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"Those whom the gods wish to destroy,
They first make mad."

Aeschylus
""Those whom the gods wish to destroy,
They first give particle physics Ph.D.'s"

Anonymous

"On the other hand, perhaps not."

E. Siskind

Quod Erat Demonstrandum!
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ABSTRACT
The production and subsequent dimuon decay of the vector meson
resonance P(3100) have been studied in the collisions of a 400 GeV
proton beam incident on an iron target-calorimeter. The apparatus
featured a large acceptance iron muon spectrometer, and observed the
) over a range of transverse momentum (Pt) from O to 4 GeV and of

Feynmaft x (XF) from -.25 to .40.

The best fits to the data gave E égL « (1 = IXF|)2'963t-27
F
- +
(x2 = 12.9 for 11 degrees of freedom), and ;L-é%l-a e 2.23% .05 Pt
it t
(X2 = 8.6 for 12 degrees of freedom) for Pt > 1.2 GeV. The angular

distribution of Y decays, as measured in the s channel helicity frame,
was consistent with a flat spectrum.

The observed values of dimuon branching ratio (B) times zero

do

: +
dy | y=0 and Bo) were 14.0 *

rapidity (y) and total cross sections (B
2.9 and 22.9 * 4.7 nanobarns per nucleon respectively.

The observed cross sections and differential distributions are

presented in the light of existing world data on hadronic { production.
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CHAPTER I
INTRODUCTION

A. Charm and the ¢ (3100)

The discovery in 1974 of the Y(3100) resonance in hadron inter-
actions[1l] and e+e_ collisions[2] marked the beginning of a period of
unusual excitement in elementary particle physics. On the one hand,
the exceedingly small width of the resonance argued convincingly for
a suppression of strong decay modes, and thus for the probable pres-
ence of some new quantum number conserved by the strong but not by the
weak interactions. On the other hand, although the y was produced by
an electromagnetic process at SPEAR, the ratio of | events to continuum
dimuons (believed to be of electromagnetic origin) in a subsequent ex-
periment on neutron induced Y production[3] showed that fhe Y could be
produced by the strong interactions.

Theoretical speculation had for some time centered on the possible
existence of a fourth quark, called the ¢ or charmed quark. In the con-
ventional quark model, the three quarks u, d, and s participate in the
weak interactions as the u and a linear combination of d and s, called
the Cabibbo down quark (dc =d coseC + s,sinec). The weak charged
current coupling the u to dC contains a portion proportional to coseC
coupling u to d, and responsible for nuclear beta decay, charged pion
decay, and the major portion of charged current neutrino-nucleon scat-
tering. The other part of the u—dC current, proportional to sinec,
couples u and s quarks, and is responsible for beta decay of the AO,
charged kaon decay, and another portion of charged current neutrino-

nucleon scattering.



",

The weak neutral currents, resulting from coupling of u to u and
dc to dc’ then linked u to u, d to d (with magnitude coszec), s to s
(with magnitude sinzec), and d to s (with magnitude cosecsinec). The
first two of these were easily observable in neutral current neutrino-
nucleon scattering. However, the last process, involving a strangeness
changing weak neutral current, although it would give rise to such
experimentally obvious decays as KO o u+u_, was not observed.

In a four quark model, the c quark is coupled to the orthogonal
d-s combination the Cabibbo strange quark (sc = s cos@C -d sinec).
The neutral current coupling of S, to S, contains a strangeness changing
component which exactly cancels the similar component in the dc to dC
current. The c-s charged current analagous to the u—dC current con-
tains a portion coupling d to c, and provides a means of producing c
quarks in neutrino-nucleon interactions, with the weak decay of the c
quark producing the second muon in neutrino induced dimuon events.
Finally, in the quark model, the ratio (R) of the rates for e+e7+hadrons
to e et>u+u_ is just the sum of the squares of the charges of all quarks
(including all colors of quarks) which can be produced at the energy (V/s)
of the e+e_ pair. The existence of an observed step in R at Vs near 3 or
4 GeV could be explained by a ¢ quark of mass between 1.5 and 2 GeV.

Within this theoretical framework[4], the ¥ found an immediate
home [5] as the lowest lying spin one bound state of a charmed quark and
a charmed antiquark. The discovery a week later of the excited state
P'(3685)[6] and the subsequent appearance of even charge conjugation X
states[7] added credence to this interpretation. The final piece of

supporting evidence came with the discovery of the D(1865) mesons[8],
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which decay in the modes expected of a meson containing a single
charmed quark and one normal quark, the y''(3770) resonance of a DD

pair[9], and the charmed vector mesons D*(2010)[10].

B. Production and Decay Mechanisms

In explaining the narrow width of the Y, theorists appealed to an
extension of the OZI rule [1ll], a postulate originally advanced to ex- -
plain the large fraction of decays of the ¢ in which strange particles
are present. Stated simply, the OZI rule proposes that decay processes
in which the constituent quark and antiquark in a meson annihilate into
an intermediate state containing no quarks are suppressed in the strong
interactions. Thus the ¢, containing one s and one s quark, decays
primarily into KK while decays into states such as 7T are suppressed,
although the phase space for such reactions is much larger than that for
the KK decay. 1In the case of the ¥, the DD decay analagous to the KK
decay of the ¢ is below kinematic threshold, and so only 0ZI forbidden
strong decays can contribute. Thus the lifetime of the Y is exceed-
ingly long.

The problem for thecry is then one of constructing a model for
copious Y production in the strong interactions which does not simultan-
eously destroy the small width of the y. 1In particular, any process
which produces the cc pair of quarks forming the y in a disconnected
topology essentially violates the OZI rule (here applied in reverse).
Production in a connected topology (e.g. fusion of a ¢ quark from the
ocean of the beam particle with a ¢ quark from the target ocean) gener-

ally implies the existence in the final state of an additional ¢ and c
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quark, i.e. a pair of charmed particles. Experimental searches for
such associated production[12] have yielded negative results at the
level of a few percent.

A theory which currently seems quite plausible is the gluon cas-
cademodel[13] in which a gluon from the beam particle and a gluon from
the target fuse to form a cc state of even charge conjugation. This ¥
state then decays into a Y and a photon. Such a process has the ad-
vantage that it is not reversible--the x and not the Y can decay into
gluons. Recent experimental evidence[l4] indicates that 70 + 28 per-
cent of the y's produced in m -nucleon interactions at 217 GeV are
products of the radiative decay of a y state of mass near 3.5 GeV. A
similar experiment at the CERN ISR[15] at an average Vs of 55 GeV indi-
cates that x decays account for 43 * 21 percent of y production.

We thus find ourselves in a situation in which probably no one
mechanism will account for all hadronic y production, and no one
experiment can hope to provide enough input to the theory. In the gluon
cascade model, both the cross sections and differential distributions
for ¢ production are sensitive to the gluon distributions within the
nucleon. Other models, involving for instance the collision of a hard
gluon from the beam particle with a cc pair in the ocean of the target,
are sensitive to both gluon and quark distributions, while still other
processes, involving quark-quark collisions, probe only quark distri-
butions. Whatever the true méchanism (or mechanisms), construction and
testing of models of hadronic Y production are greatly alded by measure-
ments of production cross sections and differential distributions over

the widest possible range of kinematic variables.



G Qutline of Thesis

This thesis describes an experiment to measure y production and
subsequent dimuon decay in 400 GeV proton interactions on an iron
target-calorimeter. The experiment featured a large acceptance muon
spectrometer, and was capable of observing y's of transverse momentum
(Pt) from O to 4 GeV, and from Feynman x (xF) of -.25 to .40.

