a smooth curve drawn between the pointé.

We proceeded to compare the different phase space mefhods'
outlined iﬁ the last section: 1) the BKT method, formula F3
2) The GK method, formula F4 , 3) the BKT (éorfected)‘method,
forﬁula F5 , and 4) the CRUDE method, formuia F2 . The first
conclusion we drew was that BKT and EKT (corrécted) integrations
gaﬁe identical results contradicting, at least in our range of
integration, the claim of Gramme@r and Kinoshita(ss) 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. 3% and35 show
‘the results for do/dw(e+e— > e+e-u+u‘) 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
9! + 0. ‘The extent of the problenm is shown in Fig. 36 , a plot of
do/dwdcose' vs. ¢ for various values of the angle 8'. As éan be
,seen;rthe,in;egrand is very peaked in6' for-alllw aﬁd uniformly
peaked in the_region P > 20°. When integrating in the region
.y > 20° thg integrand was simply flattened by using the integrétihg
faétor described. € was varied to assure that there was no depéndence
on its choice. The cross section stabilized at € = .001 and this -
value was used for the region v > 20°. In Fig;54 the values of
do/dy are plotted for € =.0001 as well aé €= .001 for comparison.

As can be inferred from Fig.5h , the situation becomes much
worse for smaller and smaller valueé of ¢, for the integrand is even
more pgaked in 8'. do/dy was calculated down to ¢ = 0.1° but the
integrél becéme somthat unstable with varying € for ¥ < 2°, and
we feel less confident of ;he results in this‘region; (Sée section
V-D5.)

In Table 5 we show the results fof e - e+e—e+e;(C £ +),
ete” > efeuuT(C = +) and e'e” > efeTn A (C = +) (pointlike) for

° corresponds to

three different ranges of coplanarity (¢ = 0
oppositely directed particles in x-y space). Also in Table 6

we show similar results, except for ''tagged events,' that is where
we have required at least one scattered electron to bebd¢tected 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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For e'e™e’e’ATA” at E=2.4 GeV/Bean

‘With ]cosei|<0.6, pi>.225 Gev/e

And .76%.08 Detection Efficiency

104

20°<¥¢ 160°

Exact Calculation| 0¢¥<20" 160¢% 180" | o< ¥<180°
(nanobarns)
ete™(C=+) 314,047 | .070.000 | .002%.0003] .387+.048
ete™(C=-) .00%%,000% | .003+.0003 | .007+.0007| .013+.0010
u+u'(c=+) .245+,0%6 | ,058+.009 | .002%.0002 .30L4+,037
T (C=+) .04k9+,007 | .016£.002 | .00055% .066%.008
(pointlike) - .00008
Weizackerwilliams |
Calculation
(nanobarns)
e'e”(C=+) - - - 528,056
W (c=+) | - - - JL28+,0L5
T (C=+) - - - .089%,009

(pointlike)

Table 5

.t
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+ o~ 4 -t - oL '
O FOr € e e’ e ATA at E=2.L Gev/Beg.m
With,lcosei]<0.6, Pf>'225 GeV/e
And .76i.08 Detection Efficiency
One Scattered Electron “"Tagged"
Exact Calculation | 0%%¥<20° | 20%K¥<160° | 160%¥%180° | 0X¥<180°
(picobarns) -
ete™(c=+) 14.5%2.2 | 2.782.31 | .08:%,009 | 17.4#2.3
efe (c=-) .21£,02 J13+,02 .32+,0% .66%,0k
uwhu (C=+) 13.222.0 | 2.1k*.2h | .063%,007 | 15.4+2.1
1w (c=+) 3, 1kt,47 | .66%.07 .021%,002 | 3.82+.48 |
1 .. (pointlike) ‘
Welzackerwilliams
Calculation
(picobarns)
e+e—(c=+) - - - 25.0%+2,6
W (C=+) - - - 20.3%2.2
whr(cs+) - - - 4,28%,45
(pointlike) '

Table 6
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% of 2 azimuth obstructed by spark chamber suppOrt‘posts. The
differential cross section, do/dy, was calculated for several values

- of y and the integration over y done by hand. In the region 0° < y < 1°,
a log-log plot was used to do the infegration over-w. Later we will

compare these .results to the data.

4. - Comparison with the Equi&alent Photon Method

Now that we have exactly calcuIated'the fourth Qrder Cross
.sections, it will be of somé interest to see how good the equivalent
photon method does at approximating these cross sections with our
detector cutoffs. To derive a suitable expreéSion we start with
equatioﬁ F1 and apply the equivalent photon approximation to each
photon. This approximation assﬁmes the photon is emitted in the |
forward direction and is transversely poiarized. "This gives for the

first photon:

e? P [ 1 ]2 W R
{(an J B, o) ¢ PrfiMa M

1
d3

i ' ’ 2p 12
g i [ ! }‘2(-1 (24 ol oz A
EE.' J 1’21 > 1 ua VB
(2")3 . K.2 2 . J.

