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Abstract

Inclusive electron-pair production in pi-ainus proton
collisions at 16 GeV/c was studied using a large-acceptance
spectromater equipped with Cerenkov and shower counters, A
two standard-deviation signal wvas observed in a region of
invariant pair mass greater than 140 MeV/c2 and Feynman X
bétween 0.15 and 0.4, The cross section, extrapolated to
the full range of X, for masses greater than 140 HMeV/c2, is
estimated to be less than 2,5 microbarns, and the
corresponding single electron to pion ratio to be less than
2,6210-5, The observed electron pairs occurred mainly in
thé mass region 200 to 600 HMeV/c2 and are believed to have
originated in the primary hadronic interaction rather than

the decay of secorndary particles.
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CHAPTER 1 -- Introduction

1.4 == Motivation

Science is a process >f observation and systematization. 1In
physics, systematization often takes the form of fundamental
laws of nature that are much simpler than the observed
phenomena, Once the fundamental principles are known,
unierstanding complex phenomena is straightforwvard, but
racognizing a new principle is difficult unless the observed

phenomenon depends on it in a particularly simple way.

In the area of so-called elementary particle physics, the
interactions of hadrons display complex and multi-faceted
bazhavior. This behavior seems to arise £from a compound
nature where different coambinations of =zore elementary
constituents are bound in a dynamic structure. It has been
difficult to study these constituents because the binding

force seams not to allow them to be isolated,

Blectron scattering has been particularly useful for
studying the dinner structure of hadrons because electrons
arz2 not affected by the strong-interaction binding forces
and because they exhibit no inner structure of their own.
Th2 interaction occurs by the vell understood
elactromagnetic process, and when the enerqgy is high enough,

large angie scattering involves the constituents



individually.

Electron-positron annihilation into hadrons is closely
related to electron-hadron scattering. The electromagnetic
coupling between a charged particle and a virtual photon |is
the same whether the <charged particle is scattered or is
annihilated (or created) with its antiparticle. 1A collision
bestween an electron and positron has a certain probability
of producing a virtual photon which may return to a pair of
elactrons, create a pair of muomns, or create a pair of any
of the constituents of hadrons. (The number of constituents
has beea inferred from the ratio of hadron production to
muon pair production in electron annihilations.) The
constituent pair can exist as a single hadron (a vector
meson), or produce several hadrons, where the additional

constituents are created in pairs froam kinetic energy.

The third related process, the annihilation of hadron
constituents into a palr of leptons, occurs occasionally in
the collision of two hadrons. The aim of this experiment
vas to detect electron pairs produced in hadron <collisions
and to determine 4if they occurred as the result of a

constituent annihilation process,

In this experiment, electrons were identified with Cerenkov
counters and shower counters, Cerenkov counters tag

particles having a velocity greater than a constant
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datermined by the material in the <counter. Electrons,
having a very small mass, needed little momentum to exceed
tha critical velocity, while hadrons needed more momentua
than was generally imparted to outgoing particles. Since
the Cerenkov medium was a gas, the particle trajectories
usually were not distarbed. Shower counters contain a large
amount of dense material with which incoming electrons
interact, their energy being converted into a detectible
shower of electron-positron pairs. Again it is the low mass
that distinguishes the electrons from other types of
particles., Since the shower counters absorbed the

particles, they were placed last in the line of detectors.

The major challenge in this experiment was to distinguish
fdirect” electrons produced in the hadronic interaction from
hadrons and from secondary electrons created by hadrons made
in the 4interaction. Electron pairs are produced in hadron
collisions with a probability approximately equal to the
ratio of the strengths of the electromagnetic to strong
interactions squared, about 1,/20,000, The probability of
misidentifying two hadrons needed to be less than one in
20,000 in order that the real signal was larger than the

misidentified hadron backgroand,

Secondary electrons can be produced when a hadron decays and
produces either a lepton (electron or =muon) pair via the

electromagnetic interaction or a single charged lepton via



-l
the weak interaction. Such decays are greatly enhanced wvhen
the intermediate particle cannot decay by the strong
interaction. (Lack of a strong decay mode results in a much
increased 1lifetime and thus a greater opportunity to decay
into leptons.) Weak decays are often so slowv that there is
a discernible path 1length before the decay, in which case
they were ignored. This was the case for the long-lived
strange baryons, kaosans, and charged pions. HWeak decays of
the D mesons, heavy leptons, and the #-boson, however, would
produce 1leptons coaing apparently from the primary
interaction. The pi-zero and eta mesons are stable with
respect to strong interactions and decay into electron pairs
on the order of one percent of the time by the Dalitz decay
mode (electron pair plus a photon). Other mesons may also
dacay this way but with less probability because they are

short-lived.

The most serious source of background was electron pairs
from the Bethe-Heitler process (photon conversion) where
photons from the decay of pi-zeros interacted with matter
t>o close to the primary interaction to be resolved. These
could usually be recognized and eliminated because the
electron pair invariant mass wvas 1less than 150 MeV/c2,
However, the detector failed to find one of the tracks in
10-20% of the pairs, in which case the other track could not
ba eliminated on the basis of pair mass. Photon conversion

pairs were produced at an average rate of about 0.1 per
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hadronic interaction, so that a simultaneous occurrence of
this phenomenon for two pi-zeros, which mimicked direct high
mass electron pairs, occurred at a rate several times higher

than the direct process,

A source of direct lepton pairs was the decay of vector
iesons. These give rise to pairs at particular masses, and
can be recognized in that way. {(Vector mesons =may be
considered resonance effects that aodify the amplitude for
the constituent annihilation at certain masses, or they nay
b2 considered particles that decay into lepton pairs). The
lapton production rate due ¢to vector meson decays {is
calculable from fairly well m=measured inclusive CLOSS
sections and branching ratios. Thus, they provide a useful

calibration signal in the lepton pair mass spectrunm.

The original motivation for observing direct leptons was the
search for the W-boson through its weak decay, starting in
1965, Once direct leptons were observed, curiosity was
aroused about their source, which is only now being
determined. By 1974, more than ten experiments reported
direct muons or electrons, detected singly and 4in pairs.
The most interesting feature of these experiments was that
the ratio of leptons to pions was about 10-¢ over a wide
range of center of mass energy and transverse momentuam of
the outgoing lepton/pion. Hore receat measurements of this

ritio have all been 2 to 3 10-5,



The Drell-Yan model for the annihilation of constituents
iato lepton pairs was proposed in 19790, This model
predicted a scaling law for a fixed ratio o¢f pair mass to
center of mass energy and a relationship between the cross
section and the quark (constituent) momentum distribations
inside hadrons (wvhich were measured in electron-hadron and
neutrino-hadron scattering)., The assumptions are valid only
in the limit of large center of mass energy and lepton pair
mass (relative to the masses of hadrons). This experiment
is compared with a modified Drell-Yan model im which =meson
constituents annihilate rather than quarks. The unmodified
model agrees poorly with measurements at th2 energy of this
experiment. Feynman diagrams are shown for the original and

nodified models in fig. 1.1,

The lepton to pion ratio was considered anomalously large in
1976 when this experiment was proposed. The socurce of the
extra leptons ¥as not known, nor was the fraction
originating as pairs. The recent experiments indicate that
most of the leptons occur as pairs, and that the extra pairs
are created by constituent annihilations at a rate more than
an order of magnitude larger than predicted by the Drell-Yan
model. A thorough history of direct lepton physics is given
in the thesis of Woody(1), and the models and experiments are

described in several review articles({2).
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Figure 1.A: Feynman diagrams for lepton pair production
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This experiment complements a recent high statistics auon
pair experiment at the same energy, by observing electron
pairs at a lower value of X and at masses below the two muon

threshold.,

. 1.B -- This Experiment

This experiment (SLAC E-127) triggered on single electrons
produced in the interactions of 16 GeV/c pi-minuses with
protons in a one meter liquid hydrogen target. Only events

vith electron-positron pairs were studied.

The experiment was the first use of most of the components
of the LASS facility and was chosen because of its modest
trackfinding and resolution requirements in addition to its
igtrinsic interest. The electron pair regquirement was wvell
suited to LASS because of its ability to handle the 1large
data rates due to the relatively loose trigger, and because
air had the right Cerenkov threshold for electron
identification. {The 1large segmented Cerenkovy counter wvwas
not yet gas-tight,) Because of the full solid angle
acceptance, LASS had the capacity to observe a large
fraction of the kinematic region of pair production and to
study the accompanying hadrons., A small, but potentially
interesting, acceptance in the region of X below 0.15 and
above 0.4 was lost because the downstream detectors were not

used in the data analysis.,



Electron identification was accomplished using the
38-segment Cerenkov counter and 13 off-axis shower counters
which identified only high transverse momentum tracks. A
count in at least one of the Cerenkov cells (pulse height
corresponding to a single photo-electron) and a pulse height
in at least one shower counter corresponding to an energy
deposition of 750 MeV was the trigger requirement. Events
with single electrons were recorded in the hope that hadron
misidentification would be low enough to aliow a comparison
of single electrons and pairs, It was later clear that
ajequate hadron rejection wvas possible only for pairs in
which both tracks were identified in the Cerenkov counter

and at least one identified also in a shower counter.

The experinent.was run in Nov.-Dec. 1976 and Feb.-Apr. 1577.
The first computer track recoastruction program was run in
Dec.-Jdan. 1977-1978. A new, improved version was written
and run in Jul.-Aug. 1978 on half the data and was rerun
with further improvements on the full sample in Apr.-Jul,

1975.

Approximately 10° pions were received giwving sensitivity
before acceptance 1losses of 4 events per nanobarn. Five
million triggers vwere vrecorded on tape from which one
million were preselected and processed by the trackfinding

program. One hundred thousand were selected as possibly
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containing an electron pair. About two hundred were finally
accepted, of which one;third vas estimated to be genuine,
The overall acceptance was 1.2%, and the corrected inclusive
electron pair cross section for pairs with =®mass above 140
M2V/c?2 was 1.1:0.,7 microbarns. This corresponds ¢to an

electron to pion ratio of 2.6t1.6 e10-53,

The observed number of events wvhose mass was consistent with
the rho and omega vector mesoans was smaller than the number
predicted from the measured cross sections and branching
ratios, Due ¢to the small number of events and the
relatively large background estimate, the measurement was
consistent both with zero and the prediction. The signal
between the pi-zero and rho in mass, which is attributed to
constituent annihilation, was greater thaa zero with a
significance of two standard deviations, and in agreement
with other experiments and the predictions of the
constituent-annihilation @model discussed in the results
section. The lowest =mass data point was not in agreement
with the steep rise in cross section at low masses predicted

by the model.

Chapters 2 and 3 discuss the physical 1layout of the
experiment and the data-acquisition system respectively, and
for the most part need not be read to understand the
following more interesting chapters., Sections 2.A and 2.B

give an overview of the layout and should be read. Chapter
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4 describes the track reconstruction procedure which is
quite interesting, but need not be read. The selection of
real electron pair events and estimation ¢f the losses and
backgrounds are described in chapter 5, and the results are
discussed in chapter 6., The appendix describes the building
and testing of the cylindrical spark chamber package and the

associated electronics.

The event selection procedure described im chapter 5 vwas
developed independently of the main group effort. The final
results of E-127 may use different cuts arnd therefore may
have a different statistical significance than those

reported here,

References for chapter 1

1. C. L., Woody, A Study of Electron Pair Production
in 16,1 GeV/c pi-minus proton Collisions Using a lLarge
Aperture Solenoid Spectrometer, Ph.D. Thesis, Johns
Hopkins University (1978).

2. N. S, Craigie, Lepton and Photon Production in
Hadron collisions, Phys. Rep. 87, 1 {1978);
L. M. Lederman, Lepton Production in Hadronic
Collisions, Phys. Rep. 26, 149 (1976)
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CHAPTER 2 -- The Experimental Apparatus
2,2 -- Introduction

This chapter describes the apparataus used in this
experiment. LASS, the Large Aperture Solenoid Spectrometer
facility at SLAC, was the framework, consisting of a 1large
superconducting solenoid magnet surrqunding the hydrogen
target, several sets of spark and proportiocnal chambers, a
multi-cell Cerenkov counter, and a large dipole spectrometer
magnet preceded and followed by spark and proﬁortional
chambers(1). LASS was modified for -electron identification
by lerngthening the Cerenkov counter and adding a wall of
shower counters. The following sections describe the beanm
line, the numerous and diverse detectors, and their layout

in LASS.
2.B == Overview of LASS

Fig. 2.B.1 shows a cross section of the whole apparatus
vieved from above, The solenoid magnet was 84 meters long
and 1 meter in radius., The upstream end was a solid iron
disk with a hole for the beam to enter. The superconducting
windings vwere divided into four «coils, each inside a
s2parate cryostat ring. Plane chamber packages fit in the
narrow spaces between the rings, covering the entire

solenoid bore. A solid iron ring after the last coil acted
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as magnetic flux return path.

Beam entered the solenoid magnet parallel to its axis and
along the 22.4 kilogauss field, Charged particles produced
ia the target followed a helical path forward (or backward)
through the magnet. The radius of the helix was
prbportional to the transverse momentunm (P,) of the
particle. A 350 MeV/c P, particle just skimmed the inside
of the magnet (a helix with a radius of 0.5 nmeter). The
pitéh of the helix (meters/turn) was proportional to the
lingitudinal momentam (Pj). A 500 MeV/c P, particle rotated
through one radian in 70 cm., about the distance between

élane chaabers.

Particles with large transverse momentum hit the inside wall
of the solenoid unless a correspondingly large longitudinal
momentum (1 GeV/c Py was needed for a Py of 350 HeV/c, 4
Gev/c Py for 1 GeV/c P, ) carried them out the end soon
enough. Those with 1low forward momentum hit the wall
wifhout intersecting any plane chambers. Cylindrical
chambers surrounding the target measured these, For very
fofvard particles, the solenoid package did not accurately
determine the mcomentum., These particles passed through the
dipole magnet., The chambers before and after it were
ihtended to determine the nmomentum from the bend in the
horizontal plane., (The dipole had a field integral of 20

kGem, and an aperture of about 2 m, horizontally by 1 m.



vertically.) PFig. 2.B.2 shows the magnetic field due to the

solenoid and dipole.

The field near the solenocid nade conventional
magnetostrictive readosut of spark chambers impractical. The
spark chambers (called the CD chambers) in the solenoid used
a2 capacitor-diode readout method. The center of these
chambers was deadened because of their lorng memory time and
the high particle multiplicity near the beam path. The dead
spot in each was covered by a small area proportional wire
chamber ("plug" chambers). Three of these chamber packages
(plug1/CD1, plug2/CD2, plug3/CdD3) slid between the coils.
Tvo large active area proportional chambers (called 1.5 and
2,5) were installed inside coils 2 and 3. {More chambers
hive since been added,) The path of a forward particle
intersected five measuring planes., Thres induced charge
béadout proportional chambers {trigger <chambers TA,TB,TC)
vith rings of wedge shaped pads (polar coordinate readout)
vere also mounted inside the coils. {It was once intended

that fast 1logic make these signals into a selectable P, -P,

ﬁtigger.)

The cylindrical chamber package surrounded the target inside
coil 1. It consisted of a cylindrical proporticnal <chamber
add ten concentric spark chambers with capacitor-diode

readout.
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The region between the end of the solenocid and the dipole is
éalled the twvixt-region,. The solenoid field develops a
large radiai component here, which complicates track
téconstruction. Particles entering this region pass through
the 38 cell aimospheric pressure Cerenkov counter (C1) and
several spark chambers. Some pass through the aperture of
the dipole magnet and some hit its front £face. The main
shower counter wall was mounted on ghe front face of the

&ipole.

A relatively low refractive index gas was needed to identify
électrons in C1. Air vas used, giving a pionm threshold of
5.3 GeV/c., The 1light output was small, necessitating the
extension of the beginning of C1 from the last iron ring to
the middle of coil 4, CD4-plugd was displaced and used in
front of the shower counter wall and dipecle, The other
twixt—region chambers were two large magnetostrictive
readout spark chambers (MS1T and MS2T) and a vertical vwire

proportional hodoscope {(JH-UP) between the MS chambers,

Pour MS chambers {(MS1D through MS4D) measured tracks behind
the dipole. Another proportional hodoscope ({JH-DN) just in
front of MS1D provided timing information. Behind the last
chamber were two scintillation counter hodoscopes (HA and
HB), a large Cerenkov counter (C2) and a 1large shower
counter {(Group B SC), not used in this experiment, The 40

iach bubble chamber stored behind the shower counter was
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also not used in this experiment. Other detectors not
mentioned here are discussed in the next secticns (mostly

scintillators associated with the beam system).

The gas systems, power supplies, magnetic €field shielding
sjstems, and readout electronics associated with the
spectrometer detectors are not described. An exception is
the cylindrical chamber system which is described in greater
datail in Appendix 1, The data acquisition systea is

described in chapter 3.
2,C == Beamr Systenm

SLAC beamline 20-21 (shown in fig. 2.C) transported to LASS
éarticles produced by the interaction of the 20 GeV/c, 1.5
mA., primary electron beam with a beryllium target. The
beam spill 1lasted 1.6 microsec,, repeated up to 180 tiames

per second.

Collimators in the beam line were adjusted to allow about &
pions to —reach the target per pulse., (The usable rate was
limited to 10 particles per spill in order to aviod multiple
interactions. In practice, the long lifetime of residual
ions from old tracks in the spark chambers necessitated a
lowver trigger rate, which was accomplished by reducing the
namber of pions per spill,) The beam was focused by

alternating horizontally and vertically focusing quadrapole
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magnets, and the position of a particle at the first focus
(P1) depended on its momentun, A variable slit 1lead
collimator passed only particles with momentum of 16 GeV/c
tZS. A thin lead filter at F1 removed electrons from the
beam. The magnets after F1 brought the beam ¢o0o a second
achromatic focus (F2). The beamline has been described in

detail elsewhere(2).

Particle-type separation was possible using the RF
separators between F1 and F2, (The separation was based on
the dispersion in space of particles £rom the same
acéelerator bunch due to velocity differences.) The
separators were not used since 94% of the particles produced

vere pions,

Like P1 and P2, F3 was a momentum dispersed focus and F4 was
aéhromatic. The P-hodoscope located at 7?3, with six
scintillation counter fingers overlapping %95 form 11 bins,
tagged the momentum of each particle to %,25%. F4 was

loéated at the far end of the hydrogen target.

Two threshold Cerenkov counters checked the mass of the bean
particles, C-pi tagged pions, and C-k ¢tagged pions and
kions. They were located near the end of the beam line,
just outside and inside the 1LASS building respectively.
These counters did not differentiate pions from muons, and

2,3% of the accepted beam particles were muons,
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The theta-phi (named for pinning down +the track angle)
hodoscope 1located in front of C-pi tagged the position of
the particles with 0.127 cm. scintillatiorn counter fingers
in x and y. Downstream, near the target, were two sets of
proportional wire chambers one meter apart. Beam position
and direction were calculated from the theta-phi hodoscope
and these chambers. The main conputer provided online
histograms of the beam position which was adjusted manually

when necessary.

Scintillation counter SE, just inside the building before
C-k, generated a narrow (2 nsec.) pulse, the master timing
pulse in the trigger logic circuit, A final check of the
beam position was made by the XY and RI®G scintillation
counter assembly. The XY was a square divided 4into four
Quadtants (each 1,91 cm. square, 0.68 cm, taick) which
counted equally if the beam was centered. The RING counter,
also with four sections, surrounded the XY and was used to

vaeto particles outside the main beanm spot.
2.D -- Liquid Hydrogen Target

The target asseambly was separate from the solenoid magaet.
It was mounted on rails so that the hydrogen vessel slid
into position inside the solenoid through the hole in the

iron end plate. Fig. 2.D shovs the target construction,
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The hydrogen vessel was a cylinder 91.4 cm. 1long and 52.4
gm. in diameter, with end windows 0.%13 =2a. thick. The
hydrogen vessel was enclosed in an evacuated aluminum tube
.71 am. thick with a 0.13 mme. mylar vindow at downstreanm

end.
2,E -- Proportional Wire Chambers

All the proportiomnal chambers in LASS used the same
electronics. The electronics were unusual in that they
recorded in a memory the time when a signal occurred on a
wire inm 25 nsec. bins(3). The low duty cycle of SLAC
necessitated a high instantaneous particle filux which led to
the need for the precise time resolution. This menmory
feature also avoided the need for delaying the signals with
a cable to await a final trigger. 1In this exzperiment, wrong
time tracks and tracks without proportional c¢hamber points

vere rejected,

The planar proporticnal chambers had a central wire plane
sarrounded by two cathode planes for each coordinate
mzasured., The chambers measured the X and ¥ coordinates,
and another coordinate (called E) at an angle between X and
Y. This measurement was necessary to resolwve ambiguities in
iitching up the X and Y coordinates, In track fitting it
wvas used with the same weight as X and Y. The wire planes

consisted of gold plated tungsten wires stretched on an
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aluminue frame. The cathodes were aluminized mylar sheets
etched to prevent operation outside the active area. The
cathodes were connected to negative high wvoltage with the
sense wires at ground. The sandwich of three planes was
enclosed between two aluminized mylar sheets which served as

a gas bag and blocked 1light,

In the plug chambers, each plane has 256 wires spaced at
1.016 mm. The E plane wires are at 35 degrees to the
Hdtizontal. The frames are large so as not %o obstruct the
solenoid bore, so that the wires are 2 meters long. The
cathodes are etched away outside the 33 cm. sgquare region
Uhére sensitivity is desired. The X and Y wires are
supported with mylar strips perpendicular to them, limiting
Ehe active length to +14 cm. The mylar strips for the E

wires are placed the same as for the Y wires.

The 1,5 and 2.5 chambers have planes with &#%0 wires each,
2,032 mm. apart. The wires are supported at two places
inside the active area, The E plane wires run at 45

degrees.