Previous experiments at 400 GeV[16], the highest energy currently
available for fixed target physics, have contained double arm spectrom-
eter systems at 90 degrees in the center of mass, and thus have had
their acceptance limited to a narrow region around Xp of zero. The
largest acceptance apparatus has been that of the Chicago-Princeton
group[1l7], which has only taken data up to 225 GeV. The need to
identify muons by range in dense material, coupled with the low incident
beam momentum, has restricted this experiment to observing only those
y's produced in the forward hemisphere of the center of mass. Finally,
higher energy experiments at the CERN ISR[18] have typically been limi;ed
by luminosity, and have been unable to observe large numbers of iy events.

The general descriptions of beam and apparatus used in this experi-
ment are contained in chapter II, with technical details of some hard-
ware used in the experiment but not in the current analysis relegated to
appendix A. Chapter III contains a brief description of the data reduc-
tion employed in this analysis, with a more detailed description of
track finding requirements located in appendix B. Details of triggering,
trigger acceptance, and overall experimental differential efficiency are
described in chapter IV, while background corrections, normalization,

and differential distributions are located in chapter V. Finally, cross
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section results are presented in chapter VI, which also attempts to
place results in the perspective of existing world data on hadronic

Y production.
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CHAPTER II

BEAM AND APPARATUS

A Overview

The experiment was performed in Neutrino Area Laboratory E of the
Fermi National Accelerator Laboratory in Batavia, Illinois.. The beam
utilized was the N-5 hadron beam line[l] originally installed to pro-
vide high quality low intensity hadron beams for the 15' bubble cham-
ber. An additional 16 milliradian horizontal dipole magnet and &4 x-y
PWC's were added to the beam line for this experiment in order to pro-
vide event by event incident particle momentum and position information.

The apparatus, pictured in figure 2-1, consistea of beam defining
detectors, a steel/scintillator sandwich target-calorimeter, a module
of spark chambers, a second calorimeter/muon identifier, a second spark
chamber module, and the Lab E Toroidal Muon Spectrometer([2]. This last
piece of apparatus, consisting of three 11.5' diameter steel toroids,
is mounted on rollers and can be moved transversely to the beam axis
in order to change triggering conditions or for use in counter neutrino
experiments conducted by the Caltech group in Lab E. For the part of
the running utilized in this thesis, the spectrometer was centered on
the beam axis. Fast trigger counters were located throughout the
apparatus in Lab E. 1In addition, the counters most downstream were
located in a separate ''doghouse" Lpproximately 7 meters downstream of
the lab.

The MULTI data collection and analysis system[3], hosted by a DEC
PDP-11/50 computer, recorded information about each physics event on

magnetic tape. In addition, four special data records were recorded

during each accelerator cycle. The data collection system also passed
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a fraction of the collected events to an on-line data analysis program
capable of making low level hardware operation checks, providing a
graphical representation of physics events, and of performing many
interactively defined data accumulation activities.

The apparatus was constructed by the members of Fermilab experiment
379[4], a Caltech-Stanford collaboration, during the period from the
completion of the Lab E building in December, 1975 until the commence-
ment of data collection (March-June, 1977). The data taken in experi-
ment 379 can be analyzed in search of several different event topologies,
containing zero[5], one[6], or two muons in the final state. The present
thesis deals only with the last of these, and due to the nature of the
analysis, required the utilization of data from only a few of the exper-
imental detectors. Descriptions of the remainder of the detectors are
included because of the amount of time the author spent in making them

operate, but the details have been related to an appendix.

B. The N-5 Beam Line

For the portion of the run utilized in this analysis, the N-5 beam
line (figure 2-2) was set to transport 400 GeV diffracted protons. The
N-7 primary proton beam was tuned to deliver ~ 2 x lO11 protons per
accelerator cycle to enclosure 100, where they were focused onto one of
a number of production targets. The horizontal targeting angle was
controlled by dipole magnet 7BOOT which, because of the steepness of the
intensity versus production angle curve characteristic of diffractive
scattering, provided a convenient means of varying secondary beam line
production angle and thus N-5 beam intensity in order to compensate for

varying conditions of incident primary beam intensity and quality.
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The N-5 secondary beam consists of a number of beam line enclo-
sures housing magnetic and/or collimation elements. The principal
elements are described here. Enclosure 101 contains a pair of colli-

‘mators (horizontal and vertical), a quadrupole doublet, a vertical trim
magnet, and the critical east bending horizontal dipole 3E01l. This
last element was interlocked to all the radiation safety devices and
enclosure access controls in the beam line because when shut down, it
allows the beam to travel straight ahead and be dumped rather than
following the beam line into the downstream enclosures.

An additional pair of collimators, a quadrupole field lens, and a
vertical trim magnet were located in enclosure 103. Enclosure 105
contained a quadrupole doublet, a vertical trim magnet, and a west
bending horizontal dipole. A pair of collimators and an additional
quadrupole field lens were placed in enclosures 106 and 107, while
enclosure 109 housed a third quadrupole doublet, vertical trim magnet,
and west bending horizontal dipole. A final pair of collimators was
located in enclosure 111, followed by the last quadrupole doublet in
enclosure 113.

Monitoring of the beam for tuning purposes was provided by four
sets of beam profile monitor wire chambers located in the various enclo-
sures. The particles passing each wire of these chambers were counted
in individual blind scalers, and a resulting beam profile histogram was
constructed once per accelerator cycle by the Neutrino Area MAC-16
control computer and was displayed via the local closed circuit tele-
vision (CCTV) system. The MAC computer also verified once per accele-

rator cycle that beam line magnet currents were within specified tol-
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eérances, typically 1% for quadrupoles and .05% for horizontal dipoles.

Power supply regulation requirements were considerable because of the

exceedingly long lever arms in the beam line (e.g. 200 meter drifts
after 50 milliradian bends), with shifts of 1 ampere in a string of three
half megawatt power supplies connected in series and providing 4000
amperes typically causing 1 mm beam motions at downstream locations.

The acceptance of the beam line was approximately AQ = .3
usteradians and %$-= 1%[7]. However, the momentum spread of the beam
was determined not by the line acceptance but by the width of the elas-
tic scattering distribution entering the beam line. The 2B of the
delivered beam was typically 5 x 10_4 to within a factbr of two. The
spot size of the beam on target was claimed to be entirely contained in
a region 1" high by 2" wide, with an angular divergence less than .1
milliradian[8]. The beam line was usually run with 105 - 106 protons
per accelerator cycle reaching Lab E. Typical duty cycle was a 1.8

second long slow spill once per 16 to 18 seconds.

C. The PWC System

For the purposes of this experiment a PWC spectrometer was added
to the beam line to allow determination of the individual beam particles'
trajectories and momenta, enabling the rejection of off momentum (halo)
particles and the accurate steering of the beam into the experimental
apparatus. The spectrometer consisted of a horizontal dipole magnet
and eight planes of proportional wires.

The magnet system, designated 5E13, was constructed of two main

ring B-2 dipole magnets, each of which had a good field region 4" wide
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by 2" high by 20' long. A current of 4900 amperes excited the system
to a field of 18 kilogauss, providing an east bend of 16.4 milli-
radians to the incoming beam. The magnets were located approximately
20 meters upstream of the target-calorimeter.

