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That voice was damned familiar. "Majistral is going to the

John Bull,” said the pope. '"We can catch up with him later.”

V.p. 441, Thomas Pynchon
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Abstract

We report measurements of the reaction #7p -» n*m™n at 100 and 175 GeV/c
using a large wire chamber spectrometer at Fermilab. Production of p% f°, and g°
resonances was observed. Cross sections for m7p - m*m™n in the p® mass region are
given. Decay angle distributions for nm masses from .55 to 3.5 GeV/c?® are
presented. Moment analyses of the decay distributions are made as a function of
77 mass from .55 to 2.4 GeV/c? Contours of 7 decay distribution dips are given in
Spn and tn, Comparisons with several lowgr energy experiments are made.

Detailed discussions of the apparatus, trigger, and analysis procedures are given.
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Chapter 1
Introduction
1.1 Perspective
Studies of the reaction
mposntan (1.1)

have been an important part of the high energy physics agenda since the first
observations [StB1, Er61, Pi61] of p mesons were published in 1960 and 1961. These
occurred not long after such resonances were predicted [Dr58, Fr398] to explain

nucleon electromagnetic form factors.

Interest in reaction (1.1) has largely focused on the creation and decay of the
final state # system as a map of the forces between pion pairs, and between pions
and nucleons. At beam energies above a reﬁ GeV, one cén view the reaction as a
"quasi two body" reaction."in which eit.héf the -final state pions are associated with
each other, or one of them is associated with the recoiling neutron. If we draw one
particle exchange diagrams for reaction (1.1), as in figurehl-l, these interpretations
yield 1-la and 1-1b. Our experimeﬁt favors 1-l1a over 1-1b mainly by its design,

which limits the 7* - neutron acceptance to high masses.

The nm effective mass spectrum for reaction 1.1 observed in previous experi-
ments, for example [Bo64, Hy68, Ro73, Gr74, Co78, and Wi78], is dominated by the
prominent p%770) and f°(1270) resonances. To a lesser extent, the g%(1700) state
was also visible. The »%783) meson has a small branching fraction to n*7~, and its
presence in reaction (1.1) is felt mainly through electromagnetic interference
effects with the dominant p® A continuum of effective masses is also present, and
fine scale features of the mass spectrum, when coupled with analyses of the mr
decay angle distribution have revealed evidence for other states not appearing

readily in effective mass spectra. Reported states decaying to mr include [PDGBO]
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Figure 1-1. One particle exchange diagrams for reaction (1.1) (a) nw in- —
teraction at the upper vertex, which may or may not be resonant. {b) N
interaction at the lower vertex. Either vertex may or may not be
resonant. (a) is kinematically favored by the spectrometer over {(b).- -
- Resonant interactions at both vertices are backgrounds suppressed by the
trigger. -
-
the S°(980), £(1300), 7' (15i5), p'(16800), and h(2040). Of these, the A% comes
_ -
closest to having a visible effect on simple mass plots. The nw decay distribution
and the mass spectrum alsc show non-resonant effects from the mm interaction.
Sharp drops in mass spectra have been interpreted as caused by zeros in the nrw
interaction amplitude entering into kinematically allowed regions. The first such _ U
drop occurs at about 1 GeV/c? effective pion mass and the amplitude. zero int'erp‘ré-’
tation probably competes with explanations based on the inelastic threshold for -
KK and the existence of the S°.
The first p meson observations were interpreted as evidence for elastic mnm
scattering, with the "target” pion being a virtual particle emitted by the nucleon. -
Although no real pion targets exist, mr scattering has rernained a fairly important
and interesting area of strong interaction studies. Data extrapolation procedures -
beginning with the work of Goebel [Go58] and Chew and Low [Ch58], have allowed
reasonable determinations of the 7 scattering parameters from a number of reac-
tions. The 7w system found in reaction (1.1) is thus surprisingly complex, and high -

statistics data are needed to observe all, or most of the above mentioned features.

I
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Reaction (1.1) is representative of a tremendous number of exclusive (all final
state particles determined or detected) reactions studied in the last twenty years.
Most of these studies were made at beam momenta less than about 20 GeV/c on
interactions characterized by relatively low, —1GeV/ c? < t < 0, momentum transfer
between target and recoil systems. A wonderful and varied hadron spectroscopy
and the dynamics seen in low ¢ experiments have both enriched and help to trouble
high energy physics. The sheer number and variety of mesons, along with a like
proliferation of baryon states, helped show that most observable pa.rticlesr were not,
as once hoped, fundamental, while at the same time providing the initial veri®cation

of the quark model and unitary symmetry classification schemes.

A ''peripheral” reaction [JaB5), (1.1) is characterized by a dominance of small
momentum transfers from the proton to the neutron at beam energies above a few
GeV. Over half the examples of reaction (1.1) in this experiment were found at
|t |<.15 (GeV/c)2. Such collisions are relatively soft, and can be viewed as resulting
from the longest range form of strong interactions. In this, one begins to cop.éider |
the second main focus in studies of reaction (1.1), the strong interactions between
pions and nucleons. At low ¢, coupling constants are too large to permit straight-
forward perturbation analyses c;f the interactions involved. Quantitative and
specific theoretical predictions about the behavior of the strong force (its explicit
dependence on observable variables) in this region have come only with concerted
effort. Phenomenological analyses, which have blended fairly general principles
with reasonable models, have also been fruitful. leading one to believe that many of
their results should be derivable from whatever final theory evolves. However,
although the successes have been considerable, and important features of the
strong force have been quantified, the dynamics of low t interactions have been dif-

ficult to interpret theoretically.
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Modern origins of the peripheral model for low ¢ interactions are found in the
work Chew, Low and Goebel, and that of Drell [Dr60]. The simplest peripheral model
is just one pion exchange (OPE), in which the exchange of figure 1-1a is a virtual
pion. However, although m exchange dominates many reactions, simple OPE is too
simple a description for (1.1) and any other reaction allowing m exchange. A
number of features of the data are simply inconsistent with OPE and other effects
must be present. The simplest models for these are absorbed 7 exchange models,
such as the Williams or "Poor Man’'s Absorption” (PMA) meodel [Wi70, Fo71a, Fo71b,
Wa73, and Oc?73]. In PMA, one has a simple analytic model for the effects of absorp-
tion on basic 7 exchange. PMA appears to be the simplest model that can describe
the general features of reaction (1.1) in the low (<.15(GeV/c)?) t region. The
agreement with data has been rather good [0¢73, Wi78], and rather detailed studies
are needed to see the limitations of the model. Although the significance of its suc-
cess is stiil unclea.r.' the model has been surprisingly resilient. Appendix A includes
a brief review of OPE and PMA, and defines the kinematic symbols used in this‘

thesis.

PMA generally ignores the effects of ot.hgr allowed exchanges. A more reason-
able approach would be to invoke the principles of Regge theory, in which not vir-
tual particles, but poles in the complex angular momentum plane associated with
them represent forces. For reaction (1.1) other exchanges both allowed and found
required by low energy data include A,, Az Regge poles and cuts associated with the
m and 4 poles [Ki73, Ki?7]. At this level of complexity. Regge models of np-p%n

are in excellent agreement with data up to 63 GeV/c [Ki77, Al78].

Despite early difficulties, Regge theory has been found a reasonable, although
complicated, framework for describing low and intermediate ¢{ hadrenic interac-
tions. This is a regirhe‘ in which the more fundamental form of strong interactions,

the color force of QCD [Fi78], currently runs into computational problems because
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of large coupling constants and nonperturbative binding effects. In this context, the
many complications needed for a Regge model of relatively "simple” reactions such

as p production are not unreasonable.

Altho-ugh no longer on the frontier of high energy physics, experiments on peri-
‘pheral interactions, such as reaction (1.1), still have a place. They can add to our
spectroscopic knowledge, and continue to map the strong force in an old, but still
difficult region. Any allegedly true theory applicable to strong interactions must be
able to quantitatively predict the dynamics seen by such an experiment. This
report, will hopefully add to the data set for such tests. Our experiment is the

highest energy counter experiment to study reaction (1.1).

1.2 E110

The experiment described in this report, Fermilab E110A, grew out of three
proposals {(numbers 35, 51, and 54) submitted to the then National Accelerator
Laboratory for peripheral physics experiments with large aperture, spark chamber
spectrometers located in hadron beams. The initial E110 proposal [Pi71] projected
a systematic physics program covering s and t dependences of a series of quasi-
two-body peripheral interactions, new resonance searches, and 7w and K écatt.er-
ing measurements, all at beam energies up to 80 GeV. At the time it was proposed,
1971, the studies of E110 were of topical interest. There was also a desire for a

large, general purpose spectrometer facility at Fermilab.

An amended proposal, 110A [Pi72], was submitted in May 1972, and approved
shortly thereafter. Some changes to the proposed spectrometer were made, the
physics program was somewhat extended, and beam energies up to 200 GeV were
projected. At that time, the E110 collaboration consisted of experimenters from
Cal Tech, Fermilab, Indiana University (IU), the University of Illinois Chicago Circle
(UICC), and the University of California Los Angeles (UCLA).
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In 1973, during the early construction of the E110 spectrometer, a second pro- i
posal, ER60 [Pi73], was submitted by the E110 collaboration for an investigation of
high p; phenomena, including the production of hadron jets. E260 would use the =
E110 spectrometer and take data first since much of the E110 instrumentation -
would not be needed. Only some large calorimeters, not in the E110 proposal, would
have to be added. The group’s efforts then centered on E260, which took Beryllium —
target data in January 1976, and Hydrogen target data during the summer of the
same year. The UCLA participation in the collaboration ended with E260, although =
they refurbished our Cerenkov counters between experiments.
As the data taking for E260 was being completed in September 1976, a few
tests were made to evaluate the basic E110 trigger method, which used multiwire -
proportional chambers as hodoscopes to count charged particles. By this time,
E110 represented fairly "old fashioned" physics. 'apd Fermilab requested that the -
physics goals for E110A be redefined in terms of a limited survey of peripheral
interactions and resonance éearches at 100 and 200 GeV. The result was a proposal -
to survey the following reactions simultaneousiy: high mass nm scattering, -
np-mtnn  with emphasis on p° production, 7p - K°K" p." Kp »K'np,
np > Kn*n~X, and n7p > K°K°X. A few background reactions would also be -
recorded. The main tiata would be taken at 100 and 200 GeV, with some at 17 and |
50 GeV. The 17 GeV point was desired for a comparison with results {Gr?74] of the =
Cern Munich collaboration.
Spectrometer modifications, section 2.1, were largely completed by January
1977, and an engineering test run was made in February. Our first major physics —
run (Run I) took place in May and June of 1977, with most data taken at 100 GeV,
and some at 20 and 50 GeV. Twenty, rather than 17 GeV was used after design stu- -
dies indicated that a fixed spectrometer‘geometry was preferred for using the
—~

lower energies to understand backgrounds expected in . at 100 GeV, and 20 GeV

[
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was the best compromise of resolution and acceptance for our low energy point.

An extremely preliminary analysis of the spring '77 data [St78] indicated
overwhelming background and resolution problems for nn at 200 GeV. In response
to this, we lowered the beam energy to 175 GeV and additional photon detectors
were added at the downstream end of the spectrometer. One of these dstectors
was a high resolution photon calorimeter originally used for Fermilab E111 [Ba80].
Its installation at the MPS had already been planned as a parasitic test run for a
proposal to study w%»n*n~n0 P523 [Dz76a). The other was a "lead wall", backed by
scintillator and covering the major part of the forward aperture. Both of these
detectors were behind our second Cerenkov counter, C2 {figure 2-2), and both were
used, along with repositioned E260 calorimeteré. as off line (not as part of the
trigger) vetos. With these changes, we made a second major run (Run II) in the
winter and spring of 1978. Most of the data for this run was taken at 175 GeV, with
some at 20, 50, and 100 GeV for calibration purposes. Table 1.1 gives our overail

event totals for the two runs excluding alignment and special calibration data.

With the completion of the Run II, analysis of both runs began. Track finding
was done at both Fermilab and at Lawrence Berkeley Laboratory by the Indiana and
Cal Tech groups. This effort was plagued with several false starts, requiring two
repetitions of the tracking analysis on Run I data. This wasn't completed until
December 1979 for Run I, and shortly thereafter for Run II, which was held back
until the problems in the earlier set were resolved. Although some preliminary stu-
dies of our mmn data were made during this time, final background and physics
work on the mmn reaction didn't begin until this stagé was completed. Final track-

ing and physics analyses were made on the Fermilab Cyber 175 computers.

A division of labor was made for the physics analysis of our various triggers.
UICC had the X°X°X, and high mass mm scattering triggers. A thesis [DeB82] has

been written on the K°K°X data. Cal Tech and Indiana shared the "low mass" 7mmn




Table 1.1

Total Events by Run (Thousands)

Pseam Runl Run II
20 GeV/e 63 81
50 GeV/e 164 122

100 GeV/c 1058 404
175 GeV/c 0 1680

trigger, called "nrwny”. Initial studies of the X%wp trigger were made at Cal Tech,
and Indiana is now pursuing its final analysis. Cal Tech analyzed the K°rxX data,
and our E110 publications to date were based the Run I data from this trigger.
These were a conference report [DiB0] and paper [Br80), on the reactions
7 p » KOK*n*X and n~p » K°K*X~X at 100 GeV/c. Observations of the D(1285) and

E'(1420) mesons were reported in KX'm channels and possiblé enbanée&;enfs "§§'.e;e~ N

found in the KKK channel.

The analysis of reaction (1.1) from the nmnr trigger (see sec‘tion 2.4) involved
particularly close collaboration between Cal Tech and Indiana. Two theses, this one
and one by Frank Fredericksen of Indiana [Fr82], have resulted. Both reports use
100 and 175 GeV/c data from runs 1 and II respectively, although the emphasis in
the two theses differs. (The 100 GeV/c data from Run II was compromised t a
series of problems with the spectrometer.) The data analysis for both energies was,
with two important exceptions, essentially identical. These were differences in the
forward particle identification with our Cerenkov counters, aﬁd the use of the for-

ward photon detectors in the 175 GeV analysis.

This thesis concentrates on decay distributions for reaction {1.1) and attempts

a limited w7 scattering study from the data. Topics in Fredericksen's thesis, and
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not here, are effective pion trajectories from the mmnp data and mtnn® spectra-
from the P523 tests. Both theses include spherical harmonic moment distributions
at the two energies, and a major goal for both was obtaining the cross section for
reaction (1.1) in the p° mass region. We will make qualitative comparisons between

our results and those of several lower energy experiments, [Gr74, Co78, and Al78].

The emphasis in hardware and analysis documentation also differs between the
theses. The documentation here, especially numerical correction factors, applies to
the Run I spectrometer and analysis. Differences between runs are noted when sig-
nificant, and the forward photon detection will be briefly described. Fredericksen

emphasizes the Run Il spectrometer and analysis.