14

1

dw
(L1 Nw) MM
» mlijl 1 Ho

vB

where

2 2 : . : 2 '

« |B°*E e 1) E-EN 2E,

N(w)) = 7 |——— |In_= -3 + : Ing—5— + 1
E2 2E? 1
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When it is applied to both photons we get

' 3 3
0(0) (E) - [ e? ]2 1 f d ! I d 9 f dwl f d“’z
ee : (213 lvl _ vzl zwl ‘ 2w2 wy w,
sl M) Ny (2m) st K, + K, - q - q.)
2m1 Zmz 1 2 k 2 1 2
1 +
X 7 P1P2 Muv Muv
? dw ? dw
= — | —= N(w;) N(w,) o__ (0,,w,)
0 Y1 0 Y2 1 2 YY 1°72
cL 1 _ 1 . . - ) s ]
where we haye s.et.l_‘7 i | =5, and UYY(ml,wz) is the cross section
1 2

for the two photons to produce‘the'finalkstate.

It is importaht to notice here that we have assumed the photons
have zero mass and travel forward, and we have averaged oﬁer'the
azimuthal angles of the electrons eliminating one degree of freedom,
but in thevprocéss losing all information about coplanarity of the
-~ produced particies. In this apprdximation, we require the produced
particles to have zero total tran;verse momentum.

As derived in appendix B, the result of plugging in GYY gives:

| [+ |sing [+ I l*.lsin(9'+6 )
1 1191 19 1792

ddee(o)(E) = fao, [ao, | _9§ 2ma2 —— .
: 0 0 4m Iq][wwlsln 61+m“251n 62—W1h251n (61+6
o s 2 2 ; : |
x 0 (E + iE ) -gq N(ml)N(wz)G(ﬂi,el)
where w = ml * o, qQ=w -w,
1 2
and G(wl, 91) 5 P1P2 IMYYI .
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. Using this formula and detector cutoffs of

4(225 Mev)2 + 4'mp2c‘+ < 'S < 4E?

© -0.6 < cose1 < 0.6

< 0.6

:-0.6 f co_se2

225 MeV/c < q; < E/c
225 MeV/c < q2'< E/c

we calculated an equivalent photon expressionlto compare with the

_exact calculation. Again a Monte Carlo integratioh was done with

.200,000 steps and is given with calculational errors in Table 5.
The formula for events "tagged" by af least one small angle

counter is found by replacing ' _ ' , ?

1 ’ '  r ] ‘v ] ] T
N(“’1)"\1(‘”2) > N(wl) N-(mZ’e min’e max) + N (wl’emin’emax) X(“’2)
where ) ' _
Ca E +El 1+C°S(emax)»
N' (01,0050 0max ) = 7 : ln1+co's(9 )
2E2 min

(E + El')2 E2 + 51'2 - 2EE

'‘cosf .
1 min
+ In —
4E2 E2 + E_'2 - 2EE.'cos®
. 1 v 1 max
v.where 6 . = 0.02 rad .9 = 0.03 rad

min max
appropriate to the small angle counters. These results are given in
Table5.

The equivalent photon cross sections are éonsistently about 30%
larger than the exact cross sections. This is cbnsistent with

(33,34,35)

accuracies reported by other authors, as the equivalent

photon approximation, applied twice in this case, is expected to break
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down when the electrons scatter.to,angles large compared to vm/E.
The 30% agreement, however, increases our confidence in the accuracy

of the exact calculation.

C. The>C.é - Process
Once we had available the expresSion for the cross section for
ete” » 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 producéd particles detected and one
scattered par;icle tagged. For.the.C.= - process, the phasé spacé.
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
| particlé undetected, the matrix element is shown inv ,b)' It is
,thé‘samevmafrix element as for a) if the following substitution is
made: |
(Ey.B,) < (-W},-q;)
(E,',B,") + (W,,3,)
(wz,k’z) > (f‘VI-‘VZ»-EI-EZ)- |
Alternatively for the C = - process one caﬁ detect 6n1y.one
produced particle and one.scattered pafticle letting the other
| produced_pérticle go undetected. Actually the detected state is
no longer C = -.. This is shown in‘ c) and requires the substitution:
(Eyipp) = (-W),-d))
(‘ﬁ’—iz) > (WE, 4B,

This method is valid only for a final state of all electrons and
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positrons. = Fig. 38 shows a comparison of do/d¢‘for-¢+é- >eee’e”
at 2.4 GeV for the three processes of Fig. 37 on a log scale.
Notice the peak from diagfam b) at coplanarity 180° characteristic
of two particles produced by a‘bhoton;‘ These,cél?ulations are also
shownrin Tables 5 and 6 .where the C = -cross sections are
doubled beéause both incident particles can pair produce. As can be
seen, these cross sections should be negligible compared to the

C. = + cross sections.

D. Two-Prong Data

- 1. Nature of the Data

Two—photon events* are of interest as a source of background to
the oné—photon evénts in this experiment. It is very usefui to the
understanding of theicalculated two-photon background to understénd
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 (yy » A+A’). Fortunatély these events are not
buried in Bﬁabhas or mu pairs for ;wo reasons: they generally havg
momenta much less than the beam momenta and, although,they tend”tov
be coplénar, theyvdo not tend to be colineér as do the Bhabhas and
vmu pairs. |

The radiapive Bhabhas:

ete” > e’y

do overlap with the two-photon events somewhat 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.30a
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The radiative Bhabhas are eliminated on the basis of their large pulse
heights and the fact that one track must pe >2/3 Fpean®

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 oné—photon events have
a coplanarity distribu;ion which is only slightiy peaked at zero
coplanarity. This distribution is found eithef'from extrapolation
of data.from where the two-photon process is small (at ;esonant
energies), 6r from simulated one-photon cross sections as will be
discussed later. The one-photon events can be neatly subtraéted to
give a two-photon.event distribution that agrees well witﬁ 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 two
.tfacks found in thevdetector‘ 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) Lower order quantum electrodynamic processes:

Bhabhas (e'e” + e'e’)

)

' radiative Bhabhas (ee” » e'ey)

. + - + -
mu pairs (e e =+ pup

3) One-photon hadronic events, specifically where many

pérticles are produced, but only two tracks are detected.