The beam chambers have four planes each, The first (BM-UP)
has an X plane, a Y plane, and an E and a P plane at $45
degrees. The second (BM-DN) has an ¥, a Y, and an X and a
f' displaced half a wire spacing from X and@ Y to double the

resolution. There are 64 wires per plane spaced at 1.0186



JH-UP and JH-DN have only one plane with vertical wires.
The active area covers the aperture of the dipole. There

are 512 wires in each, spaced at 4,064 mnm,

The trigger chambers cathodes were divided into three
cbncentric rings, each divided into 128 wedge shaped
segments., The approximate radii of the boundaries of the
fings (in cm.) were: 3, 7, 23, 59 for TA; {no inner ring),
32, 48, 71 for TB; 17, 25, 38, 55 for TC. They were used
for track verification only because the resolution was so

poor.

The «cylindrical proportional chamber coastruction ¥as
different due to the requirement of low density of matter in
the path of scattered particles. It is saown in fig., 2.E.
The basic structural support was the inner styrofoam tube
3.5 mm. thick bonded to a layers of 0.005 inch aluminized
lear on the inside and outside. The 160 anode wires vwere
stretched between two plexiglas rings glued to the mylar.
Wire spacing was 2,037 mm., at a radius of 5,188 c=, An
outer mylar-styrofoam tube served as the other cathode and
gas seal, There is a plexiglas ring in the center of the
active 1length to stabilize the wires which caused a 15 =mm,

dead area,
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2,F -- Spark Chambers

Four different kinds of spark chambers wvere useds:
cylindrical capacitor-diode, plane capacitor-diode, and two

sizes of magnetostrictive chambers.,

All the plane chambers had four readout planes: X, Y, E,
and P, The X and Y were one spark gap, the E and P another.
The E and P wires vwere $30 deqrees'from vertical in the
MS-downstream and CD chambers, 25 degrees in the HMS-twixt.
The planes were a woven mesh of nylon filaments and aluminunm
Qites. The wire spacing was about 1 mm, which varied over
the wire cloth., It was mapped and corrected in software.
lll the plane <chambers were deadened in the region of the
beam by the insertion of a polyurethane disk into the gap

(radius 10.8 cm. for CD's, 3.68 cm. for HS!*s}.,

The twixt MS chambers were 4 m, wide by 2 =, high, and the
ddvnstream chambers were 3 by 1.5 m. The following scheme
was devised to cancel the relatively large field for the
twixt chamber wvands: The wands were vwrapped with fine
énameled wire which carried a large current { 10 amps, at a
ialtage drop of several hundred volts). This created a
field that opposed the 1longitudinal component of the
spectrometer field. This field, arising from the solenoid,
was radially symmetric; the component along the wand was

z2ro in the center and in opposite directions at the ends.
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The canceling coil winding direction reversed in the center.
The spectrometer field vas somewhat overcompensated near the
center and very undercompensated near the ends. The
efficiency near the ends was therefore poor., (A varying

éitch winding would have properly solved the probles.)

In the capacitor diode chambers, each wire was connected o
ifs own small readout circuit. Spark cirrent in the wire
charged a capacitor which remained charged and was read
électtonically long after the spark was over. In the plane
CD chambers, a network of diodes and data busses allowed the
capacitors to be interrogated serially by a small number of
diécriminators. This had the advantage of a low cost per
wire and small size. The disadvantage was the rectification
of inductive voltage drops along +the busses caused by
enormous rates of <change of current in the spark circuit,

This problem has been solved over a period 2»f several years.

i

in the

ft

When this experiment ran, the efficiency was stil
60-80% range, and crosstalk between wires where the currents
were large led to sparks apparently spanning many wires and

a distortion of the apparent position of the zpark.

The cylindrical CD chamber readout was more straightforward
and also more bulky and expensive, There was a
discriminator for each wire and no circuitry was shared.
The worst feature of this system was that each capacitor and

its discriminator were separated by 25 feet of wire, The



only problems with the readout circuitry have been failures
of capacitors or diodes associated with 2% of the vires

(after 10**7 pulses, about 105 sparks per wire).

The cylindrical chambers vwere made of concentric =mylar
cylinders with wires glued to their surfaces, shown in fig.
2.F. The cylinders are supported only by spacer rings at
the ends. There were problems with the straightness of the
cylinders and consequently with variations im their spacing.
This led to regions of 1low efficiency and regions of
breakdown. It was found that a 1large concentration of
alcohol in the gas mixture allowed the chambers to operate
over the wide range of electric field strength that occurred
with the nonuniform gap spacing. The breakdown problenm
increased with use (possibly because of roughening of the
surface of the wires, especially in the inner chambers where
the spark rate per wire was high)., Several wires were cut
bafore the chambers were installed, because o©of breakdosn,
and one chamber was shut off during the running because a
breakdown in it was shunting current away from the adjacent
chamber, The efficiency of these charbers ranged from 60 to

98%.

There were two types of chambers in the cylindrical package.
In one the wires were glued at a slight angle so that the
ézimuthal angle varied along the length of the cylinder.

The wires on the two sides of the gap pitched in opposite
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Figure 2.F: Cylindrical spark chamber:
a) package b) detail of gap
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directions so that looking at both sides gave the lengthwise
position as well as the azimuthal angle., In the other type,
the wires were parallel to the axis and only one side was
read out. The chamber package consisted of five of the
first type alternating with five of the second. The radii

varied from 10 cm. to 60 cm., and the length was 1 meter.

The cylindrical spark chamber package was the major piece of
experimental apparatus for which the author was responsible,
and is described more fully in Appendix 1. The supporting
electronics and gas system are described as well as results

of performance tests.,

The gas for all the spark chambers wvwas standard neon-heliuan,
purified and recirculated. Alcohol was added separately to
thé gas for the cylinders and the ({plane) CU chambers. The
S chambers ran without alcohol, The high wvoltage pulse for
all the chambers (300 nsec., long, about 4 k¥ depending on
ihe chamber) was formed by switching a charged coaxial cable
by means of a thyratron tube, All chambers had a d.c.
clearing field of about 40 volts to remove +the ions left
over from the spark. There was also a pulsed clearing field
of 250 volts applied ¢to the ¥S and cylinder chambers for
extra clzaring after the sparking, The recowvery time for
the cylinder and CD chambers was 50 msec. Running faster
produced an increased spark multiplicity. This effect |is

not wunderstood, The experiment was run with a compromise
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deadtime of 25 msec. between events.
2.6 -- Cerenkov Counters

Four Cerenkov counters were used in the experiment. Two
were used for tagging the beam particles. The other two
vere large and complex, with large angular acceptance, to
tag scattered particles. A1l were threshold counters,

i:cepting all angles of Cerenkov light.

The beam Cerenkovs were simple pressurized pipes in the bean
line., C-pi was 5 m, long and 20 cm. in diameter, €filled
with hydrogen at 25 psig. (Threshold gamma 37; 5.2 GeV/c
far pions.) C-k was 1 meter by 20 cm. diameter filled with
cirbon dioxide at 35 psig. {Threshold gamma 18; 9.1 GeV/c

for kaons.)

The multicell Cerenkov counter, C1, was origipally designed
t> identify pions wusing a high refractive index gas at
atmospheric pressure, In this experiment, air had the right
index for separating electrons and hadrons below 5 GeV/c
(threshold for electrons, 20 #MeV; for pioas, 5.8 GeV).
Because of the low refractive index of air an insufficient
inaunt of light was radiated., The efficiency was therefore
increased by moving the nupstream window 60 cm. €farther
upstream and sealing it to the inner surface of the

solenoid. The cell partitions were not extended since the
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Cerenkov cone was narrovw (maximum 24 milliradians) and
génerally illuminated only one cell at a time). The counter

is drawn in fig. 2.G.

The counter was divided into four radial regions. The
innermost region was split into two cells and the outer
three annular regions were divided into twelve cells each.
The radial distance from axis of the inner and outer walls
of the cells increased with distance from the target so that
stiff tracks tend to stay in one cell., A thin mylar mirror
at the end of each cell (just past the end of the solenoid)
reflected the light outward, through a long extension ara,
where it vwas focused by an ultraviolet-transmitting fresnel
lens onto a 2 inch photomultiplier tube. Even at the end of
the extension arm, the tube required heavy shielding fronm
the magnetic field, The extension arms for the inner cells
ran out behind those of the outer cells so ¢that the inner
cells were longer., NOt counting the upstream extension, the
outer cells were 1,25 m., and the inner two 2 m. long. The
Sottom three cells of each of the outer three rings were not
installed when the experiment was run., These 9 cells are

teferred to as the "unequipped region®,

Cerenkov C2 was an eight segment pressurized counter with
several centimeters of material in the path of tracks. It
vas filled with freon-12 at a pressure of 44 psig., making

it useful only for separating protons from kaons. It was
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not studied or calibrated in this analysis.
2.8 -- Shower Counters

Three types of shower counters, built earlier for other
eiperiments, were used. They were named after their owners,
SLAC Group B, SLAC Group E, and Cal Tech. Ten Group E
counters and three Cal Tech counter pairs were mounted on
the froat face of the dipole magnet as shown in fig. 2.H.
Along with C1, these counters recognized the electrons. The
Group B shower counter at the downstreamz end of the
experiment tagged some of the high energy tracks passing
fhrough the dipole. (A track straight down the solenoid
center needed 5 Gev/c to hit this counter.} It has not been

éiudied or used in this analysis.

The Group E counters were designed to give aunifora 1light
output over the entire active area (18 by 25 inches). They
cﬁnsisted of 16 0.25 in., sheets of wavelength-shifter-doped
lucite with interspersed lead (type-metal) sheets, and five
2 inch phototubes along one edge. The lead sheets vere
tapered to absorb 1less enerqgy near the far end where the
iight acceptance was lower, The average pulse height (from

~the five tubes summed) varied only 10% over the face,

The Cal Tech counters consist of two 80 x 9 ¥ 0.5 inch 1lead

sheets interspersed with three 1.125 in. sheets of lucite,
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The light pipes at each of the long ends, meant for five
inch tubes vwere adapted to two inch tubes withk reflective
mylar shaped into a truncated cone (shielding the large
tubes from the magnet was not practical). Two such counters
with 0.25 in. lead in front of the first and between the two
gave acceptable energy resolution when the signals from all
four tubes were summed., In spite of the lucite being very
jellov, the light output varied less than 20% from the ends

to the middle.

Both types of counters vwere preceded by 0.25 in,
cintillation counters (called %gamma-veto®™ counters) to
differentiate electrons from photons, The signals from
ihese were used in the trigger as well as in the analysis.
The phototube signals from each counter of both types were
tieated as follows: The signal fromr the last dynode was
iﬁverted and sumned for all tubes in the ccunter (five for
GPB. four for CIT)., The sum was discriminated for use in
the trigger and its presence recorded. The anode signals
vere separately digitized and recorded., 1In the analysis the
individual phototube pulse heights are weighted according to

the known position of a hit to get better enresrgy resolution.

The Group B and CIT counters were calibrated at several
positions over their faces with electrons and plons at three
beam energies. This information was used in the analysis to

convert from ©pulse height ¢to energy as a function of the
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pasition of a track. Several counters were calibrated

again, as a check, after the experiment was dismantled (8).
2.I -- Photomultipliers and Downstream Sciantillators

Those phototubes giving analog information, in C1 and the
three types of shower counters, were outfitted with light
emitting diodes for gainm calibration, The <«alibration was
dane automatically before each run by pulsimg the LED's 2048
fimes and recording the pulse heights from the tubes., The
tube high volfage wvas manually adjusted when the pulse
héight drifted too far (20%). When the shower counters were
fecalibrated at the end of the experiment the light output
from the LED's was found to have drifted in some cases by as
much as a factor of two. The response of the shower
counters was therefore not constant over the experiment., ¥o
attempt was made to treat differently pulse aneight data
recorded at different times, The electron detection
efficiency used to correct the result was obtained from
electron trigger events recorded over the whole run, and
tﬁerefore, to first order, took these wariations into

account.

The phototube high voltage was supplied f£rom adjustable
resistor and gas tube voltage divider boxes. The voltage to
each tube was monitored by a multiplexed digital voltmeter

which was read by the computer every 256 evants,
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All tubes were shielded from the magnetic field of the
solenocid by a 1layer of mu-metal inside a thick steel tube
extending well past the photocathode region. The tubes 1in
the twixt-region (C1, GpB and CIT shower counters and
giuma—vetos) required another steel tube and a so called
"bucking coil® which <carried a current adjusted to cancel

the field.

There were three areas where simple scintillation counters
were used in the experiment: in the beam system; the
gamma-veto counters; and the downstream arrays, HA and HB
hodoscopes and the 1lollipop counters. The downstrean
counters are described below, These arrays were used in
some of the triggers (although not in the main electron

trigger).

Hodoscope HA consisted of %2 rectangular paddles 8 by 33
inches, arranged side by side, 21 above and below center,
without spaces. The center counters on the top and botton
were only 4 dinches wide. They were raised and lowered to
l2ave a 4 by 4 4inch hole for the undeflected bean,
Hodoscope HB was similar, having ten & inch counters
surrounded by seven 6 inch counters on each side. One
counter top and bottom Just off center were displaced to
make the 4 by 4 hole. These hodoscopes were used to

corroborate the timing of downstream tracks.
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The 1lollipop <counters vwere a set of three conceatric
circular counters of radii 8.6, 11.4, and 19.7 cm., stacked
bazk to back. The array was hung between the dipole and
JH-DN centered on the beam spot. They were used to define

t#d> of the auxiliary triggers,

References for chapter 2
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in C. L. ¥Woody, A Study of Electron Pair Production
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Hopkins University (1978).
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No., 1, 2864 (1976).
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CHAPTER 3 —-- Electronics: Trigger and Data Acquisition

3.4 -- Introduction

Five separate triggers were generated and or-ed together to
form the master trigger which caused the spark chambers to
fire, the proportional chamber system to hold its memory of
the preceeding 500 nsec., and the digitizers and binary
latches to record the phototube information. The trigger
pulse also started the digital controllers which transferred

the data into the memory of a PDP-11 computer.

When the data transfer was completed, the computer vas
signaled., The PDP-11 then reset the contrecllers to read the
nsxt event, compressed the data, and initiated the transfer
to two other computers, Thesé computers recorded the event
data on magnetic tape, and analyzed some of the events to
produce visual displays (showing chamber and scintillator
hits and reconstructed tracks) and to w@monitor the

performance of some detectors.

dne of the destination computers was the SLAC triplex (two
IBM 370/168s and a IBM 360,91) which did most of the
computing for SLAC. The other was an IBM 1800 which was
used only to record data when the triplex was not operating,
The program on the triplex resided in the memory of one of

the 168s along with several other jobs. The ®LASS® job was
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different in that it needed to be executed soon after data
were presented by the PDP-11 or the experiment would stop.
The PDP-11 was able to store two completed events and still
read in a third. The LASS program was built in the
frapework of a program called REALTIME which could demand
exacution with a higher priority than normal computation
jobs. The REALTIME program transferred data between
subtasks, for example from the subtask that received data

fror the PDP-11 to one that wrote it onto tape.
3.B -- PDP-11 Systen

Almost no data processing was done by the PDP-11 which
functioned as a controller. It was connected to the other
computers and the detector controllers by direct memory
access (DMA). There were DMA input ports for: CAMAC which
read binary latches {phototube discriminators and complex
lagic signals), pulse height digitizers, fast time
digitizers, scalers and the multiplexed digital voltmeter;
the proportional chamber system; the cylindrical spark
chambers; the CD spark chambers (two DMA ports); and the HMS
chamber system, There were two DHA output ports, one for
the IBM 1800 and one which connected to an IBM SYSTEM/7, a
minicomputer extension of the triplex systen. The PDP-11
assigned to each detector DMA controller before each event
an area in memory tc be filled. It also assigned an area

for messages coming in from the triplex computer., When it
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finished formatting a data buffer it could instruct the SYS7
or 1800 DMA to transmit it directly froa meamory. The DHAs
signaled the PDP-11 with an interrupt when the data
transmission was complete., The detector DMiZs each received
a done signal from their respective device controllers and

did not signal the PDP-11 until all were finished.

The data acquisition was controlled using the PDP-11 control
panel, It consisted of many switches for enterinag
information 1like date and run number, amd for choosing a
configuration of detectors and computers. There wvere
pushbuttons for starting and ending runs, and indicators
used to display the state of the PDP-11 pregrasn. It also
produced 1logic 1levels used to control tke fast logic and
test devices for the detectors. It controlled a ¥Yself scan®
panel which displayed data logging information: tape i.d.,

file number, and run number,

Besides administering data collection the PDP-11 calculated
the size and layout of data buffers depending on which
detectors were requested., It sent begin-ruan and end-run
messages to the data 1logging computers and waited for
confirmation, It read and transmitted +the scaler and
voltmeter data every 256 events and at end of run. i
summped internally a beam-counting scaler that was reset
every event, and it ran the LED phototube calibration at the

beginning of each run., The LED test wvas similar to normal
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data taking with the following exceptions: The PDP-11
enabled the LED pulser which flashed the LED’s 20 times per
second, Only the CAMAC DMA was enabled (it was triggered by
the LED pulse instead of a beam particle). The pulse height
values vere suammed over 64 repititions, before being
transaitted to avoid the speed limitation of the
intercomputer 1link. Tﬁe only data processing done by the
PDP-11 vas the summing of the software scaler {BTEZ) and the

LED pulse height records.
3.C -- Fast Logic: Triggers, Gating and Scalers

The fast logic generated the wmaster +trigger sigpnal which
started the recording of the event. The trigger was a
coincidence of a pion entering the target, am enable signal
called the event gate, and a trigger sigonal formed out of
signals from Cerenkov C1, shower counters, and scintillation
counters. This trigger signal was the logical sum {("cr®) of
five separate triggers, each selecting a particular kind of

event.

The event gate was a coincidence of the run gate, the PDP-11
2K f£lip flop, spark chamber deadtime, and clearing field OK.
-The 11 0K flip flop was turned off by the master trigger and
on by the PDP-11 when it was ready for the next event (less
than 10 msec, except when data buffers backed up). The

spark chamber deadtime was a simple 25 msec, delay to give
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the spark chambers time to clear out old ions. The clearing
field OK signal stopped the experiment when the pulsed
clearing field power supply for the MS chambers latched up.
The event gated scalers counted only when the experiment was
ready to be triggered. The numbers they showed corresponded
t> the events actually recorded. They were reset at the

beginning of each run.

Counters SE, XY, Ring, C-k, C-pi definéd t2e beam signal
(BEAMTRIG) . The 1logic is shown in fig., 3.C.1. The four
segment XY counter produced signals XYGE?1 wher any segment
fired, and YYGE2 when two were hit within 20 nsec. XIGE2
was used as a veto to avoid eveants too close in tinme, Two
particles passing through the same segment ¥ere not vetoed,
The ring counter tagged particles which could hit the target
wall or the support structure and produce a splash. A hit
in it vetoed the beam signal if it occurred ¥ithin 150 nsec.
(before or after). The final pion trigger regquired C-k and
C-pi to fire as well. Signals were generated also for
kaons, protons, and "junkons® (C-k fired without C-pi). The
master trigger came about 500 =nsec, after the particle

entered the target.

Pive kinds of triggers were generated, named T0,T1,T2,T3,
and T4. TO was the electron trigger. It reguired at least
one of the cells in C1 to fire and at least one of the

dipole face shower counters, plus its gamma-weto counter, to
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fire. The 1logic is shown in fig, 3.C.2. The threshold in
C1 corresponded to 1 ADC count above threshold, in the

shower counters, about 600 ADC counts above threshold.

T1 was the total interaction trigger, reguiring only the
absence o0of a signal from the 8 inch lollipop counter ({(LP3)
in the undeflected beam path, The data from this trigger
wvere compared to a total cross secticon bubble chaamber
experirent to check the norsalization and the track £finding
efficiency. The T1 data were used alsc to estimate the
probability of C1 and showver counter Scell sharing®
preventing electron identification in electron pair events
("cell sharing” cuts are described in sections S5.,B.2 and

5.B.3).

T2 was the elastic trigger, requiring one and only one
element of HR and one and only one of HB firing (undeflected
beam went through the central hole). The @lastic data were
intended to <check the accuracy of mnomsantum and angle
Beasurement, of the proton at large angle aad of the pion in
the downstream (dipole) systen. (This «check vas not

completed.)

T3 was the beam straight through trigger, requiring the &
inch 1lollipop (LPV). T3 was used online as a trigger for
measuring proportional chamber efficiencies since one and

only one hit should be seen in each. The recorded data were
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used to align the chaambers,

T4, the gamma-veto trigger, required one or more gamma-veto
counters to fire. These events were topmlogically similar
to the TO trigger, but accepted all charged tracks. It was
intended to provide 1large angle tracks to estimate hadron
punch-through., Lacking computer time to process these data,

the T1 data sufficed for that purpose.

Triggers T1-T4 occurred more frequently than 70, They were
"gcaled down®™ by counting each and passing it on to the
master trigger only once in a preset number ¢f occurrences,
They were each divided by a factor of 20 to 40 (these
numrbers were not kept fixed) with the result that they made

up about half the triggers,

3.,D =-- CAMAC and Chamber Readout

The phototube signal latches (buffer strobes), the pulse
digitizers {(ADC's), the time digitizers (TDC's), the
scalers, and the multichannel digital voltmeter (DVM) vwere
all controlled and read by CAMAC., There were two CAMAC
controllers. The one that read the buffer strobes, ADC's,
and TDC's (and also one scaler), operated every event,
writing pulse height values and bits 4indicating which
counters fired as part of the event record, The other

branch controlled the scalers and DVX modules., It was read
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by the PDP-11 every 256 events. This branch was also read
by a versatile scaler display system which connected to many
iientical display units with thumb switches. The scaler
count corresponding to the chanpel number on the swvitch was
continuously fetched and displayed on each, so that any

scaler could be dialed in and displayed.