1.3 Almost Raw Data

A simple analysis of our data (after particle tracking) reveals its broad outline,
and it is perhaps worthwhile to give a quick look at some uncorrected distributions
to complete this introduction. The nnmny trigger selected the topology of two
charged particles coming from the target and traveling forward through the mag-
net by counting the number of particles seen in several proportional chambers
between the target and downstream face of the magnet. Veto counters surrounding
the target and masking off the magnet upstream face suppressed events with extra
charged particles, and events with photons coming from the target at large angles.
The trigger was not designed to detect the recoil neutron. It was identified in later
analysis by missing mass cuts. Also, the trigger didn't select the types of particles
involved, either forward or beam. The selection was left to analyses of Cerenkov

counters in the beam and spectrometer.

Overall, this experiment recorded about a million events in Run I at 100 GeV. Of
these, about 280,000 events were from the s trigger, and roughly 10500 satisfied

_our requirements to be called #nn events. Rough numbers for 175 GeV were 1.7
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Figure 1-2. Uncorrected nm mass spectra at 1C0 GeV (solid histogram -
and 175 GeV (dashed mstogram) These are final event samples with
T |t] <15 (GeV/c) -
o
million total triggers, 490000 events from the mmnyp trigger, and about $900 mrn
events. {Both of these final samples include backgrounds of order 10%.) Figure i-2 -
shows st mass spectra at 100 and 175 GeV from the final event samples. Peaks for
the p% and f9 are clear, but net so the g% The g° "peak” barely tops a large back-
ground at 100 GeV and is even less significant at 175 GeV. The 175 GeV acceptance -
is better at higher masses relative to the p° region than the 100 GeV acceptance,
and figure 1-2 reflects this. The small final mmn event counts will need explanation, -
and Chapter III gives the details for Run I. One reason was a lack of active forward
photon vetos. Most of our data clearly had unvetoed high energy n®s, as evidenced -
by total observed energies much less than the beam energy, figure 1-4.
[
About half the recorded mrny data actually had only two forward particles, and
figure 1-3 shows the mm mass spectrum for those events. In the upper curve we -

make no missing mass selection, while the lower hatched area includes a rough

-
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Figure 1-3. Uncorrected 7w mass spectra without (upper curve) and with
(lower curve) a neutron missing mass cut. No Cerenkov cut was made for
this figure, all particles were assumed to be pions, and no ¢ cut was used.
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Figure 1-4. Viissing mass (squared) spectrum for the mmmny trigger. Large
values are roughly twice the missing energy. (See equation A.4b)
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neutron missing mass cut. In both curves, prominent peaks at the p° and f°
masses are seen. Also present in the upper curve is a bump at about 500 ¥eV. That
bump corresponds to essentially uncorrelated n*n~ pairs and is not a resonant
effect. Such pairs can result from particle decays involving one or more
undetected and unvetoed #°, such as the w%»n*n~n® decay, or from having one
charged pion associated with the nucleon system (figure 1-1b). In our spectrome-
ter the former explanation is more likely as the difference between the curves of
figure 1-3 represents events with substantial missing energy. This is illustrated by
figure 1-4, which is a missing mass (sq@ed) spectrum for reaction (1.1). The large
peak in this figure corresponds to neutrons and goes to negative 4z because of our
resolution The continuum in this figure indicates considerable energy lost to neu-
tral particles other than a final state neutron. The most likely candidates for these
are one or more n®s associated either with the n*n~ system or the recoil nucleon
system, or both. The.continuum runs to the kinematic limit of about 200 GeV? in
figure 1-4, and also penetrates under the neutron peak, giving a background of

about 10% to the nrn signal.

The lack of a 500 MeV bump in figure 1-2 {é evidence that the 7 system we
study here corresponds to peripheral wm interactions as in figure 1-la, and not
uncorrelated junk or nucleon resonances as in figure 1-1b. Important to this argu-
ment is a reasonably poor acceptance for pions coming from low mass N° and A
decays, which is zero for pion - neutron masses less than about 2.5 GeV/c? Figure
1-5 illustrates this, showing n* n masses plotted against mw masses from nmmn
events at 100 GeV. The mm masses were found by forcing the missing mass on suc-
cessful events to be the neutron mass. The distribution of events within the
envelope reflects nm decay angle distributions given in chapter VI What is of
interest here is the envelope, which maps the limits of our w—n acceptance. Only

n*n masses are shown in the figure. Resonances in the #™n channel require exotic
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Figure 1-5. Scatter plot of #* - neutron mass versus 7%~ mass. The
dashed line follows the limit seen for m™n masses.

(charge +2) exchanges and none were seen. The m™n mass limits followed those

seen in figure 1-5 for m*n masses, although the distribution was, naturally, roughly

inverted.

Figures 1-8 and 1-7 contain data for our models of the background under the
neutron peak in figure 1-4. These figures show the rm mass and missing mass
squared spectra for data from our mnX background trigger. This trigger had the
same charged particle topology requirements as did mrmy, but the veto counters
surrounding the target were not included in the trigger. In figure 1-7 we also see a
prominent peak with low missing masses and a continuum. However, the peak is
shifted and distorted from that expected for neutrons. It corresponds to dominan

production of N* and A resonant states of various masses.
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Chapter I
Apparatus

2.1 Overview

The E110 spectrometer, also known as the Fermilab Multiparticle Spectrome-
ter (MPS), was located at the end of the M6 West secondary beam of the Meson
Laboratory. The MPS was designed to measure forward going charged particle sys-
tems from low to high multiplicities. Descriptions of the beam and spectrometér:
have been given elsewhere [Br80, Dz77, MeB0, YuB0] mainly for our previous experi-
ment, £260. Here, we document the beam and MPS as they existed for the Spring
1977 run of E110. Changes and additions for Run II will be noted. F‘redeﬁcksen’s

thesis [Fr82] should be consulted for a complete review of the spectrometer in that

run.

Spectrometer modifications for E110 included changing to a trigger base‘_d on
multiplicity measurements by our proportional chambers and adding a. photot..i; veto
system upstream of the ma;gnet. We also increaﬁed the upstream lever arm (target
to MPS magnet) from ~ 2.8 m. in E260 to ~ 5 m. for E110. The geometry down-
stream of the magnet was largely the same as E260 with only few proportional
chambers moved about. The spark chambers and their pulsing system were
upgraded to allow longer delays from beam arrival to chamber pulsing, and shorter
dead (recovery) time settings. Finally, magnet side lining proportional chambers
and a bank of neutron counters were added, neither of which is used in this

analysis.
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2.2 M6 West

One of six independent Meson lab beam lines, M6 [Dz77, Ay?7] was a high reso-

lution, medium intensity beam, figure 2-1. It transported particles produced when -
protons extracted from the main ring of the Fermilab synchrotron struck an 8.00 .
inch long by .04 inch square beryllium target about 1850 feet upstream of the ¥PS.

During this experiment, the Fermilab accelerator ran at a maximum (during —
extraction) energy of 400 GeV, with a cycle time of 10 to 12 seconds. The slow spill '
used for E110 lasted about 1.1 seconds. The beam had an 7.f. structure, =ith ~ 1 =
ns beam bearing buckets every 1B8.8 ns. Beam counts at the MPS were typically o
500,000 particles per spill. At these intensities, less than 1% of the buckets were
populated, and the fraction of those with two or more particles in a bucket was , '_.-
measured at less than 1%. Using timing signals provided by the laboratory, we
gated off the extreme ends of a beam pulse to avoid taking data when the beam . -
intensity was unstable on a time scale of order tens of milliseconds. These sigmls ;
were also used to alert our on line computer to the arrival of the beam. A pile up -
rejection' system (and other features of the trigger electronics, section 2.4 and -
Appendix B), reduced the effective beam to typically 300,000 particles per pulse. '

M6 is shared between three branches, "East.;' “West,” and "Far West,” only one -
of which could run at a time. The part common to all three branches had three ;
stages, -each roughly 150 m. long, designed as "point-to-parallel-to-point imaging =
systems” [Ay?7]. The M6-West branch had a fourth stage with final focus near the -
MPS target.

The first stage of the beam, at a production angle of 3 mr to the primary pro- g
ton beam provided sign and momentum selection. Fixed collimators near the pro-
duction target restricted M6 to a solid angle of 1.34 ust . F-stop collimators after -
septum dipoles provided the main intensity control for the beam, and main bending -

magnets in the parallel section maximized momentum dispersion. This stage ends

U
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with a momentum dispersed (in x) focus with dispersion of 2.48 inches/%, —

(Az/ (éﬁ). Collimators at the first focus set the beam momentum spread. They

were set to § .BO inches for 50, 100, and 175 GeV/c data and 1.00 inches at 20 -
GeV/c. Field lenses at the first and second foci constrained trajectories of the -
momentum dispersed particles, and recombination bends in the third stage
removed this dispersion at the third focus. -
The second stage included the first of two threshold Cerenkov counters _
("PRUSS") and, at the second focus, profile monitors and scintillator counters, a
pattern repeated at each focus except the first. The third stage had a long parallel et
section in which two differential Cerenkov counters, "BDIFF" [An76] and "DISC"
[Be72], were located. The second threshold counter, "Cq" [Ay74], was upstream of -
this parallel section. The fourth stage merely transported the beam to the MPS ~
with the fourth, and final, focus near our target. -
Beam magnet settings were computer controlled with a console located in our _:
counting room. The beam was aimed through the target entrance window (figure 2-
5) by centering it on a halo anti-counter, Se, section 2.3.1. Particle transmission -
from the second fécus to the MPS was typically 657, and of this, about B5% passed
through the hole in Sc and was counted as "beam”. -
g
2.2.1 Beam Cerenkov Counters, Beam Composition
Four gas Cerenkov counters, Table 2.1, tagged beam particle types and meas- -
ured beam composition. The table also gives the nominal counter settings. PRUSS
and Cq were quite stable counters. DISC (built at CERN for the M6 beam line) was =
angle sensitive and required constant monitoring and frequent readjustment, espe- -
cially after long beam down times or retuning the beam for any reason. BDIFF w&s a
little less sensitive, but readjustment after each beam down time was also neces- -

sary. To maximize the kaon tagging efficiency, we required only a coincidence of

e
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Table 2.1a
Beam Cerenkov Counters

Name Type Z(*) Length Number & Type Max. Gas
' : (ft) of Phototubes Pressure
PRUSS Threshold 911 96 2-RCA 31000M latm
Co Threshold 1079 80 1-RCA 31000M 5atm
BDIFF Differential 1245 45 3-Phillips 58 DUVP 15 atm
DISC Differential = 1322 19 8-RCA 31000M 20 atm

* Distance from production target to counter center

Table 2.1b
Nominal Settings
175 GeV 100GeV S50 GeV 20 GeV

Co iy i3 T e~
PRUSS i T T e~
BDIFF P P K T
DISC K- K- D off

Table 2.2

100 GeV/c Beam Composition and Counter Efficiencies
Raw Beam Fraction (%) Tagged Beam Fraction (%)

T 92.92 + .002 : . 9147 +.07
K- 3.96 + .0013 5.19 £ .05
P

3.12 £ .0011 3.34¢ + .04

Efficiencies (%)

Co PRUSS BDIFF DISC
T 98.44 £ .01 86.41 £ .01 17 £.001 44 +.001
K 11.22 + .28 2.54 £ .15 .08 £ .04 92.69 £ .03
P 3.49 + .26 47 £ .11 91.99 + .04 .03 +£.03

any six of the eight DISC phototubes (Table 2.1). DISC pion and proton efficiencies

remained acceptably low.

Beam Cerenkov counter data included "tag bits”, section 2.3.7, and scaler
totals. The scalers required only a beam coincidence and hence recorded-the

nurmber of times each counter fired for all beam particles. Tag bits were recorded
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only with events, giving the pattern of counters that fired on a given event. To
determine the beam compesition and counter efficiencies, the Indiana group used a
program [Be79a] adapted from E260. Using the Cerenkov scaler totals, the total
beam scaler count, and accumulated Cerenkov counter tag bit patterns, the pro-
gram determined counter efficiencies for each particle type, m, X, and 7, particle
fractions for unbiased beam. and similar fractions for "tagged” bearﬁ. Unbiased
beam was the flux actually incident on the MPS, while "tagged” beam was recorded
on events, and therefore distorted by relative cross sections for triggering. The
tagged fractions were trigger dependent, but not the unbiased fractions {checked
by comparing fits for mmny and K®np triggers). The fit results of Table 2.2 used
only the mmny trigger.

Initially, fits were made for individual runs, but the statistical errors were
large. Global fits, using only runs in which all the Cerenkov counters were at their
normnal set.tmgs were then made. Table 2.2, Since considerable run to run scatter
was observed in the initial fits, we consider all particle fractions uncertain to .57%.
Within this uncertainty. the unbiased fractions are consistent with those expected

for our beam, (the expected 7 fraction was 2.87%).

The raw 7 fractions of Table 2.2 include some mucn and electron contamina- .
tion. This was measured at 100 GeV as a fraction of the 7 flux by placing a module
of the ER60 calorimeters in the beam and triggering on the beam. From a sample
of 1850 tagged pions, the muon fraction was found to be u = (3.2 = .6)% of the m

flux, and the electron fraction was found to be consistent with G (1 event).
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2.3 The MPS

The MPS as used for the spring '77 run (RunI) of E110 is shown in figures 2-2
and 2-3. Upstream beam proportional chambers (BA), and a bank of neutron
counters along side V1 are omitted. The main features of the spectrometer were a
12.00 inch long liquid hydrogen target surrounded by a photon/charged particle
veto system, a large superconducting analyzing magnet, multiwire proportional
tracking chambers upstream of the magnet, proportional and spark tracking
chambers downstream of the magnet, two large multicelled atmospheric pressure
gas Cerenkov counters, various scintillation counters and a triggering system which

used mtxltiplicity signals from several of the proportional chambers.

A PDP-11/45 computer running the MULTI on line system (as modified and
maintained for the MPS by the Indiana group) [Dz76b], collected the data, wrote it
to magnetic tape, and provided simple diagnostics for monitoring the experiment.
After each event, shift register (tag bit and pwc) and spark chamber (MTD séaler)
data were read in through direct memory access (DMA) units, and phototube
(CAMAC ADC) data were read in through a BDO-11 branch driver. CAMAC scalers
were read before and after eaLch beam pﬁlse. Event and scaler datéx were initially
stored on disk as a buffer, and then written on tape as time allowed, mainly between

pulses. A single data tape could hold about 10,000 events.