The PWC system, provided by the Fermilab Research Services Depart-
ment[9], contained eight planes of 48 wires each, arranged as four x-y
pair. These were located 20 meters upstream of 5E13, directly upstweam
and directly downstream of 5E13, and ~ 1 meter upstream of the target-
calorimeter, as shown in figure 2-3. The spacing between adjacent
proportional wires was 1 mm. The chambers were provided with a flow
of dried gas 80% Ar and 20% CO2 from manifolds running throughout the
beam line enclosures.

Electronics consisting of amplifiers, discriminators, and differ-
ential ECL line drivers were located on circuit cards mounted directly
on the chamber housings. This circuitry drove sets of 32 pair flat
ribbon cable connected to latch cards located in a crate in the experi-
ment counting house. Each set of three cards, containing the 96 latches
for one x-y chamber pair, was provided with a single fast NIM strobe
signal. The latch crate also contained a scan controller card capable
of sequentially addressing the latch cards and converting their data
into a string of 24 16 bit data words, with each bit corresponding to
the state (hit or miss) of one particular wire. These data were then
routed to a CAMAC interface card for readout.

The complete spectrometer system provided a spatial resolution of
=1 mm/Y/12 = .3 mm and an angular resolution for a pair of

o
space

chambers of o =v/2 0 /lever arm = .035 milliradian for a momen-
ang space
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. A AB 9
tum resolution 7f-= 5 = V2 Oang/e = ,3%. These theoretical results
were verified by reconstruction of computer simulated events. However,

the PWC data were not utilized in this analysis.

D. The Beam Counters

A system of three beam counters and one halo veto counter was
utilized to detect particles in the incident beam. Counters Bl and B2
were transversely centered on and positioned directly upstream of the
front face of the target-calorimeter, and were 2" square and 30" square
respectively. The H counter, 30" square with a 2.5" square central hole
cut out, was located approximately two meters upstream of Bl, and was
shielded from particles back scattered from interactions in the target-
calorimeter by a 12" thick steel albedo shield located immediately
downstream of it. The albedo shield had a profile identical to that
of the counter, i.e. 30" square with a 2.5" square central cutout. One
additional 3" square beam counter, BO, was located just upstream of H.

The beam as tuned for the intensities used in this data taking
typically contained 5-10% halo particles, i.e. 5-107 of the good hits
in B2 were accompanied by a hit in the H counter. The albedo shield was
included in the apparatus to reduce the fraction of hits in H which re-
sulted not from halo particles in the beam but rather from particle
"backsplash" from interactions early in:the target-calorimeter[10].

All counters were constructed of 1/4" thick plastic scintillator,
with the exception of BO, which was 1/8" thick. Each scintillator was
viewed by a single 14 stage photomultiplier tube of Amperex type 56AVP.

Phototube anode signals were passively split, and were then routed to
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both the trigger logic and to commercial 10 bit integrating pulse
charge digitizers (LRS type 2249A).

The first intermediate level of logic, indicating a particle any-
where in the vicinity of the beam, was defined as BLOB=B2 . (BO+H),
where the symbol "+'" denotes a logical OR and "+" denotes a logical
AND. It should be noted that because of the 53 MHz radio frequency
accelerating system utilized at Fermilab, beam particles arrived in
discrete RF "buckets," each typically 2-4 nanoseconds wide and spaced
every 18.8 nanoseconds. Beam particles in the central 2" square region
of the apparatus, and unaccompanied by particles in the 30" square area

during the preceding and subsequent two buckets, were then identified

by BEAM = BLOB ¢ Bl - BLOB BLO

delayed ° Finally, particles

Badvanced
unaccompanied by in-time halo were selected via BEAMH = BEAM  BO -«

?EE—T_E). These requirements were all imposed to ensure that only one
beam particle entered the apparatus within the time resolution of both
the PWC spectrometer and the calorimeter analogue electronics, and that

the particle was likely to be at the nominal beam momentum and not be

the low energy product of some beam scraping.

E. The Calorimeters

The calorimeters utilized in this experiment performed multiple
functions. 1In addition to providing a measurement of the total hadronic
energy in any given event, they served as both interaction target and
muon identifiers, and provided information used in the trigger logic.

The design and construction of the calorimeters were performed at Stan-

ford University, and complete descriptions of both their assembly and
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operation are provided in the thesis of J. P. Dishaw[5]. 1In this
experiment the calorimeters were utilized as the target and hadron
absorbers, but no use was made of the analogue information on hadron
shower energy which they provided.

The upstream calorimeter, which also served as the target, was
composed of 45 steel plates each 30" square. The upstream 20 plates
were 1.5" thick, while the remainder were 2" thick. The plates, with
the exception of the most downstream four, which were welded in place
in order to provide structural rigidity, could be individually longi-
tudinally positioned by sliding along rails parallel to the beam direc-
tion. This feature allowed the density of the target to be directly
varied for use in the single muon final state data, where a separation
of a signal from prompt and non-prompt sources is required[11]. For
the portion of the running utilized in this analysis, this density
variation was not necessary and so the plates were spaced as closely
as feasible, with a typical spacing of 2" between the first 20 plates
and 2.5" between the remainder, and all plates were positioned as far
downstream as possible in order to maximize the solid angle acceptance
of the Fe toroidal spectrometer system.

The second calorimeter, located ~ 1.4 meters downstream of the
first unit, was intended to make a lower resolution measurement of the
energy contained in the portion of the hadronic cascade escaping out
the back of the first 45 plates, i.e. to improve the longitudinal con-
tainment of showers at minimal extra cost. However, in this analysis,
the only purpose it served was as a muon identifier/hadron absorber.

This unit was constructed from 10 steel plates 44" wide by 48" high by



=90

4" thick.

Additional details of calorimetry counters and associated readout
and monitoring electronics are contained in appendix A. The only sig-
nals provided by the calorimeters relevant to this experiment are the
following: (1) F3-10, indicating greater than 50 particles observed in
the analogue sum of pulses from counters after the third through tenth
plates of the upstream calorimeter, and thus signifying an interaction
within the first ten Fe plates; (2) Esum’ an analogue signal represent-
ing the total energy detected in the upstream calorimeter; and (3)
W583MU, indicating three or more particles observed in plates five to

eight of the downstream calorimeter.

F. The Upstream Spark Chambers

The upstream spark chamber system, consisting of two modules of ten
planes each, was utilized to measure trajectories of muons immediately
downstream of both calorimeters. Because of the relatively large num-
bers of punch through hadrons in these regions, especially the region
between the two calorimeters, chambers specially designed for high mul-
tiple spark efficiency were necessary. The upstream module was located
as close to the interaction region as possible in order to obtain the
best possible estimate of muon production angle before large multiple
coulomb scattering occurred, while maintaining the ability to distin-
guish individual tracks. The second module was located in a region
where essentially all surviving charged particles were muons (3 meters
of Fe downstream of the interaction point), and after matching tracks

with the upstream module, indicated which upstream tracks were indeed
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muons, and provided the best estimate of their trajectories upon
entering the magnetic field region of the spectrometer.

Details of chamber construction have previously appeared else-
where[12], so only a brief summary will be given here. Each module
contained 4 x planes, 4 y planes, and one tilted u-v plane pair.

Plane dimensions and u-v rotation angles are given in table 2-1.