Eacﬁ of these types of background is separated by the event
classification scheme which is shown in a simplified form in Table
o,

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 beam position. These events are easy to separate from real
events by their measured flight times. As the track passes through
a triggei'counter; the fime is measured relétivé to the time the
beams cross. For beam-origiﬁated two-pfdng events, the times in the
" two counters will both be the same, abbgf 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 fo the other, aboﬁt 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, CIRCE}IS)
is used which varies momenta and the vertex ?oint 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 giobal fracks are considered -
candidates for Bhabhas and mu pairs and those must»have momentum
gfeater than 1/2 of the beam momentum, allowing'fof a reasonable
momentum error at p = 2.4 GeV/c. The shower cognters 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 léad and travel on through with only ionization
energy loss. Pulse height classes for two-track events are shown |
in Table T with 50 being the minimum electron pulée 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 fable"'

The remaining events are now called two prongs, but still
need to have background and multihadron events subtracted to give

the two-phdton sample.



3. Background Separation
| Next we consider the more difficult problem of separating
out the background events. By background events, hefe, we mean
non-colliding-beam-derived evénts other than cosmié rays,
specifically gas scatters and pipe events.
Theée.events have been studied carefully by running SPEAR in a
mode where the beams pass each other but do ﬁot collide. In this

mode, only background events will trigger. It is difficult to

- obtain absolute rates in this way, since there are no Bhabhas to

normalize on, but valuable information can be found about the

 vertex distribution of these events.

'The‘pipe events have a vertex distribution which peaks at
(xv27+ yv'z)l/2 = 7 3/4 cm rather than O cm in Xy space'and'are
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 (xv2 + yvz)l/2 < 3 cm and
lzvl < .30 c¢m. This cut eliminates most of the background while
having a negligible effect on the beam-beam derived events.

The remaining background events are also dealt with. After
the (xV2 + yvz)l/2 < 3 cm cgt is made on the data, the remaining

backgroﬁnd is still uniform in zv.' The lzvf < 30 cm cut only

removes a part of what remains. To estimate this remainder, the

data satisfying (x,2 + y,?)!1/2 < 5 cm and 30 cm < lz,] < 45 cm is
sampled, and twice 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 (xv2 + yvz)l/2 < 3 cm,

Izvl < 30 cm to give the sample of beam-beam derived two prongs.

4. Muitihadron Separétion

The meésured'minus background two-prong distribution is shown
in Fig. 39. This is certainly not all.tworphoton,évents f;r
there are non-negligible contributions at large cdpianarity.

This contribgtion-is due to one-photon multihadron events which
send Only'twbltracks into the detector and must be eliminated.
This’has'beén‘done inv;wo independent ways.

The first method is to measure the two—prdng'distribution with
sufficient cuts (p > 300 MeV/c, ¥ > 20°) to eliminate two—phéton
events and combine this with all of the multiprong events to
.-extrapolate the full distribution. This is, of course, just what
is done whenithe total hadronic cross section is inferred from the
,detectéd hadronic cross section as discussed.in part III. Here
models muét be supplied for the total number of charged and neutral
tracks produced in an e&ent and the angular distributions of these
tracks. Then, using Monte Carlo computer simulations, the distribution
and number of éharged tracks reaching the detector is calculated aﬁd
fit to the data by varying the parameters of the model. This model
will then give the distribution of two-prong eveﬁfs in any region
desired.

The second method is mbre 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 However, éince this resonance

is in the one-photbn channel, it should not enhanté the iﬁo-photoﬁ
_CToss sections at all. For the resonant data, the two-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 ¥(3095)-
produced;hédrdns is the same as for photoﬁ—produced hadrons. This

is not hecessarily true, since the $(3095) has been shown not to

deéay primarily by turning into a photon.(6) Thisvmethod, however,
shows excellent agreement with the first meéthod. 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.

5. 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'p1 < 2/3 Ebeam and

P, < 2/3 Ebeam toveliminate radigtive_e+e- +_u+u- e&ents and any
residual radiative e'e” - e'e” and non-peam events. The rémaining
events in fﬁe region 0% < ¢ < 20° are shown in Fig. 40 with
sfatistical'errors, These are the two;photon events. The scale is
absolute, the data Eeing normalized to Bhabha events. Also shown

with calculational errors is the calculated two-photon cross section

for e's, u's and pointlike m's. The agreement is excellent for
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¢ > 2°.. This is probably due to errors in caicuiating do/dy in this
regiqnvas discussed in sectiqn V-B3.