Diagnostic functions were performed as time allowed, and included event
displays of the spark and proportional chambers (without track finding), histo-
grams of requested quantities, and end run summaries. The- summaries were
printed and written to tape after each run A set of visual scalers were used as a

backup for the CAMAC scalers, readings being recorded by hand after each run.
The coordinate system used for E110 had z along the nominal, or surveyed,

beam line (spectrometer centerline), y vertical, and x horizontal. The origin was

taken directly above a survey bench mark near the downstream end of V1.
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2.3.1 Beam and Interaction Counters
Beam and interaction definitions for the trigger electronics and scalers were ' -
made by five plastic St:.LntilLa;tor co-u.nters. figure 2-2. Our beamn was defined by a
small three counter telescope, Sa, Sb, and Sc, located at z ~ -2.3 m. Sa and Sb were -
thin 1" square counters (Sa = 1/8" thick, Sb = 1/16" thick). Sc was 2" square, 1/4" -
thick and had a 1/2" (x) by 1/4" (y) hole. Sc rejected particles that missed the hole.
Interactions were detected by either pulse height in a thin counter, "DEDX", -
near the target, or by the absence of a signal in a veto counter, "2x2", downstream
of the T station (both in coincidence with a beam particle). The DEDX ecunter 8" x -
6'_’ X 1/16" (x.y.2) covered the exit of V1 and was viewed by two phototubes whose -
signals were added before discrimination and recording by ADC's. Figure 2-4 shows
the DEDX response to 1, 2, and 3 particles. A two particle signal was used to indi- -
cate an interaction. The 2x2 counter was 2" square, 1/4" thick, and viewed by a
-

R
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single phototube (through a long light pipe to keep the phototube below the spec-
trometer fiducial volume). The phototube was attached to a motorized "table”
which allowed easy adjustment of the counter location in x and y. The 2x2 counter
was aligned with the beam whenever the beam was retuned or the MPS magnet
polarity reversed. For 175 GeV data, the 2x2 counter was replaced by a 1" square

counter to preserve our minimum p; bias.

2.3.2 Target

Our liquid hydrogen target, figure 2-5, had a 12.0" long (room temperature) by
1.0" diameter flask made of .005" mylar, except for an upstream end made of
Vespel with a .015" thick entrance window. The flask was supported by its fill and
vent pipes which ran parallel to and below and above the beam, respectively. The
flask, wrapped with 10 layers of .00025" aluminized mylar “super-insulation”,
covered —.567 < 2z < —.262 meters. Temperature sensitive resistors monitored the
liquid level (full/empty) of the flask. The hydrogen density is assumed to be the
standard boiling point value of 0.0708 gm/cm? with 1% error because the true

pressure, temperature and bubble density are unknown.

The vacuum jacket shape and fill/vent pipe locations were dictated by the tar-
get location within V1. Proper aiming of the beam between the pipes was essential.
The pipes were searched for by vertical and then horizontal beam sweeps across
them, recording increases in reaction rates when they were hit. The midpoint

.between the pipes was determined in terms of the beam at the BB and A stations,
and the beam counters, especially Se, were then aligned with respect to this loca-

tion to about + 1 mm uncertainty.
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Figure 2-5. Side and front views of V1. Details of the target, vacuum
jacket and counter orientation (surveyed at 11.5°) are also shown. Signal
cables for the g proportional chamber exit the front of V1. Numbered seg-
ments refer to tag bits for V1 and . The @ and V1 segments overlapped.

In the trigger, a hit in any @ segment turned off the two V1 segments
behind it.
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Figure 2-8. Vertex Distribution for the nnny trigger. 2-8a shows target
full data for events written to PST's, (upper distribution) and for events
satisfying essentially our full set of cuts (lower distribution). (The vertex
cut shown is obsolete, but representative.) The lower figure is target
"empty” data. Flask ends, the vacuum jacket, and nearby detectors are
visible.

The small (1.0") diameter of the target flask was part of an effort to enharce
the detection of recoil protons from n”p » K° K" p and similar reactions. This effort
also included a two inch diameter foam-mylar-glue low mass vacuum jackst
.12 gm/ cm? thick normal to the target { ~ 3 x 1073 radiation lengths). For struc-
tural reasons, the downstream end of the jacket was a 1/2 inch thick foam plug
glued to the mylar end, about 3 x 1073 radiation lengths thick. Upstream of the tar-

get flask, the jacket was a 1/8" thick, 2" diameter aluminum cylinder. The beam
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entrance window was .005" mylar, about half a meter upstream of the target flask.

—
Figure 2-8 shows the vertex distribution for mmny events. The vacuum jacket end
cap is clearly resolved from the hydrogen flask. The shape of the vertex distribu- -
tion results from a high rate of delta ray vetos, as discussed in section 4.8.
-
2.3.3 Target House, Forward Photon Detection B
Surrounding the target and masking off all but the forward aperture through
the magnet was a set of lead and plastic scintillator shower counters, V0, Vi, V2 and -
V3, and a eylindrical pwe, 8, figures 2-5 and 2-7. For n~p = 7'n n, they were used
to veto a large background of events with charged and/or neutral .particles outside -
the magnet apertuxfe.-‘ : -
The cylindri;:al ﬂ ‘cha-zﬁb-er, with 192 anode wires at a radius of 8.48 cm vetoed
charged recoils. Interleaved pairs of wires were read out to the shift register giving -
96 channels. A current division system using special amplifiers and CAMAC ADC's
was included (to resolve which wire of a pair wés struck) but was not needed for -
nrn, where 8 was used only as a veto. Groups of four consecutive shift register -
- channels (B wires) were fed to the trigger electronics for the:veto.l' The sehsitive
length of the anodes was about 23.3 inches extending from z & -.670 m. to z = -.076 -
m. The cathodes were solid, the inner being thin and the outer being a .1 inch thick
cylinder which provided the structural support for the chamber. -
The main photon veto, V1 or the "Barrel,” was cylindrical, figure 2-5, housing 24 -
counters and their 2" diameter RCA 6655 phototubes in a sealed nitrogen atmo-
sphere (for target safety). Each counter had six 28" long, .25”-thick fingers inter- —
leaved between lead cylinders of varying thickness. The fingers iwere radially
tapered to insure close packing and were wrapped in optically graded aluminized -
mylar {Wa72] in a reasonably successful attempt to equalize light output along the
finger length. Lead layer thicknesses were (from inner to outer) .135" (effective), -
-

T
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Figure 2-7. Jaw counters. VO was upstream of the target and V1 was down-
stream, just after the A station. V3 was near the magnet.

.135", .135", .2680", .260", and .385". The inner layer was actually a thin lead layer
pressed onto a brass cylinder. The outer can of V1 was a half inch thick aluminum
cylinder. The counter thresholds were set to ~ 1 MeV, and gains were monitored
with weak Fi%7 sources glued to the light pipe ends directly in front of air gaps to

the phototubes. A .003" mylar gas barrier covered the V1 exit.

The vetoes V0, V2 and V3, figure 2-7, collectively called the "Jaw” vetoes, had a

total of 12 flat 14x25 inch counters. (Two counters in V2 were only 14x18 inches.)
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Bach was a layered sandwich of 6 lead and 6 scintillator sheets (both .25" thick) ina -t
thin walled (.125") aluminum box. RCA B055 phototubes (5" dia. cathode) were
used. VO, upstream of the target, had a 1" diameter hole to allow for beam passage. =
V2 had four counters and a fixed aperture. V3, six counters, had an adjustable
aperture, but this was kept fixed (along with the V3 location) during the entire run. -
In Run I, this aperture was set to mask off the magnet pole tips and rays traced to -
the magnet sides at its midpeint. For Run II, V3 was moved upstream of its Run I
location somewhat, and the aperture adjusted. The vertical angular aperture was -
only slightly reduced, but the horizontal aperture for Run 11 masked off the entire
magnet, including the downstream end. Jaw counter thresholds were set to 1/6 of -
the single muon pulse height. For this, beam stops relatively close to the MPS were -
closed to create a halo of muons about the beam line.

In Run [, shortly after the 50 GeV and first set of 100 GeV runs were made, one -
barrel counter, (B-8), failed with a short in the phototube base. Because of the
danger of damaging other equipment, especially the target and g8 char;'lber. a group =
decision was made to not repair the counter, and we completed the Eun, including -
most of the 100 GeV data and all of the 20 GeV data, with only 23 barrel counters. A
single barrel counter strike trigger, nnZ was added to evaluate the background. As , -
it turned out, this trigger was crucial for a neutron veto correction, but the loss of
B8 had no noticeable effect on the veto house failure rate. B8 was repaired prior to -
Run II, and we had no further problems with the counter.

Between V2 and V3, we had a helium bag, figure 2-3, covering the A® decay
region of the Vee triggers. Ité purpose was to reduce diffractive (3r) backzrounds -
in the K° p trigger.

The electron modules and one hadron module (L1H) of the E260 calorimeters, -
figure 2-2, [see Ha75b] were maintained with increased phototube gains as a possi- B
bie oftf Iiﬁe photon veto. The other hadron calorimeter modules were left

-

////
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uninstrumented. At one point, the L1 electron and hadron modules were moved
into the beam on curve through runs to measure muon and electron beam contami-
nation, Section 2.2.1. Otherwise, the calorimeters were kept clear of the C2
entrance window, figure 2-2. This resulted in about half of each calorimeter being
masked by £he magnet flux return. We ultimately chose to not use the electron
calorimeters as off line vetoes in the Run 1 data. However, preliminary studies indi-
cated a reasonable sensitivity down to surprisingly low photon energies, and that if
combined with a veto covering the rear of C2, we would have a viable off line veto
setup for Run II. Also prompted by an extremely poor missing mass resolution at
175 GeV, a "lead wall" was added behind C2. The V3 aperture was reduced and the
electron calorimeters were moved closer the beam. Also, the E111 photon detector
[ﬁaBO and references therein] was installed behind C2 (mainly as a test for proposal

P523, see chapter I). These adjustments gave us an off line 47 veto coverage.

:.“The lead wall covering the exit of C2 was roughly rectangular with dimensions
100" (x) by B0" (y). A single .75 inch layer of lead waé backed by 20 horizontal scin-
tillator counters (B.5" by 50" each) with 2 inch phototubes. Phototube sign.als were
sent only to the ADC's. Since only one layer of scintillator was used, there was no

~ active charged particle - photon discrimination and the lead wall could not be used

as an active veto.

The E111 photon calorimeter was located just downstream of the lead wall.
This calorimeter was a high resolution hodoscope with seventy 1.05 centimeter wide
counters in x and seventy in y. Each counter had eight fingers along the beam
direction interspersed between 8.4 mm thick lead layers, and the fingers from the
opposite view counters. Since this calorimeter was to be used in P523 tests for n°
measurements, a hole matching the photon calorimeter size was left in the lead
wall. The hole was actually about 140 cm in the x view, and had a movable lead

cover to maintain veto coverage when the photon calorimeter was moved. This
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occurred whenever we changed magnet polarities in Run II. The E111 counter was -
positioned along the MPS centerline with a slight offset in x so that the bent beam
just missed the counter. Data from the photon calorimeter were read into ADC's -
adapted from E111 [BaB0], and buffered to the main on line computer with an LSI-

11 micro computer and DMA access. Details of this are in Fredericksen's thesis -
along with the photon calcrimeter analysis algorithms. -
2.3.4 Magnet | -

The MPS analyzing magnet, figure 2-2, was a superconducting dipole with the o
flux return outside its large cryostat. Roughly a 48D48 dipole, the x-y aperture at
the pole tips was 122 cm. (x) by 61 cm. (y). However, the distance between the -
upstream and downstream flux returns, was about 2.5 meters.

For this experiment we ran at full field. Jnq = +1B0 amperes giving =
vadl 2 25 kG-m for an effective p; kick of pg = .7510£.0015GeV/c. The main -
field was sufficiently uniform and fringe fields small enough that we could use a
square field approximation for mome‘ntum analysis. However, the fringe fields ¢id -
affect the y view pattern recognition, and vertical fo_cué'ing corrections were 'appli;s:d
in that view. A field map [Ha75, Ma78b], was used as input to these corrections, and =
for the acceptance calculations. During data taking, the field was monitored by
recording the current before each run and at four hour intervals. Run by run A° =
mass plots (from K°rmX data) verified both the magnet stability and the field map. -
2.3.56 Spark Chambers -

Eight spark chambers were grouped behind the magnet in two stations, E and
F, four chambers per station, figure 2-2. Except for a size difference, the E and F =
chambers were essentially ideﬁtical in construction. An aluminum frame supported -
four planes of .005 inch aluminum wires at 32/inch. These were glued to G-10

-

I



-33-

T’
u-wires, 5.7°

1 siant
effect of two

aiternating u-pianes
N

x-wires
vertical

e ————
[ ——

-
[]

O
x-wire coverage ‘!

Figure 2-8. Spark chamber x-u plane. The u-cutoff was in all chambers,

but was important only at the F station in Run II, where it set the fiducial
volume limit, section 3.3.

boards attached to the frames. Active areas were ~2.4m. (z) x 1.2 m. (y) for the

E-chambers and ~3.6 m. (z) X 1.8 m. (y) for the F-chambers.

Each chamber measured x, u and y coordinates with two spark gaps, x-u and
y-y. the u wires being inclined at an angle of +5.7° with respect to thevx-wires, (four
planes each way). As the chamber frames were rectangular, the slant u wires
clipped off the edges of the x views a bit as shown in figure 2-8, reducing the regions
where the x wires were fully sensitive to about 2.2 meters (Ex) and 3.2 meters (Fx).
No plugs or intentional dead spots were installed in the chambers. The spark
chamber gas, a mixture of 90% neon, 10% helium, and a trace of ethanol, was fil-

tered through liquid nitrogen cooled traps and recirculated.

Spark chamber readout was by magnetostrictive wands with pickups and
preamplifiers at each end. for a total of 48 signals. After discrimination each signal

was digitized in time with a SLAC designed [Be72b] MTD scalar system running at 20
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Table 2.3
Spark Chamber Efficiencies
"~ Whole Chamber Average
Statistical Errors are all in Range .001 to .003
Chamber Imag=-180 Imag=+180 Chamber Imag=-180 Imag=+180
Eix 910 .913 Fix .928 912
u .938 944 u .939 .904
y .930 .928 y .628 795
E2x .939 .930 F2x .680 .625
u _ 921 .903 u 172 .832
y .909 910 y 675 744
E3x .918 .909 F3x .881 .B68
u 918 897 u .819 .B88
y .918 .887 y _ .629 .578
E4x B77 .881 F4x .892 .823
u .890 .B96 u - .902 .B96
Y .940 .940 y 926 .939

MHz. Up to 15 sparks per channel could be digitized with a .25 mm least count
error; however, the position resolutions for each plane (after averaging the two
pickups) was only ~.7 mm. for the E-chambers and ~1.0 mm. for the F-chambers. : -
Some saturation may have been present in either the pick_u§ di" mam ampiifi'ers_'.' as-
evidenced by some residuals being slightly shifted mt.h particle po'sit.ioﬁ.