Readout wires were located every 1.06 mm, and weré attached to indi-
vidual capacitor-diode network elements. A recirculated gas mixture

of 90% Ne and 107 He with a small admixture of l-propanol was utilized.
High voltage pulses of 8 kv typical amplitude were applied to the cham-
bers via groups of thyratron switched charged delay lines. DC clearing
fields of 85 volts upstream and 50 volts downstream were applied to re-
duce the number of old tracks causing sparks in the chambers. These had
the unfortunate effect of reducing efficiency in the upstream chambers.
The operating points chosen reflected a careful compromise between effi-
ciency and chamber saturation. System dead time for high voltage
recharge was nominally 20 milliseconds.

The spark chamber readout hardware was considerably modified for
use in this experiment in order to allow for direct memory access (DMA)
readout on a PDP-11. Two UNIBIN modules, one capable of becoming bus
master, were interfaced to a data scanner and modified formatter. The
scanner addressed successive groups or boards of 32 sense wire and
searched for clusters of adjacent struck wires on each board. One 16
bit data word was constructed by the formatter for each cluster on a
board. The data consisted of 6 bits containing the board number, 5 bits
specifying the last struck wire in the cluster, and 5 bits of cluster

width. Spark clusters extending over a board boundary generated two
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TABLE 2-1

UPSTREAM SPARK CHAMBER CHARACTERISTICS

Characteristic

Upstream Module

Downstream Module

Size of first two x-y
chamber pair

2.2 by 1.2 meters

1.2 by 1.2 meters

Size of second two x-y
chamber pair

1.2 by 2.2 meters

1.2 by 1.2 meters

Size of u-v chamber
pair

2.0 by 2.3 meters

1.7 by 1.7 meters

Tilt angle of u-v
chamber pair

317 milliradians

784 milliradians
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data words, one for the portion of the cluster on each board. One
additional word containing 5 bits of plane identification number was
generated before the scan of each plane was initiated.

Two stand alone test programs for the readout system were devel-
oped and were typically run once per week or whenever readout trouble
was suspected. One of these checked the operation of the PDP-11 DMA
readout hardware, while the other verified the ability of each indi-
vidual wire to record either a hit or a miss.

The chambers had a typical final resolution of from .3 to .5 mm.
The average single spark efficiency for the first module was 85%,

while that for the second module was 94%.

G. The Toroidal Muon Spectrometer

The Lab E Toroidal Muon Spectrometer[2] was used in this experiment
to measure the momenta of all observed muons and to provide additional
triggering information. The spectrometer consisted of an 11.5' diameter
steel magnet assembly interspersed with 16 planes of spark chambers to
measure muon trajectories and numerous scintillation counters, all
mounted on three magnet carriages and an additional spark chamber cart.

The magnet was constructed of 24 11.5' diameter steel discs each
nominally 8" thick. These laminations were grouped into six half toroids
of four discs each, with each pair of half toroids sharing common coil
assemblies consisting of four packages of 12 turns each. A 10" diameter
central hole was provided through each lamination to provide for coil

return. A current of 1250 amperes provided an excitation of 60,000

ampere turns. The total fB¢dz of the magnet system was 80 kilogauss
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meters, for a transverse momentum kick of 2.4 GeV. The momentum
resolution obtained was limited by multiple scattering, and was 10%
independent of momentum for particles traversing the entire magnet.
Each magnet lamination was composed of two semicircular halves
split along the horizontal diameter. A series of small 3/8" high
aluminum shims was inserted between the two halves of each disc,
creating 3/8" air gaps in the laminations, and thus allowing insertion
of a Hall probe to measure the magnetic field. The computer program
TRIM[13] was used to calculate the shape of the field at all radii
and azimuths. Agreement of this calculation with the Hall probe mea-
surement to 1.57% at the one azimuth accessible for verification was used
as justification for believing the TRIM result at all radii and angles.
A simple parameterization for the field shape calculated by
TRIM was developed: B(kilogauss) = 17.4 + A(¢) - (57.15 - r), where r
is the cylindrical radius in centimeters. The slope A(¢) was given by
.072 - .01269 - ¢2 when r was less than 57.15 centimeters. Here ¢ on
[-w/2,m/2] is the azimuthal angle from the horizontal. For r greater
than 57.15, two azimuthal regions were considered. Defining ¢ on [0,m]
now as the absolute value of the azimuthal angle from the upward verti-
cal, A(¢) was given by .0252 - .861 -« (¢ - 2.484)2 for ¢ between 2.372
and 2.596 radians, and by the constant value .01l44 elsewhere. The for-
mer azimuthal region corresponded to the portion of the magnet near
the legs supporting each lamination. This field shape was then adjusted
by an individual multiplicative constant for each disc so that the cal-
culated field multiplied by disc thickness agreed with a measurement of

/B dz made with the Hall probe in the air gap at a radius near 38".

¢
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H. The Toroid Detectors

Fifteen 10' by 10' planes of magnetostrictive readout wire spark
chambers were assembled from 5' by 10' units previously used and de-
scribed by Caltech neutrino experiment 21 at Fermilab[1l4]. Two of
these planes were located upstream of the first half toroid, two down-
stream of each of the first four half toroids, one downstream of the
fifth half toroid, and four downstream of the entire magnet. A six-
teenth plane consisted of a single prototype 10' by 10' chamber of
similar design, and was also located immediately downstream of the
magnet. One plane upstream of the entire magnet and one downstream
were u-v oriented with tilts of ~ 110 milliradians; the remainder were
x-y planes.

The chamber pulsing system was upgraded for use in this higher
repetition rate experiment by decreasing the size of the capacitor
recharging resistors in all pulsers. 1In addition, large capacitor
banks were utilized to store charge at the output of each high voltage
power supply, and the regulation circuitry of the supplies was reworked
to provide lower effective output impedance. The upgraded system
operated reliably with 20 millisecond recharging dead time and average
rates of 20-25 pulses per second.

The gas system for the spark chambers was also improved, with the
aims of providing lower leak rates and reduced system flow impedance,
thus allowing the use of lower operating pressures. A gas mixture of
90% Ne and 10% He with added ethanol was employed.

The revised chamber readout system, first utilized in E-~21A but

never previously described, was again used here. Signals from the wand
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preamplifiers were connected to pulse center finding modules, where
they were further amplified by 733 integrated circuits. The center

of the wand pulse from each spark was found by searching for the coin-
cidence of positive signal with negative time derivative of the signal.
This coincidence generated a 75 nanosecond long TTL inverse logic
pulse, which was routed to the input of a standard SPEAR "ANNA" multi-
time digitizer (MTD) module[l15].

The MID CAMAC module, which could process the pulses from 4 chamber
wands, operated by starting to count a 20 MHz clock in a 16 bit wide
scaler whenever a conversion cycle was initiated. When a wand pulse
center was detected, the current contents of this scaler were loaded into
the next available location of a 16 bit wide bv 16 word random access
memofy (RAM). Overflow of the 20 MHz scaler ended convérsion, and caused
an additional word of all zeroes to be loaded into the next location of
the RAM. The null word served to flag the end of valid data at readout
time. The system thus had the capability to digitize 15 sparks, two of
which were typically fiducial marks, on any wand, instead of the 4
sparks past first ficucial capability of the SAC system previously
employed.

The resolution of the toroid spark chamber system varied from .3
tol.0millimeters. Typical chamber efficiencies of 907 were realized.

The spectrometer magnets were constructed with 2" wide gaps be-
tween successive laminations. These were destined to be filled with
10" by 10' acrylic-base scintillation counters[1l6]. However, at the
time these data were taken, only the first 3 of these 24 counters had

been installed. The acrylic counters were particularly useful in the
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construction of the event trigger described in section I of this chapter
and section B of chapter IV.