The controllers for the proportional chamber, the CD spark
chambers, and the cylindrical spark chambers were similar to
each other, Bach represented hits in the chamber as an
aidress of the first wire on and a "width” giving the number
of adjacent wires. This method reduced the number of data
entries for hits which were more than one wire wide, The
proportional chamber hits were grouped this way for each
B2ROrY time slot,. The analysis program expanded the
clusters, grouped the time slots for the sanme wire, and
regrouped the wires into clusters. The preporticaal chamber
syster was read out in an expandable chain so that chaabers
could be added without rewiring. The cylindrical system had
fixed "fiducial® simulated hits which gave immediate waraing
if it miscounted. The MS chamber system had a set of timers
far each wand, which were stopped one at a time as spark
pulses were received, up to a total of 16 hits, Aadditional

hits were not recorded,
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3.,E -- Realtime Network

The "realtime™ program made it possible to use the triplex
computer system for realtime data acgquisition and control.
It ran as a batch job and controlled the e#ecntion of and
communication between various tasks contained in the job.
The REALTIME job was composed of the following ®tasks¥: a
task that controlled the SYS7 data channel, a task that
wrote the data tapes, a task that contained the trackfinding
program and analyzed a sample of the incoming events, a task
that controlled the graphics display scope (located in the
control room), and several tasks concerned with the realtime
minagement, Tasks which could not wait for their turn in
the normal time sharing sequence were executed at high

priority(1).

Realtime differed from a dedicated nminicomputer system in
the greater speed and memory space of the IBH 370 and the
availability of peripheral devices ({which would be too
expensive to buy and maintain if they were not shared by all
users at SLAC). The high density tape drives (6250 bits per
iach, four times normal high density) were crucial to
mapaging the data., Even with the high density, tapes were
filled every hour, and a total of 185 were written. Another
ajvantage was the existing software for the triplex: a good
t2xt editing and file storage system; an optimizing fortran

compiler; and a graphics display systenm.
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The disadvantage was that the triplex system was out of the
hands of the experimenters, The triplex cften wvent down,
the operating system being so coamplicated that its detailed
operation was not understood. But for the cost of a tape

drive, writing tape with the PDP-11 would have been ideal,

References for chapter 3

1. Introduction to SLAC's Real-Time System, I. Denecke,
Stanford Center for Information Processing at SLAC
{SCssSCIP) (1974).
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CHAPTER 4 -- Trackfinding Program

4,4 -- Introduction

This chapter describes the computer program which read the
ra¥y data tapes and produced data summary tapes of the
parameters of reconstructed tracks., Section 4.B describes
the mathematical conventions, coordinate systems and the
parameterization of the tracks as helices. Sections 4,.C
through 4.E describe the steps by which the raw coordinates
of hits in the chambers were combined intoc =match-points,
match-points into track «candidates, and the <candidates
checked for plausibility and fitted to nearby coordinates,
Tha final chamber alignoment procedure using the tracks |is
dascribed in section L.F. Section 4,G describes a
corparison of tracks found in interaction trigger data with
tracks produced in a bubble chamber experiment using the
same beam, Section 4.H describes a pre-trackfinding filter
that quickly determined that a large number of events could
not contain an electron and removed then, Several other

cats are described also,

Making a good trackfinding program was a difficult task.
The mathematical complexity of helical tracks, and of the
irregularity of the chamber types conspired with low chaamber
efficiency, spurious hits, and a <trigger that selected

"iirty® events (i.e. containing electron showers). It was
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n2cessary to include approximately 20% spurious tracks in
orier not to reject the real tracks., The most important
trade-off was computer time versus the examination of a
maximum number of track candidates. Most of the complicated
procedures described below were intended to eliminate

implausible combinations at an early stage.

4,B -- Mathematical Conventions

Twd coordinate systems were used to represent tracks and
points in the computer program. An orthonormal system took
Z as the direction of the beam (increasing downbeam), Y as
up, and X to complete the system in the right-handed sense
(North). The origin was taken at the center of the solenoid
for X and Y, and the inside face of the upbeam solenoid
2nd-plate for Z. The other useful system was a cylindrical
system (R, ¢ , and Z) centered at X=0 and Y=0 when referring
t> the cylindrical chambers, or, vwvwhen referring to the
h2lical tracks, concentric with the helix, The momentum of
the track (discussed in Chapter 5) is expressed in spherical
coordinates, P, © aand 9.) and P were constant for the

length of the helix.

The magnetic field was treated as constant, uniform, and
parallel to the Z axis, in the region of Z from 0 to 285 cam.
(up to Plug3/CD3). Beyond 285 cm., the path was calculated

by numerically integrating the equations of motion, using a
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rapresentation of the field interpolated between measured

values with a polynomial,

Inside the uniform field region, the ¢track was a helix
characterized by five parameters: X, and Y,, the
coordinates of the axis; R,, the radius; By, the inverse
pitch, Bg=df¥/dZ=-CHeRo/TAN(P); and a starting ¥ value, @,,
at a given 2 position %.) ( Charge, CH, was +1 or -1 for
pdsitive and negative tracks respectively.) Rather than
taking Z at a fixed place, it was used to denote the
baginning of the track, and recorded as a sixth quantity.
CH and were recorded also, either one determining the
direction of motion of the particle along the helix., Using
the parameterization, the X and Y position at a given Z was
given by:

@ =P+Boe (2-2o) ,

X=X, +Ro COS(9) ,

Y=Y, +R, ¢SIN(¢) .
The momentum was related to the helix by

P=ae|[(Ro 2+ 1/Bg2) o

Pt=aOBo=POSIN(9),

Pp =-aeCH/Bp,=PeC0S(9),

Py ==CHepR, ¢SIN(®),

P,=CHeP, ¢COS(9)

vhere a=(magnetic field) «0.000300=,006735 for 22.4 kG.
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4,7 -- Match Point Making

Making "match-points® was the first step in reducing the
number of track candidates searched., When N tracks hit a
chamber that measures only X and Y coordinates, there are N2
X-Y pairs to choose from. By measuring the hits along a
re2dundant (linearly dependent) direction, and requiring the
projection of the X-Y point in the extra direction +to be
corroborated by a measured hit, most false pairs are
eliminated. The corroborated pairs are called match-points.
The plane proportional chambers (3 plugs, and the 1.5 and
2.5 PWC's) measured X, Y, and "E" in separate gaps about 1
cm., apart. The CD plane chambers measured X and Y in the
same gap, and the two redundant coordinates, "E®¥ and *P%, in
another gap, about 5 cm. awaye. The separation in 2
nacessitated a large corroboration window, because the slope
of the ¢track was not known at that stage. In the
cylindrical CD chambers, all L-R (left and right pitched
wires) combinations were taken. This was possible becauase
of the small angle between the L and R directions., PFalse
combinations represented a point outside the physical 2
limits of the <chambers unless the two hits were close

together in4.)

The raw data blocks from the <chamber readout controllers
vere converted into 1lists of physical coordinates, using

previously determined alignment constants. Adjacent hits
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w2re combined into clusters. (In the case of the CD planes
in which the readout of every second wire was less
sansitive, single vire gaps were permitted within a
cluster.) The raw data were occasionally garbled, adue
usually to noise in the readout logic or a larger amount of
data than fitted in the fixed PDP-11 buffer space.

Processing was terminated for such events.

¥atch-points were reviewed after each new track ¥as
accepted. Those coordinates used in good quality tracks
¥are "poisoned®, that is, flagged and ignored in the process
of subsequent trackfinding. In a region of 20 cm. radius in
chambers 1 and 1.5, hits were sometimes coincident, so that

poisoning was not done in that region.

In the CD planes, X-Y corbinations were corroborated by a
hit 4in either the E or P plane (or both) within 2 cm. of a
point projected from the X-Y plane along a line from the
middle of the target. These match-points were recorded at
the X, Y, and Z of the X-Y chasber hit. E-P pairs vwere
corroborated by an X or a Y coordinate, and recorded at the
X and Y calculated from the E and P, and at the Z of the E-P
gap. E-P match-points were not recorded vhen they coincided

¥vith an X-Y match-points.

The proportional chamber match-point criteria were Bmore

complex, The corroboration distance vwas taken as the
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minimum of the discrepancies formed by projecting the three
cidordinates to a coamon 2 along several lines, having
various slopes and directions., The distance was converted
iato a quélity value (standard error) by dividing by an
estimate of the chamber resolutions., HMatch-points which
shared coordinates with more tham 4 match-points of better
quality were dropped. For good quality match-points, the
namber of shared coordinates was allowed to be higher, up to
7.. Finally, all pairs of anused coordinates were recorded

also (as "two-way",i.e. uncorroborated, match-points).

Th2 match-points were stored in order of decreasing guality,
with the two-ways last. This caused those most likely to be
r2al to be tried first for trackfinding. Many of <the less

likely points were thereby poisoned before being tried.

Certain events had large numbers of hits inside small areas
ia the ~chambers, leading to large numbers of match-points,
large numbers of apparently good trial helices, and
axecution times up to 100 times the average. An empirical
tast for such events was more than 50 match-points in two of
the2 three CD chambers, or a product of the number of
match-points in the three plug chambers greater than 1500,
Processing was teraminated for these events (called

Wyyerflows®" in section 5.G.3).
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4.0 -- Trackfinding Algorithm

Irack candidates were defined by match-points in three
sy-called ®pivotal planes®, If the intersections with
chaﬁbers vere.corroborated by nearby hits, the candidate was
fitted by minimizing the CHI-squared of the agreement
between the helix and the nearby chamber hits., The progranm
laapéd over different sets of pivotal planes, starting with
those that were 1likely to produce the largest number of
tracks per unit time, (This minimized the <computer tinme
bacause extra match-points were eliminated early.) The
difference in the geometry of the plane amnd cylindrical
chambers dictated that all pivotal "planes®™ (plane or
cjlindrical detector surfaces) were of one type or the
5thér. So-called "beam calls®™ consisted of only two pivotal
planes, where the helix was constrained to intersect the

beam track inside the target volume.

Por a given set of pivotal planes, all triplets of
match-points were examined, Most were rejected quickly
because the change in 9 divided by the change in 2, was
iifferent between the first and second planes, than between
the second and third. The change in @ was evaluated without
calculating the helix center by using the fact that the
angle between two points on a circle measured from the
center is twice the angle measured froa the third point on

the circumference. The ratio of d®/4dZ (between 1 and 2, and
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2 and 3) was required to be within a window around 1.0 whose
width increased empirically for points defining small radii.
This increase allowed for the greater relative iamportance of
resolution errors and scattering for small radii. In the
case of the beam calls, the constancy of d /dZ wvwas assumed
and wused to calculate the point of intersection with the
bsam track. This point was required to be not more than 10

cm, outside the target,

For candidates passing the initial cuts, the helix was
rafitted using the previously determined slope to correctly
prdject the pivotal coordinates to a common Z position. The
corrected CD match-points were required to have a
corroboratioﬁ distance 1less than 5 amam, and the CHI-squared
of the helix fit was cut above 25, If the candidate
sarvived, the other chambers were examined for corroborating
éoordinates within a distance of 2.5 wire spacings (4.0 if
the chamber was not between the pivotal chambers).,
Coordinates poisoned for match-point making were acceptable
for corroboraiion. The trigger chambers which resolved
pasition very poorly vwere nonetheless gainfully used to
corroborate the track candidates, The number of
corroborated coordinates (out of the possible number where
the track intersected a chamber) was required to be greater
than 65% when a large number of chambers were traversed, and
ranging up to 100% for a small number of possible

coordinates., Corroborated tracks were passed to the fitting
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subroutine,
4,E -- Pitting Procedure: Tracks and Vertices

This section describes the algorithm for £inding the best
helix fit to a set of chamber coordinates, The procedure
for fitting a best vertex to a set of <tracks was quite
similar and is therefore described here also. The basic
procedure in both cases was to minimize the value of

CHI-squared by varying the parameters to be fitted.

For track fitting, CHI-squared was the sum of the squares of
the distances between the hypothetical helix and the
measured coordinates, normalized by the =xpected chamber
resolution., The wuncertainty of the €final helix wvas
eipressed in an Yerror matrix®" giving the coefficients of
thevsecond degree terms in the Taylor series expansion of

the CHI-squared function centered at the best fit,

In order to fit a vertex, the CHI-squared was the sum of the
squares of the distances from the hypothetical vertex point
t> each of the tracks, normalized according to the track
error matrices. ¥When making a vertex for two tracks that
were parallel at some point (as described in section 4.E.1),
there were often two points of closest approach. When this
occurred, the vertex was fitted at both points, and the one

with the lower CHI-squared was used.
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The minimization algorithm was Newton's method generalized
to 5 dimensions (3 for vertex fitzing}. If a new trial
point gave a higher CHI-squared, another point was tried
half as far away. {(This usually solved the problem of large
corrections in cases vwhen the gradient was apomalously
small.) After the first adjustment, coordinates which made
a major coatribution to the CHI-squared were dropped, The
procedure was iterated until the change in CHI-squared was
small, or for a wmaximum number of steps. The confidence
level of the fit was conputed from the CHI-sguared and the

number of degrees of freedosn,

Fitted tracks with confidernce levels below 10— vere
rejected. Tracks with less than 15 coordizates were cut at
10-2 because o¢f the increased probability of spuriocus
combinations of «coordinates, If a nevw %Zyrack had =many

co>ordinates in comaon with a previously accapted track, only

the one with the higher confidence level vayx vetained,

A large number of candidates were produced and subjected to

fo2]
443

various trials, wmany being rejected at each stage,

slsevhere in nature, only the fitted survivesl,

4,F -- Chamber Aligoment,

The approximate position of the chambers was determined by
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optical sarveying. The positions were fine-tuned by

measuring straight (field off) tracks with then,

The plane chambers were aligned in X and Y using beam tracks
(T3 trigger) measured in the beam PWC's and the -

scintillation hodoscope.

The Z position discrepancies of the plane chasbers (plug,
50, and trigger) were checked by comparing the discrepancies
in the X-Y position with the slope using wide angle (T4)
field-off tracks. The slope was determined assuming the 32
ﬁ:sitions of chambers 1.5 and 2.5. The apparent position of
the two sides of the CD chamber gaps coincided approximately
at the middle of the physical gap. Discrepancies of several
millimeters in the spacing between the X, Y, and E planes of
ill the proportional chambers were observed and have not

bs2en understood.

The cylindrical chambers were aligned in two steps, The
package was first made self-consistent by centering the
residual distributions for straight &racks. This left four
degrees of freedom to be fixed: 2 and {the longitudinal
position and azimuthal rotation) of the package as a whole,
and possible shifts in 2 and that varied linearly with the
radius of the chambers., The varying Z displacement appeared
as an error in the of the track, and the varying

rotation caused the track not ¢to «coincide with the beanr
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track at the center, 1A large set of straight tracks found
in the cylindrical chambers transformed according to four
parameters that mimicked these shifts and another four that
pimicked a slope and displacement of the axis of the
package, These eight parameters were adjusted to minimize
the CHI-squared of the agreement (summed over all tracks) of
the tracks with the beam track and the plane chamber hits.
The foar and 2Z parameters specified adjustaents to the
ilignment constants, The effects of the slope and
displacement of the axis vere conpensated at the

tfackfitting stage.

In the cylindrical spark chambers, %hke spark position
displaced about 4 mm. in the azimuthal direction when the
solenoid was magnetized, The direction of the change
corresponded to the electric field of the high voltage pulse
rather than the reverse clearing field., The displacenment
appeared only at the anode end. (The cathode displacements
ware less than 1 mm.) The shifts were compensated in the

alignment constants.
4,G -- Bubble Chamber Comparison -

This section summarizes the results of a comparison(1)
between interaction trigger (T1) events analyzed by the
trackfinding program and total cross section data from a

bubble chamber experiment(2), pi-minus proton interactions at
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16 GeV¥/c. The study checked trackfinding efficiency as a

function of P and P and the absolute normalization.

The T1 trigger cross section was 82,2 millibarns, After
correcting for empty target interactions, 22.2 millibarns
ie:e left., (Most of the empty target events came from
upstream interactions where no tracks vwere found.) The

bubble chamber cross section was 25.5 millibarns,

Fig. 4.G.1 shows the multiplicity distributicns. The bubble
chamber eventé were corrected for the simulated stopping of
protons in the target. The T1 events were corrected for the
empty target interactions. (The corrected c¢ross section for
zero track T1 events was negative 2 amab., Photon conversions
were not rejected in the T1 triggers, and were not counted
in the bubble chamber data,) Although the average
multiplicity was 4.9 in both cases, the T1 events contained
2 greater number of events with an odd number of tracks,
indicating the existence of spurious tracks as well as

losses.,

The bubble chamber tracks were flagged as recons;ructible if
they wers compatible with the geometrical requirements of
the trackfinding program, including the corroboration
requirement assuming measured chamber efficiencies. T1
tracks (without empty target correction) are compared with

reconstructible bubble chamber tracks in fig., 4.G.2 through
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4.,G.4. The momentum distributions were in good agreement,
but the multiplicity distributions were =still quite

different,

In order to understand the T1 multiplicity distribution, the
bubble chamber multiplicity distribution was convoluted with
a Poisson distribution simulating extra tracks. An
additional ¢trackfinding 1loss was appliec independently to
each track, and the normalization factor was allowed to
float. The CHI-squared of the difference between the {empty
target corrected) T1 and the adjusted bubble chasber
distributions (for nmultiplicities one and above) ¥as
minimized as a function of the track loss probability, the
extra track rate, and the normalization €factor, The best
fit occurred for a spurious ¢track rate of 0.42+0.2 per
event, a track efficiency of 97#5% per track, and a
normalization of 1.06+0,15 (to increase the B.Cs
distribution). The multiplicity distributions are shown in
fig. 4.G.5.

The comparison indicates that the’ reconstructible bubble
chamber tracks corresponded rather well to the results of
the trackfinding program, The reconstructibility tests were
installed in the Monte Carlo program +that estimated the
trackfinding efficiency for electron pairs, The
trackfinding efficiency determined in the Monte Carlo was

believed to be correct within 5%, according to these
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results.

4,8 -- Early Event Rejection

A pre-trackfinding cut ®mask™ on the possibility of finding
a track satisfying the electron identification criteria is
described below. Other cuts which were made in the process
of trackfinding are described also. These cuts and the
program flow are shown in the left half of fig. 5.4.1 {in

the next chapter}.

The "pmask” s=2lected 20% of the 5 wmillion TO triggers for
trackfinding. The rejected events contained at least ons
registering C1 cell and one gamma-vete shover counter
coabination as reguired in the hardware tvigger, but 41imn a

configuration that could not have besen produced by a single

~

track. These, and many that passed the wmazk, welse due to
separate spurious and usncorrelated counts in C1 and a shower
counter., The presence of a track registering both in C1 and
in a shower c¢ounter f{a riggering track®) was reguired

later, both in the +trackfinding prograwm, =and again =more

rigorously in the data selection prograi.

A sample of tracks with momentu® greater thamn 7350 HeV/c {the
love acceptable electron monentun) was u to produce the
"magk®, The mask was an array with entries €or each pair of

one of the 38 cells of C1 and one of the 93 shower counters,
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Eantries were flagged "possible™ if any track in the sample
hit both members of the pair. Events were rejected if none
of the combinations of registering C1 cells and shower

counters were possible,

After all combinations of pivotal plane chambers were
searched for tracks, the event was rejected if none of the
tracks satisfied the triggering +track requirement. The
computer time for trackfinding in the cylinders was thereby
avoided. Other «cuts mnade during the trackfinding process
wa2re the fatal unpack and match-point overflow ({which have
already been described)}, and the requirezent of at least ons

track in the beam chasbers.

Twvo cuts made immediately after the trackfianding progra=m
reduced the size of the DSI's by a factor of two (ko 120,000

events on 9 6250 BPI tapes): A second track ideptified

5t}

=2
an electron, in C1 but not necessarily in a shower counter,
vas required, Events with multiple beam tracks were dropped
in order to siaplify a later cut involving the beam track,
Pinally, tracks with momentuz below 750 B¥eV/c Vere

extrapolated +hrough the pon-unifora field region as far as

ri
fas
b
v
B

the end of C1, {This was dore earlier fo igh momentun
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References for chapter 4§

1. Comparison of E127 Total Cross Section Data with
GeV/c Pi-¥inus Proton Bubble Chamber Data, C, L,
SLAC Group B Internal Memo, OJctober 5, 19793,

2.. The bubble chamber experiment was reported ia J.
et. al., Nuclear Physics, B107, p.93 (1976).
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CHAPTER S5 -- Data Processing: Cuts, Background, and

Normalization
5.4 == Introduction and Suammary

This chapter describes the cuts used to select the final
sample of several hundred events from the 120,000 events
that were reconstructed. It describes the procedure by
which the background was estimated and subtracted, and the
procedure by which the losses of signal were estimated and

the final result was normalized,

"Low mass pair®™ will refer either to eiectron pairs produaced
by photon conversions and pi-zero Dalitz decays or pairs
with a mass below 140 ¥eV/c2, these classes being almost
iiantical., "High mass pair®™ will always refer to electron
pairs with a mass above 140 MeV/c2, which are known to be

almost free from pi-zero Dalitzes and photon conversions,

The material is presented in sections S5.B through 5.E in the
same order as the <correspondirng cuts were made in the
selection program. Section S5.B is concerned with electron
ilentification and the cuts requiring two electron tracks in
the event. Section 5.C describes two cuts made on the
quality of the electron tracks., Section 5.D discusses low
mass pairs which were erroneously reconstructed with large

miss, and their removal by a cut on the association distance
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of the electron tracks with the beam track. Section 5.E
da2scribes the gecmetrical properties of low mass pairs, a
cut to remove events where the electrons originated as
sezparate low mass pairs, and two cuts on the position of the
pair vertex. The flow of the program and all the cuts

described above are shown in the right half of fig. 5.4.1.