High voltage pulses were produced by discharging coiled coaxial charge lines
through tk;yratrons retired from use at SLAC. Each chamber had one such pulser,
the eight pulsers being driven in parallel by a prepulser of similar design. Spark
chamber dead times were initially set to 30 ms at the beginning of Run I, and
improved to 20 ms about one third of the way through the data tal:ing. During Run
II, 10 ms dead times were quickly reached. The chambers had both pulsed, ard d.c.

clearing fields. Track memory times for the chambers were §2us.

Spark chamber efficiencies were ~30% for the best chambers, Table 2.3 and
Appendix D, but problems existed near the beam and some of the chamber edges.
Track angles were large near the chm:ﬁber edges and wand or amplifier problems

might explain the efficiency loss. Near the beam, efficiencies were also poor and
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sparks from "old” beam tracks could often be seen. Beam envelopes from curve
through data are "pinched” slightly at the E-station, evidence that good and "old"
sparks in the beam region were subject to merging. This probably contributed to
the efficiency loss of some of the spark chambers near the beam. However, the
poor efficiency regions were somewhat larger than the beam, probably meaning

that spark formation and/or signal pickups also had problems.

2.3.6 Proportional Chambers

Sixteen multiwire proportional chambers (pwe's), with a total oi 23 anode
readout planes provided tracking data for the beam and secondary charged parti-
_ cles in front of the MPS magnet and supported the spar_k chamber tracking behind
the magnet. Their properties are summarized 'm"I‘ablé 2.4;* So‘rne- of the pwce's were
also used as hodoscopes to count particles for the trigger, section 2.4.

Construction techniques depended on the chamber. The B, D and F' chambers,
had aluminum box frames, the BA, BB and A chambers had G-10 frames pressed into
a sandwich by either G-10 (BA) or aluminum (BB.A) outer frames. The cylindrical 8
chamber was supported by its outer cathode, a ..125" thick aluminum cylinder, and
the magnet lining [' chambers were basically an aluminum, foam and G-10 sandwich.
Not all of the anode wires in some chambers (Bx, By, Dy, Dy', and Dx') were instru-
mented; but those that were covered the necessary apertures, so that except for a

handful of dead channels, there were no holes in the pwe coverage.

The BA and BB stations gave the beam trajectory at the target. The BA station
at z =-20.11 m had two chambers each with x and y readouts. The BB station at z =

-2.57 m was one chamber with x, u (45°), and y readouts.

The A, B, and C stations tracked particles upstream of the magnet. The A sta-
tion had six anode planes in two chambers, the first containing Axl, Ax2 (stag-

gered), Ayl and Ay2. The second had slant (£45°) planes Au, Av. The B and C
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Table 2.4
Proportional Chamber Parameters -
Type Planes Anodes® Anode Cathode A-C gap Anode Cathode Gas
spacing spacing Dia.(®) Dia.ls) -
mm mm mm H K -
BA 4 84 2.000 solid 6.9 20 solid ArCoi®
BB 3 32 977 solid  3.25 10 solid  fagic() -J
AU) 8 256 977 977 279 10 50  Kagic
B/C 5 5120)  1.954 1.08 6.86 20 100  ArCO, ~
D/F'x 5 320 4.618 1.599 9.53 50 100 ArCO, _
Fy 2 130 6.356 1.599 9.53 30 100 ArCO,
g 1 192 1.837™)  solid  4.08 20  solid Magic -
I~ 2 338 520 - solid 80 20 solid  Magic
nbﬁes: (a) total wires per plane including uninstrumentéd wires; ‘(b) gold plated |
tungsten; (c) Wire cathodes: Be Cu alloy , solid cathodes either Aluminized mylar -
(BB, 8 inner) or Aluminum (B outer, T'); (d) 80% 4r , 20% CO; ; (e) Magic Gas= 20% .
Isobutane, 4% Methylal, .5% Freon 13B1, balance Argon; (f) Axl and Ax2 share a
cathode plane, so do Ayl and Ay®; (g) 512 for x view, y view had 320 wires; (h) de- -
grees.
stations had five planes, Bx’', Bx, By. Cx. and Cy in three chambers. (Bx' was the odd .
man.) Bx’, Bx and By were upstream of the magnet, while Cx and Cy were'actually
inside the magnet, just within the flux return (figure 2-3). -
Lining the magnet sides were two chambers I'; and [';, designed with current
division electronics, that detected particles too soft to pass completely through the =
magnet. Very early in Run I, [';, failed with a broken wire. For the same reasons as -
with the B8 counter, we decided not to repair the ['; until after the run. These
chambers were used in a "high mass” mrmn trigger only, not the wrmny trigger dis- -
cussed here.

R
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Table 2.5
Proportional Chamber Efficiencies
Whole Chamber Average
Chamber Chamber
Ax1 .88 Cx .985
Ax2 .960 Cy .980
Ayl .947 Dy’ .893
Ay? .963 Dx .997
Au .941 Dy .991
Av 918 Fy .950
Bx' 951 Fvy .984
Bx .987  Dx'(F'xl) .B87
By 981  F'x{F'x2) .953

Of the pwe's downstream of the magnet, only the D chambers, Dy. Dx and Dy’,
covered the aperture of the experiment. The four F* chambers, between the F-
spark chambers and the C2 Cerenkov counter, supported beam region track find-
ing. where the better time resolution of the pwc's was used to help distinrguish good
from "old” tracks in the spark chambers. The y chambers, ny’l and F'y2, were
begween the F spark chambers and 2x2 counter. The x chambers F'x1, I'x2 (also

referred to as Dx’ and F"'x for historical reasons) were hung from the front end of

C2.

Whole chamber efficiency averages are giiren, in Table 2.5; and posiiion depen-

dent efficiencies are plotted in Appendix D.

2.3.7 Shift Registers

The pwc readout system used preamplifiers located on each chamber {one
preamp per wire) feeding a central 5921 element shift regis't'er- thrdugh_ 200 ns long |
50 Q coaxial cables (RG174). Mosf. of the préamps (including all those used in the
trigger) were built by our group with a simple single transistor design as in figure

2-9. The preamps were grouped 32 to a card with the transistors in 5 RCA-CA3081
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Figure 2-9. Shift register and pwc preamp. The signals SHIFTREG IN and
OUT carried coordinate information, and the signals AIIN and AIOUT car-
ried fast analog muitiplicity information used for the E110 topological
trigger.

chips. Except for the A-chambers, each preamp card fed a single shift register
module. For the 1 mm wire spacing in the A-station, we read out alternate wires on
both sides of the chamber and sorted the signals in four ended cables. The BA, Dy’
and Dx' chambers used an older, more complicated preamp driving ribbon cables.
The 8 and I' chambers used special amplifiers located near the chamber which

included analog outputs for current division analysis.

The shift register modules, figure 2-9, also built by our group, amplified,

discriminated and, when in coincidence with a load pulse from the trigger



-39-

electronics, Appendix B, loaded the signals into the shift register. Upon loading,
these signals were passed on to an analogue daisy chain in the same module. The
daisy chain output current (AIOUT) was proportional to the number of “hits”. or dis-
tinct groups of wires on a chamber Athat "fired”. Reasonably fast muiltiplicity meas-
urements, these outputs were the essence of our multiplicity trigger. In effect, the

proportional chambers acted as thin hodoscopes.

A "hit" was any number of consecutive wires that fired. A single nonfiring wire
was sufficient to separate two hits. About 5% of the time soft delta rays would cause
two (or more) neighboring wires to fire in response to a particle. Because of the
daisy chain design, the multiplicity logic was sensitive to only the number of hits,
and not the total number of firing wires. This considerably lessened, but did not
eliminate our sensitivity to delta rays in the pwe's. Only chambers used for the

multiplicity trigger had their daisy chains fed to the multiplicity electronics.

If an interaction did not lead to spark chamber pulsing, the shift register, if
loaded, was cleared with a fast reset pulse to await the next load. If a trigger
occurred, shift register inputs were "clamped” during spark chamber pulsing to
avoid spuﬁous Io.ads. ahd further shift register load pulses-were suppréssed while
its contents were clocked into the on line computer via DMA access. The data
recorded were the "width"” and trailing "edge” of each group of firing wires, where

"width" is the number less one of wires that fired in a group.

In addition to the pwc information, the shift register contained 144 "tag bits”
(288 addresses). These recorded the condition (fire/not fire) of a large number of
counters including the beam Cerenkov counters, the upstream photon veto
counters (V1 to V3), and 8 chamber veto outputs; as well as recording which of our

several pretriggers and triggers was responsible for the event.
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2.3.8 Cerenkov Counters C1 and C2 -
Two large multicelled atmospheric pressure'gas Cerenkov counters, C1 and C2
(figure 2-2), were used for secondary particle identification. A rather complete =
description of these counters is in Medinnis' thesis [Me80]. .
C1, between the E and F stations, was air filled with an index of refraction
n-1=29x10"*. It had a radiator length of 4 m and an active area of 3.3 x 1.5 m?. -
The counter had two rows of 11 mirrors each ( 4 x 1.5 m?) at z = 11.5 m; however, _
for this experiment only the inner 18 mirrors were instrumented. The mirrors were =.
Mg F; coated aluminized mylar backed by 3 cm urethane foam. Each mirror was
. -t
viewed by a 5" phototube (either RCA 4522 or RCA 8854) with light collection by an
~ellipsoidal cone. | -
The entrance window was 250u mylar followed by two sheets of 1004 black
polyethylene. The exit window was 500y aluminum except near the beam where it =
was mylar and polyethylene as in the entrance window. (Opaque diaphi'agms used :
in E260 to isolate the inner six cells, were removed for E110.)
. Table28 -
C1 C2 Thresholds, GeV/c
particle C1 Cc2
——
™ 5.8 12.7 '
K 205 45.1
P 40.0 85.7

C2, behind the F station, was filled with a helium-air mixture with an index of

-
refraction n — 1 = 8 x 10°%, corresponding to about 90% helium and 10% air. This
was checked every four hours by comparing gas sarr_iplesv,:t-aken frofn C2 against . -
pure helium in a small laser interferometer. C2 had a radiator length of 8.4 m. and
an active area of 4.0 x 2.1 m? at z = 23.6 m. It had 18 aluminized Lucite mirrors (.6 -
mm thick in two rows of 8) with Mg /'; overcoats. These directed light toward RCA -
4522 phototubes via paraboloidal ("Winston") cones. The phototubes were protected

-

T
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Figure 2-10. Ideal Cerenkov light yields normalized to i (ses sguzticn2.1)
as a function of momentum. In practice, pulse height anaiysis in thres-
hold regions was of limited use.

from helium poisoning by quartz windows glued to the cones, a ‘1>/16" gap' btetween
windowsrand photo cathodes, and continuous flushing of the gas volume about the
tubes with CO; . The C2 entrance and exit windows were similar to Cl's, although
the exit window had no low mass region near the beam. Both counters were painted
black on the inside to minimize reflections, and prior to E110, the C2 mirrors were

refurbished at UCLA and reinstalled by M. Madinnis.

Cl and C2 outputs were capacitively coupled to the ADC's to eliminate a 80
cycle ripple, and loaded with an 85 ns gate. Pedestal slewing on high rate tubes was

observed, but all attempts to eliminate it with or without the capacitors were

unsuccessful.

Table 2.7 lists the @ = 1 photoelectron yields <N> for C1 and C2 found [Da78],
using . data. Where possible, one counter was used to tag pions for the other,

and corrections for finite particle momenta and K contamination of pedestals have
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been included. The momentwm correction factor was
1/ & = (1-1/n?)"Y(1~-1/n?%g9, (2.1)

the relative yield of Cerenkov light as a function of 8 and is shown in figure 2-10,
which also illustrates the counter thresholds (Table 2.6). The resuits for cells 2 and
13 are admitted "“guesses” [Da78].

Table 2.7

Mean Photoelectron Yields <N>, g =1

C1 ‘- c2
Cell* <N> | Cell <N> |Cell <N> | Cell <N>

1 - 12 - 23 30 | 31 27
2 50 | 13 50 | 24 40 32 29
3 65 | 14 39 |2 55 | 33 53
4 67 | 15 62 | 26 32 | 3¢ 29
5 59 | 18 8.9 27 6.4 35 4.3
8 13.1 17 | 4.7 28 4.4 36 3.9
7 69 |18 58 |29 35 | 37 27
8 8.8 19 5.9 30 2.8 38 2.1
9 4.4 20 3.7

10 100 | 21 . 27

11 - 22 -

* Cells 1, 11, 12 and 22 were not instrumented.
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2.4 Triggers

The E110 topological trigger was based on counting hits in several of the pro-
portional chambers to assess the forward multiplicity. The § chamber, Barrel and
Jaw counters were also used, as well as the DEDX and 2x2 counters. Appendix B
discusses in detail the trigger electronics, gives diagrams, and lists multiplicity
requirements for all the triggers used. This section only reviews essentials in the

context of the wrny trigger.

The trigger sequence began with the arrival and interaction of a beam particle
at a time when the trigger electronics was "live”, that is, not processing a previous

trigger candidate or during data read in. Only particles satisfying
BEAM = Sa-Sb-5c-BEAHMGATE (2.2)

were counted as "beam”. An interaction was flagged by either no signal from the

2x2 or a two particle signal in the DED}Q counter (we_uée_ + forjvlog-ical "or'"
INTBH = IB2x2 + [BDEDX - (2.3a)
= ( BEAM-BX2) + ( BEAM -DEDX=2). (2.3b)

If these conditioné were satisfied during the trigger live time, the electronics then
checked that we had only a single beam particle within the pwc time resolution
about the beam particle in question, that no previous interactions had cccurred
within the last rnicrbsecond. and that the~ photon veto counters were ready prior to
the beam particle arrival. The above checks did not include the spark chambers. If
a preset 20ms spark chamber dead time had not expired by the time the trigger
electronics had declared a trigger based on the charged topology, the electronics
were simply reset and started again. Thus not all triggers were recorded on tape.
For normalization, we consider the recorded events a random sample of the actual

triggers. With the interaction, the pwc shift registers were loaded, and their daisy
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chain electronics provided multiplicity outputs which were analyzed for agreement

with any of our several trigger topologies. If a topology requirement was satisfied,
and if the spectrometer readiness checks were passed, we had a trigger. -
Multiplicity measurements used the Ax2, Ay2, Au, Bx, By, Cx, Cy, Dx, Dy, 8. T»
and ['; chambers, with the DEDX counter providing limited (by Landau fluctuations) -
information for some triggers. Several groups of chambers, A, BCD, BC, BCD', I, and -
“special D" were defined to measure multiplicities at various locations by voting
among the chambers in each group. In the absence of delta rays, a charged parti- -
cle from the target would provide a single hit in most of the chambers it passed
through. KA°'s decaying between the A and B stations were be detacted by a change ~
of two in the multiplicity between A and B. _
For a given chamber, the multiplicity measurement was made with "daisy
chain receivers” (DCR’s) and "Window Discriminator Units" (WDU's) designed by our -
group, see figure B-4a in Appendix B. The DCR’'s shaped daisy chain outputs {AIOUT, _
see figure 2-9) from the shift registers, passing them along to the WDU's. DCR cut- -
puts were proportional to the number of hits in the chamber feeding themn. WDU's B
contained several independent pairs of discriminators. Each pair tessted preset
minimum and maximum hit requirements and output a fixed pulse height if both -
were satisfied. The Ax = 2 requirement was a special case set up as at least 2 hits
and less than 3 hits. WDU outputs for the various planes in a given requirement -
were linearly added and then discriminated in ""Majority Logic Units", also designed
by our group. These units gave a NIM standard output pulse if the total height of =
the input pulse was above a preset level. Thus, an A-station requirement of 2 hits in -
at least 2 of 3 planes was satisfied by any two of the WDU's for the A-station sending
" pulses to a Majority Logic unit set to require at least two pulse height units, figure -
B-4a. The NIM pulses were fed to standard Lecrcy fast coincidence units along with
pulses from other units and the veto counters to form the trigger for a given =

R
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topology, figure B-5.