The acrylic scintillators consisted of 4 separate quadrants, each
composed of three 5' by 5' by 1/2" thick sheets of acrylic plastic to
which scintillation fluors and blue wavelength shifter had been added.
Wavelength shifter bars on all four sides of each quadrant reemitted
the collected blue light in the green portion of the spectrum, and con-
veyed this light to a total of 10 RCA type 6342A 2" diameter 10 stage
photomultiplier tubes per 10' by 10' plane. The use of the shifter bar
technique enabled collection of light from almost 1500Asquare inches of
scintillator edge surface onto only 30 square inches of photocathode,
with an efficiency greater than 107%.

The phototube outputs were routed through LRS type 612 amplifiers.
Signals from the two tubes of each plane which viewed each quadrant
(and no other) were then mixed and fed through an LRS 335 amplifier
before being discriminated. A 2 out of 3 fold majority of the installed
planes was then used to define a particle passing through a particular
quadrant.

Two additional 10' by 10' planes of standard plastic scintillator
were also located in the spectrometer. Counter T2 was located down-
stream of the second half toroid; T3 was downstream of the fourth half
toroid. Each plane was composed of two 10' wide by 5' high by 1" thick
halves, with a pair of RCA type 4522 5" diameter 14 stage photomulti-

pliers on each half.
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I, The Trigger Counters and Trigger Logic

In addition to the beam counters (section D) and spectrometer
trigger scintillators (section H), a number of fast counters were
used in the primary physics trigger. A series of coincidence latches
and blind CAMAC scalers were used to monitor the efficiency and count-
ing rates of the triggering system. The conceptual design of the trig-
ger is described in section B of chapter IV.

The C hodoscope, located downstream of the second calorimeter,
was a 4' by 4' array consisting of four 2' by 2' counters, each viewed
by a single Amperex 56DVP 2" diameter 14 stage phototube. The S1
counter, located just upstream of the spectrometer, was 16" square with
a 12" diameter central hole. The scintillator was split into upper and
lower halves, with an RCA 6655A 2" diameter 10 stage phototube on each
half. |

The S2 and MV hodoscopes were both constructed from rectangular
""paddle" counters 10" wide by 60" long, with 6655A tubes on both 10"
edges. The S2 array, located immediately upstream of S1, consisted of
2 groups of 4 counters each, with the long dimension of elements of one
group oriented vertically and the other horizontally. Each set of 4
counters extended over two regions 20" by 60", with an empty central
band 16" by 60" between the two. Thus two counters were located entirely
above the beam axis, two entirely below, two to the west (left, looking
downstream), and two to the east. The MV hodoscope, placed against the
downstream wall of Lab E, utilized 6 counters with long dimensions
horizontal to form an array 60" square.

Small circular veto counters P1-3, each 12" in diameter and viewed
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by a single 6655A tube, were located behind the magnet coil return
holes downstream of every second half toroid. The remaining scintil-
lators, each 64" high by 70" wide by 1" thick, were placed in a
separate building, the '"doghouse,'" downstream of Lab E. Each counter
was equipped with a single 4522 photomultiplier. One of these, S3,
was centered on the beam line, while the remaining four were configured
into 140" by 128" hodoscope Té4.

Multiple intermediate levels of logic were utilized to construct

the high transverse momentum muon triggers (PT).

S = (S - S3) + 82+ 82
Qo ™ 2%, * G * Ty * Ty
45" = 313 T4
vh
vh
MI4 = MV, + T4+ owvtU%2Y L 37y + vt . wssav)
sum
Pth B Svh th T4 MT4vh

Here the subscript v takes on the values west or east while h takes
values up or down. The four signals represented by the symbols SZV and
SZh each refer to the logical "or" of the 4 phototubes on 2 paddle

counters which were entirely located in the indicated half plane. ACRvh

indicates the 2 out of 3 majority logic signal described in section H.

"

A T2 or T3 signal represents the "or" of two tubes on one 5' by 10'

half counter, while MVh is the "or" of 6 tubes on 3 counters in one half

of the MV array. The MVfuzzy

signal is the "or" of 4 tubes on the 2
counters of MV closest to the beam axis, while W583MU represents an

analogue signal greater than 2.5 times minimum ionizing in the linear
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sum of the 16 counters in planes 5 through 8 of the downstream calor-
imeter/muon identifier.

A logic signal (IB), indicating a good particle interacting in the
upstream portion of the target, was defined by the coincidence of sig-
nals BEAMH (see section D) and F3-10 (see section E). The final re-
quirements on beam particles, that they be unaccompanied by additional

beam in the preceeding and subsequent 5 RF buckets, were implemented by

defining IBV = IB - (Esum > 600 GeV) - Bodelayed . Boadvanced' Total

and live time fluxes in both IB and IBV were monitored by Jorway 85A

blind scalers read once per accelerator cycle. The final experiment PT

trigger was constructed via TRIGGER = £ (IB - IBV - % PTv
h v

»

Ja The Data Collection System

The on-line data collection and analysis system was located in a
DEC PDP-11/50 minicomputer, run under a modified version of the RT-11SJ
VO2C operating system. This system was responsible for the collection
and recording of all events, and for the analysis of whatever fraction of
these events was permitted by time.

The computer was connected to a CAMAC branch highway via a Jorway
branch driver capable of DMA operation with double buffering. A CAMAC
serial driver was located in one of the branch crates, and was used to
drive a serial highway into Lab E, where the LED pulsing system was lo-
cated. The branch crates contained most experiment readout modules,
including ADC's, coincidence latches, MID's, blind scalers, PWC readout,

and calorimetry monitors.



=31=

A single UNIBIN, a crate with PDP-11 UNIBUS directly accessible
on its backplane, was used for upstream spark chamber readout and for
additional calorimetry monitoring. This bin has the advantage that
modules located in it can be addressed directly via single machine
instructions rather than indirectly through an interface such as a
branch driver and its appropriate software handler.

The software was divided into two distinct parts: data collection
and data analysis. During the beam spill, a data collection program
constructed event records in a series of core buffers, the contents of
which were subsequently transferred to a disc buffer. When the beam
spill had ended and all core buffers had been spooled to disc, the col-
lection program was replaced by a routine which transferred the disc
buffer contents to magnetic tape. The data analysis program MULTI,
which had been checkpointed to disc to make room for core buffers during
the spill, was also restored and restarted, proceeding to analyze the
disc buffer contents.

The MULTI system contained two major components. The basic system
is an experiment independent program providing interactive histogram
construction, scatterplots, expression evaluation, and numerous displays
as well as useful facilities such as dynamically assigned memory, a
dictionary of variable names, syntax analyzer and séntence parser, and
graphics capabilities. The "user appendages' contain routines to perform
data analysis and display construction germane to a particular experiment.
Tasks such as monitoring of ADC pedestals, LED pulse heights, and spark
chamber ficudial efficiencies and conversion of ADC counts to pulse

heights in equivalent minimum ionizing particles or of spark chamber
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clock counts or encoded hits into spark coordinates in space were per-
formed by code falling into this classification. User generated dis-
plays included schematic representations of ewents, running averages

of hadron shower longitudinal development and spark chamber hit counts
and spark widths, and calorimeter reference tube Nal pulse height spec-
tra, in addition to pure text displays of raw or partially processed

hardware interface data.
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CHAPTER IIT

DATA REDUCTION

A. Overview

The thrust of the initial data analysis was towards the recon-
struction of all tracks upstream of the spectrometer and the momentum
determination of that subset of tracks which traversed at least the
first half toroid. Thus the data reduction consisted of the preparation
from abstracted raw data of summary tapes (DST's) containing track rather
than spark information, but with all other quantities relating to an
event left unchanged. All events on the DST's containing reconstructed
u+u— pairs were then selected and written onto condensed summary tapes
(CST's). |

All data reduction and simulation described in this thesis were
performed on the CDC 7600 system at Lawrence Berkeley Laboratory, using
the Caltech COPE link for remote job submission. The input data sample
of 105 raw 9 track 800 BPI tapes, containing ~ 1.3 x 1010 bits of infor-
mation, was reduced to a single merged CST requiring less than one 6250
BPI reel, and consisting of ~ 2.4 x 108 bits.