The various background processes which contaminated the

fudu
O
o
w
@

®

direct electron pair signal are discussed in sect

Most of these processes produced the same number of pairs

where both electrons had the sase charge as those with
opposite charges, The same charge pairs were <reated
ijlentically to the opposite, so that the former were a one

for one estimate of +the contamination dim the latter.
Misidentified hadrons pairs were not symmetric in this

sanse, and were treated separately,

Section 5.G describes the estimation of the acceptance and

the normalization of +the final result. The geometrical

s

feds

cceptance {for electron identification in the Cerenkov and

}d

shower counters}) was estismated using track pairs generated
by a Monte Carlo program. The usual <trackfinding progran

was applied to simulated chamber measurements to estimate
the trackfinding efficiency, Losses in the electron
identification procedure and the bean association distance

cut were reproduced in the Xoate Carlo using values measured

with re2il tracks. Losses are tabulated and used to
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normalize the final result. The final differential cross
section as a function of mass (valid for masses greater than
140 MeV/c2?) is presented in fig. 5.G.6., The total number of
events with opposite charge pairs minus the number of same
charge pairs (background estimate), vith mass greater than
140 MeV/c2 was 62+17. After subtracting the component of
the hadron punch-through which was not charge-combination
symmetric and correcting for the loss of real pairs due to

the removal of low mass pairs, the result was 5729 events.

5¢B == Electron Identification

This section describes the electron identification procedure
using the C1 Cerenkov counter and the shower counters. The
electron identification efficiency and the probability of
misidentifying hadrons is estimated, The rejection of

avents with more than two electrons is discussed also.

All events presented to the selection program, i.e. the
“"candidate events™ passing the Cil-shower counter correlation
mask, had been selected to have a so-called ®triggering
track®, A triggering track must have traversed at least one
C1 cell which registered light, and hit a shower counter
wvhich had a 1large pulse height (and was counted in the
corresponding "gamma-veto® counter). The triggering
electron identification requirement in the program was more

stringent, as described below. The program also required a
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second track to be identified as an electron inm Ct.

5.B.1 -~ Shower Counters

If a track traversed any of the dipole-face shower counters,
the pulse height of that shower counter (or of the one with
greater path 1length, if two were traversed) was used to
datermine if it were an electron. The pulse height sum from
all tubes on the shower counter was required to have fired
the "buffer strobe" discriminator, corresponding to a sum of
pedestal-subtracted ADC counts greater than approximately
600. A count was required in the corresponding gamma-veto
counter in order to reject tracks that could not produce the
hardware trigger. The identifying counter was required not
to have been hit by any other track with momentum above 750
HeV/c. (To test for lower momentum tracks hitting the

counter would have reguired a large extra computer effort,)

The pulse height cut of 600 accepted 50% of electron tracks
with an energy of 750 MeV, determined before the run by
placing the counters in a test beam. This measurement was
verified later using "test tracks® from recorded TO events.
Acceptance versus pulse height cut for various energy test
track electrons and pions is shown in fig. 5.B.1. (The test
track electrons are described immediately below, and the

pions are described in section 5.B.4.)
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Tast track electrons were used to determine the shower
counter electron identification efficiency, which was
necessary to correct for the loss of electron pairs in the
identification step. These were tracks in TO events which
formed 1low mass (ma<50 MeV/c? pairs with identified
electrons of opposite charge. The test tracks were free
from trigger bias since the events were selected with the
identified mate satisfying the hardware trigger. The number
of tracks making low mass pairs with electrons of the same
charge was one per hundred opposite charge pairs. This 1is
taken as an estimate of the probability of chance pairing of
a  hadron with the identified electron and therefore of the
hadron contamination in the test tracks, The further
requirement that the test track be identified by C1 reduced

the contamination effectively to zero,

The acceptance was found with a HMonte Carlo program assuming
3 constant average identification probability for all tracks
associated with a shower counter, The area of association
included spaces between the shower counter enclosure and
active element, and low efficiency regions near the edges
where part of the shower escaped. The area of association
also included 2 4 cm. band beyond the physical counter
boundaries to allow for track uncertainties and counter
misalignment. The Monte Carlo identification probability
was taken as the identification efficiency averaged over the

whole area of acceptance, The average was obtained by
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taking all test tracks associated with a shower counter and
computing the fraction which registered in the buffer-strobe
discriminator and the gamma-veto counter. The true
efficiency of the couaters was measured separately, using
only test tracks 2 c¢m., inside the area of the counters,
Pig. 5.B.1 shows the accepted fraction as a function of
pulse height cut where the test tracks were 2 cm. inside the
counters. Fig. 5.B.2 shows efficiency for buffer-strobe and
gamma-veto for tracks 2 c=nm. inside the connters. Fig,
5.B.3 shows the efficlency for buffer-strobe and gamma-veto
for all associated tracks,

Th2 validity of averaging over a fairly 1larce 4insensitive

Ua

area depends on the similarity of the angul:r distributions

of the test tracks and the electren candidates. The test
tracks had the angular distribution of t.¢ pl-zeros that
produced them and the real electrons were diztributed like

the parent virtual photon. Since the pi-z2ros and virtual
photons were both produced dn the riaary hadronic
iateraction, it is reasonable +to assuws the angular

distributions were rot radically different,

The identification efficiency as a function of electron
monentum is shown in fig. 5.8.4 in the form it was used in
the Monte Carlo, The ®0"s 4in the figure represent the

estimated identificatior probability at each zomentum value,

o

Ths ®Y"s represent the one standard deviatioa limits, which
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vere used to estimate the nuncertainty of the final
acceptance factor calculated by the Monte Carlo. The dashed
line is a smooth 8 parameter fit to the measurement (of the
form: £(p)=Cep + 1/0( 1/p ), where C was a constant and
Q(1./p) was a sixth-degree polynomial). This fit was used
only to determine binning ranges as described below,. (It
vould have been more straightforward to use the fit as the
estimate rather than the Os, The final result would have

been the same.)

The O0's and X's were «calculated at a large number of
momentum values using test tracks within a variable range of
momenta, These ranges generally overlapped, so that
efficiencies measured at nearby momentum values were not
statistically dindependent., The slze of each bin was chosen
depending on the rate of change of the parameterized
efficiency in order to sum over a momentum range vwhere the
efficiency was fairly constant. The estimated uncertainty
dae to the range in momentum was combined with the
statistical uncertainty to produce an overall uncertainty.
The bin size was chosen to ninimize this overall
uncertainty. The O0's are the fraction identified in the
resulting bin and the X's <correspond to the minimized

overall uncertainty.

5.B¢2 == C1 Cerenkov Counter
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The basic electron identification criterion in C1 was that
tha +track produce 1ight 4in one of the cells it crossed.
Cells which were simultaneously crossed by another track
¥ere not counted, {Such cells will be referred to as
“shared",) Every track produced by the trackfinding progra=n
was used to invalidate shared cells {including tracks which

conprised about 20% of the total,)

Identification efficiency was wmeasured using test tracks
that made low mass pairs with "triggering® elecitron tracks
of the opposite charge {i.e., identified in C1 and a shower
counter). As mentioned above, the contamination was about
one percent. (This was verified by making a cut in shower
counter pulse height for the subsamnple of the test tracks
hitting the shower counters,} The cells were grouped into
outer, mniddle or dinner ring, the uneguipped cells bein

2gcluded. The two central ¥bear® cells vere not measured.

Above pedestal, the pulse height distributicn for cells
containing electron tracks and cells without any apparent
tracks overlapped to a large degree, as shown in fig. 5.8.5.

noise and eleciroen tracks both

=
L
o

(This may be becat

corresponded to single photo-electrons,}) The rate for pulse

o
®
W
P
Ias
(0]

height above <zero was 60% for electrons and r eapty

25

cells. (The efficiency of cells with electrons rs low

L]

(]

PP

,.
5

bacause the sample vas dominated by low momentum tracks.,)

The empty cell rate was measured using dinteraction trigger



.1 -

"S[0RI} PajonIjsuodal ou Aq pastoaswvl) S[[Ed J0J pue
uo.joafe ue £q pasleawr} s[[po Joj (ysey esind 1) :¢'ge aandig

TVLSHJHd HAO0dV LHOIMH HST0d

00% 002 0
ST T _ o
|m[_lm| e ]
= |
N
¢ ]
£ 2]
PN
\/ -
o ]
\/ —
(1230} sasea 0gz99) ]
TI) ALNE X i
(Tejo} sasea 0Q11) =
NOMLOET HLIK TTI) O K
00099= x___ | |7
067= O ]

0G

00T

0G1

00¢

04

00¢

dHENAN



) Jo

events and cells not traversed by any reconstructed track.

A pulse height cut dust above the pedestal value for each C1
c2ll gave the best electron-hadron separatiocn, Cells 15 and
33 were deadened im the program because of their high
spurious count rate ({counting when no track hit the cell)
and cell 28 because it was inoperative (due %o a detached

mirror).

The detection efficiency depended on the position and angle
of the +track within the cell., Once an electron becomes
extremely relativistic at about 100 MeV/c, <the amount of
light radiated and the Cerenkov angle are approximately
constant. The momentum had thevrefore no direct effect on
the cell efficiency. fowever, the 1ight ~collection
efficiency of the cell was lcy if the direction of the track
¥as not parallel to the cell axis, The c¢ells were built
with the axis pointing toward the target, and so had good
efficiency for high momentum tracks which followed a fairly
straight path. Low momentum and large ® tracks made larger
angles with +the cell axes, and therefore had lower
efficiencies. (¥, the angle, a track made with the cell
axis may be approximated by the change in the angle of the
track from vwhere it left the target %o where it enters C1l,
given by cos(¥)= 1 =~ SINZ(B)eCOS({AG, where AT = (2
GeV/c)/R.) The coastant, 2 GeV/c, is related +0o the

magnetic field strength and the distance between the target
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and C1. ﬁrsmall“Y, q)was approxirately TAN{B)e {2 Ge¥/cC) /P.}
The efficiency was therefore measured as a fuanction df
momentunr and whether the cell was in the inner, amiddle or
outer ring. The ring selected a rough rangs of , so that
these variables determined ﬁt) Measuring efficieacy as a
function of ring was also important because the cells of

different rings differed in length.

Tracks sometimes went through several cells, Pulse height
in any of the cells was coasidered sufficient for electron
identification (providing the cell contained no other
track). The identification probability therefore was
soretimes higher than the efficiency of +the individual
cells, The dindividual cell efficiency was lower when a
track went through several cells because the light from such
tracks was directed at the inter-cell partitiocns. Separate
measurenants were made for tracks hitting oniy one cell and
for those hitting more than one. The momentuz bins used o
determine the efficiencles were combined in warying numbers
as described for the shower counters, Fiqg. 5.B.6 shows the
one standard deviation lower and upper limits of the
efficiencies and the parameterization (of the same foraz as

was used for the sheower counters),

(x4
=
[¢4]

The identification efficiency for a track {(computed in
rl

-
=
[

0) was calculated from the efficiency of

cell(s) it +traversed and a constant representing the
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fraction of the events in wvhich that cell was shared. This
fraction was measured for interaction +trigger events with
two or more tracks. The interaction trigger events were
chosen as a model for direct electron pair events rather
than the electron trigger (T0) events, because the latter
often contained electromagnetic showers, dovwnstream photon
conversions, and abnormally large multiplicities. It has
been assumed that the interaction trigger events represented
the direct pair events in terms of angular distribution and
rultiplicity. The noshare probabilities {per cell) wvere as
follows: outer ring, 0.905; =iddle ring, 0.8%4; inner ring,

0.819,

The efficiency measured for each cell on the track (as in

e

fig. 5.B.6 or =zero for aneguipped or dead cells) was

(o

multiplied by the probability that the cell was not shared,

If the track hit several cells, thesa products were coazabined

e
fa
{i

F?

(1]

to> get the probability that at 1 one cell identified t

@

a

1}

track as an electron, The Cerenkov identificatio

£3

efficlency calculated using the neasured efficiencies and
noshare probabilities ({for electrons in the range 0.75 to
5.0 GeV/c from high mass pairs generated by the Monte Carlo)

averaged 57% per track,

The lower nomentuz limit for electrons was chosen to be 750
MaV/c because the efficiency in €1 and shower counter

dropped sharply there, Pions with momenta above 5,8 GeV/c
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produced Cerenkov 1light. Pige 5.B.7 shows the nuamber of
pion test tracks making 1light in C1. The detection
probability was very low below 7 GeV/c since less light is
radiated near the threshold. However, the momentunm
measurement errors were large (about 1 GeV/c) above 6 GeV/c,
s> there were pions registering in C1 as low as 5.8. The
upper monmentum limit for electron identification was chosen
at 5.0 GeV/c, allowing a safety margin. ({The selection of
the pion test tracks is described below in the part of
section 5.B.4 pertaining to hadron punch-through in C1.}
The group in fig. 5,B.7 at the higher momenta corresponds %o
pions which produced Cerenkov light. The group at the lower
momenta corresponds to a nmuch smaller fraction of ©pions
vhich were misidentified for other reasons, probably because
a photon converted in the same cell, The number of
punch-through tracks below threshold is however no greater
than the estimated electron contamination as described iu

section 5.B. 4.

5.B.3 -- Electron Detection Efficiency

In the Monte Carlo, the shower counter identification
efficiency was read from a table of the efficiencies
corresponding to fig. S.B.Y4 and sultiplied 'by the
probability that it was not hit by another track above 750
MeV/c. As with C1, the noshare probability was taken as the

frequency that the counter was not hit by a track ia the



.Eﬁ.:mEoEmomosomiswm.mﬁ«w,ﬁmh,m.x.p@a,agm.E_;,o‘,* ‘
pue “ar JuLialsifal IoUURU 8{[p0 [H Ul SOOI} 3881 WO 2, g9 oandig

ol 0T 8

N ]l iyl aEiie M
e ||

- 1D DN SNOId

o= 10 HODAQYHL 9/A%H ¥dd SNOId A0 S000T ————
T T B ; N I | _ L1 I L1

=g

<t



-101-
interaction trigger data. The noshare probabilities are

given in table T5.B.1 below.

When both electron tracks hit shower counters, the
identification efficiency was calculated to reflect the fact
that the event would have been rejected only if the
identification failed for both tracks. For these events,
the efficiency was the probability of identifying either,
ragardless of whether one or both actually registered. The
shower counter identification probability calculated as
described (for Monte Carlo high mass pair events) averaged

75% per event.

Table T5.B, 13 PROBABILITY SHOWER COUNTER WAS
NOT SHARED WITH ANOTHER TRACK

Group E
SC1 .889 sSC6 .905
SC2 .917 SC7 .928
sc3 ,973 sc8 ,977
SC4 « 974 SC9 .975
SCS .982 SC10 ,.983

Cal Tech

SC11 .906

5C12 +851

SC13 .740
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The total electron identification efficiency for an event
was the product of the shower counter probability and the
Cerenkov for each of the two electron tracks. This
efficiency was evaluated in the Monte Carlo to estimate the
electron identification correction factor. The total
electron identification efficiency for Monte Carlo generated
direct electron pairs averaged 22%. (This number includes

the effects of cutting out shared cells.)

5.B.4 =-- Hadron Punch-Through

The probability of calling a hadron an electron was needed
to estimate the number of false electron pairs reaching the
final sample, It was nmeasured directly in the shower

counters and inferred in C1.

Interaction trigger events were used as a source of hadrons,
A sample of test tracks was chosen requiring that they go
through equipped €1 cells and hit a showér counter vwell
within the active area (to maximize <the rejection of
electrons). The sample was further cut as described below
to give test hadrons for the shower cecunters or for Cil.

Tracks were not used if they made a low mass pair with any

track of opposite charge,

To measure shower counter response, each test track wvas

required to give no light while staying inside a single cell
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of C1, starting well away from a partition. Events vwere
usad only if no pair of opposite charge tracks had a mass
less than 150 MeV/c2, 5% of the tracks in these events gave
light in C1. Since C1 was about 90% efficient under these
conditions, cutting out the tracks that made 1light left a

saximum of 0.5% electron contamination.

The contribution to the shower counter punch-through rate
from a photon hitting the counter simultanecusly was assumed
t> be the same as the frequency of a photon hitting a
counter without a track, This varied from 0.2% to 2%
depending on the position of the counter and its area. The
results are shown in fig. 5.B.8. The average punch-through
probability was 13.3% (for buffer-strobe and gamma-veto).
The dependence on the pulse height cut is shown earlier in

fige« 5+B. 1

The punch-through in C1 was measured using a subsample of
test tracks with a pulse height in the shower counter
smaller than 150, The electron contamination in the
subsample was calculated by comparing the pulse height
distribution in the shower counters (before the pulse height
cut) with the distribution for known hadrons. The fregquency
of pulse heights above 1000 was consistent with the test
tracks being pure hadrons and with an upper limit of 1.3%
contamination at the ¢two standard deviation level, The

fraction of the contaminating electrons surviving the pulse
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ha2ight cut of 150 wvas estimated €from the electron pulse
height distribution as 1.4%. The contamination after the

cdt is estirated therefore as 0.02%.

The measurement was done for tracks in the middle and outer
ring of C1 since tracks in the inner ring seldom hit a
shower counter. The result is shown in fig, 5.B.7 (above).
For momenta below 5.0 GeV/c the probability averaged
0.17%%.06% (7 tracks made light in the outer ring, 3 in the

middle).

Table T5.B.2 below gives the frequency of each <cell having
iight without any observed track. The average rates for the

vhole outer, middle, and inner rings {(excluding unequipped

Table TS5.B.2: PROBABILITY OF SPURIOUS
COUNT IN C1 CELLS

Counts per 10**4 events
OUTER RING MIDDLE RING INNER RING BEANM CELLS

€1~01 T0.3 Cl=13 31,9 <Cl<25 82.8 C1=37 183.%
c1-02 6.0 Cl-14 36,3 Cl-26 90.1 C1l-38 359.%

c1l-03 7.1 C1-15 37.0% C1-27 87,7
cl-04 2.2 €l=16 13,7 C€}~28 12.0%
Cl1-05 U ci-17 © cl-29 ©
Cl-06 U Cl-18 U Cl-30 ©
Cl-07 U Cl-19 U €i-31 1
ci-08 7.6 C1-20 19,3 C1-32 90.7
C1-09 2.2 Cl1l-21 19,9 Cl-33 291.%*
c1-10 9.2 C1-22 27.9 Cl-34 64,2
cl-11 21,1 C1-23 34,1 C1l-35 75.1
cl-12 13.0 Cl-24 25,6 Cl-36 9.9

U=Unequipped Cell
¥*=Not Used (Deadened)
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and deadened cells) Were 0.09%, 0.27%, and 0.89%
cespectively. For the <cells that registered 1light for
hadrons below 5 GeV/c, the expected rate (weighted average
of outer and middle ring) for registering without tracks
iould be 0,14%, as compared with 0,17 measured with tracks.
The probability of a hadron registering in the absence of
n2utrals, undetected tracks, and phototube noise is taken as
the difference in the rates, 0.03%+.06%. The punch-through
rate using isolated pions was measured on a prototype C1
éell in a test beam as 0.02%. This rate was taken as zero,
and the overall punch-through rates were therefore taken as

the counting rates for trackless cells given above,
5.B.95 =- Two Electron Cut

After the detailed electron identification described above,
more than half the original candidate events were left with
less than two electrons, (These events were of the
following types: events where a track was not found because
it was too slow or for other reasons, where a track failed
to go through the equipped part of C1, and where C1 cells
failed to register or were shared,) These events were

rejected.

O0f the remaining 31651 events with two or =more electrons,
1388 (four percent), had three or more electrons. The three

and more electron events were rejected in the interest of
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simplicity. 1In most cases, the extra electrons would have
been removed later by the cuts designed to reject tracks
vhich came from photon conversionas, The leoss of fimal pair
events due to the cut was taken as 4% on the assuaption that
in extra electron was egually probable in the €£inal pair

events as any pair event,

5.C == Track Quality Cats

This sectiocn presents two cuts on track gquality. The
confidence level cut removed poorly measured tracks which
ciused poor mass resoclution photon coanversion pairs, The
“patrix flag" cut removed tracks vhich counld not be properly

fitted,
5.2.1 == Confidence Level Cut

The confidence level cut removed most false tracks and those
real ones which were fitted with an incorrect match-point
and ¢therefore incerrectly measured, The cut was chosen at

the 1% confidence level in order to make a sazll impact on

w

pes
o
i

signal, A cuot at 10% confidence 1level failed to

increase the ratio of signal to background,

Fig. 5.C.1 shows the confidence level distributiocn of tracks

identifi=d as electrons in C1., If the resolution errors in
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the chambers were distributed as a Gaussian with the width
correctly specified ia the ©program, the distribution of
confidence level would be flat, and the cut would have
renoved exactly 1% of the real tracks. The excess of tracks
with confidence level near one indicates that the resolution
estimate was too large. The small increase near zero
reflects the non-Gaussian tail of the measurement error
distribution. The cut removed 2.08% of the pairs (1.04% of

the tracks).

5.C.2 == "Matrix Flag"®

e

The chi-squared function used to fit the track parameters
was unstable for high momentuam tracks, low angle tracks, and
in cases vwhere the match-points did not fit a helix well.

The "matrix flag" indicated when the fit failed to converge

v
P-

or when the approximate derivatives of chi-squared of the

fit gave a non-positive-definite error matrix,

The cut elizinated the unfitted tracks and those with a bad

s

error matriXx. The error mnaitrices vere needed to fit the

e

vartex pair, and the fit was needed to determine the mass,

Since electron tracks needed an angle of 30 =ailliradians to
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hit the inner ring of C1, and vwere limited to a momentunm
below 5.0 GeV/c, most of the bad tracks were not electrons.
Opnly 6 events din 71409 events (6 out of 142818 electron

tracks) were cut.