The stiffness of each trigger was determined by the goals for the reaction, its
cross section compared to potential backgrounds, and our willingness to lese good
events to suppress them. Some compromises (reflecting the survey nature of the
experiment) were also made to adjust live times. Delta rays, chamber inefficien-
cies, electronic noise and close tracks can all distort multiplicity measurements.
For mmny , the biggest worries were considered to be reactions involving recoil N™'s
decaying to m°n or mp , which called for photon vetoes; low-t me scatters, which
called for use of the 2x2 veto; elastic scatters with accompanying deita rays in the
pwe's; and three particle {diffractive) events with two particles unrascived by

several chambers.

The last two effects caused us to set up particularly stiff forward multiplicity
requirements for nmny, demanding exactly two particles at both A and BCD with
only slight concessions for chamber efficiencies and delta rays, and expecting
losses from these effects. Losses from close tracks merging in one view was
another price of the trigger. We required two of three A chambers (Ax2, Av2, Au) to
have exactly two hits, "A(2)2/3", and five of the six BCD chambers {Bx, By, Cx, Cv.

Dx and Dy) to have exactly two hits, "BCD{2)5/86".

The other mmn; requirements were 2x2, §=0, and aﬂ 12 Jaw counters and the
24 barrel counters have no hits, figure B-3. A 8 chamber inhibit existed on the bar-
rel veto, but this was covered by the 8 = 0 condition. The Barrel and Jaw raguire-
ment v;'as called BRINHJAW = 0, to emphasize the § inhibit which turned off the two
barrel counters behind any of the 24 f sections that registered a hit. The rrmp

final trigger requirement was thus

Trig = 3x2 - (BRINHJAW=0) - (8=0) - (A(2)2/ 3) - (BCD(2)2/ 3). (2.4)
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Our trigger selected only the topology of the event, not the types of the parti- -

cles involved. Thus the 7mny trigger included data from reactions such as

Kp-Kn'n pp +pr*n, np » K*Kn, and n™p - Bpn, as well as "junk” such as -
me »me (at relatively hight), n7p + n~n*n°n where the n° can come from either the
upper of lower vertex (see figure D—l).V and at a reduced level, some diffractive and -
delta ray induced events. -

Except for alignment (curve through) and test runs, we had ten triggers
operating simultaneously. Five of these, nmny (the subject of this thesis), -
Konp, K°wnX, K°K° X , and nmny (“high mass” wmn ) were considered major "phy- .
sics" triggers. The other five, mp (elastic), 3mp, mn X, nrnpe ( 7n "paddle™), and IB =
(interacting beam) were background or calibration triggers, and were "prescaled” -
to preserve live time for the main triggers. As a result of a run plan change shortly
after the Run I 50 GeV running, the np and mmnp triggers were removed and pre- vt
scale factors for the other béckground triggers were adjusted to permit more live 4
time for the majo:v-».trig-gers.- Late in Run [, 7B ( mw "Barrel”, section 2.3.3) &hich ~
required exactly one barrel counterrhit. but was otherwise the same as mrnyr, was J
‘added. In RunIIwe alsohad a p -»mn charge exchange trigger.
2.5 Beam Momentum, Resolution

-

Ultimately, the source of all our various resolutions such as momentum, mass,
t. missing mass, angle, and vertex, are the position measurement resolutions, loca-
tions of the various tracking chambers, and the material in the spectrometer. A

detailed event simulation can, in principle, determine all relevant resolution param-

eters. However, most were measurable directly from data, although in some cases,
their dependences on variables such as m,, were not. Most variations, however, can -
be estimated from relatively simple formulae. The main exceptions are the cosé,

v

and ¢, resolutions, and we used a simple simulator based on our acceptance Monte

-
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Carlo for them. The simulation was checked with measured resolutions, and results
were consistent with measurements. We prefer to use measured numbers for our
claims wherever possible. We group in this section our 100GeV/c¢ resolution

results. Kinematic symbols are defined in Appendix A.

Average track angular resolutions, in milliradians, are given in table 2.8.

Table 2.8
Average Track
Angle Resolutions
View g, mR
Beam x .033
Beam y .034
After x .088
- After y .097
Before x .138
Before y .1585

In the table, before and after refer to upstream and downstream of the VPS mag-

net.

The momentum resolutions observed in curve through data at 20, 50, and 100

GeV are surnmarized by

Ap/p = %ﬂﬁw +860/p2. (2.5)

The multiple scatter term (8.6/p?) is only noticeable at low momenta. Ignoring it

gives Ap/p=.00026p. This improvement over E260 (.0007p) came from increasing

both the magnet px and front end lever arm.

The missing mass resolution was determined in a series of fits te the neutron
missing mass spectrum. Neutron Mz? plots, such as figure 1-3, indicate an average
resolution, g, 2. of about 2.5 (GeV/c?)? at 100 GeV/c beam momentum. The neutron

peak after nmX subtraction is consistent with a Gaussian with event configuration

dependent resolution. A quadratic expression using the variable
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Figure 2-11. Neutron missing mass squared resolution. In (a) gg,2 is plot-

ted against z~ at 100 GeV/c. Part (b) shows the bearn momentum depen-
dence of the minimum o, ; and average resclutions. These averages ("all

events") follow a P2, dependence above 50 GeV/c.
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== (E =Ey/2)/ (EB/2) (2.8)

where £~ is the forward n~ lab energy, and E, is the beam pion energy. adequately
describes g3 Background subtracted neutron missing mass distributions were fit
to a Gaussian form in eight =~ bins from -1 to +1. The resclution, as a function of

z~, see figure 2-11a, was then fit to a quadratic function with the result
Oz = (1.49£.05) +(=.007£.10) (z7) +(2.67+.20) (z7)? (GeV/c?)?3 (2.7)

at 100 GeV/c. Within our statistics, we found no magnet polarity or real mm mass
dependence of the M2 resolution. (An apparent mp, effect reflects the z~ depen-
dence folded with changing decay nm angle distributions.) Figure 2-1ib shows the

beam momentum dependence of 7, ,.

" The fits that produced figure 2-1la and equation 2.7 also gave the beam
momentum me_asdrement. and evaluated an alignment kink (sections 3.2 and C.7)
between the ﬁpstream and downstream sides of the MPS fm.ag.net. Our best bea.m-
momentum estimate (found by forcing the mean neutron niass to its accepted '

value of .93957 GeV/ c?) is
Prgam = 100.05+£.04£.10 GeV/c. (2.8)

The first error is the statistical fit error and the second one is the rms spread from

a .B inch momentum slit setting, section 2.2.

We have about 5800 examples of n7e™ » n~e” in the wmny data. While an easily
removed background (just a total charge test), this reaction was extremely useful
for resolution measurements. Being an elastic scatter (off an atoric electron), the
kinematics are well defined and give a maximum electron energy of 85 GeV for a
100 GeV/c beam. For this reaction Cl and C2 are useless. This is dealt with by

evaluating the me mass for both possible particle assignments. The resulting e
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Figure 2-12. Pion electron scattering data. The events in 2-12b were used =
for £y, resolution estimates. The same events when plotted as nim yield 2-
P P
12c.
L
mass distribution is shown in figure 2-12a. A very nice me peak is seen, along with a
L]
mush resulting from wrong assignments. For our purposes, simply selecting the
combination closest to the nominal me mass or Vs of the scatter, is acceptable, fig- -
ure 2.12b. The width of the me peak gives a forward mass resolution estimate of
11.3+.1 MeV/c? This resolution is applicable to any forward system with total -
-

R
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momentum near 100 GeV/c, vertex in the hydrogen target, and opening angles simi-
lar to those of the me reaction. Figure 2-12c shows the "mn" mass for the e data,
and indicates that this resolution fnaps to 7w masses of about .47 GeV/c2 This
compares favorably with the X% mass resolution of o(m.Ko) =16+1 MeV found in ocur
K°K*n* X analysis [Br80]. The X° momenta averaged about 30 GeV, but they

decayed between the A and B stations.

Equét.ion 2.5, the data in Table 2.8, and the approximate form m; = Vpp3 0
can be used to estimate the mass dépendence of 0(™M4,). The form for m, assumes
massless decay products and a small lab opening angle &, but is adequate for the
present purpose if we expect only to get do(m )/ dm from it. Taking extreme cases
for the effect of p, and p,, we have do,,/dm = (4.1+.8)MeV/ GeV. The large error
covers nonlinearities expected in the resolution, and tying this onto the estimate at

m., = .47GeV, we have .
O(Myw) = (113£.1) + (41£.8) (Mg = 47). (2.9)

where the resolution is in MeV/c?, and m, is in GeV/c2. Both the me and X° masses
give estimates of the systematic forward mass error. These estimates are 3VeV and

less than 1MeV respectively.

Another important feature of the me reaction is that since all final particles are
observed (and the target electron was at rest), P; =0, where P; is the transverse
momentum of the forward me pair measured with respect to ghe beam pion. We
thus get a measurement of the p; resolution, and hence the fp, resolution for
mp-nm'rn. To good approximation, the p; resolution is constant, and also to a
good approximation (especially when the recoil neutron mass is poorly measured)
we can estimate £’ = fpn—tmn = —pf. This form implies that o, = 2gp, Vit |, and

that o, =0 at ¢’ =0. Including a small zero point error gives

oy = o+ 4t op° . (2.10)
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Figure 2-13. t,, resolution estimate from equation 2.11.
wad
For spectrometers of our type, this form is well born out at even moderate fp,
[Gr74]. Both parameters of equation 2.10 are available in me scattering if we take
Op, =<P>, and o0¢,=< [¢]>= <P?>  These values are <Z,>=.018GeV/c and
[
<P#>=.00041(Ge V/ ¢ )? so that our ¢ resolution is (figure 2-13)
0y = V19171077 +1.30xi07% ¢’ | . (R.11)
This equation applies at m,=.47GeV/c? but ¢; increases less than a factor of two -
from My, = .5 to 2 GeV/c®. The P, measurements also give an estimate of our sys-
tematic p; error resulting from alignment differences between the beam and MPS -
front end. The average F: components were <FPi> = —00125+.002 GeV/c and
wal
<Py >=-00218+.002 GeV/c. These errors are negligible. (The x-y difference
reflects mistakes in setting up the BAy and Ay chambers. Both had two y planes -
which were meant to be staggered but weren't. This was corrected for Run II. The x
view planes were staggered.) -

-



-53-

The above claims are consistent with results from a Monte Carle study which
used the track angle resolutions of Table 2.8. This study also gave us resolution
estimates for cosé;, and p,;, the Gottfried-Jackson frame mm decay angles. The
cosé; resolution depends slightly on g, falling from .03 to .01 between the a°
mass and 2.5 GeV/c?. The ¢, resolution was seen to be independent of mass, but ¢y,
dependent. At tp, =—.01GeV?, it was 7° and at fpn = —.10 it was 3°. At fpn =t oy, the
@, resolution diverges since the neutron azimuth is indeterminate, but 4o/ dt is fal-

ling below &y =—m%,. The 7° estimate is an effective upper limit.

Figure 2-14 plots the vertex resolution, o,, against the nm mass. The observed
mass dependence of g, reflects changes in laboratory opening angle distributions
as the mass increases. The vertex errors in the figure are those reported by TEARS
(section 3.2) with an additional factor of 1.5 applied. This factor was determined in
vertex distribution fits with a series of o, cuts, figure 2-15, and is good to 10% of
itself. This underestimate has been traced by Bromberg to a missing term in the
vertex routines which had no effect beyond the error estimate. Qur vertex routines
have been compared against another fitter [DeB0] and found to be highly efficient
and, within the adjusted errors, accurate. Becauseé of the dependence seen in fig- -
ure 2-14, no cut on o, was used. The TEARS vertex routines are described in Appen-

dix C.
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Figure 2-14. Vertex resolution versus nm mass at 100 GeV/c. The resolu-
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Chapter Il
Event Reconstruction, Scaler Analysis

3.1 Introduction

This chapter reviews our track finding analysis and the selections used ta

extract n p->m*r n events from the nny trigger data.

The data processing went through several levels, DST, CST, PST. and CPR, each
distinguished by the amount of data retained on each event, and the number of
events kept. DST's, or data summmary tapes, were the result of a track finding
analysis on raw data with the program TEARS [Fo75]. DST's were actually .£30 bpi
copies of BOO bpi raw data tapes with the track, momentum, and vertex results
appended to each event. Although based on the program used for E260, E110 TEARS
had substantial differences from the E260 versibn. For E110, TEARS was optimized
for low multiplicity events and the algorithms for tracking upstream of the magnet
bear little resemblance to those used in E260. DST's served mainly as a way station,
holding tracking results enroute to more manageable formats with which data han-
dling and physics analyses were more efficient. About two hundred DST's ‘were

needed to hold the Run I data.

From DST's, compressed summary tapes, or CST's, were created by removing
all raw data records. Simplified format copies of the ADC, tag bit, and pwc shft
register were included, but all spark chamber data was removed. Only results for
matched tracks, and only the results of one of two independent before magnet
analysis systems was included. Flags on the CST's recorded chamber responses
(hit/no hit) for each good track. The CST format was compatible with all the
triggers, and even allowed us to repeat the front end tracking at one point with

some improvements to TEARS, without needing to recreate DST's.
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CST's were split by trigger. The selection required only that the appropriate
trigger tag bit be on. Hence no events were lost because of multiple trigger bit fir-
ing. This was allowed by the triggers, some of which overlapped. For mmn, CST's
were used mainly for correction factor development, and performing Cerenkov
counter analyses. Beyond the trigger splitting, no events were cut from the CST's.
For Run I twenty 6250 bpi CST's were needed, five each for the three major triggers,

and five more to hold the other triggers.