Data summary tapes were prepared using the y reconstruction version
(ANAL379) of the program TIOGA. Reduction of the abstracted version
of one raw data tape required 50 to 60 seconds of computation; operation
on raw unabstracted data required 240 to 275 seconds per tape.

A summary of the types of records on raw data tapes is given in
table 3-1. The DST preparation modified only physics events and end
spill records. The pedestal and LED calibration events and begin spill
records were left in the DST in their original form. Processing of end

spill records consisted simply of summing the fluxes in IB and IBV (see
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TABLE 3-1

TYPES OF RECORDS ON RAW DATA TAPES

Type When Collected Purposes/Contents

Physics Event* Upon event detection Description of event.
Pedestal Before each spill Determine zero offsets in ADC's.

LED Before each spill Verify operation of counters
with LED's; determine tube gain

with light flasher.

Begin Spill Before each spill Determine gain of Nal reference

tubes between beam spills.

End Spill After each spill Determine gain of NaIl reference
tubes during beam spill; read
blind scalers containing beam

fluxes and tube singles rates.

Begin Run First record of run Text describing run purpose and

running conditions.

#Physics events include both high transverse momentum muon triggers
(section B of chapter IV) and interacting beam triggers (section B

of chapter III).
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section I of chapter II) signals for beam normalization. The end spill
record written to the DST was identical to the raw data tape version
with the exception that the record was truncated to remove the portion

containing data from the blind scalers.

B. Preliminary Raw Data Abstraction

Before any attempt at event reconstruction was made, raw data tapes
were run through the abstraction program ABS2AC, which retained only
those events which could possibly be useful to a y analysis. Operation
of this program required ~ 7 seconds of computer time, of which ~ 5
seconds were éxclusively for I/0 operations, per raw data tape. This
step reduced the actual size of the data sample by at least a factor of
3 by removal of physics events containing only one muon or muon pairs
with low (i.e. S 1 GeV) invariant mass, and reduced the processing time
by a minimum factor of 4. The time reduction was larger than the data
volume reduction bécause much of the content of the abstracted tape was
composed of calibration events requiring minimal (or no) reduction.

Events retained consisted of all non-physics records, including
ASCII begin run logs, begin and end spill events, and pedestal and LED
calibrations, plus a sample of physics events. This latter sample in-
cluded all interacting beam triggers (events triggered on every 16384th
good beam particle with no additional requirements) for calibration of
the calcrimeters, plus those high transverse momentum muon triggers
(see section B of chapter IV) in which hits in two or more quadrants of
the toroid acrylic (ACR) counter system were observed. This last two

quadrant requirement was designed to be a simple cut to ensure the
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presence of two muons with a large opening angle in a trigger which
only required one muon, and effectively reduced the number of muon
triggers by about one order of magnitude while maintaining relatively
high efficiency for the high mass y state.

For the purpose of this abstraction, a quadrant hit was defined
as either a count in the 2 out of 3 majority logic circuit or counts in
2 or more of the 3 individual planes of the ACR counter (section H of
chapter II contains details of ACR counter construction). The small
difference between these two definitions was due primarily to the looser

timing requirements imposed on observing counts in the individual planes.

C. Track Reconstruction

Track reconstruction proceeded in a straight line flow. First,
all hardware related raw data were converted into spark coordinates in
centimeters. At this time, various status checks were made on hardware
performance, and a small fraction, typically 2.5%, of events was rejec-—
ted as containing possible hardware failures. After these operations,
sparks in the upstream capacitor diode (CD) chambers and spectrometer
magnetostrictive (CIT) chambers could be treated completely equivalent-
1y.

Straight line segments were found separately in the horizontal (x)
and vertical (y) projections of both modules of the upstream chambers.
These segments were then correlated using the appropriate rotated u-v
chambers. Next, the lines in the two modules were matched with one
another. Unmatched segments were then used as input to various routines

designed to find events where chambers were inefficient, events where
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pairs of tracks were degenerate in either the x or y view, events
containing extremely wide angle tracks, and particles which suffered
severe multiple scattering in traversing the downstream calorimeter/
muon identifier.

After all upstream tracks had been found, a similar search was
made for straight correlated lines in both x and y projections in the
spark chamber cart downstream of the spectrometer magnet. Both these
lines and the previously found upstream fully matched tracks were then
used as input to a toroid track search routine using an algorithm
based on conservation of angular momentum. This algorithm utilized
the fact that, expressed in a cylindrical coordinate system with a z
axis along the toroid axis, the magnetic field in the spectrometer was
entirely in the ¢ (azimuthal) direction, and thus the ¢ component of
a particle's angular momentum was not changed by the field. This method
does not require that the toroids be centered on the incoming beam axis.
In that case (these data), the azimuthal component of the angular momen-

tum should always have the constant value zero.

D. Momentum Fitting

Toroid tracks were momentum fitted by an iterative method capable
of rejecting existing sparks in a track and searching for new ones.
Finally, the fitted momenta were corrected for energy loss resulting
from traversing the calorimeters, assuming that the longitudinal (z)
position of the primary event vertex was located at the upstream face
of the target-calorimeter. For determining transverse momentum, the

measured slopes of the track in the upstream module of the CD chambers
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were assumed to reflect the muon directions at the production vertex,
and no correction for multiple scattering in the upstream calorimeter
was employed. The smearing of transverse momentum resulting from this
scattering was compensated for by the acceptance calculations (see
section F of chapter IV).

The detailed operation of the spark chamber processing and track
reconstruction routines is contained in appendix B, as are descriptions

2 ; " .
of the various X cuts employed and normalizations used in calculating

the xz.
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CHAPTER IV
TRIGGERING, TRIGGER ACCEPTANCE, SMEARING, AND RECONSTRUCTION EFFICIENCY

A. Overview

The data for this experiment were collected using a trigger
designed to accept a single positive muon of large (i.e. #1 GeV) trans-
verse momentum (pt) with no bias against additional muons. If no P,
requirement had been imposed and instead the experiment were triggered
on any muon, we could estimate the trigger rate by assuming 10 pions pro-
duced per event and 10—-4 muons per pion, or a rate of 10—3 per incident
proton. However, experiment dead time effects necessitated a maximum
trigger rate of order 4 x 10—5, and thus the P, cut was imposed to lower
the raw trigger rate by the necessary factor of 25 while maintaining
good sensitivity to muons produced by the decays of high mass states.