’1'1 Numericai results are given in Table 8 for cross sections
wifh‘two tracks in the detector and p > 225 MeV/c, Y < 20° at 2.4 GeV.
The'Calculatéd cross section is shown to be 0.608 * 6.075 nb and the
measured cfo#s section with backgrounds subtractedvis 0.685 = 0.069 nb.

The overall agreement is quite good.

6. ther Features of the Data

To further compare the data with caicﬁlation we can plot event
distfibutioﬁs Qersus other variables and observe further characteris-
tics of the distinctive two-photon events. As with do/dy, the data
will be cut such that 0° < ¢ < 20° and one-photon and background
events will be sﬁbtracted.

The most significant characteristic of the events is their peaking
at low momentﬁh due to.the infrared divergence of ;he bremsstrahlung A
photons. Fig. 41 shows the distributibn of the'daté with the
momenta cut off at p = 0.225 GeV/c. Also shown for comparison is a

° where most

calculation of do/dp. The calculation is done at ¢ = 1
of the data resides rather than for 0° < y < 20° to reduce the
calculational errors. Fig. L2 shows the distribution of data with

-]

|cose|. Again the calculation is done at ¢ = 1 .The data shows a
slight peak as |cos8|~+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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7. Particle Identification

In this experiment, we were unable tq distiﬂguigh electrons
from muons in the momentum rénge 200-500 MeV/c. Unfortunately, this - _u'f
is precisely where the two-photon events were produced, so we
were unable to séparate fhe_events ete” + e'eTe’e” frome'e” + etentyT.

There_weré three separate means for electron mﬁon discrimination.
The most‘important.was the showervcounter system.” High energy elec-
trons (i GeV) radiate all of their energy in the shower.counters
giving large pulse heights while high energy muoﬁs deposit only a
_fractioh of their enérgies.' At lower enérgies;'fhe muons give off
much more of their energy while the electrons have less energy to
giVe. ‘By’SOO MeV/c the two'pulsé heighf‘distributions have merged.

The sécqnd means was the time-of-flight information from the

trigger coﬁnters.__From the flight time, one calculates velocity and,
using the momentum, the rest mass. This works best at low momenta
(100 MeV). At 200 MeV/c, B8 for an electron is 1-3x10-6 and for a muon
is .89; flight time is 4.9 ns for aﬁ electron and 4.4 ns for a muon.
The .5 ns resolution of the fligﬁt times did not.allow separation of
eleétréns and muons, but fhe flight times were consistent with the
’two-photdn events being about half of each.

Fiﬁally 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

1. Tagging the Two Prongs

The two-prong data showed an excellent fit to the calculated
two-photon cross section, but ondy after the estimated one-photoh_
contribution was subtracted. The subtraction accounted for about
50% of the‘data'and'hence statistical errors were not small. It
is desifable 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.v 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 cfoesdsec_
| tiom is still within p. < 20°, there is not as sharp a peak et v = 0°
as there was for the ''untagged'' events. This occurs because the tagged
electrons must be collected at a relatlvely 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 schematicaily drawn as a barrel with particles
which pass through its side. The four tagging counters consist of
defining counters followed by shower counters. They afe situated at .

25 mr to the beam axis above and below the beam on each side. Each

has an effective area of 3 square inches and the four subtend a total
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of 1.3x10-"% of 4n steradians. When an event has a signal present

in any one of the four counters, it is considéred a ''tagged'. two-prong.
The bremsstrahlung electrons‘of the two-photon even;s'are strongly
peaked forward and the chance 6f such an event's being "tagged" in

one of the four counters is greatly enhanced to about 4%. Thé chance
for a one-photon two-proﬁg event to be tagged as in Fig. 43a can be
iopghly es;imated by phase space to be 3x10°4. .Such evenfs are
further discriminated against by requiring the pulse in the tagged
shbwer counter to be large, charac;eristic-of an électron, virtually
eliminating the small pulses of pions from one-photon events. The

actual pulsé 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 will be counted by the shower counter. This is

the case for virtually all two-photon scattered electrons.

2. Accidental Rate

We obtained a good empirical estimation ofithe accidental rate
in the tagging.counfers. Accidental tags <can come from an accidental
count in the defining counter and a gas-scattered éléctron‘in fhe
shower counfer for example. The number of ""tagged" Bhabhasvcompared
to the total number of Bhabhas is 8.1 + 2.4 x 1074, ‘Since’Bhabhas
produce ﬁo other particies to be tagged, this must be jusf the
accidental tégging rate.

Td calculate the accidental two-prong cross section we merely
multiply -the accidental rate by the two-prong cross scctioﬁ with the

background subtracted. This gives:



(8.1 + 2.4) x 10°% x (1.12 + .03 nb)

© Acc. Rafe

.0009 + .0005 nb

(See Table 8 ).

3. COmparisdn with Calculation ‘

Fig. 1% and Table 8 show the comparison between.the data and
. the calculated tagged qrosstection. As can'$¢ seen, the agreement
is again'excellent, but statistics, based on 12 events, are not much
better thén for the untagged case. Notice the much'fiatter coplanarity
distribution. FromvTable .8 " we find the calcﬁléted cross section
to be 0;0308 i’0.0638 nb and the measured cross section 0.0301 * 0.0090

assuming pointlike pions.