PST's, or physics summary tapes, had a format specialized to the two body
topology of mrn. Scaler and some tag bit data were the only remnants of raw data
on the PST's. The PST track data covered only the two good vertex particles, and
only enough information was retained to make fiducial cuts, evaluate weights, and
do kinematic analyses. At this level, we evaluated all event by event corrections,
using factors developed with CST'’s, and performed our full kinematic event analysis.
. In creating PST's ffom_CS'F's; preliminary selections were made. Evegt_s failing
| _--loos'e topology éuts and somme basic trigger tests were rejectéd. Further-éut’s were
made in the PST analysis and both sets are discussed in sectit;n 3.3. PST's were

. compact enough, to maintained as Fermilab disk files, and not tapes.

If only weighted distributions were needed, PST's would be sufficient. However,
weights were reevaluated every time the PST was read. A format more suitable to
decay distribution analysis (fits) was used in CPR's, or condensed physics records.
CPR's, which were created from PST's, held only kinematic analysis results, (M.
tom, Mz? mm rest frame decay abngles, tn, and u.,), and all correction weights for
each event. No track information at all was written on CPR's, and only events pass-
ing all cuts used for PST analysis were written to CPR's. Both mmmy and nr.X trigger

data were processed to the PST and CPR levels.
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3.2 TEARS

TEARS created DST's after performing our tracking and vertex analyses. For
7 and other non-vee triggers, it made few judgements on the topologies of events
beyond setting flags for successful operations such as vertex finding. Selection of
good events from the TEARS results was left to later (CST and PST) analysis pro-
grams. For vee triggers, such as K%np, the desired topology was an integral part of
the formalism. Appendix C gives a more detailed review of TEARS than given below,

and tables in it are referred to here.

Track finding began downstream of the MPS magnet with independent straight
line fits in the xz and yz views. Minimum spark reqﬁirements. Table C.1, included
both overall and local groué requirements. (An overall requirement spanned all
chambers in a givén view, for example the x view chambers downstream of the maz-
net. A group requirement covered only a subset of these, for example the "x
chambers.) Two passes were made in each view. In pass 1, sparks in the F-station
;vvere required; in pass 2, the F-station was ignored. Both because of having two
passes and having relatively loose requirements in pass 1, single view cleanups were

_employed to remove redundant tracks (keeping the better of two tfacks with essen-
. tially the same parameters). Next, the xz and yz tracks were matched, section C.3,
using slant view spark chamber information and the requirements of Tzble C.2.
More cleanups followed to remove spurious matches. This was our cnly view match-

ing operation, and the term "match" will refer only to the track pairs found in it.

None of the downstream cleanups were 1007% efficient. We preferred to have
high efficieney for good track and match survival over high efficiency in spurious
track and match removals. The single track and match cleanups were designed to
compare tracks for duplicates and pick the best of a pair. If a track or match was
reasonably unique, it survived these tests. Since the front end (between the target

and MPS magnet) tracking chambers were all proportional, their superior time
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resolution provided a strong "effective” cleanup when we sought upstream tracks
corresponding to downstream matches. As a result, the appropriate measure of -
muitiplicities is drawn from the front end results, not the downstrearn ones. Spuri-
ous matches typically had no corresponding front end tracks. Those that did were —
fairly x;are and usually shared front end tracks with a good match
After completing the downstream analysis we determined the beam trajectory, =
which was needed in the front end algorithms. One unique beam trajectory was
found per event. The procedure used was not a fit since we had only two beam sta- -
tions (BA and BB) about 19.5 meters apart. Insvtead. we used the beam pwe data to -
locate the beam position at each station, and connected these with straight lires. If
hits in either view at either station were ambiguous, fhe event was flagged. The . -
beam position and error were then drawn from averages of the beam location and
beam spot width for the view and station in question. Although such suspect beam A -
events were later cut from the data, this allowed a full analysis of them, and in the
nimn case, they were found to be as good in all respects except for a poor {p, meas- =
urement as the good beam data. Multiple beam particles were not a problem,
although they would, without the strobe kill, dominate the two body mwnp trigger. =
- The strobe kill electronics, Appendix A, removed nearly all double beam within the -
resolving time of the beam pwc's, and removed all double beam where both parti-
cles were in the same 7f bucket (at the cost of losing some effactive flux, but the -
scalers accounted for that), and charge and momentum cuts removed any surviving
remnants. -~
Having a beam track, TEARS turned to the front end analysis with the immedi-
ate goal of finding all possible "links", or front end tracks that joined to the down- -
stream matches. The next goal was to locate main and (depending on the trigger) -
vee vertices. A general feature of the front end analysis was that it sought only link- |
ing tracks. With only one exception, if a particle failed to pass through the magnet -
-

I
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aperture, its tracks were not found. All but one of the the triggers were designed
for all particles to pass the magnet and extra charged particles were heavily
suppressed by the topological trigger. (The exception was the "high mass” mmmn
trigger in which a single slow particle (nominally a %) was intended to strike tbe
inside magnet wall in one of the I" chambers. For that trigger, the slow particle
tracking was meant to be done in a DST analysis separate from the one described

here. We will not detail those operations.)

b

The front end analysis was performed twice on every event using the systems
"Virig” and “Targtrk”, optimized for topclogies with and without seccﬁdary vertices
(vees) respectively. Vtrig will be discussed in Appendix C. Both sets of results were
written to DST's, but for CST's and beyond we specialized to the resuits of the sys-
tem appropriate to a given trigger. On CST's, only Vtrig results were written jor the
vee triggers, K°mp, K°nnX, and K°K®X. Targtrk results were used for all cther
triggers unless Targtrk failed. In that case Virig results were substituted as a
backup. (This later prfo’ved unnecessary; all mrﬁ events failing Targtrk reconstruc-

tion also failed Virig.)

The front end analysis of interest to mmwn was not Virig, but Targtrk. In this

system. only main vertex particles were sought. No fits to a specific hypothesis

were made; all possible vertex particles were found. The tracking requirements for

Targtrk are given in Table C.3. In this table, only real sparks are included.

An important feature of the front end algorithms was the use of information

‘from the bearn and matches to support the front end tracking. Since we had a X°

decay volume free of chambers, figure 2-3, and the A station was close to the target,
the BC lever arm was not sufficient to alv'vayé resolve the correct hit from two close

A-station hits. Additional information was needed. This was provided by extrapola-

. tions of the matches to the magnet center and (in y only) to a point inside the

decay volume, and of the beamn track to the target. The y-view match extrapolation
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used a vertical focusing correction but the x view extrapolation only needed a
square field approximation. All extrapolations were assigned inflated errors, and
were included in initial track fits. With the exception of the x-view mid magnet
point, these extrapolated points were then removed from tracks in a refit. Refit
tracks were then used to find momenta and charges using a square field approxima-
tion.

The beam extrapolation was especially important in selecting the correct A-
station hits for a track. In the fits, the beam provided a vertex "spark”, although
vertex was unknown. Since a wrong vertex spark could lead to a bad selection at
the A-station, Targtrk was structured as a loop over three possible vertex sparks
along the extrapolated beam and sizable errors were assigned. After all front end
tracks had been found by Targtrk for each of the three choices and a vertex had
been found for at least one {and usually all three), the best set of Targtrk results
was selected as the one that made best use of the A—station information. Secondary

criteria were the number of vertex tracks and the vertex 2

The vertex ﬁts- were iterative x2 fits in both the xz and yz views to a common
z‘;. Forward track deletion was allowed independently in either view. For Targtrk, -

and for the main Vtrig vertex, beam tracks were included and could not be deleted.

Targtrk used one final cleanup, called Sclean Sclean selected only the be-st'
match of any pair having two different y view tracks matching to the same x view
track. Since the slant spark chambers were virtually x chambers {sterec angle of
only +5.7°), multiple x ;ﬂew tracks‘matching to the same y view track were allowed

by Sclean Next, Sclean sought to remove “old” or out of time bearn region tracks

by requiring F* pwc hits on any matched track within +5cm of the 2x2 counter..

There were two such chambers in each view and one hit in each view was required,

amounting to two additional tracking requirements. In Run I, a BA type preopor- -

tional chamber (called BBWV) was located with the 2x2 counter at a 45° slant. Hits

P
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in this chamber were included in the match spark counting, and were also used in

Sclean. A hit in BEWV on a track was enough for Sclean to approve a match

For Targtrk. Sclean was used only after all tracks were found and the best ver-
tex determined. In this case, Sclean (which was written for Vtrig) was an add on to
flush spurious matches, especially in the beam region, that linked to the same front
end tracks used by good particles. The Sclean processing in this case was on any
match with a Targtrk link to the front end. The sequence "vertex then Sclean’ was
considered reascnable since spuricus matches always used the same frent ecd
track as a good match so that the vertex fits were not much biased by the spurious
matches. The average tracking efficiency exceeded 99% cn good {real) particles,
but as discussed in secticn 4.8, the appropriate tracking efficiency includes the
effect of the trigger requirements-and includes both particles in a configuration
dependent caiculation. Without Sclean, Targtrk wes only about 907% efficient with
respect to feed up problems in the vertsx multiplicity. With Sclean, the feed up
effects were less than 1.4%, while fead down losses were less than .3%.

Particle momenta were ejraluated in TEARS using a square field approximation
The xz plane comfaonani of the momentum is

where Py = .7510 GeV/c is the magnet's p; kick and &,, §, are the xz plane angles
before and after the magnet, respectively. The full mcmentum of the particle is
then found as

P = Po, N1+5,7 (1+5D) (3.2)

where S; and S, are the before magnet slopes. Unfortunately, the momenta meas-
ured by TEARS have a systematic shift characteristic of a kink of §& = .084 = .007
milliradians between the upstream and downstream (of the MPS magnet) chamber
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alignments. The kink had no noticeable effect on the tracking and linking efficien-
cies. Monte Carlo studies have shown that this momentum error was not the result
of the square field approximation, and that the square field approximation has no
noticeable effect on the resolution. We accounted for the kink by a first order

momentum correction at the PST level,
P =Pyn(1+66/0) (3.3)

where P is the true momentum, P, the measured momentum, & the bend angle
and 66 the kink. Appendix C includes a discussion of the kink and the evaluation of
68

3.3 Event Selection

~ Despite stiff multiplicity requirements for the wrny trigger, section 2.4, most
of the recorded data was not #p »n*A™n. A large number of background reactions
either had or could mimic the required two body signal. Examples vof these include
" psnntnn, Kp-Kntn, " p-KK'n, pp+pr'n, and me +n"e” (me
scattering, or extremely stiff delta rays). To extract our sample of w7 events: -
(with reasonably small and correctable backgrounds), a series of cuts listed in
Table 3.2 and discussed here was made. In addition to insisting on the expected
topology. charge, and particle species, some cuts insured that the intended trigger

was actually satisfied and were designed to facilitate corrections.

Our basic topology cut re@red that two oppositely charged particles (total
forward charge zero) come from a vertex found by Targtrk. Only Sclean approved
particles were included in this accounting, and the total charge test came after the
vertex particles were counted. (One cut we did not make was requiring exactly two
matches. Studies found no differences in event distributions made with this, and

those with our usual cut beyond an expected reduction of event totals of about 407%.
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Most two body charge zero events had large missing masses, indicating consid-
erable energy going into neutral particles (mainly n%s). A lcose total forward
momentum cut {75 to 125 GeV for the 100 GeV beam) was made in creating PST's,
but for the final analysis, recoil neutrons were identified by a missing mass calcula-

tion requiring
-2.50(Mx?)<s(Hz? —m2)<2.5 o( Mz?) (3.¢)

where
Mz? = (Pp-+P s — Pooam -Pp)z : (3.5)

The P; are 4 vectors of the forward n~ and n* , the target proton {p), and the beam
pion. For equation 3.4, o{(#z?) is evaluated according to equations 2.5 and 2.7. As
shown by figure 4-3, virtually all 100 GeV events passing this cut fall between the
_ limits -5<Mzz<7GeV°. The Mz? cut left us with a background of about 10% from
events with unvet&ed 11-"'3.‘ These bapkgro@d events, indistinguishable from good
- ' 7 events are accountéd for by a background subtraction, section 4.2 and Appen-

dix D, in the cross section measurement, but are left intact in decay distribution

plots.

Cerenkov analyses were needed to remove Pp-~+fn'n, A p-+A r*n, and
mp -+ K K'p or fpn backgrounds. For the first two, we required that the beam

Cerenkov counters tag the beam as a pion according to

n = (Co+ PRUSS ) - BDIFF - DISC (3.6)

when all counters were set. The tag was adjusted appropriately when one of the
counters wasn't ready. For the pion induced backgrounds, C1 and C2 identified the

forward particles whenever thei:_rhomenta allowed. (The qualification is discussed

in section 4.9 along with the details of the C1-C2 analysis.)

S
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Table 3.1a
Run I Apertures (meters)
Z Xlimits Y limits Name
2.022 £3 +£.12 Vixy
3.042 +£.17 Bxy
3.96 +.55 Pole tip upstream
4.47 £.55 Mid magnet
4.98 +£.55 Pole tip downstream
5.70 +.55 £.28 Magnet exit
8.30 +£.311 Dxy
11.5 £.73 C1
12.43 +1.10 Faxy
Table 3.1b
Run II Apertures (meters)
Z Xlimits Y limits Name
1.943 £.225 V3x
1.689 +£.0921 V3y
3.042 +.17 By
3.96 +.55 Pole tip upstream
4.47 +.55 Mid magnet
4.98 £.58 Pole tip downstream
5.70 +.55 +£.28 Magnet exit
6.30 £311 | Dy
11.5 £.73 Ci
12.43 +1.60 Fax
12.43 -1.66 Fax

In order that acceptance calculations be well defined, fiducial cuts, Table 3.1,
were made. These outer aperture cuts required that particles land well inside the F
station. For Run I data, we selected the F-x cut to avoid a region of rapidly falling
reconstruction efficiency on one side of the spectrometer. This was unnecessary
for Run II, spark chamber improvements having been made for that run. We also
réquired both particles to miss a 28x28 mm box (at P,eem < 100GeV) centered on
the 2x2 counter. At 175 GeV, this cut used a 14.7 mm box surrouhding the 1x1

counter.
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Table 3.2
100 GeV/c Event Cuts
Cut Percentage of

Data Rejected

PST Creation

Vertex Found b
Two Particle 42,
Loose Momentum Cut 56.
Charge Zero 32.
A(R)R/3 Multiplicity 14
BCD(2)5/6 Multiplicity 3.2
BCD Hits on Tracks 1.1

PST Analysis (CPR creation)

Beam Pwc , 4.4
Beam Cerenkov 7.3
Apertures (10%) 15.
Pass 1 1.9
Vertexz | o 24,
‘Az Ay - 7.0
Bx radius : , <.1
Veto House (VO to V3) 2.4
Mz? 45.
CiC2 , 11.
Reconstruction <.1
A - station <.l

Cuts are listed sequentially. Percentages apply at the

time the cut was made. The "vertex z" cut is a rough
average two different cuts, see text. Final A-station
cut requires tracks resclved in at least 2 planes of 3.
"Apertures"” includes outer and 2x2 cuts only.