5,0 == Pair Vertex Position and the Beam Association Cut

Below it is shown below how a measurement error on one of
the tracks from a low mass pair, wvhich were numerous because
of photon conversions, could cause the reconstructed mass to
b2 several hundred MeV/c2, The beam association cut tenmoved

nost poorly measured and erroaeous tracks, thereby removing

(2]

that source of false signal, The loss of signal due to the

cut is estimated.

5,D.1 =- Mass, Geometry, and Conversion Pairs

Neglecting the electron mass, the

arent mas

o

n

of a pair is

d are the track

=

given by m2=2ep eB o (1-C0S(¥)) where B, and P,
ronenta and Y is the angle between them, Since the tracks
wore described by helices, W depended upon the position
iloag the helices the tracks were believed to have
originated. The point of origin, the pair vertex, was taken
as the point giving the lowest combined chi-sguared for both
tracks, more or less the point of closest approach of the

trzcks. For photcen conversions, in which the tracks started

out parallel, the vertex position was especially uncertain.
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This is analyzed in section S5.E.1, with the following
results: The typical uncertainty along the beam direction
of the reconstructed vertex for photons wvas 20 ca. The
typical reconstructed mass for a 1low mass pair of
well-measured tracks was 25 MeV/c2 with many as high as 80,
The reconstructed mass of photon coanversion pairs where the
parameters of one track were inaccurate by several
centimeters could have masses as high as 300 MeV/c2, Photon
conversions which were produced far downstream of the
primary vertex could not be separated from direct pairs
because of the uncertainty on the vertex position of low

mass pairs.,

5.D0.2 -- Photon Conversion Pairs at High Mass

Fig. 5.D.1 is a scatter plot showing the distance between
the electron pair vertex (for opposite charge tracks,
passing quality cuts, and not making a lov mass pair with
any other opposite charge track) and a primary vertex
{consisting of three or more hadron tracks). The vertical
scale shows the mass of the pair. Direct pairs comprise the
parrow vertical band. The horizontal band at the bottonm,
correspoanding to photon conversion pairs, shows several
effects: The displacement towards the right (pair vertex
downstream of main vertex) <corresponds to the fact that
photons converted downstream of the primary interaction.

The points to the 1left show the extent of the vertex
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position resolution error. The increase in mass to the left
shows how the apparent mass increased with the error on the

vertex position,

The occasional points at large mass and away from the
primary vertex indicate the problem which necessitated the
beam association cut. Above 140 MeV/c2 in mass, the tracks
iust have <crossed at an angle 1large enough that the
resolution of the pair vertex position was better than 5 cnm,.
since no known 1long 1lived ©particle decays into electron
pairs, one of the tracks must have been very badly measured

or entirely fictitious.

The latter case is relatively benign, provided the
fictitious tracks were distributed randomly in charge. The
subtraction of the same-charge pairs cancels the effect.
When both tracks corresponded to real electrons, the pair
was almost certainly a photon conversion pair with a poorly
resolved vertex, and would have appeared among the opposite
charge pairs only. Even a small leakage of the photon into
the high mass region would be a proportionally large effect.
In fig. 5.D.2 the plot for same charge pairs corresponding
t> fig. 5.D.1 is shown, The photon conversion band is
absent., (The narrow band of apparently direct same charge
pairs is an example of the background processes that
dantributed to both opposite and same charge pairs,

discussed below in section 5.F.) There were considerably
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fawer same charge high mass pairs far from the main vertex
than opposite charge, indicating that many photon conversion
pairs were present in the opposite-charge data at high
masses. The beam association distance cut described below

wis designed to remove these spurious high mass pairs.

5.D.3 -- Beam Association Distance Cut

A cut requiring the pair vertex to be near the primary
vartex vwas refected for the following reasons. This cut
would =miss downstream conversions which coincidentally
appeared to be near the primary vertex. Events without a
primary vertex would have to be discarded. The same charge
palr subtraction would no longer be valid for the following
reasons, Opposite charge tracks bend in opposite directions
in the field and so diverge more gquickly than the same
charge tracks vwhich tend to follow each other. The vertex
position resolution in the case of small opening angles was
vorse for same charge pairs than for opposite. Any cut
involving a fit to the pair vertex would therefore

cormplicate the matter of background subtraction,

Instead, cuts involving the tracks individually vere
considered, such as distance from the beam track, distance
froa the main vertex, or the sum of the distances to a
coamon point along the beam track. The cut was made on the

distance between the beam track and either of the electron
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tracks at closest approach, The others were considered too
complicated. This distance was required tc be less than 4§
REm, The cut removed 10% of a sample of test tracks

(described below) chosen to resemble direct electrons.

Fig. 5.D.3 shows again the distance to the pair vertex
plotted against the reconstructed mass where both tracks
satisfy the 4 mm, cut., There were 2 farawey (5 cm. fron
the main vertex) pairs above 140 MeV/c2 out of a sample of
8453 events in which the hadronic vertex was accepted. (The
background above 140 MeV/c2 due to pairs inside the 5 c=m,.
limit had to come from pairs whose "real" mass was above 120
MeV/c2 since the maximum error on reconstructed mass was &
MeV/c2 per cm., error on the position. That background is

treated in section 5.E.3,)

Not necessarily all faraway high mass pairs showed in £igq,
5.D.3. There were cases in which no main vertex was made,
and possibly cases of a downstream conversion wrongly
recoastructed at high mass and near the main vertex. An
upper 1limit for the number of <cases of a high mass
downstream photon conversion failing to be recognized in
fig. 5.D.3, because it was reconstructed near the main
vertex, was found by observing that less than 10% of the low
mass pairs vwere reconstructed within 5 cm. of the main
vertex., Using 10% as an estimate of the probability that a

high m®mass faraway pair wvas too close to be detected in the
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8453 events, the additional contamination was 0.2 events.
Another 0.7 false events are expected to have occurred where
no main vertex was made (assuming the same rate). The two
standard deviation upper limit on the expected 0.9 extra
events is 2.0. The background from low mass pairs with
poorly resolved vertices is estimated therefore as 2.,9¢0.5
events (guoting half the tvwo std. upper 1limit), before

correction for acceptance,

The loss of real pairs due to the cut was studied using the
sample of test tracks. The test tracks were taken froa
ihteraction triggers. They vere required to go through a
single equipped C1 cell without making light. (Hadrons were
expected to have geometricalproperties similar to the direct
électrons, wvhile =most observed electrons, coming fronm
downstrean conversions, were farther from the bear when
extrapolated back,) The test tracks were required to have
registered in 80% of the spark and proportional chamber
measuring stations they traversed, The last requirement
renoved most of the fictitious tracks which produced
attificially large beam association distances. Fig. 5.D.%
shows the beam association distance distribution for the

test tracks.

It is necessary to show that the 80% requirement did not
significantly sharpen the track resolution (and thus

artificially increase the fraction passing the cut). A
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subsample of the test tracks with moderately large angles
and momenta was compared with and without the 80% coordinate
requirement., There were few false tracks in this region of
phase space. 91.7% of the unrestricted tracks passed, while
of the good gquality subsample, 93.4% passed. It is not
known how much of this increase was due to the elimination
of fictitious tracks, and how much due to sharpened

resolution. The difference was treated as neglicible.

The test tracks were separated into a two dimensional array
of bins in @momentum and ©.) Bins were <combined into
rectangular groups in order to increase the statistical
significance as described for the shower counter
efficiencies in section 5.B.1. The additional wuncertainty
dué to using data where the fraction of the tracks removed
wvas different than at the nominal values, was estimated
directly from the data (rather than using a fitted function
as was done for C1 and the shower counters), The additional
uncertainty was the sum of the magnitude of the difference
between the efficiency for each of the four subsections and
that for the whole rectangle., The rectangle was chosen to
minimize the overall uncertainty (statistical plus that due
to the spread). This procedure produced a +two dimensional
table of the fraction passing the cut and the uncertainty,
as a function of momentum and angle, Fig. 5.D.5 shows one
dimensional <c¢ross sections of <this table, The average

probability of passing the beam association cut (using the
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momenta and angles of Honte Carlo generated high mass

electron pair tracks) was 93% per track.
5.E -- Low Mass Pairs

This section analyzes geometrically the 1lovw mass electron
pairs: photon <conversions and pi-zero Dalitz decays. Two
saources of background are discussed: low mass pairs
reconstructed at bigh mass and single electron tracks from
photon conversions {referred to as ®half-pairs"), The ™low
mass mate® cut, designed to remove half-pairs, is described.
The contamination of the high mass signal with photon
conversions and electron pairs from pi-zero Dalitz decays is

estimated,.
5.E.1 -- Geometry and K¥ass Resolution.

The mass of the electron pair (neglecting rest masses) |is
aZ=p 091-20(1-COS(?)) vhere P, and P, are the momenta and ¥
is the angle between then. For 1low =mass pairs, the
approximation, m=YT§r:;:ﬁo¥1 is used, The opening angle is
given by CoS (¥) =COS (8, ) *COS (8,) +
SIN () eSIN(s,)=COS{Q,~ CP-:.) ¢ where TAN{H) = Pt /Py and TAW (P
= Pg/%c) Along the helical track,. the direction of the
monentun changed, The components Py and Py changed
according to d@/dz=a/g2, while Py, P, and U remained fixed.

For the 22.5 kG, field, a was 0,006735 (GeV/c)/ca,



-123~

Photon conversions and pi-zero Dalitz decays produced pairs
with mass close to zero. The helices were therefore tangeant
t> each other at the point of creation. O, and O, vere
2gqual everyvhere and<ﬂ-?zvas zero only at their common
origin (recurring at isolated faraway points). HMoving the
helices closer (representing a small =measuresent error)
resulted in a 1large shift 3in the position of closest
approach of the tracks (the reconstructed vertex). Pig.
5.E.1 illustrates this point, The draving on the left shows
an end-on view of a photon conversion. The track helices
appear as circles, The slope perpendicular to the page |{is
1/TAN( ) in wunits of Z distance per unit arc-length. The
drawing on the right shows the result of moving one of the
helices closer by a small distance e. The intersectien
point moves from V to V¢ by a distance h, given by
h2=2eeer, or, /(r, +r,). The 2Z positions of the tracks at V!
are almost identical for the following reason: O, eguals B,
sa.that the Z change per arc-length is the same for both
tracks., The arc-lengths from the beginning to V' are almost
the same, because they are both approximately straight line
segments. The fitted vertex 1is therefore near v, (A
measurerent error in the opposite direction did not have

this effect.)

The apparent mass calculated as a function of the distance e

is m2=2scece (P, +P,, ), or in units of GeV/c, GeV/c2, and
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Cle, B=0.116e (eo(PtL§Prz)f. The error on the vertex

position is h/TAN (B) . This comes out as

z=17.2-V]e-(P\+Pz)/SIH(97?/f in cm. and GeV/c. The number f
= (P,+Pz)/VTE—7§:Y depends only on the ratio of the momenta
and lies between 2 and 2,97 for momenta in the range 0.75 to
5.0. The rate of change o0f the mass with vertex error
distance is dm/dz=cefeSIN(§). (This does not require a zero
opening angle.) The angle B was‘limited to the range 0.1 to
0.2 by the shower counter requirement for one of the tracks.
(Figs 5.E.2 shows the angular distribution of triggering
tracks.) dm/dz therefore is expected to be inm the range 1.3
to 4,0 (MeV/c2?2)/cm. It is histogrammed in fig. 5.E.3 for
values of P, P, and © taken from opposite charge electron

pairs. It fell between 1.1 and 3.5 in 99% of the cases.

The momenta were mostly 1low, averaging 2.2 GeV/c. The
distribution of the reconstructed mass 1is calculated,
assuming the distance e was the same as the beam association
distance of the individnal tracks in fig. 5.D.4, The beanm
association distance is well £it by the function dN/db
proportional to EXP{-b/(.125 cm.)). These values predict a
distribution for the mass of dN/d(m2) = constant e
EXP(—(m/(BQ MeV/c2))2y, Fig. 5.E.4 shows a histogram of
m2asured low mass opposite-charge pairs £fit by d¥N/dm =
constant o meEXP(-(a/(34 Mev/c2)2), The downward distortion
of the pair masses at low masses is believed to be the

result of the coordinates of each track being close enough
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together that they are combined into one point, in several
of the planar chanmbers. Ctherwise the agreesent is

striking.
5.E.2 == Low Hass Mate Cut

Electron tracks from photon conversions would often =mimic
high mass pairs when the ¢tracks were produced by two
separate photons, The "mate®™ for each {coming from the sanme
photon as the first electron and with which the pair =mass
vas low) was often not identified as an electron because its
ronentum was below the cut-off or because it did not hit an
equipped C1 cell., Such events were rejeéted by calculating
the masses of all pairs consisting of one of the electrons
and an opposite charge track not identified as an electron,
and then requiring that none was less than 150 #eV/c2 in
mass. Pairs with tracks with bad @matrix £flags were not

tasted because the vertex could not be fitted,

Fig. 5.E.5 shows a scatter plot of the opening angle (¥}
against the mean momentum ( ﬁ?;:;:? ) for a test sample of
opposite charge electrsn pairs, One electron was regquired
€5 pass all the cuts described above, so that it
corresponded to the candidate electron tracks, The other
was required only to register in Ci ig order to iaclude as
far as was possible mates waich fell outside the wmosentunm,

confidence level, and beam association distance limits. The
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C1 requirement cut out most very low momentum mates, but was

necessary to eliminate electron-hadron pairs.

The solid curves correspond to UYE_:E;?Oﬁ’= mass = 50, 100,
150 MeV/c2, The dense region of conversion pairs covered a
IA:ger region of at lowver momenta., The dense region |is
contained by the curve representing a mass of 100 MeV/c2,
The dashed curve is an example of “Pe((P, oP,)**x1/4) =
constant, which is derived from the formula for the opening
angle of zero ﬁass pairs due to helix mismeasurement:
Y2=2-eoccf-TAN(9)/Uﬁf7ﬁ§73 taking a constant upper 1limit
fot the separation, e, and the momentum partition, £f. This

curve does not seem to fit as well as the mass cutoff.

Fig. 5.E.6 shows the mass distribution of the test pairs
described above. The test pairs at high masses were
accidental combinations of electrons (coming £from tvo
separate conversions). They appeared as same charge pairs
as well. A drop occurred in the distribution at both 80 and
150 MeV/c2, A cutoff of 100 MeV/c2 (rather than 150) passed
many more same sign pairs, a measure of electrons coaming
from separate conversions, Thié indicates that there was a
significant number of electron tracks having mates which
formed masses between 100 and 150 MeV/c2. The mass cutoff

therefore was chosen as 150 MeV/c2,

The loss of direct high mass electron pair events due to
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chance 1low mass combinations with the other tracks in the
event was compensated on an event by event basis by giving
each event a weight equal to the reciprocal of the estimated
probability of both electrons surviving the cut. The
pfobability of avoiding a chance low mass pairing with one
of the opposite charge tracks was read from a four
dimensional table as a function of the electron charge,
momentum and angle, and the number of opposite charge

tracks in the event.

The table was computed using the T1 (interaction trigger)
events and artificial electron tracks. The probability of
an electron with a given momentum and © making a low mass
éair with one of the tracks of the event was taken as the
fraction of the circle of ¢ values over which the mass was
less than 150 HKeV/c2, For each T1 event, the probabilites
of surviving the cut were calculated for electrons over a
range of 32 momentum values, 32 @& values and both charges,
and recorded as a function of these gquantities and of the
multiplicity of the opposite charge tracks against which it
was tested. (The probability of making a low mass pair with
none of the tracks was calculated assuming +the individual
probabilities were 1independent.) Por each bin, the mean
pcobability and the uncertainty on the mean were calculated
to produce the table, Fig., 5.E.7 shows the probability of a
single electron passing the cut for opposite charge track

multiplicities of 1 through 8 as a function of electron
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momentum at a fixed angle, and of angle at a fixed momentun.
The probability was one when there were no opposite charge
tracks, {The values shown are for negative electron tracks.
Thos2 for positive tracks were only a few percent
different.) The uncertainty of the probability estimate was
recqrded as a single value for each =ultiplicity (it
dzpended mostly on the number of cases processed which fell
as the multiplicity increased). The recorded uncertainties
wa2re an upper limit of the uncertainties for all values of

momentun, ©, and charge,

The distribution of the event weights {the reciprocal of the
probability for both electrons passing the cut) is shown for

the high mass electron pairs in fig. 5.E.8.

When binning the weighted events, a single large weight
event added to a bin containing only s»all weight events
greatly reduces the statistical significance. For example,
a bin containing 9 events of weight 1 has a significance of
9+3, Adding an event of weight 4, i,e, 4+4, gives 13%5, a
less significant indication of a signal, In order to avoid
such a loss of significance, a ceiling was imposed on the
event weights. A weight of 2 was assigned to all events in
which th=2 prebability of passing the low mass pair cut wvas
less thaa 0.5. The cutoff affected 49 out of a total of 325
events (with ®mass greater than 120 MeV/c?)., The cutoff

reduced the average weight from 1.592 to 1.458, There was



‘aared uoJjoa[a ssewr ydrg jo ajdures [euif
JoJ 1drem Furjesuadurod 3no a}euI SSell MOT g'5'C oIndif

LHOIMM
0T 6 8 A 9 G v &

a2

R

=136~
|

Ol

02e

0€

ov

0g

SdIvd 40 HHEWAN



-137-
no apparent correlation between weights above 2.0 and the
miss of the pair (scatter plot shown in fig. 5.E.9). a
factor of 1.092 was included in the final acceptance

correction to give the correct average weight.
5.E.3 == Pair Vertex Related Cuts

Three cuts were concerned with the pair vertex: If the
vertex fitting procedure failed to converge the event was
dropped. Events were also dropped when the Z position of
the fit was outside the target, Finally, events were cut if
the X-Y position of the beam track at the Z of the fit was

near the alunminum target jacket.,

The vertex fif failed for 27 out of 9793 pair candidates.
All were opposite charge and the difference in & for the two
tracks was always less than 14 milliradians. This indicates
that they vwere lovw mass pairs. It is assumed that the cut

had no effect on the high mass signal,

Fig. 5.E.10 shows the 2 position of all the npairs. The
liquid hydrogen extended from 23 to 114 cm. The material in
Plug1/CD1 extended from 121 to 131 cm., and that of the 1.5
chambers from 165 to 167. {(Not all low mass eveats seen in
the Plug1! peak were created there., Tracks separated by less
than one wire spacing were measured to have identical

chamber coordinates. This distorted the fitted helices
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eaough that the vertex fitted best at the position of the
chambers.) The 1linearly rising slope <¢f the histogra=z
containing the 1low mass pairs was a conseguence of the
increasing number of photoas available for conversion at the

downstream end of the targets

The 2 position distribution for high mass pairs is shown 4in
fig. 5.EB. 11, The histograz is level, indicating that most

high mass pairs came from primary interactions,

The Z position was reguired to be no more than 5 cm., beyond
the ends of the target, This 4insured <that all pairs
produced in the target were accepted even if smeared by the
vertex resolution, With 5 cm. smearing, pairs produced in
material outside the target could not fall within the cut,
with the following exception, Pairs produced ian the front
of Plugt could be smeared as far upstream a3 116 c=z,
However, no pairs were observed between 116 and the cutoff
of 119 cm., and thus background §froa material beyond the

target was not significant,

Pig. 5.E. 12 shows the distance from the center of the target
to the beam track at the Z position of the pair, This was
cut at 2.3 cm., 3 mm., from the aluminum jacket, in order to

remove possible interactions in that material, The effect

on the beam flux was negligible. One event was cut,
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S.E.4% -- Low ¥ass Pairs Appearing at High HMass

The number of low mass pairs appearing at high mass due to
very large errors in the reconstructed pair wvertex position
was estimated din section 5.D.3. The present section
discusses the possibility of pairs from photon conversions
and pi-zero Dalitz decays with a vertex reconstructed within
5 ca. of the correct possition, being counted as the high
mass signal. The number of lov mass pairs is taken directly
from the final mass spectrum, The relative nuaber of Dalitz
pairs and photon coaversions is calculated assuming pions
are the only sigaificant source of photons. The mass
resolution excluding the error on vertex position is
calculated. The number of these pairs at high wmass is

estimated to be less than one,

The approximate ratio 5f photon conversion to pi-zero Dalitz
decay pairs was obtained by computing the probability of a
photon interacting with the material in the target. The
amount of material in the path of the photon depended on its
angle, iacreasing as 1/5I8(f). The angle of the photon was
the same as that for the daughter electrons, and s3> an

average value ¢f the electron angle, 0.15, as shown in fiqg,

B

5.E.2 was used. (Photons originating in the last 18% of the
target exitted +through the mylar end window instead of the

aluminum outer jacket. The estimate errs by about 158 b

w4

ignoring that effect., It ertrs by about 10% in the opposite



-144~
direction by ignoriag the @material in the CD1/Plug?l

chambers.)

Tracks perpendicular %5 the target penetrated 2.6 cm. of
hydrogen and 0,071 cm. of aluminum. This constituted 0.9%
of a radiation length{1), or .7% probability of producing an
electron pair (0.2% from the hydrogen and 0.5% from the
aluminum), Correcting for the increased peth lergth because
of the angle, and counting both photonsAfrom the decay, each
pi-zero produced 0.09 electron pairs on the average., The
pi-zero Dalitz branching ratio is 0.0115 (2}, leading to a
prediction of 8 conversion pairs for eack Dalitz. About
7815 pairs were detected below 10 HMeV/c2, An estimated 870

therefore came from pi-zero Dalitz decavs.

The mass error on low mass pairs had three components, At

the correct vertex position, =misneasurcuaent of the track

| el

angles sodified the opening angle of the pair.