4. Angular Distribution -

" There is one further metho& to assure ourselves that thevevents
we are observing are two-photon events. This isito observe the effect
of the bias on tﬁe data caused by tagging the events. If the taggingé
weré all accidental, there would be no bias, while, if wé are indeed
tagging two-photon events, the results are_quité predictable;

We have already seen one effect of the tagging in the flatter
cqplanarity»distribution of events. The untagged events:have a strong
coplanarity peak because the bremsstrahlung eIectroﬁs are emitted
veryAclose to the forward direction and there is little tfansverse
momentum available for the produced state. Hence the two prodﬁced

particles are back-to-back in x-y projection.
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When we reduire one scattered electron to be tagged, the
sample becomes biased. Most of the untagged scattered electrons
are emitted at less than the 25 mr pdlar angle of the tagging
cqunrers. "Thus the tagged electrons have roughiy 40 Mev more trans-
verse momenfum than.the average untagged electron. This transverse
momentum is balaﬁced by an equél (and QPPOSite)”tbtal transverse momen-
tum in the produced étate; If the produced partiéles are emitted
pérpendicularly to this transverse momentum, the gdditional transverse
momentum will have the effect of épreading out thevcoplanarity peak”
through:about'15°; This is precisely what Qe see.in Fig. bk,

We cénlfurther test this hypotl‘lesisT The additional traﬁsverse
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'éhould show the same’coplanarity peak
as the untagged sampie.

- To attempt to observe this effect, we loosened the cuts on
tﬁe tagged samplé to provide more events and impfove statistics.

The looser cuts were p, > 200 MeV/c and !cosei[ < 0.6481. Although
the detecior 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-photon events with ¢ < 20° into.
two groups: the horizontals, where.the tracks had cosz¢ > 1/2 and

the verticals, which had cos?¢ < 1/2. We expect the vcrticals to
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show a sharﬁer coplanarity peak than the horizontals. Fig. 15
sho@s the coplanarity distribution.of tﬁe tyo.sampleg as wéll as
calculations of the e;pectéd distributions.

A difference between the two distributiéns is apparent.
Comparédbto.the full sample of Fig. Utk we see the coplanarity peak
is sharper-for.the verticals and almost flat for the horizontals
out to wv=,15°° Also, the agreement with calculgtiph is excéllent,

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 ‘shown in three projections,in

Fig.h5. - Final state momenta in MeV/c are, using the notation of

Fig. 31,

| ' Py, = 179 Py, = V155 Py, = -25
p,, = -192 Py =55 p,, = -125
pj, =0 pj, = 56 pj, = 2237
Py, =0 Py, = 52 py, = -2088.

This accounts for a measured cross section of .0026 + .0026 nb
for the exclusive channel, compared to thg .0015 + .0004 nb calcuiated

cross, section.
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F. Subtraction of Fourth Order Contamination

1. Method of Elimination
H Now that we‘have a good understaﬁding of the two-photon events,

- we return to the problem of eliminating them from the one-photon data.
As wé have seen fhe coplanarity.peak is very sharp for two-photon
events and also the momenta tend to beISmall.. We can eliminate 2/3
of the two-prong two-photon events By requiring the coplanarity to
be.gréater than 20°. About half of the remaining events can be
eliﬁinated by requiring the momentum to Be greater than 300 MeV/c.

These two cuts on the two-prong events, while not drastic
for the 6ne-photon events, make the two—photon contribution negligible.
The cut in'cosei is loosened tq Icoseil <_0.6481 tovinclgde the maxi-
mum possible'sample of events. o _ o Ty
2. Calcuiated Contamination

The remaining tWo—photOﬁ contribution can be calculated from the
exact formulas and is shown in Fig. 47 for beam eﬁergies from 1.2
to 4.0 GeV. This is the method used to calculafé the twojﬁhoton'
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-photoﬁ cross sections in
the acoplanar region we can compare the calculated acoplanar '"tagged"
cross section, .0124 * .0010 nb for ICOSGLI < 0.6481 and P > 200 MeV/c,
with the equivalent measured quantity 0.149 # .0066 nb. The agreement

is excellent within the statistics.
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Finally the céntamination rate for the multiprong events (3
or;more) is estimated by measuring the éross section for ''tagged"
muifiprongs'minus accidental and dividing this by a general tagging
efficiency of 4.8% t 1.0 derived from the equivalent photon
approximation. This upper limit fbr_multiprong ;ontaminatiop is
2.0 * 1.3%. The net effect bf the two-photon event§ in the two-
prongs and multiprongs is’to cause a 6% error in the measurement

of the total detected hadronic cross section.

G. vHadroh 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 ”uhtagged” évenfs
and 1 ''tagged,'" as we were unable to separate the pions‘from muons
and glectrons in the relevant momentum range. For several quantities,
however, we cén make_a first experimental estimaté{ In‘this seétion,‘
we will discuss onlyrthose areas of two-photon hédron physics for which
we made measurements or for which we felt we were close to making
measurements.