The pre-analysis abstraction cut (see section B of chapter III)
requiring hits in two quadrants of the toroid acrylic counters ensured
that two muons were present, that the opening angle between the muons
was large and thus the mass of the muon pair was likely to be high, and
that both tracks were sufficiently far from the toroid central hole that
the probability of reconstructing their momenta was large. This cut
reduced the initial data set of ~ 100 tapes containing ~104 P,
trigger events each to a more tractable sample of approximately 1.5 x 105
events.

The trigger acceptance and smearing corrections as well as effects
of resolution were calculated using the Monte Carlo program MCR379.

This program could be run in several modes, and was capable of calculat-

ing distributions in laboratory variables (energy, transverse momentum,
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etc.) of particles given any set of assumptions on center of mass pro-
duction parameters and decay probabilities, of mapping trigger effi-
ciency as a function of any variable, and of generating an output tape
of simulated data identical in format to raw data tapes from the experi-
ment. These tapes were then processed by the usual reconstruction pro-
grams, providing an estimate of both reconstruction efficiency and

smearing errors.

B. The Pt Trigger

The high P, trigger utilized the fact that the toroidal spectrome-
ter was centered on the incoming beam axis to select only those muons
whose P, exceeded a threshold value which was independent to lowest
order of the particles' total momentum. The trigger was constructed by
requiring that a muon remain in the same azimuthal quadrant of the
apparatus until it reached the MV counter downstream of the spectrome-
ter, i.e. by requiring hits in the same quadrant of all counters. The
actual trigger logic is described in section I of chapter II, while the
trigger efficiency as a function of P, of the muon is detailed in sec-
tion D of this chapter.

Figure 4-1 presents examples of "typical' muon trajectories in the
apparatus. If a particle's trajectory is described in cylindrical
coordinates and if multiple scattering and any small radial components
of the coroids' magnetic fields are ignored, the particle moves in a
plane of constant azimuth starting from a radius (r) of zero at the

longitudinal position of the interaction point (zip)' If we further

neglect the effects of energy loss in the steel of the calorimeters and
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Figure 4-1:
"Typical" muon trajectories in a plane of constant azimuth. Those
focusing (positive) muons which remain in the same quadrant of the
toroidal magnet until passing the MV counter (one half of which is

shown) trigger the apparatus.
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toroidal magnets and approximate the effect of the magnetic field by
a point kick of magnitude p?ag at the longitudinal position of the
center of the magnet (Zmag)’ then the radius of the trajectory of a

]

positive (i.e. focusing) muon at z_  downstream of the magnet is given

MV

_ _ _ _ mag - _
by r (zMV zip)pt/p (zMV zmag)pt /p. The condition of no cross
over to the opposite quadrant is just that r be positive, or that P, of

the positive muon be greater than p?ag(z -

- zmag)/(zMV - Zip) indepen-

dent of p.

The above condition breaks down if the muon path passed through
the hole in the center of the toroidal magnet. In order to remove rays
passing through the hole, which subtended an angle of 22.5 milliradians
in the laboratory when viewed from the interaction point, the trigger
required a hit in either of the S1 or S2 counters upstream of the
magnet front face. These counters covered a region essentially 5’
square with a 1' diameter central hole cut out (see section I of chap-
ter II for details). Negative muons which did not enter the toroid
central hole were typically defocused entirely out of the spectrometer

magnet, and so did not trigger the apparatus.

C. The Monte Carlo Program

The acceptance of the trigger and associated cuts, and the effects
on measured variables due to experimental resolutions were studied using
Monte Carlo techniques. The Monte Carlo program consisted of the fol-
lowing major portions: incident beam particle momentum and interaction
point position and inclination angle simulation, generation of param-

eters in the center of mass frame of all relevant leptons, transforma-
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tion of lepton momenta to the laboratory system, ray tracing of all
muons, trigger logic simulation, and raw data output generation. Any
number of these sections could be skipped; e.g. if only histograms of
laboratory momenta were required, the execution could be terminated
before ray tracing; if acceptances were desired as a function of lab-
oratory parameters, rays could be generated directly in the laboratory
frame with any desired distribution.

Trigger efficiencies or effects of data cuts could be calculated
differentially by bin-wise division of histograms of accepted events
by generated events. This allowed the concentration of generation sta-
tistics in any interesting portion of a distribution, or alternatively
provided good statistical errors on acceptance in precisely the regions
where events naturally occurred.

Ray tracing through the apparatus proceeded in a series of discréte
steps, with one step for each plate in the calorimeters or for each
lamination of the toroids. For each step energy loss was calculated
corresponding to the momentum of the particle and its actual path length
for the step. Multiple scattering was simulated in each step separately
in both vertical and horizontal projections according to a joint gauss-
ian distribution in scattering angle and displacement. Effects of
energy loss and multiple scattering in any material other than steel
were ignored, as were fringe magnetic fields in the toroid central hole
and outside the magnet.

It should be emphasized that the Monte Carlo procedure is almost
entirely model independent. Once the momenta of muons in the center of

mass frame are specified, the acceptance for an event is entirely
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determined by the known geometry of the apparatus and modified only
by the effects of multiple coulomb scattering and energy loss. Al-
though our knowledge of these effects can hardly be questioned, it
is gratifying to note that the observed and calculated widths of the
Y peak were essentially identical.

The only question that can then be raised as to the validity of
the Monte Carlo is one of whether the assumed distributions for Y pro-
duction and decay are consistent with those measured in this experiment.
The initial values of all such parameters were taken from the published
data of Bramson et al.[l], and were modified via three iterations of
Monte Carlo generation until the assumed values lay within one stan-
dard deviation from the fitted data values. 1In addition to the confi-
dence inspired by this consistency, it should be noted that the differ-
ential efficiency is independent of the assumed distribution, and that
in addition, the efficiency was relatively slowly varying; i.e. for each
bin of the differential efficiency, the systematic errors calculated by
varying the parameters of distributions in other variables by one stan-

dard deviation were smaller than the statistical errors in the efficien-

cy.

D. Trigger Efficiency

In order to determine the efficiency of the P, trigger for single
positive muons the Monte Carlo was run for 40,000 events uniformly dis-
tributed in momentum from 10 to 50 GeV and in transverse momentum from 0
to 2 GeV. The results showed an efficiency versus P, which was virtu-

ally independent of p from 17 to 50 GeV. A typical efficiency plot,
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for muons of momentum between 20 and 30 GeV, is shown in figure 4-2.
The trigger had a limiting efficiency of .9, due to multiple scat-
tering between quadrants and dead regions in counter planes, and
reached 107%, 50%, and 907 of this value at P, of .7, 1.0, and 1.3
GeV respectively.

A two dimensional plot of positive muon acceptance region in the
laboratory is presented in figure 4-3. The horizontal boundaries
represent the P, cut of the trigger, while the vertical line indicates
the effective range cut introduced on the muon total momentum. The
oblique lines at constant angle represent the laboratory angles of the

inner and outer radii of the toroidal magnet at the magnet front face.

E. Transverse Momentum Distribution of y Decay Muons

Before entering into the results of a detailed calculation of the -
P, distribution of muons from Y production and decay, one can gain a
rough feeling for the acceptance of the trigger for such events by
noting that a "typical" iy is produced essentially at rest in the center
of mass of the initial 400 GeV proton-nucleon collision. In addition,
if the angular distribution of decays 1is flat, the most solid angle for
decay occurs at 90° in the center of mass. Thus, typical muons from y¥
decay have P, of 1.5 GeV and energies of 23 GeV in the laboratory, and
therefore fall well within the region of trigger acceptance.