: . S . [mm—)
Mismeasurement of the momenta changed the factor Q(Q *P,)
which multiplied the opening angle. HXNismeasurement cof the

track position led %o an incorrect reconstructed vertex

position thereby changing the opening angle,

The contribution to the mass error fronm the vertex
reconstruction was less than 20 HMeV¥/c2, for the events in

gquestion {vertex error < 5 ca.).
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The error on the track momentum generally increased with
iacreasing momentusa. The error on the quantity V(P *2,),

calculated from the track error =matrices, was divided by

Y(& *P.), in order to better characterize it., Fig., 5.E.13

shows the histogram of dLOG(P, #B,) /2 = & (B 2 )/ (B P ).
Assuming this error was not correlated with the opening
angle, dmass/mass (for the momentum errors only) had the
sage shape., Because of its proportional mature, this error

¥is small for low masszes,

The mass error due to mismeasurement of the opening angle
vas estimated by measuring the difference in the asasured &
angle of the electrons in opposite charge pairs The error

on P was independent of the vertex position.

A small opening angle, ¥, may be resolved approximatsly into
components parallel and perpendicular to the angle froa the
Z azis to the tracks.,. These componeants correspond
raspectively to the two terms in the approximation, W2 =
(6-9,)2 ¢+ SIN(B)eSIN({8)e (P~ 9)2. This is shoun
geometrically in fig. 5.E.14 where a 7regioz of the unit
sphere is approximated by a plane, Y is the hypotenuse of a
right triangle whose legs are the two terms mentioned abhove.
Assuzing that the direction of +the error on the track
direction was random, the distribution of reconstructed

faor zero cpening angle pairs can be inferred.
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If the distribution of the difference, &46= |6-6,1, is
Gaussian, i.e. dn/dA® = EXP(-(a6/K)2), and the distribution
of the difference, A¢= SIE(9)*19,- @1, is the same and
independent, the distribution as a functiosn of both is the
product of the two similar distributions. Adding exponents,
dN/dfl equals EXP({~(¥/K)2), where dfl is das«4A¢, and equals
20TTeSIN () ed¥.) dan/d¥ is therefore proportional to
YeBXP (- (¥/K)2), (replacing SIN{(Y) byV¥).

This procedure was applied to the guantity m, = VTET:E:?OD&)
If Vﬁ?jﬁg? vere constant and dN/dm, wvere Gaussian, the
desired result vould be dN¥/dmass proportional to
rasseEXP (- {(rass/K) 2} . Por real data with warying monenta,
the distribution of By might be the sum of many Gaussians,
It was, in fact, fitted very well by <zhe sum of two
Gaussians, as shown in fig., 5.E.15. The pradicted curve for
the measured mass of photon conversions is alsc shown,. For
10000 =zero mass conversions, less than a tenth of an event
is expected above 40 HeV/c2, The abowve distribution is
appropriate only for pairs of zero mass. It overestimates
the mass error if the pair mass is greater than zero, When
the mass 1is large, mass>> K, the mass resolution, 24, is
distributed as d¥/dAH = EXP(-{(AM/K)2) arcund the central
value, That distribution falls faster +than dN/dmass =
misseEXP (- (rass/K)2). Using the latter as am estimate for
the nass increase, the number at highker masses vwas

overestimated. (The similarity to the distribution of
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d§/dmg mentioned above is due to the fact that at large
masses, the component of the angular error parallel to the
opening angle changes the mass, whereas the perpendicular
component does not, just as 9@ was ignored in calculating

.’c’

The theoretical mass distribution of the electron pairs in
pi-zero Dalitz decays was generated according to the paper
by Kroll and Wada({3). This distribution was convoluted with
the angular resolution mass increase distribution. The
result vas smeared according to the proportional momentum
resolution., The final result is shown as the integrated
fraction expected above a given mass, im fig. S5.E.16.
Starting with 870, the background contribution from pi-zero
Dalitz decays is expected to be less than 0.3 {less than one
with 95% confidence) above 120 MeV/c2, Counting the
additional 20 HeV/c2 possible from the wvertex position
ancertainty, the limit was 140 MeV/c2?, and the background at
high mass from lovw mass pairs that had 5 cm. or less vertex

resolution was less than 0.3 events (unweighied).

The mass of electron pairs produced in photon coaversiosns
(Bethe-Heitler process) 1is genherally only a few electron
Basses since the g2 of the virtual photon that couples to
the charges 1in the matter is approximately proportional to
the mass of the resulting pair. (g2 is approximately 2emek,

vhere k is the incoming photon momentum and m is the pair
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RASS,) Because there were about 10¢ conversions, even a
small fraction at large masses could be a serious background
problem., The high mass tail of the distributicn is 1larger
then predicted by the 1/9% suppression of the photon
propagator because small g2 interactions are reduced by the
screening effect of the atomic electrons. The tools for
evaluating the mass distribution in different materials are
given in the paper of Tsai(4), but +the author has not
attempted it because of the coaplexity. The assuaption is
gide that including resolution effects, less than one ian 10*®
occurred above 140 ¥eV/c?, which was the case if the true

rass did not exceed 100 MeV/c2,

5.F == Background Processes

This section discusses the various sources of background,
their rates, and their subtraction. Much of the background
was removed by subtracting the same charge pair events., The

3dditional corrections are discussed below,

bt

7]

The mass of the final opposite charge

&

is histogranmed

g

air
in fig. 5.F. 1, Fig. 5.F.2 shows the histogram with the
waighting that compensated for the low nass mate cut, along
with the weighted same charge pairs., The difference is
histograasmed in fige 5.F.3., This difference was composed of

“direct" electron pairs cecunting the Dalitz decays of

mesons other than the pions as f®direct®™) and pairs of
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misidentified hadrons {¥hich are discussed in section

SoFou)o
5,F.1 == Sources of Background

Opposite charge pair background occurred in two ways:
Jpposite charge pairs of low mass could be reconstructed
above 140 MeV/c2, There was no corresponding contribution
to the same charge pairs., Opposite charge pair background
also arose as two uncorrelated electron-identified tracks
(thalf-pairs" from conversions, Conmnpton scattered atonmic
electrons, and misidentified hadrons)., The uncorrelated
pairs were roughly equally distributed as opposite-charge
and same-charge pairs, so that a large part of this

background was removed by the same-charge subtraction.

The background of the first type, pi-zerec Dalitz and photon
conversions, was treated above., The nunber of such pairs is
estimated {(in sections 5,.,D.3 and S5.B.4) as 2.9:0.5 due to
poor vertex recoastruction, and 020.3 due ¢o all other
effects, The estimate must be increased by a factor of 1.6
to account for the low mass mate cut, giving 4,6+1.0. The
rest of the background discussion concerns second-order
corrections to the ﬁncorrelateﬁ pair background due to
differences in its distribution into opposite and same

charge pairs.



=158+

S5.F.2 == Sources of Uncorrelated BElectron Tracks

Electrons from "half-pairs" {photon conversion or pi-zero
Dalitz low mass pairs where only one electron was found)
wvere equally often positive and negative. Positive and
negative nmisidentified hadrons differed by only a few
percent, Compton scattered electrons, however, vwere always
negative, giving an overall excess of negative electron

tracks.

In the data the final number of high mass pairs, after
correcting for the low mass mate cut was: opposite charge,
250.2; double negative, 106.0; double positive, 70.4. The
excess o0of double =negative 9pairs dimplies the ratio of

negative to positive eleciron candidates was 1.2320.17.

This charge asymmetry caused a much smaller asyametry in the
same to opposite ratio as follows: Assuwming no correlation,
and a negative to positive electron ratio of a to b, the
same to opposite ratio was (a2+b2) to 2ea2eb., In this case
it was 1.021 (-0.018 +0,035), Since the same charge events
wvare Dbelieved to originate in an uncorrelated way, their
weights were increased by a factor of 1,021 before
subtraction, The negative excess is analyzed in detail in

section 5, P 3.
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There was one more necessary correction, due to charge
correlation between the hadrons. Although the sources of
real electrons (half-pairs and Comptons) vwere totally
uacorrelated with weach other and with the hadrons, charge
conservation in +the hadronic interacticn introduced a
difference between the rates for same and opposite charge
hadron pairs. For example, an event with three each
positive and negative tracks has nine opposite-charge and
only six same-charge pair combinations, all of which have a

chance of being misidentified as electron pairs.

The number of pairs of misidentified hadrons was estimated
using the nmeasured punch-through rate and a Monte Carlo
program for hadreon tracks. {Pairs made up of ona
misidentified hadron and one real electron were conpletely
renoved by the subtraction of the same-charge pairs.) The
prediction was 42 opposite-charge and 26 same-charge hadron
pairs., The 16 pair difference was the estima*ed background
beyond the <correction by same-charge subiraction, and was
subtracted from the opposite-charge result as a function of
B1SS. The hadron pair calculation is described in Secticn

S5.F. 4.

5.F.3 == Sources of Negative Electrons

Compton scattering, high energy knock-on electrons, and

electrons in the beam were investigatesd as sources of
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negative electrons., Of these possible sources, only Compton
scattering was significant, Knock-on electrons with a
momentum greater than 750 MaV/c were much less likely to be
produced than Compton electrons with the same momentum. A
knock-on of momentum greater than 750 M¥eV/c cannot be
produced by a pion with a momentum less than 4.0 GeV/c.
Such pions were rare conpared to photons which needed have
only 750 HMeV/c, Electron contarination 4in the beam was
estimated as one per million, far too small to compete with

the other processses.

The following paragraph describes a rough estimate of rate
for Compton electrons relative +to half pairs in order to
show that Compton scattering was a plausible source for the
excess negative electrons, First, the probability was
calculated for a photon conversion to preduce a half pair,
i.e, for one track not to be found and the cther to have a
momentum greater than 750 MeV/c. {Geometric acceptance and
identification efficiency of C1 are assumed to have an equal
effect in the two processes.) Photons were generated
according to a momentum distribution calculated in a Honte
carle study of pi-zero production and decay. The
distribution of the nomentum fraction going into each
electron was taken as flat(5). The probability of losing a
track was assumed to be 5% for momenta above 100 MeV/c and
50% for those below. {The assumed efficiencies may be

corraect only within a factor of two. The goal was an order



-161-
of magnitude estimate only.) Multiplying by the pair
production cross section(6) gave a cross section of 530
microbarns for a photon producing a half pair in hydrogen.
Using photons with the same momentum distribution the cross
section for a Compton scatter(7) with electron momentunm
above 750 HeV/c was 170 wmicrobarns. Accounting for the
different 2 dependence of the processes (Z for Coapton,
Ze (Z+1) for pair production) (8) and <the known ratio of
hydrogen to aluminum in the path of a photon exiting the
target wall, half pairs are predicted to occur ten times
more frequently than Compton scatters, i.e. negative
electrons were 20% more frequent than positive, assuming no
dilution by hadrons. This is in agreement with the measured

ratio.
5.,F.4% -- Two Hadron Punch-Through

This section describes the estimation of <the number of
misidentified hadron pairs using the measured (o
punch-through probabilities, The predicted excess of
punch-through pairs, opposite charge mnminus sane, ¥as
subtracted from the electron pair excess to give the

background corrected result,

The input hadron events came from a DST produced by the
trackfinding progran starting with artificial chamber

coordinates generated according to tracks measured in the
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bubble chamber experiment {Bartke et, al.} (9). 3200 events

vere used,

Pairs of tracks were salected where one of the tracks went
through a sensitive C1 cell and hit a shower counter and the
other went through a sensitive C1 cell., About half a pair
per event was used, There were about 50% mnore opposite
charge pairs than saaze,. The pair was assigned a weight
eaqual to the product of the punch-through probabilities of
the tracks, which depended on which ring of C1 was
traversed. 0.13 was used as the probability of shower

counter punch-through.

The pair punch-through was deternined in two cases,. The

nozinal values of C1 punch-through described in secti

I
=)
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fobe

The expected number of punch-through pairs using the nominal

ai
values for the C1 misidentification rate is shown in fig,
5.F.4 for opposite 2and samre charge coabinations. The
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difference, opposite =minus same, is histogrammed in fig.
5.F.5 for the nomiral and the upper-limit oprobabilities of
C1 punch~-through., The total difference for masses above 140
MeV/c2 was 16 in the nominal case, and 92 assuming the two
standard deviation upper limit. The one standard deviation
error was taken as half the difference: The background was

taken as 16+13 events,

5.F.5 -- Empty Target Background

The cuts on the positicn of the pair vertex were designed to
remove all interactions in matter other than the 1liguid
hydrogen {and the mylar windows). The empty target
correction was taken as the ratio of the interaction rate

for the 0,026 cm, of mylar compared to the hydrogen, C,4%.

The analysis of eapty target runs with an integcated Dbhean
flux egual to 2% of the normal runs, yielded two pairs, both
opposite «charge with wmass 1less than 30 ¥eV/c2, The null
result for high mass pairs implies a two standard deviation
upper limit of 150 high-mass pairs in the normal runs, a

usesless result,

5.F.6 == Background Subtracted BResult

The final weighted electron pair sample was 250,2218.2

opposite charge vpairs, and 176,3%¢16,7 same charge pairs.
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Subtraction of type one background ({(poorly resolved photon
conversions left 245,6+19.3 events, Subtraction of
same-charge pairs weighted by 1,021 left 72.9225.5. After
removing the hadren pairs in excess of the same charge
correction, the estimated number of direct electron ©pairs
with masses above 140 HMeV/c?2 was 57+29%, a two standard
deviation signal. The empty target correction Was

negligible,

The corrected mass spectrupr (not corrected for the 4.6 event
expected background due to poorly resclved low mass pairs,
vhose mass distribution was unknown) is presented in fig.

SIF.G.

5.6 -~ Monte Carlo and Acceptance Correction

This section describes the Monte Carlec ealculation of
geometric acceptance, *trackfinding efficiency, elactron
identification locsses, and the 1loss due to the bean
association cut, as a function of the mass of the pair. The
background subtracted zass spectrum was corrected £for the
losses listed in table T5.G.1., The normalized mass spectrun
(differential cross section for pi wminus + 9proton -->

nted,

[42]
Ui
©

2lectron pair + anything) is pre

5.3.1 -- Honte Carlo Track Generation
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The X and P distribution for pi minus + proton --> rho zero
+ anything at 16 GeV/c measured by Barike et, al. {10) was
parameterized and used to gensrate momentum values for an
electron pair center of mass systen(il). In the center of
mass, electron monenta were generated corresponding to a
given invariant mass with an isotropic distribution,
{Distributions according to 1#SIN2({P) and 1+C0S2(L) with
respect to the center of mass mnomentur direction were
investigated also, for pairs with the mass of the rho only.)
The electron monenta were transformed to the lab frame, and
used to calculate track traijectories with a starting point
distributed randomly along <+he 1length of the target,
Chamber intersections were generated at the nearest wire,
dropped according to the measured chasber efficiencies, and
passed on to the standard trackfinding program. Only events
vhere both tracks went through eguipped C1 cells and one hit

%

3

a shower counter, were vreconstructed., The fraction of such

o

{

events was called the geonetric acceptance. It ranged from
6% to 10% depending on the mass of the pair, as shown in

£ig. 5.G. 1.

The trackfinding efficiency was taken as the fraction of

these evants where both tracks gera successfully
reconstructed, It was about 92% independent of the mass of
the pair (96% per track). The difference Dbetween the

reconstructed and the initial mass vas a meazure of the mass

resolution. This is shown for several masses in fig. 5.G.2,
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5662 == Electron Identification and Bean Association

Acceptance

The Cerenkov and shewer counter identification probabilities
vere calculated for each track in the ¥onte Carlo according
to its momentum and which cell(s) and shower counter it hit,
using the efficiencies and 1wuethods described in sections
5.B.2 and 5.B.3, The probability of passing the beanm
association distance cut was calculated from the mozmentun
and © of the track using the %table described 1in section
5.D.3. It was about 93,5% per track, almost independent of

the mass of the pair.

These acceptances were nultiplied +togethzr to fora a

combined acceptance probability for electron identification

and beam association for the pair, This is shown in figqg.
5.6.3 as a function of the mass of the pair. Uncertaianties
on the measured efficiencies led to an overall ancertainty
of 20% on the cocmbined acceptance probabilities. The

uncertainties shown in the figures are statistical only.

The product of all acceptances determined by the HMonte
Carlo, geometric, track €finding, electron identification,
and beam association is shown as a function of mass in fig.
5.6.4. The 20% systematic uncertainty applies, At the mass

of 'the rho, the acceptance was 18% lower for a 1+C0S2
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distribution, and 12% higher for a 1+SIN2 distribution.

5.6.3 -- Final Acceptance Correction and Normalization

Table 5.G.1 lists all the stages where data could have been
lost along with the estimated fraction kept. Where the loss
depended on the pair mass, the value shown is for the rho
nass., The loss due to match-point overflow is taken as the
fraction of overflow events out of the total number of pion
interactions, on the assumption that they produced the
hardware trigger and were not correlated with direct pairs.
{(They are believed to be electron showers, following the

field lines, producing 1large numbers of hits in the

Table T5.G.1: FRACTION OF SIGNAL PASSED

Geometric Acceptance 0.0830%
Mask Correlation Test 1.000
Unpack Okay 0,953
One or HMore Beam Tracks 0.982
No ¥atch Point Overflow 0,997
Trackfinding Efficiency 0.920%
Exactly One Beam Track 0.918
Blectron Identification 0.253%
Two Electron Cut 0.960
Confidence Level Cut 0.979
Matrix Flag Cut 1.000
Beam Association Cut 0.87ux=
Low Mass Mate Cut Wt Ceiling 0,916
Vertex Cuts 1.000
Overall Acceptance =0.,0121
* = Mass Dependent -- Value

Shown is for Rho Mass
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chambers, and triggering in C1 and a shower counter.) This
gave a factor of 0.9974, one minus the fraction of overflows
per interacting pion. (If the overflows were not
responsible for the triggers, they disguised the fraction of
direct electron pairs normally present at that stage of the
selection, and the fraction lost of the direct pairs was the
fraction of overflows in the data presented to the
trackfinding program, making the factor 0.63.) Other event
related losses, garbled data from the detectors (fatal
unpack), no beam track, and more than one beam track, were

assumed to be uncorrelated with the signal.

The factor shown for the low mass mate cut compensated only
for the event weight ceiling, most of the loss (it averaged
0.67) was corrected by weighting the individual events, As
seen in the table, the acceptance at the rho mass vas about
1 in 80. The corrected mass spectrum is shown in f£figqg.

5.G¢5.

9,604e108 pions entered the target during the sensitive time
of the trigger. With a 91 cm., target, and correcting for
attenuation along the target, the sensitivity was 3,343
events per nanobarn. The final cross section for producing
"direct® pairs with mass greater then 140 HeV/c2 (eta
Dalitz, etc. included) was 1,14+0.,68 microbarns, The
differential cross secﬁion in shown in fig. 5.G.6. The

cross section in the rho-omega mass region, 700 to 860
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MeV/c2, was 0., 16+0.13 microbarns.

The normalization of the final sample 4is uncertain to

level of 20% due to electron identification efficieacy, 10%

due to the uncertainty of the center of mass decay aagular

distribution, and possibly 30% or more due to the difference

betwean the real X distribution of the events and that of

the rho which was assumed in the acceptance calculation.

The

X distribution <uncertainty 4is ¢reated in the next

chapter.

References for chapter 5

1.

Radiation length in aluminum and hydrogen taken froan
Review of Particle Properties, Phvs. letters 3503, Hs.1,
(1974) which was revised from CERY NP Internal Report
74"10

Pair production constituting 7/9 of the #"radiation
length" interaction cross section is rescorted in RBR. B,
Rossi, High Energy Particles, Prentice-Hall, (1652},

[ 4 , v

e¥ of Particle
rom Budagov et., al.,
os et., al., Phys. Rev,.

Branching ratio reported in Revi
Properties, op. cit., as taken ¢
J.E. TP, 11, 755 (1980) and Sami
121, 275 {(1961) .

r Production

N. Kroll and &, ¥ i
f High-Energy Gamma Rays,

d 3 i
Associated with the Eni
Phys. Rev, 98, 1355 9

Y.-S. Tsai, Pair Pr¢
Charged Leptouns, Re

The distribution is nearly flat. It is given ia Rossi,
Ops Cits

Roggi, ODPe. Cite.



10.

11,

-179-

J. D. Bjorken and S. D, Prell, Relativistic Quantau=m
Mechapics, HMcGraw-#gill {(1984).

Rossi, op. cit.

Bartke et. al., Nucl. Phys. B107, 93 (1578).

Ibigd.

D. L. Blockus, Johans Hopkins OUniversity, Ph.D.
thesis, to be published,



=180~

CHAPTER 6 == Results

6,4 -=- Introduction

This chapter discusses the direct electren pair resul:t of
the previous chapter, The limited region of geometrical
acceptance is discussed first since assumptions were made in
order to extrapolate beyond that region. The signal due to
the known cross section for the decay of the rho and omega
mesons decaying is used to check the results, The aeasured
rho/omsega CTosSs section is consistent both with the

prediction and with zero.

The results of this experiment are compared with two other
experiments at similar energies: a bubble chaaber

experiment with full so0lid angle electron de

el
5y

eection: and a

hybrid streamer chamsber experiment which identified muons

E

only in the forward directic

pee ]

¥

8 The overail lepton pai:

i
g

cross section is consistent with these experiments fo
masses above 200 FeV/c2,  There is evidence for a source of

pairs other than vector mesons and Dalitz decays,

The signal between the pi-zero and rho mass is compared with
the prediction of a pion anrnihilation model which includes
featuares of several earlier ncdels, The results are
consistent with the model above 200 HeV/c2, The data point

for 150 - 200 MeV/c2 is not in agreement with the steep rise
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predicted by the model.