The moét fundamental quantity to measure is the cross section
o> for producing two charged pions by the process

+ - + - 4+ -
ec¢c * ccCcTnm T o,
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Previously we had assumed the Born apéroximation and calculated this
cross section, o (pbintliké), in the detecfor tc compare with the
measured_two—prongs. The good agreement'Between calculation and
measurement indicates that o is not far from 0TT (pointlike):

We can make this more quantitative by caléulating the ratio of
'on,.measured, to o (poiﬁtlike), calculated. This is done in
,Tablev 9 separately for "untagged" and "tagged'" events. Statistical
accuraciés are similar for the two classes sincé one must have the
‘onéjphoton events subtracted and the othér has a very smal;neveﬁg;rate.
VThe'crosg sections are computed for events sending two tracks'inté
the detecfof, |coseé] < 0.6 and p > 225 MeV/c, and with coplanarity
less thanf20°. Thué the mgasuréd to calcﬁlated ratio, éﬂ/o# fpé}ﬁ}-
like) is for the effective region only.

Thevfirét 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” YQ e'e’e’e” and
e'e” » e+efu+u- are subtracted. The remainder is assumed to be from
ete” » é+e-n+n— and the ratio of this feméiﬁder to the_cal;ulated
'quantity is giveh. Results are. “

-

g
W

, L2,
o (pointlike) = 0.

6 9 untagged case
8 1

1.
3. tagged case

Combing these two results (assuming them uncorrelated) we find

(¢]

L = 2.1 =
o {(pointlike) 2.1 = L.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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o  for e+e—->e+e-7r+n-(c=+) at E=2.t GeV/Bean

EFF

With ]cosei]<0.6, D;>+225 Gev/e, 0°<¥<20°

And .76+*.08 Detection Efficiency

Cross Section in Nenobarns No "Tagged" | One "Tagged"
' © Electrons Electron

Measured Two Photon Cross Section: .685%,069 .0301:£,0090
inus lculated Cross Sections for - ' :

De&e-eegz-e%? and ege-—’eie'ugu': .559+.,059 ,0277+.0030

Mgasured Cyoss Section, oF., for _ '

e e»e e nn (difference ggFabove): .126+,001 .002L£,0095

Calculated Polntlike Pion Cross

_Section, cE’g,F(pointuke): 04l 007k .0031%,0005
n /6T _(poimtlike): .55+1.88 STTE3.05

GEFF/GEFF'(;O intlike): 2.55%1.88 .O 773,05

Table 9
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The next result concerned a search for resonances in the two-pion
chanﬁel,vbarticularly the o meson at 750.Mev. Agaih we are |
hampered by a small number bf events and the lack of»separation of

e's, u'é, and n's. Fig. 48 is a plot of the effective mass of. two-
pfong 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 u u_ events, and only 4% ete” > ete Tty events,
the éhannél 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

v 4g2  Thetected

[ op (/5) d¥s T
0o »

for a hypothetical resonance, where oR(/g) is the cross section for
"yy -+ Resonance at photon-photon invariant mass squared s, and

rdetected/rtotal is the branching ratlo‘for the resonance to decay .

to two pions in the detector. From the'effective_mass plot we can

infer

. r . 7
Oure- s ore-Rosonance (E = 2-4 GeV) Fotected o og np
e . eson € total

for a narrow (.lvGeV)resonance around .75 GeV.

'Using the equivalent approximation:

| 2E
(E) = 2[9J2 [1n§—J2 / 24/s f(Zg

1r m 0 /5 2E )oyy->R(

vs)

oefe' -+ .e*e-R

4E2
-3 -1 Co .
9.9 x 1073 (GeV) é o ap(V5)dYs

1

at E = 2.4 GeV, s = (.75 GeV)?.
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Therefore

, r . |
Jog(/s)avs Detected gy yp _ ey
T

Total

" near the predicted o resonance.. These quantities are to be compared

with the Born approximation calculations:

Oghe » oteyry-(E = 2.4 GeV) = 0.079 nb

in the detector and.

o (Vs = .75 GeV) = 0.2 ub

_ Yy > w'a”
total.

Finally the process yy - 7m0 is of interest as a direct -

measure of the my 1lifetime. As first pointed out by.Low(39) the

To lifetime T_ is related to the yy + mp cross section by -
. o 0 ;

82 T g ‘
o ‘ (s) = ———-m‘" =YY G(mﬂ_z - 's)
vy > w0 T
where T o *.YY = %—— . Using the equivalent photon approximation

R

2 ' m_y
o ) = = aleyy (B 107 | 70
ete™ » ete~n0 m_3

1.0 nb at E = 2.4 GeV
with T. . = 8.6 eV.
_ : To > YY
the best present value for the my lifetime is (.84 *+ .10) x 10-16
sec. A good vy detection system could hopefully provide a measure-
ment to this accuracy. |

In this experiment we were unable to make such a measurement.

It would require detecting the two photons from 7% > 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 tagged. The

effééfive éross section for such a setup assuming-perfect_detection

| is about .03 nb. At SPEAR luminosity of 2 x 1030 cm‘zseC'lwe‘could'
collect at most 20 events in 100 hours of such speciél running and
hope for an accuracy in the lifetime measurement of about 20—259..
Several backgrounds would have to be cargfully@considered. Still,

this is a promising possibility for the future. .