The experiment Monte Carlo was usually run assuming that y's were

P _-2.08 P 4.65

produced according to 5 o« t 1 - leI) , where
dP” dx_ dcos6* +
0% is the s channel helicity angle of the u (also known as the Jacob-

Wick angle), i.e. the angle between the ¥ and the system recoiling from
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Figure 4-2:

Calculated efficiency (e) of Py trigger for single positive muons
uniformly distributed in laboratory momentum from 20 to 30 GeV,

as a function of muon transverse momentum (pt).
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Figure 4-3:
Accepted region of P trigger for single positive muons as a
function of laboratory parallel and transverse momenta. The solid
lines indicate an approximate contour of 50% acceptance. The
cutcffs for the toroidal magnet central hole and outer radius are

provided by counters on the front face of the magnet.
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the y as measured in the Y rest frame. Here Pt refers to the

total transverse momentum of the muon pair, and not an individual
muon (pt), while Xp is the fractional parallel momentum of the ¥

in the center of mass (xF =p / e

P ). The P, spectrum of the posi-
tive muons produced from 25,000 y decays simulated according to this
distribution is shown in figure 4-4. If we fold this spectrum with
the trigger acceptance, we obtain the result that .430 + .003 of these

events satisfy the Pe trigger. The two acrylic quadrant abstraction

cut reduces this fraction to .302 * .003.

F. Monte Carlo Characteristics and Efficiency Definition

Although it is possible to define the acceptance of the trigger
and reconstruction efficiency as a function of the three variables Xpo
Pt’ and cos6*, in practice it was difficult to obtain sufficient sta-
tistics in the Monte Carlo program to do this. Instead, the efficiency
was integrated over two of the three variables assuming production dis-
tributions in these variables similar to those actually observed in the
data, and the process was repeated (see section C) until convergence
was obtained. As the efficiencies were slowly varying, the errors in
the resulting functions exF, EPt, and € —

of inexact production parameters were small compared to the statistical

5 due to systematics in use

errors in the efficiencies.

In general, the efficiencies utilized in calculating distributions
were the product of several factors: trigger acceptance, reconstruction
efficiency, mass cut efficiency, and smearing factors. The mass cut
inefficiency resulted from the fact that the finite resolution of the

spectrometer moved the mass of some reconstructed ¥ events outside of
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Figure 4-4:

Calculated transverse momentum (pt) distribution of positive muons
from ¢y decays. The assumed Y production distribution is given in

the text.
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the 2.4 to 4.0 GeV region defined as the VY in this analysis. This same
resolution problem also shifted the reconstructed values of dynamical
parameters away from their actual values.

The effects of this smearing can be included in the efficiency by
the following general formalism. If O(aobs) is the observed distribu-
tion in some observed value of a parameter o, and P(aact) is the true
physical distribution in terms of the actual value of the parameter,
then O(aobs) = J P(aact) S(aact’aobs) daact’ where S(uact’aobs) is the
probability that an event of true value B will be triggered on, re-
constructed at a value aobs; and have a reconstructed mass between 2.4
and 4.0 GeV. Again it is in principle possible to calculate
S(aact’aobs) by reconstruction of a large number of Monte Carlo events,
but it proved reasonable only to assume a function P(aact) close to the
physically measured distribution and then to define ea(a) as 0(a)/P(a),
iterating as necessary until € converged. In the language of linear
algebra this corresponds to solving the following problem: given an
equation O=SP for a known operator S and a particular choice of vector
P, we define € as that operator which satisfies O = SP = €P and is dia-

gonal in a basis whose elements are characterized by the parameter a.

G. Efficiency Results

The efficiencies in x_,, P, of the ¥, and cos6* were calculated with

F’ 't

a single Monte Carlo run in which 25,000 { events were generated accord-
ing to the distribution described in section E. Of these events, 10741
satisfied the P, trigger requirement, 7549 with the hits in two quad-

rants of the toroid acrylic counters. Figure 4-5 shows the mass dis-
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tribution of the 6991 Monte Carlo events which were successfully
reconstructed. Most of the 558 remaining events contained negative
muons of such low energy thatthey stopped in the spectrometer magnet
without leaving a track of length sufficient to reconstruct their
momenta. Because of the resolution of the apparatus, with a standard
deviation of 137%, only 6684 of the reconstructed events fell within the
mass region from 2.4 to 4.0 GeV. The distribution indicates the actual
effect of gmearing on the invariant mass (muu) of a muon pair.

Figures 4-6 to 4-8 present the trigger with two acrylic quadrant
requirement acceptance as functions of the actual (physical) variables
Xps Pt and cos6* respectively. Note that although the experiment was
triggered only on muons of pt;f 1 GeV, the acceptance as a function of
U] Pt was relatively flat from O to 4 GeV. The final differential effi-
ciencies as functions of the measured variables are shown in figures
4-9 to 4-11. The quotients of these sets of plots, figures 4-12 to
4-14, represent the distortions (D) of the measured distributions due
to the combined effects of smearing, mass cut efficiency, and recon-

struction efficiency.
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Figures 4-6 to 4-8:
Probabilities (etrig) that a § will be triggered on and meet the
two quadrant abstraction cut as a function of the physical (i.e.

non-smeared) values of the parameters XF’ =

P , and cos6*. For each
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plot, the values of the remaining two parameters are integrated

over the distribution described in section E of the text.
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Figures 4-9 to 4-11:
Experimental efficiencies (e) as functions of the reconstructed

values of the parameters x Pt’ and cosf*. Effects of trigger

F’
6 I T T I

Figure 4<9
and reconstruction efficiency as well as smearing effects on the

measured parameters and muon pair mass have been included.
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Figures 4-12 to 4-14:
Distortion factors (D) representing effects of reconstruction

efficiency, smearing, and muon pair mass cuts as functions of
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Figure 4-12
Xpos Pt’ and cosB*, The D factors are the ratios of experimental
efficiency (figures 4-9 to 4-11) to trigger efficiency (figures
4-6 to 4-8).
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CHAPTER V
DATA, BACKGROUNDS, AND NORMALIZATION

A. Overview

The mass spectrum of 35300 events in which the momenta of one
positive and one negative muon were reconstructed is shown in figure
5-1. No cuts other than the P, trigger on the positive muon (see
section B of chapter IV) and the software pre-analysis abstraction
cut selecting two muons of large opening angle by requiring hits in
two quadrants of the acrylic counters (see section B of chapter III)
have been imposed. In addition, no correction for the variation of
acceptance with muon pair mass has been applied. The Y peak is
clearly visible sitting on a falling dimuon background, presumably
arising from tails of low mass vector mesons (e.g. p, w, etc.) decay-
ing to two muons and from a non-resonant diﬁuon continuum (possibly
Drell-Yan[1l] electromagnetic pairs). The apparatus lacks the resolu-
tion necessary to distinguish the Y (3685) resonance.

The cut-off in the data at low mass is due to the apparatus accep-
tance, especially with the two acrylic quadrant requirement which was
imposed precisely to reduce acceptance for low mass pairs. If we
assume that the two acrylic quadrant cut biases the acceptance towards
the region of symmetric (i.e. 90° in the center of mass) decays, and
recall that the Py trigger becomes efficient at about 1 GeV of trans-
verse momentum, we can estimate that the acceptance would fall rapidly
for muon pair masses below 2 GeV. The effect of this cut may be gauged
by noting that the observed signal in the vicinity of the p is only
about one order of magnitude larger than it is at the Y, while the

expected production differs by two to three orders of magnitude[2].
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Raw invar