The last strictly fiducial cut was a requirement on the vertex z-coordinate. (No
cuts were needed in the x and y views.) We actually used two different cuts, both
designed to eliminate net feed out losses caused by a finite vertex resolution, sec-

tion 2.5. For normalization, a cut inside the target flask requiring
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-.51m <2, < - 30m was made to give a well defined target length. For data distri-
bution analyses, we cut outside the flask, requiring —65m <z,<-.23m. In this
case, the downstream cut is about halfway between the target flask and the vacuum
jacket. These cuts were studied with a Monte Carlo, and the resulting feed out
losses were found negligible. (The vertex cut number in Table 3.2 is actually for a
cut about midway between the two just given. For these, the amounts of data

rejected by the vertex cuts are 41% (tight cut) and 14% {loose cut).)

Trigger inefficiencies for close tracks motivated another "fiducial” cut, ﬁamely
one at the Bx station requiring Az =5.85mm and Ay =6.896mm, where Ar and Ay
are track separations. These values require that the twe pions be separated by at
least 3 wires in all BCD trigger chambers except, possibly, the Dx chamber, where
crossing tracks were allowed. These cuts were set after looking at the consecutive
struck wire distributions to remove any need to account explicitly for events lost by
soft delta rays causing tracks to merge (section D.4).

Another separation cut required that the radial distance between the two
tracks at Bx be greater than 13 mm. This rejected little data above
m .~ 500MeV/ c? It followed the Az Ay cut which imposed an effective radius of
9.1 mm. The A statioﬁ trigger efficiency was quite poor for events in which the two
forward particles were resolved in only one or none of the three A station trigger
planes, Table 4.4.1. This rarely occurred above 7m masses of 500 HeV/ c? Although
few events at any mass were involved. their correction weights were large. This
motivated the above radius cut, and a cut requiring that the forward particles be
resolved in at least two of the A station trigger planes. A few low mass events sur-
vived these redundant cuts. There wasn't enough low mass data for acceptance
corrections ‘below about 550 MeV/c?, and except for some weighted mass distribu-

tions and scatter plots, we generally ignored it.
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A major block of cuts was de’signed to ease trigger efficiency corrections. (The
B station separation cuts could also be included in this class). We used a software
trigger following the hardware to insure that the mmny trigger was indeed satisfied.
These cuts were that the § chamber have no hits, that the photon vetoces (Vo
through V3) ail be quiet, that the A station have exactly two hits in at least two of
the three trigger planes, and that there be exactly two hits in at least five of the six
BCD trigger planes. In addition, a more detailed cut was imposed for the BCD
chambers. The BCD hardware requirement interacted with the reconstruction effi-
ciency and was also guite sensitive to delta ray vetoes. The trigger requirements
were significantly stiffer than the tracking requirements if we assume all hits were
actually on tracks, even allowing one bad chamber. To provide for compatibility
between the BCD delta ray and reconstruction efficiency corrections {sections 4.4
and 4.8), we required that the two forward tracks both have hits on them in at least
five of the six BCD chambers, and if both tracks satisfied this in only five chambers,
those had to be the same five. 1f one chamber was flagged as bad in the hardware
trigger cut, then it was the only one allowed to fail this test. If the x view tracks

crossed in the Dx chamber, then Dx was the only bad chamber allowed.

We only used events for which the two good tracks were pass 1, section 3.2.
Pass 2 tracks hitting the F-station occurred at a rate consistent with interactions,
and wide angle Pass 2 data had terrible reconstruction efficiencies. The track pass
type selection was made after the charge and multiplicity cuts. A reconstruction
efficiency cut at 50% was also made. Given the fiducial and pass cuts, failures of
this cut were rare. When using event by event weights for acceptance, we used a

10% cut to avoid divergences. This cut was not used in decay distribution fits.
To insure a good measurement of the beam track, we required a good measure-

ment of the beam coordinate at both stations (BA, BB) and in both views. This cut

rejected any events using the average beam spot [or-any view.
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In the 175 GeV/c data, additional cuts to remove events with photons detected =
in any of the E111 photon detector, lead wall, or electron calorimeters were made, -
(Fr82]. Counter elements along charged particle tracks and their neighbors were
excluded from the cut. In the lead wall, and also the calorimeters, pulse heights -
from the remaining counters were added and the event was rejected if the total
exceeded half the minimum ionizing pulse height. For the E111 photon detector, -
pulse height signals from charged tracks were removed. Photons were then identi-
fied by peaks seen in both (x and y) viev-v"s.' and if a.ﬁy were seen the event was -
rejected. These forward photon cuts were tuned te optimize ph.éton rejection and
maintain acceptable charged particle efficiencies. They reduced backgrounds at -
175 GeV/c to the 100 GeV/c level. | -
3.3.1 Run Selection, Data Set -

Important for the cross section analysis (as well as general data analysis) was
the .ideﬁtifi;:atiqn and _excilus_ior;. of ba'd"":runs. Most bad runs were known from our =
logs. These runs were compromised by conditions such as lack of beam or C1C2
Cerenkov counter data, short run trigger electronics failures, and/or critical track- -
ing and trigger chamber failures. These problem runs correlated well with large -
fluctuafions in run by run diagnostic scaler ratio plots, especially plots of o7z, equa-
tion 3.10. Various other plots were also used, including a cross section evaluated -—
using weights for all corrections, including acceptance. A few additional bad runs
were flagged in these diagnostic plots and verified by our records. -

Most of the bad runs found in these reviews were excluded from both our scaler
and decay distribution analyses. Only a couple of runs, for which the STROBE scaler -
was unplugged were included in an expanded data set for distribution fitting only. -
This operation reduced our data set by about 15%, from 280000 mnmny events to
240000 events. Table 3.3 summarizes the 100 GeV data set fate from raw CST's to —-—

U
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Table 3.3
Run I, 100 GeV/c Data Set
Events

Total Recorded mrny R77924
Good Runs Only 239419
On PST (good runs) 38997
CPR’, Tight Vertex, total 7425

|ten | < .15 (GeV/c)? 5099
p° (.80<mM1y<.94 GeV/c?) 1422
CPR’, Loose Vertex, total 10577

[tan | <.15( GeV/c)? 7250
P (.60<mM 1y <.94 GeV/c?) 2105
* Cuts for CPR's are curnulative.

the final samples of 7wy events used for our various results.

For our normalization, we divided the data into positive (+) and negative (-)
magnet current groups. With this division a problem spanning the entire Run I data
set emerged. 'fhe "triglog" cross sections gyy, see Table 3.4, depended on the mag-
net polarity. After considerable effort, we concluded that this did not repreéent a
left right bias in the spectrometer for good mmn data. It seems that the trigger
simply allowed more garbage in the trigger at one polarity than the other. The data
cuts are "polarity blind"”, and after the full analysis, the cross sections were, within
errors, consistent. While the source of the polarity problem has never been iso-
lated, we believe it to be due to a number of small asymmetries in the spectrome-
tér. none of which were large énough to cause the problem alone. Examples would
be small misalignments of the 2x2 counter, possible fringe field magnetic effects on
the V3 phototubes, and a paddle near the extreme edge of the Cx chamber that was
left out of the trigger. Although outside of the fiducial volume, this paddle would
flag no delta ray vetoes, while its symmetric partner could. This problem was found
and fixed before Run II, and V3 was located farther from the magnet in that run.

The polarity problem was absent from that run. While not proving the above
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speculations correct, the lack of a problem in the Run II data showed that a small

average lab beam angle (¥1/2mr), and a half inch offset of the magnet with respect

to the beam were not the culprits.

At 175 GeV/c, the number of many triggers was over 50% more than the Run I,
100 GeV/c total. This was more than balanced, however, by increased backgrounds,
mainly the high Mx? ("fast ') background. The 175 GeV/c good run set included
4B1000 mmrny events, and yielded only B408B events in the final sample. (About 75% of
this was used in the 175 GeV/c cross section analysis [Fr82].) For decay distribu-
tions only, this was augmented by 1487 events (out of 75000 triggers) from a revised
mrmnp trigger, giving a total of 9895 events. This additional data resulted from a
desire to check the A station performance by removing it completely from the
trigger.

Late in Run II, we redesigned the mmnp trigger (from the one described in
Appendix B) and essentially replaced mmny by it. The mny trigger was then heavﬂy; :
prescaled while nmnp was not. To compensat.e. for reﬁmv'mg th’_é A statioﬁ frofﬁ fhe
trigger, we included stiff DEDX counter reqtﬂrementé both belo&f and above the two
particle peak. Other requirements were the same as for mmny. The resulting events -
were free of A station biases, and no corrections for thexﬁ weré needed. There were
Landau fluctuation (in DEDX puise height) losses, but for decay distributions, this
did not matter. The revised mmnp trigger overlapped nrmny significantly, so for runs

with the revision, we use the dominant nrmnp and ignore a much smaller sample of

TAMy.
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3.5 Scaler Analysis
To obtain an absolute cross section, o, for n7p » "7 n within specified mass
and ¢pn cuts, we need an estimate, P, of the events produced by a total pion flux, B,

incident on a target containing Nr protons/ cm® Then o is given by

(3.7)

The produced event estimate, P, is obtained from the corrected fraction of

recorded triggers surviving all cuts:

P = TRIGLOG Ne .
Ny

(3.8)

TRIGLOG is a scaler total giving the number of times the nmnr trigger was satisfied.
The number, Ny, is the number of mmny events written on tape, and N;, is the
corrected number of events surviving the analysis. The ratio TRIGLOG / N;. is
roughly a spark chamber dead time correction; as not all triggers lead to sparlf
chamber pulsing, section 2.4. (In chapters 5 and 8, we will refer to N; as a pro-
duced event total. This is adfnittedly at odds with (3.8) unless TRIGLOG = N,. That
V:V:ondit.ion wés met in the Run II data, but in Run 1, these numbers differed by a few
percent. The term is convenient.) N, depends on specific cuts, sqch as mass and
ton. which we apply to the final data, but not on the biases of the spectrometer. Our -
cross section analysis naturally splits into two pieces, the evaluation of N;, and.
everything else. N; is obtained by applying our full set of event dependent and
acceptance corrections to the c;bserved event sample. The other factors group
themselves into an exercise in scalér analysis yielding a number, a,. This section
will concentrate on expanding equations 3.7 and 3.8 into the terms we used; then
defining and evaluating g,. Section 5.3 will complete the cross section analysis and

present results.
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The pion flux, F is obtained from the scalers EFFBM, PRETRIG, STROBE, and the

beam pion fraction, [y,

B = f .14 EFFBH (STROBE/ PRETRIG). (3.9)

EFFBM scaled the "effective” beam flux onto the MPS, section 2.4.1. EFFBM was not
scaled during evaluation of a trigger candidate by the electronics, or while the on
line computer read in the data from an event. However, the name is slightly
misleading since this scaler was located before the strobe kill electronics which, as
discussed in section 2.4.1, could kill off trigger candidates for reasons dealing with
spectr_'ometer readiness. This amounted to a deliberate, 'but unbiased, rejection of
part of the beam flux. The ratio STROBE/ PRETRIG gives this reduction. The fac-

tor f , is evaluated as

In=15 (‘1-1_4) (3.10)

where f% is the "unbiased” pion fraction found from the beam Cerenkov analysis,
gection 2.2.1. The factor (1-u) accounts for a muon (and electron) contamination
included in f5. Beam decays and interactions between the beam counters and the

upstream end of the target flask are accounted for by f4.

It is useful to-group éiluations 3.7 to 3.10 together to give

TRIGLOG - PRETRIG ) Ne

®=\Nr7«fs EFFBH - STROBE| N, (3.10a)
N,
=on =0l (3.10b)

The term oy is, roughly, the cross section for the mmn, trigger to occur. We say
"roughly” only because the target factor, Ny, applies to a fiducial cut and not to all
the matter seen by the beam. Equation (3.10) is more applicable to this experi-

ment than (3.7). It exposes a real distinction between the trigger, which includes
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mainly garbage, and the physics we extract from recorded good events. The terms
not included in oy are necessary to convert it to a "physics” cross section.
Another and important effect of using g7z is that it can be evaluated on a more res-
tricted set of runs than used for making event distributions. In that case, N;/ N:
represents the (corrected) fraction of recorded events that survive our analysis,

and both terms in this ratio are from all runs analyzed for event distributions.

Also useful is the "cross section per event”, o,, given by the second half of
(3.10b):
a1

o, = N, (3.11)

By virtue of the 1/ N, term, the cross section per event depends on the run set '
used to evaluate it. However, it is independent of all corrections and any wr mass
or tyn cuts used. Both oy and 0, depend on the target fiducial cut through the fac-
tor Nr. Our cross section evaluation used both oy; and g, at various stages; how-

ever, the goal of the scaler analysis was g,.

Our decay distribution fits treat the positive and negative magnet data on an
equal basis. For this reason, and to reduce.errors, we used the following procedure
for o,, Table 3.4. Large maés cut cross sections, 0" and g~ were obtained for posi-
tive and negative magnet polarities. A mass cut of .5 to 2.7 GeV/c? and a —.15
(GeV/c)? < tpn <0 cut was also applied. A target fiducial cut of —.51 < 2, <.30m
was used. Event by event weights for all corrections, including acceptance, were

applied, N, = 2 w. The liquid hydrogen density was taken as 0.0708 gm/cm3
svenis

[PDGB0], with a 1% uncertainty, giving an inverse density of 1/ Ny = 11.25x10° ub.

ot and 0~ were then evaluated as

ot = ——Y w* (3.12)
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Although the oz; values for the polarities were quite different, the agreement -
between ¢* and ¢~ was within errors. To eliminate the remaining asymmetry, at
least to first order, o* and ¢~ were averaged arithmetically, "
g= 1’%—— (3.13) -
Equation 3.13 is our reason for introducing an N, estimate at this level. We use -
acceptance weights as a first order correction to account for 2x2 counter location -
variations in a low statistics situation, where our decay distribution iits might have
trouble. The cross section per event was then obtained by dividing by the total -
weight used for o* and o~,
o, =o(Pw+Pw)! (3.1
A : -
These calculations used essentially the entire set of good runs. Only a few gocd
runs were excluded here (for lack of some scaler data) and included in the general -
decay distribution analysis.
The Run I, 100 GeV/c scaier analysis data is given in Table 3.4. Only statistical . -
errors are given in the table. The ¢* and ¢~ values agréé. within sts;tistics. Anplying
equation 3.13 gives a polarity averaged ¢ = 4.25+ .08 ub. And we have =
oy = .2160+.005nb . —
This value is used for our p° cross section, which used the tight target cut. A paral- -
lel analysis was made by Fredericksen for the Run II data, [Fr82].
The tight vertex cut cost us & 30% of the good nmn data, and the {p, cut was -
also significant, but the statistics were still sufficient. The true target flask length
was poorly known, and the tight fiducial cut aveoided a difficult to determine feed-in =
feed-out correction. Simple Monte Carlo studies showed that the tight target fidu-

cial cut had negligible net data feed out and was insensitive to the true flask length.