2. Multihadron Results

We can measure the cross section ¢ for

ete- > ete-x
e'e” » e+e'yy_+ e'e "Anything", where "Anything" assumes more than
two charged hadrons detected. Since the untagged data contains
primarily one-pﬁoton events, Qe must qse.the "tagged”lthreefor—moreQ'
préng sample and estimate the tagging efficiency from the Weizacker
Williams épproximétion. |

Of the 10 tégged multiprohgs 4.6 £ 3.5 aré estimated to be
accidentals using the_accidentél rate defived frombtagged Bhabhas.
This leaves 5.4 + 3.5 real tagged multipfdngs. .Using ﬁhe-Weizacker-
Williams approxiﬁation for the equivaient pﬁoton spectrum (seev
secfion V-B4), we estimate the fraction of fwo—photon multiprdngé
tagged to be .048 + .010. This means we expect 114 "untagged" events
or an effective cross section in our detector of

Oere- » etemx = .21 +.14 nb.

This accounts for about 2.0% * 1.3% of all threce-or-more-prong

events in the detector.
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There are many ways to estimate what this cross section should

be. Brodsky et alglz)estimate-the cross section for three or
more hadrons to be .3 b and calculate

Uefe' N 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_'cose] < .6481
and p 2 150 MeV/c. Taking this into account our meaéurement is in
excellent agreement with this estimate. - )

It will ultimaﬁély be of interest to use the fwo~phpton multi-.
hadron events to study deep inelastic electron-photdn scattering.

Here one electron is tagged and used to provide a spectrum of

-equivalent photons, while the other is scattered at a largehangle

from that photon as in Fig. k9.

The cross section can then be expressed in terms of structure

functions as

do, - 2 | 202
SSeX L Sy (@2,v) (1 - y) + W (Q2,v) ]
d Q2 dv Q)2 | 2v2
where W1 and Wz are defined by

(2w)22p0 g < leu(O)In > < n‘|Jv(o)lp'5 (21) 48" (q +.P“7'Pn)‘

. . q q] -  (Peq)q (P+q)q s
) . H 'V 2 . H Vi 2
= g - W.(Q%,v) + |p —————][p-—————““.(Q,\’)
1% 't o 2
and
- '; 2 _ _.2 = Vv
v = q PY , Q qQ° y P P
c 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 which none clearly show
the presence of the strongly scattered electron in the detector.

1 2°

estimate of the expected cross section for such events,

We cannot. give measuréments for W, and W hchver, if Brodsky's

(27).

o - -_=.05nb
ete” » ete~x ’

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 electerYnamiC processes which
are present. QED isvclosely'obeyed in this eXpériment and the
tightest liﬁits'to date have been placed on QED breakdown models.

Thé-two—photon processes have been shown to ﬁe present with
expected coplanarity aﬁd momentum distributions. Twelve singly
tagged eVenfs.and 1 doubly tagged‘event have been seen and cross
sections fall well within the_limits of our calculations. We are
just.at the brink of being able to study the hadron physics of -
the two-photon process. The process e'e” > e+§fn+n- has been
shown to be consistent with the pointlike'calculafion.

The future of SPEAR proﬁises to bring mahy new réSults. Two-
photon processes can bé'studied_in more detail at higher energies,
and a new frontier of hadronic physics has opehed up in the one-photon

channel. The success of the project continues.

k'L
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APPENDIX. A

Proof that a(¢X’ cosy)

= Isinwl

We must write ¢x and cosy in*terms of ¢1 and ¢2 and other

. . . ) ’ . . . . ' '
variables of 1ntegratlop (Wl, W2, el, Qzl El" 6l )

cosp = - ;os(¢1’- $,)
; 'qlsinelsin¢1 + qzsinezsin¢2m
- sing = -
X q_sin6
X b e
2. = 2 2 o) ' . . . -
a, q% + g, + -qlqz(coselcosaz + 51n6151n62cos(¢1 ¢2) )
cos® = = § (qlcose1 + qzcosez).
Differentiating

d(cosy) = sin(¢; - ¢2)d¢1'- sin(¢; - ¢,)do,

rqlsine _ . qzsine
c°s¢xd¢x - q_sing cos¢1d¢1_+ q.sind COS4’2‘”2
X X X X
sin¢x .
" q_sin® d(q,sing )
X X
. sin¢ q,9,5ind,.sind
= Adé, + Bdg, + 'x 1 2 . 1 2
1 T2 q_sinf_ q_sinf
: X X X X
sin(¢; - ¢2)(d¢1 - d¢2)
= (A +C)dy, + (B -C) d¢,
where
q,sin8é
A 1 1

" qsine_ <050
X X



(;}w

v

qZSine

2
® T Qs 0%
_ smcpx q1q251n6151n92 in(o. - o)
q_sind q_siné 1 27"
x7TUx X X

The Jacobian can now be calculated:

3 : (¢xs COSIP) ) COS¢X : _—~CO$¢X
(¢1, ¢2) = . .
| sin(¢, - ¢2) -sm(cb1 - $,)
sin(¢, - ¢,)
=] @a-+m 12
_ cos¢x
1cos¢>1 + qzsinezcos¢2

A+C B -C

) |q151n9

sin6é_cos
Ay X ¢x

sin(¢; - ¢,)

l_sin(¢>l - ¢2)| = |siny].
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APPENDIX B

do (0) : .
Derivation of 33335——_ by Equivalent Photon Method, following

Brodsky et al.(lz) We start with formula -

E E dw ‘ )
cee(E) = é = é =, N(ml)-N(mZ) Oy (@15 wz).