6.B =-—- Geometrical Acceptance and Rho-Omega Signal

In order to obtain the <cross section presented im the
previous chapter, it was necessary to estimate the number of
pairs outside the region of acceptance. The final cross
section therefore is quite model dependent, The correction
factor was computed in the Monte Carlo assuming the Feynman
X and B, distributions measured for rho and omega mesons,
with the result that pairs originating as these mesons were
correctly normalized. At lower masses, where the production
mechanisn is not known, the <calculated result could be
different from the actual cross section. For the particular
model discussed below, a larger fraction of these pairs were
produced in the region of acceptance than those due to the
rhos, in which case the cross section was overestimated by a

factor of 1.34,

In this section, the observed distributions and the Monte
Carlo predictions for production and acceptance of the rho
~in X and P, are presented, Since the signal in the rho
region is weak, a mass plot showing a strong pi-zero signal
is presented as evidence that the reconstruction and
electron identification worked., Finally, the smallness of
the final sample of events 1is reconciled with the size

predicted before the experiment was run,
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The X and P distributions were generated iz the Monte Carlo
according to the =measurements of Bartke et. al, for
rho-zeros produced inclusively in 16 GeVsc pi-minus proton
interactions{1). (Cmegas have been observed to he
distributed similarly in the one constraint channels and
assumed to have the same behavior in the multi-neutral final
states(2).) The P, was generated first, and then the X,
since X wvas distributed differently in different ranges of
B.) At low P, , X peaked near one, whereas at high Py it was
centered around zero. The projected distributions are shown

for X and 124 in figs. 6.B.1 and 6,.,B,2 respectively.

The geometrical acceptance was defined by requiring both
daughter +tracks to pass through the eguippsd part of C1 and
one to hit a shower counter. The acceptanca is shown in
bins of X and P, in table Té.B. There was little interplay
between ¥ and P, , i.e. the acceptance was approximately the
product of functions of each separately., The acceptance as
; function of % integrated over P, » and as a function of P,
intéérated over ¥ 1is shown in figs. &.B.3 and 6.B.4
respectively. As a function of P , it is almost uniforn,
falling to zero below 80 and above 1400 HeV/c. As a
function of ¥ it is a window centered at ¥X=0.27 and about
0.2 in width. These acceptance functions were calculated

using pairs with the mass of the rho., The acceptance vas

fairly constant as a function of mass, but at low masses the
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pair needed more P, for an electron to hit a shower counter,

The X and P  distributions of the observed events with mass
greater than 140 MeV/c2 are shown in figs, 6.B.,5 and 6.B,.6.
Same charge pairs were subtracted, but 1no correction was
mide for charge-combination correlated hadron punch-through,

The P, distribution is quite consistent with that of the

Table T6.B: ACCEPTANCE AS A PUNCTION OF
Xf AND Pt IN PERCENT

== Xf ==D>

-.1 0.0 01 .2 03 Qu o5 06 0?
Pt | i { i 1 | H i i
0, #====- P fo— - R L it T b R +
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02 Fmmmo- D B et 4o G s o e o o o i o e o o o %
t O0x2 { 3+2 13525 13445 §19+4 | 4x2 | 0+1 § 021 i
03 t=—m== B § o o e e e o G o e o +
§ 0£2 | 4x2 12545 133+5 12945 | 121 { 021 ¢ 01 §
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rhd, The X distributiosn shows the possibility of a mauch
greaater cross section for pairs with Y between 0,1 and 0.2
than 0.2 and 0.4, The statistical accuracy of the data does

not however allow a definitive statement.

4.4:3.6 events occurred in the rho-omega region, 700 to 860
¥2v/c2, after background subtraction. The cross section
corresponding to these events was 0.,1¢$¢0.13 aicrobarn,.
Although correctly normalized in terms of X ard B., this
signal 1is uncertain by 208 due to uncertainty of the
alactron identification efficiency and 10% more due to the
possible polarizatiosn of the vector mesons, Th2 rho total
cross section was measured as 4.,8#0.8 =aillibarns and the
omega 4.0+#0.7 (3). The branching ratio exclusively into
electron pairs is 0.083%+0.005% and 0.076%+¢0,017%
r2spactively{4). All the omega and 63% of the rho sigaal are
expected to occur within the mass raange., This yilelds an
axpectation of 0.4340.09 =microbarns, The difference was
0.27 ¢+ 0.19, 1.4 standard deviations froz the prediction,
and 1.2 standard deviations froas zero.

since.the observation 5f direct rho and cmega electron pairs
vas questionable, the functioning of the reconstruction and
elactron identification procedures was verified by
raeconstructing pi-zerocs from two photons which were se=n as
conversion pairs. Each oppositely charged track pair with

rass below 50 HeV/c2, in which at least one track ¥as
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ilentified as an electron, was interpreted as a photon whose
mogentur was the sum 2f the moamenta of the tracks at their
vertex position. The dinvariant =ass of all pairs of such
photons is shown in £fig. 6.B.7. Pi-zeros were clearly

present near the correct mass of 135 HeV/c2,

& signal of 3500 pairs with negligible hadron punch-through
wis expected when the experiment was plinned, {assuming 2a
dovn time of 50%). The flux was reduced a factor of two
bacause of spark chasber latency probleas, The geometrical
acceptance was down by a factor of two Dbecause the
dowvnstream shower counter and Cerenkov counter were not
us2d. Electron identification inefficiency for the two
tracks and the lov mass mate cut yielded ancther factor of
five.’ Finally, the measured cross section was five tinmes

lower than anticipated, The hadron punch-*hrougk wa

i

p
ganderestimated by a factor of ten in C?1 and 3in the shower

gher thz

]

fose

ng the rate a thousand times k

o)

csunters, mak
anticipated for pairs with one doubly =and one singly
ijentified track. As a result, the punch-through caused a

background subtraction of about 20%.

{

6.,C =- Comparison with Other Bxperiments

Two other experiments have measured direct 1lepton pair

pcoduction by pi-minus near 16 GeV/c: a bubble chaamber
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experiment (5) which detected electron pairs at all angles
with a final sensitivity one ninth that of this experiment;
and a hybrid streamer chamber experiment (6} which identified
muon pairs in the forward direction with a final sensitivity
twventy-four times that of this experismeat, Both these

experiments ran also with an equal amount ©f pi-plus bean,

In the bubble chamber, about 90% of the electrons were
identified, using several methods including shower
production in metal ©plates installed inside the chamber.
The data consisted of pairs where bothk =slectrons were
positively identified. {(No correction was made for the
variation of identification efficiency with angle,) The
contamination from pi-zero Dalitz decays was believed to

occur coapletely below 130 MeV/c2 in mass.

In the mass region between 130 and 1000 He¥/c2, 22 events
were observed in pi-minus interactions and only 7 in
pi-plus. Most of this difference occurred balow 250 MeV/c2,
wvhere there were 15 in pi-minus and 3 in pi-plus. This low
mass enhancement was not seen in the LASS data, All baut
three of the 1low mass events occurred with an X less than

0.15, below the LASS region of acceptance.

The results are compared in three mass regions in table
T6.C. The 140-300 MeV/c2 region contains the low mass

enhancement, The 300-700 region contains the rest of the
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non-resonant cross section, and the 700-860 region is
dominated by decays of the rho and omega vector mesons. The
coabined rho and omega cross section for making electron
pairs is expected toc be 430 nanobarns {and somewhat higher
for mucns). {The observed cross section was 16027130 nb.}
The pi-minus bubble chamber data are presented both as
observed, and as would pass the LASS acceptance {normalized
according to the rho). This acceptance restriction did not
change the cross section; however, it removed most of the
events so that the disagreement was no longer statistically

significant,

Table T6.C: CCOMPARISON OF EXPERIMNENTS

Cross sections in nanobarns.

Hass Range (MeV,/c?) { W0-300 1 300-700 1 700-880 i
— e e b o e &

= = o > e e e o e B o s e w0 +

This experiment (LASS) ] 40+540 § 1100+4001 1602130 ¢
accept. corr, assuming rho | i H i
e b o i § o +

Bubble chamber (pi-plus) ] 490(2) 1 490{(2)  250(1) i
i { i {

B e S ey 1

Bubble chamber ({pi-minus) { 3400{16){ 1300¢(6) | O i
i i i {

B e B e o e s

Bubble chamber ({pi-ainus) { 3500(3) {1 620¢4w) y O i
passing LASS acceptance ! i i i
R R G o o e R S

Streamar chanmber (pi-wminus){ 124+74 | 545427 | 250220 |
accept. corr, assuming rtho { ] { H
e o e s B e o e o e +

Numbers in parentheses indicate the number of events,
(After weightirg by acceptance, events do not contribute
equally, and the statistical uncsrtainty corresponds to
the number of events in parentheses.)
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The authors of the bubble chamber paper estimated the
possible contamination from the Dalitz decays of the eta and
omega mesons as less than 750 nanobarms in the 1408-300
region aad less than 100 nanobarns in the 300-700 region.
This estimate is applicable to the LASS data with the
caution that Dalitz pairs occurred at lower X than the rho

and were therefore overestimated,

In the streamer chamber experiment, both muons were required
t0 pass through ten interaction lengths of absorber. The
sinimum muon momentum was therefore 2.4 GaV/c, which liamited
the acceptance to greater than 0.3 for the X of the pair.
The acceptance was fairly uniform above 0.3 in ¥ and at all
masses. The pi-plus and pi-minus mass distributions vera
similar in shape and the pi-plus cross section was about

tvo-thirds as large as pi-ninus overall, The rho and omega

¥

contribution was about one-fourth of the total and vas about
half as large as expected from the X distribution, c¢ross

section and branching ratio ¢f the rho and omega.

The regions of acceptance of LASS and of the streaser
chamber overlapped only slightly. The larger proportion of
events in the rho region in the streamer chamber is
consistent with the expectation that the rho and omega are
produced at higher X than the non-resonant pairs and Dalitz

2

decays, The streamer chanber cross sections in table T6.C
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have been normalized assuming that 55% of the cross section

has X greater than 0.3 as is the case for the rho.

6.D -- A Model for lepton Pair Production

In this section, the pion agnihilation w=model of Goldman,
Duong-van, and Blankenbecler{7) is described and evaluated
for the conditions of this experiment, The model was chosen
because it is numerically explicit and predicts a cress
section of +the right magnitude, and because it involves

interesting physics.

The original and most basic model for lepton pair production
by the interaction ¢f constituents of collidiang hadrons is
the Drell-Yan model{8) which treats the case of the
annihilation of a free guark and anti-quark contalned in the

inconing hadrons. The weakness of the Drall-7an nodel |is

n

the treatment of the constituent guarks as ‘ree, i.e,
neglecting the interaction between the binding <£forces and
the electromagnetic annibilation Process, Imnportant
processes that are ignored are: hadronic interaction of the

annihilating gnarks, hadroanic bremsstrahlung, large monentun

]

transfer interactions with spectatoer quarks, and

0

anpihilations involving guarks produced in the collision(9).
FPeynman diagrams for these ©processes are shown in fig.
6.D.1. The predicted cross section is too low by up to t¥o

orders of wmagnitude, and toco few pairs are predicted at



q Lo ¢
q e~
Pm:%

a) Free quark annihilation
Drell-Yan model

P ::ﬁg
¢) Hadronic interaction
of annihilating quarks

n %

=
et
&

P

=187~

e) Electromagnetic bremsstrahlung

by interacting quark

P

P =

b) Pion—pion annihilation
GDB modsl

P
d) Annihilation of quarks

produced in the interaction

——e
’; +
IS —— 0 e

1) hadronic brsmsstrahlung
by annihilating quark

—_—
=

N

—~‘_£< e+
e e”
jg===———0—

g) Large momentum transfer interactions with spectator quarks

Figure 8.D.1: Feynman diagrams for lepton pair production



-198-

large transverse momenta,

The GDB model is an analog of the Dre=ll-Tsn model where the
meson rather than the gquark constitusnts of the incoaing
hadrons annihilate., Meson-nmeson annihilstions are believed
to> be more important than bare gquark annikilations at masses

below 1 GeV/c2, Charged pion annihilsztion is the largest

contribution, and that process alone is considered. The
effect of strong-interaction coupling betvesn the
annihilating mesons 1is included by nzing the pion

form-factor measured in the formation of pior pairs in
electron-positron colliding beans. This form-factor
includes the effect of the rho resonance, bub not the osnaga
{because it does not <couple to t¥o wlons). Effects

involving a third particle, such as hadronic bremsstrahlung

3nd large momentum transfer to speckators, -e not included

e

because the form-factor refers only %o exclssive plon pair

production.

The lepton pair cross section is given by:

ES
R LAk

Pplz) is the distribation function for a pion of momentun

fraction z occurring in the incecming pion and is given by

zeP(2) = {(1~2z) + Cre(1-2)3 for 2>z, and Cpe (1-24) 3 for
]

z<z,, where 2Z,=0.4 and Cx=2.8, ?P(y) is for a pion of

momentum fraction y occurring in the incoming proton and is



-199-

given by yeP{y) = Coe{1-y) % for y>y, anrd Coo (1-7,)% for
Y<Yo» where y,=0.3 and Cp=0.4. The constants Cy and Cp were
aot independently measured. They were adiuzszsted to give the
cross section for the rho smeasured in the streamer chamber
experiment, and the correct ratio for ¥ below and above 0.3.
The pion form-factor was parametrized as a P-wave
Breit-Wigner function measured at Orsay{10}:
(el = (Fo MeRY /T CngnitY 12§ (o )Y (7780 ]
where K,=0.775 GeV/c2, 7 =0.15 GeYs/cz, ¥

GeV/c, and p is the c,m. mozmentum of the pions, {p ®as

taken as 0 for pair masses below itwo pion zazzes.)

The differential c¢ross section, 4deypdmd¥Y 1s shown as a

function o©f X at the two pion thresheld azd at the rho nass

or
3.4.
;w’
el
{
1]
i

in fig. 6.D.2. The large coztribu 7 of 1 comes
from the delta function for a pilon constiftuent having the
full nmomentum of +he incoaming piocn, corresponding to

diffractive production., If the exchanged four

¥
3
[}
53
©
=]
d«
oy
[t/]
5]
\3

3llowed off maszs shell in the space-liks Jirection, this
peak could be smeared downwards to cerrespond to the

observed X distributiocn of
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component is larger at higher pair rasses.

The model was evaluated using the acceptance for the LASS
experiment (0.3692EXP{-(X-0.27)2/({2={0,11)2) o and using
that of +the streamer chaamber experiment { zero for X below

0.3 and 30% for X greater than 0.3}, The results of the
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model are compared with the streamer chamber measurement in
fig. 6.D.3, and the LASS measurement in fig, 6.D.4. In the
muon case, the cross section has been multiplied by a factor

{1 - (Zogp/m)z) to acccunt for the lepton pair phasé space,
The curve has been normalized to the rho peak (excluding the
omega), and the agreement 1is good at lover masses. The
corresponding prediction for LASS used the same
normalization above 700MeV/c2, Below, the production is
increased by a factor of 1.34 to reflect the possible
overestimation of the measured result due to assuming an X
distribution like that of the rho, The prediction is well
within the experimental upper 1limit for masses above 200
YeV/c2, The 150 - 200 HMeV/c2 data peint was not in
agreement with the predicted steep rise of the model. The
100 - 150 MeV/c2? data point contains pi-zero Dalitz decay

events and is therefore not valid,

6.,E == Suamary

An overall cross section for pi-minus -proton going to an
electron pair with =®mass greater than 140 MeV/c2 inclusive
was measured as 1.1 + 0.7 mnmicrobarns, corresponding to a
single 1lepton to pion ratio of 2,6 x 10—-S, The cross
section in the rho mass region is consistent both with =zero

and the known cross section for rho and omeqga.
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The signal in the 200 - 700 MeV/c? amass range, not entirely
due to Dalitz decays and vector mesons, is coasistent with
the tvwo experiments of similar energies, This experinment
complements the streamer chawmber by observing a different
region of I and masses below the tvwo muonr threshold, It has
better statistics than the bubble chamber experiment in a

lipited region of ¥,

The lowest mass data point is not consistent with the steep
rise at 1low nmass predicted by the model., Such a rise was
observed in the bubble charber din pi-minus but not in

pi-plaus.

References for chapter 6
1« J. Bartke et., al.,, Nucl. Phys. B107, 93 (1976).
2. J. Bartke et., al., Nucl., Phys. B118, 360 (1977).

3. Ibid. and op. cit., refs 1 and 2.

4., Branching ratio of rho and omega into electrons
from Review of Particle Properties, Phys. Lett. 50B,
§o. 1 {1974y and references therein.

5. J. Ballam et. al., PRL 4%, 1207 (1978},

6, R. E. Cassell, Ph.D. Thesis, Vanderbilt Universitvy,
{1979y, also K. Bunnell et, al., PRL 80, 138 (1978).

7. T. Goldman et. al., Phys. Rev, D20, 619 (1970).
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C. Sachraijda and R, Blankenbecler, P.R. D12, 3642
(1975) ;

N. Cragie and D. Schildknecht, Nucl. Phys. B118, 311
(1977) .
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LPéEBDIx 1 -—'Cyliadrical Spark Chamber Systenm
A1.A -- Intrcduction

The layout of the solenoid and its detectors dictated the
phfsiéal and electrical characteristics of the cylindrical
spifk chambervpackaée: good resolution of the curvature of
lacge —éhgle trécké: good detection efficiency for several
tracks in a small érea; lovw mass in the downbeam enrd to
iiﬁimize“ scatfetiﬁd; and compact electronics inside the
sbiéd&i& able to oéerate in the field. Better resolution
uié"iecessarf in the PHI direction than in the Z direction
sihée ihe PHI éngles vere used to calculate a curvature
whereas only a—siope was calculated from the 2 measurements.
The édrvature wvas td be measured for tracks with P, in the
rangé-féom about 100 to 1500 MeV/c. 100 aeV/é P, tracks had
a.idiimum excﬁrsion of only 30 cm., while 1.5 GeV/c P,
tracks deviated only 1.5 ca, from a straight line inside the
50 -cn. radiﬁs vbf the package. The following sections
deséﬁibe how the constraints were met and the probleas that
itSSe. It is assumed that the description in chapter 2

sééiibn P has been réad.
A1.B -- Physical Description

The amount of matter past the beginning of the target was

iiniﬁiieﬁ by' ﬁtilizing the strength of styrofoam and of



-207-
cylindrical tubes of aylar. The spark occurred betseen
0.125 mm, dla. copper clad-aluzinuam wires glued onto thin
sheets of mylar; These sheets were rolled into cylindrical
tubes. The c¢ylindrical shape was maintained by clamping
batween riags.at each ead, The cylinder package was a set
of concentric mylar cylinders, betveen concentric support
fihgs at each ehd,v The target and cylindrical proportional
chamber £fit inside the hole formed by the ianner gas-bag
cyiindet. The upbeaz support riangs were 0.25 iach lucite,
Some downbean rings vere styrofoam wrapped with Saran ®rcap,
oﬁhers ‘were hollow 1lucite, 4 tubular aluminum frane
surrounded the éackage, supporting each end by the outermost

ring.

The mylar tubes were guite rigid once the ends were fix

[¢/]

ds

3

the narrow ones vere able to support many times their weight

[t)]

«l
£

hung from the end. The outer ones, whose diapeters wera
comparable tc the length, had a tendency to buckle, and had
t> be thicker, AR problem due to the glued seuzs reguired

muck work and was never completely eliminated. The ed

«Q
1]
Ui

($4}

ware overlapped 0.2 inches and glued with Scotchcast 221
epoxy. The extra rigidity of the seam caused a region of
lass curvature near the middle of the tube, This resulted
iz a flaz spot and a variation in the gap spacing so that
the electric field strength was not unifcorm over the

chamber. It was therefsre difficult to find a suitable

oparating voltage.
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A first set of chambers (the 4inner 3 of +the 5 eventual
éairsi could be made to operate only in PHI-bands, roughly
| hiif of the area wouia not operate at voltages that did not
caﬁéé. spontaneocus breakdowns elsewhere. A new, final, set
wvas made stiffer with thicker mylar. This set (except for
oae cylinder)‘vas made reasonably efficient by nsing a large
im5unt' of alcohol in the gas to widen the operating voltage
piitedu.