- and calculate the quantity:

do_(E) E dw, E do do_ (w.,w.)
'deeze =/ © - [ o M) Nw,)) dg'dé £
1992 0 0o “ 1972

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 squared of the y-y system, we have

w = w11+ w, . ' Cq=w -,
N
S =W q »v4w1w2
“and ‘
j:eggﬁ) - 4? 'gé— E+S?4E ?:I :Z: | N(“"I)N(mz) daYgéw o
dyy (w,q) - ' ' (12) N
We must now calculate de de ~and, following Brodsky et al, we will

now define it in terms of
G(W,,8, ) = 1/2p,0, 1/4 |42

where pi =2 Mf for fermions and p, = 1 for bosons, ‘and [M]2 is the

invariant matrix element summed over initial and final spins. We have

::egéE? g 4?' g E+Sf4£ ?w] .X N(wl)N(wZ) = %.QwIZw
T2 4mp 9 q=t|q| (2m)?2 © 1%
: . i

(cont. below)
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2 . q 2 i ‘ '
9 dql.s;n91d¢2 9, dq251n62d¢2 26% (0, + - - q,)G(W,,8,
2, 2W, ' 10 M A SIS 1S |

4E2 ' " q,2q,%s5in98,sing;
4 2 L qjw W,
Me2 S° q —lql . 1

5 .
s .
6[[E - ZE] - qz} dwdqldq2d¢26“(m1 *uw, - ql_f q,).

It remains on1y to cancel the four dimensional delta function against

dmdqldq2d¢2 as follows:
dudq,dq,dg 8% (w) *+ wy - q; - q)

"= duwds —w. - . - Vol s
dwdq1 dq2d¢26(w W _mz)é(qlgose1 + ngose2 w s )
6(q1$inalcos¢1 + q251n62cos¢2) 8 (qlsinslsin¢1.+ q251n92§1n¢2)

T = dqldq2d¢2§(q1cose1 + q2c0562 - q*)G(q1§1nelcos¢1 + qZS}nezqos¢2)

S(qlsineiSin¢1 + q,sing,sing,)

1 o
- dqldq2q251n921cos¢2*] 8(q cos6; + qycos8, - q%)

. 6(q151n61cos¢1 + q251n62cos¢2)

1

= dq, —————— § cosf, + *cosH, - 7**)
a4 7 rsin 2, (q, 1t 9 2 - 4
2 2 - : .
sing -l
o ) q 9 s 1] ,
1 smelc_:ose2 _hl W2 51n62r
=T o €0s8) * —<ine - ’ ! '
qzsinze2 2 q -

W W |sin(e, + 6.)] e o T
12t 1 2 . 5 24w o2
= q25in92 . i?W151n 91 +a)W251n % h1h251n (61 + ez)}

where we had q* ﬁ-:«/qlz + q22 + mez + 2/q12 *me2 g2 v m2 - s
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ind
-1 (.qlsln 1 . )
* = —_——
¢’2 sin qzsine2 Sln¢l

' : sin@
qz* = ql 1

e

#x = 34 [q 2 *2 2 T 2 Yo Zem 2 -
q,* \/a,° + a, +2.mf +2/q1 m /q2 +me | s .

The result is

doee(E) v , 4E2 ds .
dde. " 2™ ] = N(w IN(w,)G(W;,6,)
1 2 4mf2 S .
a 23 . . )
q1>51n61q2|51n(61+92)] of 5 - 279 ) q2]

: in2 in26_-W in2
IqI(?Wlsln 8, *ul,sin?6,-W. W sin?(6,+6,)).

where only one -of the values q = t|q| is permissable. We determine

the variables by
sine1 ]? : _ sine2 2
a, = |—m———— a, = |
1 51n(91+62)) 2 51n(61+92)
2. 2 (A —a 12 w1/2_ ¢, 1< - 2
q2 : 2{a1a25 me [al+a2 (a1 a2) ]s+mf } (a1+a2 1)s 2
- -1)2
4a.a (alfa2 1) x
_ lasin(e,+6,) |
a: sin(6,+6,)
qsin92 qsine1
q, = 4 —— q, = =
1 51n(el+92) 2 51n(61+82)
- Y3 Zm 2 - JaZr n.Z
Wy = 7q)%+me Wy = YAy me
‘w=vs + q2
1 1
wl = E(w + q) wz = 5(‘0 - Q)
1 2 - ‘ v = _
E1 = E | wl. 52 E W,
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Note the change in definition (92 > T - 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 al.(lz):
W _ 12
G, 00,0)) = g [MI*
' 2 2 i n2g"
=1_me <1-mf\ sme1
2 : 2/ m2, 2 2
w1 : “1 [1-(1 - ——f-'-)cos 91]
_ W.2 '
: 1
G (W.,8,) = = 4m2|M|2
pr 1’71 8 ' f
2 2
m m
n 2 ¢- wlz) SINT cosTd) *§ 2
= 2 + 4[1 - =
w2

- ,
1 - (- W)cos2el]2



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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