Two types of chambers made up the package, In the first
type ihe wiréé ¥vere glued onto the mylar at an angle so that
the PHI angie éhanged with Z. The wires on the inside of
th= gap pitéhed left (counterclockwise with increasing

distance), those outside pitched right. The PHI differ

0

ac

[
Y]

ﬁéasuréd at the upbeam end gave the Z position of the spark,
The wires in the second type went parallel to the axis, ozly
the outer wires were read cut, The sparks in the axial
chambérs wversz used to eliminate gheosts in the pitched vwire

match-points,

Ia the original inner +three chaabers, the unread inaer
surface of the axial wire chambers was the ($.5 mil aluminun

layer of aluainized =mylar. TIh

©
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wire chambers were glued on the inside of the same mylar
sheet, The close proximity necessitated connecting these

surfaces elesctrically (vhich made the high voltage systen
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more complicated)., For the final inner chamber pairs, the
downbeam support rings were changed from styrofoam to hollow
iucite. The wunread oplane was changed to glued wires (the
aluminue develo?ed visible pits), and the outer chazmbers
vere enlarged to separate the previously shared surfaces,
(fhe» outer two chamber pairs wvere built without the
éeparation although using wires on beth sides instead of
aiuminum, so that thase surfaces still had to be
efecttically connected,) The separation allowed the seans
t> be staggered so that the trouble areas did not coincide
in PHI. Since the axial chambers were then too far from the
piibhed chamsbers to use for corroboration of match-points,
they were treated as'separate chanbers.,

Table TA1.3 lists the chamber surfaces. The spark gap was 1

(Yol

ém. in all chambers., The active length vwas 1 cm, Each
wire ¥as attached to an individual readouc circuit. Ihese
were located on a printed circuit board bent in the shape of
a hoop. The p.c. boards were glued between the upbean
éupport rings on the outer chambers., Those on the inner
chambers were plugged into a connector so that pieces could
ba removed for repeir, Even s9, ths six inch space betwesn
tha chamber and the steel plate to which it was Dbolted was
filled so completely that replacing a diode would have taken

hours., Yo such repairs were d:

]
3
)

except to disconaect wires
in swmall regions of two chambers vhere breakdown interfered

with the cperation of the whole chaaber.
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Table TA1.B: CYLINDRITAL SPARK CHAMBER PARAMETERS

CYL. radius $¢ of spacing pitch pol- side
nage ca., wires m:, arity of gap

inner gas bag

Al 10. 19 320 24 L - inner
A2 11. 20 352 2 R + outer
- 1222 384 2.s - + inner
A3 13. 24 416 2. = - outer
B1 15.28 480 2. L - inner
B2 16, 30 512 2s R + outer
- 11:32 544 23 -~ + inper
B3 18,33 576 2o - - outer
€1 20.37 640 2, L - inner
. C2 21.39 672 2 R ¢ outer
Cc3 23.43 736 2. - - outer
intermediate gas bag
‘p1 30.56 360 g, L - iuner
D2 31.58 992 2e R % outer
- 31.58 cewmeemesg]]demcemes & inner
D3 32:59 1024 24 - - gater
E1  56.02 880 5, L - inner
E2 57.04 856 a, R + outer
- 57,04  <w-wece-- solideemewn= ¥ inner
E3 58,086 912 4, - - outer

outer gas bag
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The high voltage pulse was brought in on ERG58 coax cable,
wﬁSse conductors attached to a bus on the p.c., boards (or to
EY cbpper strip in the case of the unread surface). Several
éables supplied each <chazber 3in parallel, the number
depending on its size. A low voltage signal indicating the
pﬁesence of a spark ¥3s formed at the far end of +the p.c.
bﬁard. These 'signals vere connected to a rack outside the
solencid by 8 aeter upshielded ribbon cables
(sbectra-sttié), using one conductor per spark wire {the
wifes weighed two bhundred pounds). Gas entered on the
upbeam end through the lucite spacer betveen the inner gas
bag and the first spark cylinder. It left through the ring
between the outer cylinder and the outer gas bag. The gas

¥as led through the entire wvolume by punching sumall hole

w0

bztween the wires at alternating ends of coasecutiv

o

cylinders, An intermediate gas bag was added to put the

it

oatlet on the same end as the inlet, Gas tubiang, coax and
signal cables were threaded through holes in the iron end

cap.

In the original inner chaabers, sparks induced by
ultraviolet photoionization were observed near where a
spurious spark occurred in an adjacent chamber., This vas
remedied in the final ianer chambers by painting the back of

the mylar sheets black.
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A description of the construction and testing of the

original inner three chambers has been published(i).
A1.C -- Electrical Description

The system is divided dinto the following sections for
déséripticn: the high voltage pulser system; the clearing
field voltagé systé&; the chambers, with the attached
éaéacitor diode circuitry; the shift register system; and
the automatic'electronics tester. The chasber circuitry and

the =shift register systems associated with the cathode

0

(érbund) and anode {high voltage pulsed} wires §ere
elecirically separate. There were a nuzber of voltage
lavels uhich"acted as "floating grounds®™ for different
sféteés. These levels are given names to reduce references

between the systess. GHD refers to real 1lab ground,

The clearing field was a continuous field used to sweep and
ééllect iomns from ola tracks and previous sparks. The
palarlty was made opposite to the pulsed voltage so that the
slow beginning rise of the high voltage pulse was canceled
and did not clear out the fresh tracks., The voltage was

13

-40V {negative on the anode surface}, it was increased to

i3

’—.lo
Pt
fosh

-250¥ for one =nm b1 econd after

]

(/l

econd one beginning =illi

+3

the spark pulse., This reduced the tine needasd to clear the

e

reanants of the spark, increasing the allowable pulse rate,

It was discovered that a field above 80V/ca. sould sustain
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the arc started by the spark. At 40V, tracks remained

c:paﬁle of pré&ucing sparks for 1 microsec.

A "rectangular®™ high voltage pulse of about 4 kV was
étoduced by sviiéhing coax cables charged to 8 kV across the
chambers with thyratron tubes., The chambers were equipped
with ferminating resistors to aipnimize reflections. The
pdlse vas delivered from the thyratroans through 50 ohm coax,
Thé cathode wires were connected to the coax shields and the
anode wires,to4the cenier conductor, The center conductors
waiéh canme frdm the ihyratron cathodes were connected also
thr6ugh an inductor to the clearing field voltage level, so
ﬁhﬁt while the anode voltage averaged to the c.f. voltage,
it could be pulsed for the spark. The clearing voltage was
théreby applied through the HY cables from the thyratrons.
'Sidcew the téfminéting resistors were also connected across
';hé gap, serieé diodes were inserted to prevent them fron
shorting out ‘the clearing voltage., Figs. A1.C.1 through

A1;C.Q are schematic diagrams of the chamber electronics.

The cathode wire readout system 1is described €£first. The
anode systen was slightly more complex, The basis for the
éipacitor dioaé réadout system was the resistor diode and
.capacitor, R1, C1, and diode shown in fig., A1.C.4. The
éi?C1 time constant (5 nsec.) was so short that the voltage
across Ri1 esséntially tracked the chamber current. C1 was

ch&rged during the spark. D1 prevented it from discharging
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Figure A1.C.3: Low voltage supplies: 5V power to IC's,
bias voltage, clearing field, and tester
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through R1 afterwvards., The resistor and diode solved two
probleas with the system using a capacitor only: The
resistor limited the voltage difference between adjacent
éires,b so that the spark did not spread. The diode

pfévented inductive ringing from discharging the capacitor.

The rest of the circuitry converted the charge in C1 into a
ioitage compatible with the 74165 TTL integrated circuit.
fhié IC discriminated the voltage into hi% or no-hit, stored
thié informatioﬁ, and acted as a shift register for readout
t5”‘£he compétér. Before the spark pulse a small current
flowed from the bias voltage bus, VBCAT, through R4, R3, R2,
;nﬁ tﬁe diode. VBCAT was about 3.5V positive of the
fldéfing ground; GNDCAT, which was connected to real ground,
Gkb.‘ except ‘when the tester operated., Therefore the input
fo'the shift iegister chip sat at about 2.0V relative to
GNDCAT. When a spark hit the wire, €1 was charged.
Iiﬁediately aftervard, the Juaction of C1 and R2 was at
ibout -40V relative to GN¥D. Current in R2, R3 caused this
vsltage to décay and the voltage at the input of the shift
register to fall., 2 diode inside the shift register «chip
képil this véliage from falling below -,7YV., The voltage on
‘Ci‘decayed with a characteristic time of 250 nmicrosec. and
the voltage on C4 reached a minimum at about this time. The
‘shift registers were strobed 250 mwmicrosec, after the HV
pulée, causing a bit to be set if the voltage vas less than

the thteshold,' about 1,4Y., The shift register input drew
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current only when the strobe was enabled, and C4 kept this
naméntary current £rom changinag the voltage, It wvas
ﬂecessary to split R2 and R3 to damp out ringing involving
thé spectra strip and ground cables, (Ringing from the HY

pulse had been rectified, and charged C1 as a spark would,)

On the anode side, the capacitor diode circuit was connected
£3 ﬁv, delivered ihrough the center conductor of +the high
vﬁltage feed cables. The floating ground for the part of
Ehé circuit in the outside rack vas GNDAN {connected to the
cleéring field bus wexcept when the tester operated).
Therefore these busses were at the same voltage except
during and iamediafely after the spark pulse (when HYV vas
about & kY more positive), Duriag this time 0.1 amp £loved
through R2 for each wire, This amounted to about 300 anps

to>tal, rising in tens of nsec. This current would have

|

destroyed the shift registers £ it had been alloved to

reach them. The p and B3 wvas <o shunt the

o
]
U
Q
44}
®
o
(2}
(@]
8]

current and isoclate the sensitive electronics, (2 passed
this current into the CFP bus, and if no spark occurred, was

charged 6 Vv positive in the process,

The extra RC filter on the anode side delayed the voltage
peak at C4 to 4507 nicrosec, after the spark. The bias
voltage on VBAN was set lower, about 2.0V, since the 6V on
C2 increased the wvaltage at C4 to 1 Volt above the static

equilibrium poinot. The voltage at C4 was again about 2.0V
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ptovi&ing the high voltage pulse came and no spark occurred.
If a spark occdrred, C1 was charged to -40V and C4 hit a low
450 microsec. after the pulse, the time of the anode side

strobe,

Most of the busses were common to all chaambers, The
éxcéptions uefe HY and the bias voltage busses (VBCAT and
#ééu); It was desirable to fine tune the cize of the spark
ﬁulse for eaéh.chamber. Better sensitivity was achieved by
1&jdstiug the biases independently since different HV pulses

étéducedidifférént no-hit voltages at the shift registers.,
A1.D -- Electronics Fabrication and Testing

The 10000 diodes and 1000 shift register IC's were
ihdividdally tested and rated. The diocdes were tested for
éhatt; open,- éorrect labeling of peolarity, and sorted
icéotding to the feverse breakdowyn voltage, Extra diodes
veré purchased so that only those able to withstand 250V

were used,

The IC tester was interfaced +o a PDP-8 «computer which
salected any of the eight inputs, applied a voltage, sensed
thé input current and read the shift register bits. Those
ff's wvith extreme wvalues of threshold voltage or a large

iﬁput'leakage current were not used.
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The chamber p.é. boards were tested by the computer aunder
dbnditions similar to chamber operation. A high voltage
ﬁdisef system capable of delivering 300 nsec., pulses of 0 to
fOO'anps was connected to each of the 64 circuits of the
sjéten of the- p.c. board, spectra-strip, and the shift
rééister. A 10 kV pulse from a thyratron in series with a
100 ohm resistor simulated the spark. This, having a longer
fise time , did not stress the components as much as a real
épark. The test consisted of deteramining the curreat at
uhich each ciréuit registered a hit, pulsing each 1000 times
ﬁii.nAximnn cﬁirent while checking that none of the others
tegisiered, and reéhecking the threshold. This test
dhcévered nanf hadvconnections, solder bridges, and arc-over
éfoblems, as well as causing early failures in several

diodés.

When the inner chambers vere rebuilt, the p.c. boards were
tefdrbished. They were tested by applying a 10V triangular
vaveform to the spectra-strip end and displaying current
vefsué voltaée on an oscilloscope., Faults or changes in
céaponent values vwere easily noticeable in the pattern.
Afﬁe: VZOOO sparks per vire average, approximately 1% of the
éiﬁcuits had .gdne bad. These were approximately egqual
numbers of shorted diodes and leaky capacitors C1., 1In many
lbre cases the capacitor was only leaky enough to reduce the
sensitivity. About 10% of the C1 capacitors had a

fésistance of less than 50 k ohms and were replaced at that
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time. The C1 capacitors were <chosen for their extremely
éiail size even though they were rated at 50V maximum. 1In
téétbspect. a Iérgér operating voltage at the expense of

sizé-vonld have been chosen.
A1.E -- Digital Readout

The shift register IC's were chained to form two extremely
l5ﬁg .shift fééisﬁers. The IC's for the cathode readouts of
all chambers were chained together amounting to 7000 bits,
The anode side IC's formed a shift register of 3500 bits
(only'pitched ¥ire chambers being read). 2Ain extra (8 bit)
shifﬁ- regisiér was inserted in the chain between the end of
5ﬁeméhamber and the beginning of ¢the next. These 8 bit
5fiéucials" were hard wired to read no-hit, six hits,

io;hit. They alloved the computer to check that the shift

fegisters counted correctly.

These long shift registers needed only three connections
BéSides the floating power supplies: the LOAD (strobe)
pulse; the CLCCK (shift) pulse; and the DATA output from the
first stage. These signals, two coming from and one going
to 'the digital "control box®™ passed through level shifters
uhich'electrically‘ isolated the output from the inpat.
dsiﬁg a schdttky clamped optical isolator, even with
inéedance matching, inverting, and buffering, they delayed

the"signal by only 125 nsec., allowing a 4 MHz shift rate,
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The control box received a trigger coincident with the HY
pﬁlse to the chambers, It produced the LOAD pulse for the
cathode side after 250 anicrosec, and for the anocde side at
dSO- microsec, It produced the signal which drove the 2507
cleérinq field pulse, Following the second LOAD pulse, it
sént 3500 CLOCK pulses to the anode side shift register
te;ding the ﬁATA signal after each. Then it switched to the
cathode side and did 1likewise for 7000 pulses, It
ifansmitted to the PDP-11 only vhen it encountered a hit,
giving the numbér corresponding to the first wire hit along
wiih the nuﬁber of contiguous hits following 4it¢:
éloékwise-mosi ifacing the electronics end, i.e. downstrean}
édge and width minus one for each cluster, Sparks hitting
the "last®™ and ©"first® wires of the cylinder, of course,
wére ﬁét ccmbined by the control box. This information was

transferred to the computer when the end of a cluster was

datected. The next CLOCK pulse was delayed uatil the
transfer was €finlshed, Foor one bit shift registers were

inserted in the long CLCCX and DATA cablaes betwveen the
control room and the chanbers. The cable delay between then
¥3s less than 125 nsec., so that no data were lost when the

control box paused. The shift rate was reduced ¢to 2 HHz

]

ing problens that were never located. The
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millisec., deadtime was reguired to allow the spark chaambers

t> clear.
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A1.E -- Automatic Tester

The tester applied voltages to the floating grounds in such
2 vay as to test all of the circuits in parallel. It was
controlled by the PDP-11: all electrical switching was
iutOﬁatic. The C.D. electronics and the shift register
éjstemreere tested simply by running a program on the

PDP-11.

When enabled, the tester cycled through eigh® states, each
lasting about' 0.5 sec., coming to rest again in state 0,
Separate tests were performed in states 1 throogh 5. States
S‘ahd 7 wvere dummies, identical to state 0O, During states
1-5; CF vwas switched from the clearing fizlid generator to
GSD. GN¥DCAT and GNDAX¥ were switched to Y7, a voltagse

gz2nerated by the tester. Halfway through each state, afte

i

tﬁe relays had settled, the <control box was triggered,

1oadiang and reading in the shift registers,

In state 1, VYT vas +207 relative to GYD {(i.=. t0 the wires
in ‘the spark chaaber)., Current through tha diode, R2, and
R3 produced a low input to the 74165, unless one of these
¥AS open. In state 2, VI was -20V and the bias voltages
vare zero, All shift register inputs were Iow unless C1,

~

C2, or the diode leaked current,
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In'state 3 VT was at -20V with the bias back on. At the
sime time the readout was triggered, am SCE pulled YT to
zéco, making conditions as for normal operation. if a
citcuit worked properly, C1 was charged at -20Y which caused
a ibw'iaput to the shift registers after tha proper delay of

250 or 450 microsec.,, when the LOAD pulses cane.

Iz states 4 anpd 5 VT was z2ero. In 4 the bias was switched
6ff' to test the ability of the shift register to read hits.

In 5, it wvas back on, testing the ability to read no-hits.

The resunits of all five tests were stored and collated in
tha coaputer >memory. The locaticn and nature of incorrect
responses were printed. The hard wired opatterns <£from the
fiducials were also verified, 1localizing breaks in the

chaine.

A display showed whether the relays failed to reconnect

things properly after the test,
A1,F -- Gas Systenm

Neon ({with 10% helium) gas was circula*ed to all the spark

d

ot
“r

chambers through an LBL gas cart vwhich us ivated
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charcoal and a liquid aitrogen bath to
vapor, air and other impurities, 1% ethyl alcohol was added

by bubbling the gas through liquid at -3 degrees C. {The
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ienperature range of the systeama was capable of varying the
édnééntfation from 0.05% to 5%.) Good regulation of the
concentration was achieved with the following techniques:
All the gas went through alcohol at low temperature, rather
than trying to divert a fixed proportion through alcohol at
hiéh'temperatﬁre. The gas was broken into many small
bﬁbbles nsiné “an aquarium aerator stone. The gas was
pfecoéled in the same bath that cooled the alcohol. The
ténpefature of the bath was controlled electronically to a

fraction of a degree.

The gas wvas circulated at about 10 cu. feet per hour. At
this rate, the pressure drop in the tubing was about 0.5
fﬁch of water: nfhe neceséary pressure at the beginning of
the dinlet véé considered unsafe for the chamber, and the
degééive preésure at the end of the outlet would collapse
iﬁ:" The préséure drop inside the chamber was quite small,
The inlet and outlet pressures vere adjusted to give the
éééiréd fldi Hrate with about 0,15 inch (wvater) pressure at
tﬁe chamber, If the chamber pressure fell below 0.1 the
outflow was interrupted by an electric valve, If it
éiééeded 0.25< the inflow was interrupted. 0il filled
bdbblers keéf the pressure within ¢ 0.5 inch 41if the
electrical éystem failed, The gas flow was interrupted if
éﬁe’alcohol coéler failed in order to prevent a large
éoﬁcentration 6f aicohol from entering the chamber., The

ptéséure reguiation system was inadequate in that there was
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no  sensitive backup protection., (The oil filled bubblers
oﬁerated only at relatively large pressures.)

A1.G -- Cosmic Ray Tests

After the experience with the first set of chambers, the
second set was tested at Caltech with cosmic rays to
deterhine whether the chambers were sensitive over their
édﬁihe area. Four 1 meter by 6 inch scintillation counters
vefé arranged aé-é'sqnare tube inside +the center hole in
chaﬁbei packége. A coincidence between either set of
6ppbsite sides- triggered the spark and readout. (This
océﬁ:téd abodt onﬁe per second.) Events were read into a
PDP415/QS with 28K words of core and a disk. The PDP-11
éfdérém divided the cylinders into regions of PHI and Z and
connﬁéd vheﬁher é track went through the region, whether
ﬁhéfé_vas a hit near the track, and whether there were hits
ﬁbf 4a£tribu£éble to the track. The width of the sparks was
fééofded. Tvé ihitds of the sparks covered only one wire.
af' the rest most hit two, the number falling by a factor of

foutvfor each additional wire.

The program had two basic pieces: a foreground piece which
read in events (either online or from tape), found tracks,
ﬁnd éccumulatedbcounts in the region histograms; and a
baékground piéce which accepted and executed commands from a

terminal. Commands controlled the definition of regions;
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displayed statistics, single events, histograms, and tables;
and controlled reaaing, ¥riting, or updating disk files

containing the accumulated counts,

For this section, the chagbers will be designated as
fﬁiicws: innermost crossed wire cathode surface - At1: anode
surfaée - 322:; next chamber {axial wire) cathode surface -
A3{A similarly through E1, E2, and B3 for the other four

chamnber pairs.

One chamber pair was designated to find tracks, and was not
tested. In practice the outer {E) pair was used., (Raother
rﬁé using the D'pair determined the efficiency for the B
?éir.) Tracké vere defined as two match-points in the PHI-Z
cﬁﬁﬁbér at -épproximately opposite PHI angles, both
corroborated in the PHI only cylinder, Tracks were reguaired

to intersect the outer cylinder within the active Z range,

Pig. A1.G.1 shows the PHI distribution o©f hits in the
iénérﬁast ayxial-wire chamber {aA3). Since tracks were
:éédired to go through the center, this is reflection of the
coséic Eay disttibntioa vhich goes approximately like cosine
séuared of the angle from the vertical. The four dips are
the shadows of two aluminunm poles that ran the length of the
Eﬁimber at + 45 degrees. ilso visible are regioans of
inefficiency and parrov dips in the efficiency due to dead

wires or readouts., Sometimes the adjacent bins are
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abﬁormally hiqh; indicating the spark was pulled, perhkaps

because the proper voltage was not present at the dead spot.

A typical event is shown in fig. R1.G.2. The hits are
plotted at the PHI of the wire at the front of the chamber.
Hiis in pitched éire cylinders appear to be rotated by a

distance proportiocnal to the distance from the front exnd.

Fig. 21.G,3 and RA1.G.4 shows plots of efficiency for all 2
aélé-functioﬁ of PHI for the best and vorst chamber surfaces
(bins 0f about 1«5 cm; of circunference). The average
efficiéncy for all chambers was 90%. A1l inefficiencies
were limited to regions rather than being uniform over the
cylin&ar. The consistently lower efficiency of the anode
kér' 52") surfaces vas a result of the lover Sensitivitﬁ of
the énode reédbut and the need to ignere certain wires that
peiéaﬁently registered hits. (The fact that sparks have tvwo
ends leads to the expectation of equal efficiency in the #1%

BY for an inefficient

(0]
3

and "2" surfaces.} Efficiency versu
chamber is shown in 20 cm. 2 slices iz fig. A1.G.5. One dip

¥ag yorst in ¢he middle., The other vas worst at the back.

C3 had a breakdown recion which became vorse over the weeks
Qs'th& chambét'was sparked, The deterioration is thought to
Bé-‘ﬁﬁé' to the Aro&qhéning ¢ +the spark wires leading to
eléétron emiséién in the field. Eventually a spark cccurred

in this region every trigger. It bhecame s¢ bad that the
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Downstream Z Shows

as ¢ Displacement
-Trigger

Scintillators
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Figure A1.G.2: A cosmic ray event: letters indicate

¢ position of upstream end of wires.
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breakdown sparks prevented the voltage on the chamber from
rééching the value necessary to produce sparks elsewhere in
this chamber. The wires in this 2 cm. region were
.disconnected allovwing the rest of the chamber to cperate.
4Bteakd&wn occarreé freguently at the edges of this region
which becane worse until again the chamber was dead. Hore
.wités wvere cut., The breakdown began again after the package
‘was installed at SLAC. ’Ddring the ezperiment, this chanmber
Aéié'runAat lower voltage giving about 50% efficiency. Fig.
211.G.6 shows a plot of spurious sparks vs. PHI for this
éhééber after the surgery. A sw®all reglon was cut 4in E3

also. ‘with aatl,Lactory results.

Reference for appendix 1

Beadout Systen
5, 25 (1975).

~
P
G

1. H; B Jenéén eé. al., A New Single Hire
.for Spark Chambers, Nucl. Inst. Meth. 1
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