-
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Table 3.4
100 GeV/c Scaler Analysis
Quantity Imag = +180 Imag = -180
Events 2681 2179
EFFBM 6.3689x% 10° 5.2352x10°
B 5.7180 x10° 4.7005 x10°
STROBE 6.4700 x10° 5.0819 x108
PRETRIG 9.9481 x108 B8.2026x108
TRIGLOG 178453 123930
o 54.0+.0024 47.9+.0028
N, 141673 96414
Ywt 10995.64 8679.85
ot 4,19+.106ub 4.31+.121 ub
Table 3.4b
Special Data Cuts for Above
Target -51<2z,<-30m
Mass . .5 < Myy < 2.7 GeV/c?
tom o ~15 <ty < 0 (GeV/c)?
Min. Acceptance - 10%

To recover sufficient statistics for general decay distribution fits, we opened up th

vertex cut to -.65 to -.23m, actually o'utsidewthe target. This cut was also insensitive
to net feed out problems, and virtually all the data within it can justifiably be con-
sidered as actually coming from inside the target, see figure 2-6. From equation
3.11, g, must be adjusted for the expanded cut. Since we don't know the full target
N7, we scale gy by the increase in weighted data. {The result is consisten£ with Np
for a 12.0” target.) The expanded data set had 7215 events for the same mass and

ton cuts with a total weight of 3w = 29150 events, giving
ot = .1458 +.0032 nb (3.15)

The 175 GeV/c analog of equation 3.15 is of = .0471nb. These values apply to

the moment and decay distributions of Chapters V and VI
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Chapter IV -
Data Corrections
4.1 Weights -
About half of the mmn events allowed by the spectrometer dead time and
acceptance were lost through a number of mechanisms. Also, backgrounds of order —
107% persist in the final data sample. We review our event by event corrections in
this chapter. Appendix D goes into the details of the evaluation of a number of the =
corrections discussed here. The major correction not discussed here is our accep-
tance, section 5.1, which has zeros in significant places. Clobal cerractions, not -
applied on an event by event basis were discussed with the scaler analysis, section -
3.4.
For this analysis, most non-acceptance corrections are accpunted for by -—
weights applied to each mmny évent in our final sample. The major exception is a
background subtraction for veto house failures. Except for particle decay, interac- =
tion and geometric acceptance, all of the correction factors were found through
analyses of mmny and/or various background triggers, especially wnX and curve T
throughs. -
It the chance an accepted event survives a series of independent losses is P,
then the number of observed events, N, can be used to estimate the accepted —
event count, (the number we would have without losses), Ny, by
-~
Ny = Ny7 P =uwN,. (4.1)
The weight. w, is just 1/P. Equation 4.1 applies equally well to differential distribu- -
tions as to total event counts. -
Because most of the losses depend on laboratory variables not visible in plots
such as mass distributions, the w in equation 4.1 {s an average weight. More —
~

S ——



-77 -
directly, we can evaluate the weight appropriate to each event and use

N,

Ny = i Wy (4"2)
J=1

For each event, j, wy is found as a product of weights for each individual loss:

wy = [Jw}=T1] 1/p}. (4.3)
%

t

The P} are the chances that event j survived the effect i. The counting error in a
weighted distribution is estimated by o = \/E_'w,2 We have taken care to analyze the
data and evaluate the corrections, w*, to maintain ‘mdependence of the corrections.
Cases where mechanisms are coupled, such as chamber efficiencies in our pwc

based trigger and track finding, were evaluated together.

It some of the w' are "large”, then it is probable that several things, any of
which could cause a loss, could all “go wrong" on an event. However, each pt is the
probability a problem did not happen, and IIp* correctly calculates tk-le‘ -'chax;ce;'
nothing went wrong. Large weights in general are not desira'ble.. but if all or at least
a large fraction of the events have comparable weights, the situation is livable. In
our case, the weigﬁt. is built up from a number of weights most of which are about
1.1 or less. The largest weight i; almost always the g-chamber delta ray correction
which ranges from about 1.18 to 1.40. Still, unusually large weights are to be
avoided as they distort distributions. Results are more reliable if the occasional
high weight event is excluded from a distribution without further corrt-;:tion.
[Ea71]. Our high weight cut is applied on individual corrections, which under some

circurnstances can become large. The most notable case of this is our reconstruc-

tion correction for which we cut at a reconstruction efficiency of .5, or a weight of 2.

In addition to weighting for losses, we include weights for backgrounds not

removed by the beamn and C1C2 Cerenkov analyses. Both these analyses remove the
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greater part of their backgrounds but an estimable amount persists. In this case -
the weight is interpreted as the fraction of events that have the correct particle
species. Veto house inefficiencies can be defined, and evaluated with the help of the -
X trigger. Under some circumstances, that data can then be used in a back- -
ground subtraction. We begin with the veto house problem.
4.2 Yeto Failure Background
Other than a finite acceptance, the most obvious problem with our data is a -
background of order 10% at 100 GeV/c under the neutron in the missing mass
squared {#x?) spectrum of figure 4-1. Figure 4-2 illustrates the prcbable sources of -
the background. At Mz? values near the neutron, N° and A resonance production .
dominates. Missing particle kinematics are mainly set by the missing energy
R Jfz?, —
The mnX t.riggef. whose only significant difference from mmny was its lack of a
veto house requirement, was used to estimate the background. The veto ineffi- -
ciency, or "failure rate”, including both instrumental and geommetric effects, was
measured by taking the ratio of known veto failures in nmny with the total mmX -
event rate as a function of #z2. The known failures were just mmn; events with 5iz? _
above the neutron peak. None of these were examples of n*7™n. Inciuding correc-
tions to the mmX total for prescaling and delta rays, the failure rate, #, in a given -
Mz? bin is given by
Events i )8 -
F= ((Ebznn:s = mr)-P (4.4)
where P is the nnX prescale factor, and § is the average S-chamber delta ray
correction (X was not subject to delta ray vetos). Data at 50 and 20 GeV/c were -—
¢rucial in obtaining the fajlure rate under the neutron Mz? peak at 100 GeV/c.
Indeed, 100 GeV/c data only to verified the consistency of the analysis. What we -

R
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Figure 4-1. 100 GeV/c Mz? spectrum for mmny and fully weighted nrX
spectrum. By construction, the veto weight gives cancellation at high
missing masses. (Deviations result from averaging inefficiencies measured
at 20, 50 and 100 GeV/c.) Under the neutron peak, the shape is mainly
determined by measured failure rates at 20 and 50 GeV/c, and has a small
model dependent A{1238) component.

needed was the faﬂure rate under the neutron peak, which was, by definition, unob-
tainable at 100 GeV. The need for using 50 and 20 GeV/c data was the only reason

we kept a fixed front end geometry for all energies (at the cost of reduced accep-

tances at the lower energies).

Failure rates as a function of Mz? were found at each beam momentum and
magnet polarity. These sets were then averaged as a function of #z? after deter-
mining that they were all consistent. For our background subtractiocn, mmX events
passing the same missing mass cut as the wmny data were then given the additional

weight, wy, = —P-F. Figure 4-3 shows our final F as a function of Mz?. The very first
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Figure 4-2. Major background sources. The major source of background
under the neutron peak is A and N° resonances, although a tail of »°0 pro-
duction is also present. At high #z? values, mesons decaying to n*#~ and
one or more n° should dominate, with lower vertex processes yielding #%s
also present and significant. Charged decays of N°'s are allowed because
of the finite efficiency of the # chamber.

bin applies only to the A(1236) mass region. as discussed in Appendix D. The jump
at the A presents a problem in actually applying this correction. Wé_tiave _dealt mth
it by smearing that bin according to our Mzzresdiu;cidn; e_m& aﬁplYing- an effective 7
built from the smeared A bin and the r;elatively flat oﬁher values. For the smearing,
one needs an estimate of the amount of A(1236) relative to the rest of the nmX
spectrum. The A{1236) fraction and the overall background levels depend on Mgy,
but measured failure rates were independent of the 7 mass. Details of the model

and evaluation of F are given in Appendix D.

Figure 4-4a, shows the mnX Mz? spectrum at 100 GeV/c after correction for
losses. After removing a small amount of mrm data f;)m the mnX sample. it can be
weighted for veto house inefficiencies and prescale factors and subtracted from the
nrny data. Figure 4-4b, shows the resulting background Mz? distribution and figure

4-5, is the subtracted nmmn Mz? distribution.

One problem that, rather surprisingly, didn't affect the veto failure rate was

the failure of the B8 counter, one of the 24 counters in the cylindrical Barrel veto,
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Figure 4-3. Measured veto house inefficiency. Data at 20, 50, and i)
GeV/c were combined for this figure. The curve, from a one pass srmocth-
ing, was not used for corrections.

Chapter 1. The rates were congsistent before and after the failure. As discussed in
Appendix D, this follows from the fact that an increase in failure rate would cnly be
for the special class of vetos detected by a single photon interaction in the Rarrel.

This is a small class, and the B8 failure would only change that partial inefficiency

by 4% of itself.

Most of the #mX events were not mnn events, but our trigger desizgn did allow
some mrn events in the nmX data. These were mainly neutron vetos, S-chamber
delta ray vetos, and some events also passing the wnnr trigger. The total of such
good wrn data in the mwX trigger is small, both as a fraction, and as an absolute

number since the X trigger was heavily prescaled. These were removed from the
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Figure 4-4. wmX Distributions. 2-4a shows the mnX HMz? spectrum with all
weights except the veto failure rate. This is included in 2-4b. The data of
2-4b are included, to scale, in figure 2-1.
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Figure 4-5. Subtracted nmmn #z? spectrum.

X data before weighting to avoid subtracting good events, and to avoid double

counting (with a minus sign) the neutron veto and §-chamber delta- ray effects.

The veto failure background subtraction was mainly needed for our p° cross
section measurement and our fp, distributions. The effect of the background on
our decay distribution fits was minimal. We have chosen to not do the subtraction
for those fits. The background was greatest at the p and decreased with increasing

T INASS.

The above formalism can be applied to both our 100 and 175 GeV/c data. In
the latter case, the "veto house"” definition is extended to include the forward pho-
ton vetoes {electron calorimeters, lead wall, and E111 photon calorimeter, section

2.3.3). After the additional off line veto cuts are made at 175 GeV/c, section 3.3,
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the veto failure background, as a fraction of the neutron peak, is comparable to
that seen at 100 GeV/c. In this case, however, corrections for good event losses due
to the photon cuts must also be made. The loss was found by using nnB trigger
data from Run Il. #z? and recoil neutron angle cuts, were used to get a clean sam-
ple of n"p +»t*m™n events. The forward photon detector response to these events

set a good data loss of 12.5% [Fr82].

4.3 Neutron Vetoes

Neutrons interacting in the Barrel (labeled V1 in figures 2-2 and 2-5) vetc about
10% of our w7 data. The correction for this loss was found in a study of the 7B
background trigger. The main feature of this trigger was a requirement that one
and only one of the counters in V1 fire. Otherwise the requirements for mnB were
the same as for mrmny. We checked this equality by turning off the B=1 requirement

for a run, and noted that the trigger was identical to rmny.

The most striking feature of this trigger was a strong recoil neutron signal,

identifiable through Mz? and Ay cuts, where

A¢ = P roruard = ¥ Barret (4.5)

is the difference between predicted and observed Barrel hits. Figure 4-6, shows a
100 GeV/c Ap plot for the Mz? cut -5<iz2<2.5 {(GeV/c?)2. This peak is centered
on Ap = —1.2%, indicating a small error in the surveyed Barrel counter azimuth. (The
surveyed orientation was 11.5° between the x-axis and the B-1 counter center, fig-

ure 2-5.)

The neutron detection efficiency, E,,, was found from ratios of nmB and nrnyp
data. The two triggers are complementary. one having a veto on detected neutrons
and the other not. N° backgrounds under the neutron differed slightly, but other

corrections are the same, and in principle they cancel. The background
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subtraction for 7B was internal, using the Agp distribution, while the mrny back-
ground subtraction used X data.

Figure 4-7, shows the £, distributions. Owiﬁg fo li_mited running time with
B, thé errors are rather largé; | o

The neutroﬁ efficiency measurement is discussed in section D.3. Our fits

demanded a flat V=t dependence above threshold, so we averaged the above thres-

hold rate to get {statistical error only)
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_Figure 4-7. Neutron Veto rate, £, .

0. V=F < .08 GeV/¢c
Epy = . ' (46)
.0981+.005 Y- =.08 GeV/c _ -

For the early runs, before BB failed, £y, is-scaled up by a factor of 24/23.

The neutron veto weight for mrmny is just wy,, = 1—_—1E,—and has the values
. Y -
1.00 . V=T <.08
Wy, =1 1.109 + .006 £ .022 ~/=f > .08, late runé_ (4.7

1.114 £.007 £ .023 V=T >.08, early runs - -

where the first error is statistical, and the second systematic. Early and late refer -

to before and after BB failed.



-B87-

The systematic error in w, represents a 20% error for En,. Neutrons can re-
scatter and register in a second Barrel counter, or nuclear reaction fragments
might register in a second counter. Such "double” neutron vetos were excluded by
the mnB trigger. Unfortunately, the signal for them is similar to that for some 4°
decays, and we have been unable to distinguish at any reasonable level between
these éources for the two Barrel hit signal. The 20% error estimate is about midway

between a A° dominated two barrel hit signal and a naive estimate of (£ny )?.

4.4 BCD Delta Rays

The only trigger correction for the B, C, and D chambers that may be treated
in isolation is the delta ray correction. Chamber efficiency losses must be done in
the track finding correction, section 4.8, as thé same hits are used for both trigger-
ing and track ﬁndiné. Close track losses are best treated as an acceptance effect

after close track cuts, section 3.3, are made.

The BCD trigger cuts, section 3.3, remove any events "saved” by delta rays.
The high BCD chamber efficiencies insure that relatively few recorded events are

lost by these cuts.

For this correction, we deal only with delta rays separated from tracks by cne
or more ''quiet” wires. Delta rays unresolved from the track that created them

were treated by adjusting the close track cuts.

As far as the trigger was concerned, "delta ray”" includes not only real delta
rays (penetrating electrons recoiling from a fast particle - atomic electron colli-
sion), but also random chamber noise coincident with events, and recoil protons
from low p; elastic scatters that occurred in the BCD region and were detected by a
chamber. It is not useful to bother distinguishing these other mechanisms from

true delta rays.
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Table 4.1
BCD Delta Ray Weights
8ok w=11244 + .0117 + .0124
Sok
chamber weight
Bx 1.386 + .012 £ .039
By 1.420 + .013 £ .042
Cx 1,432 £ .013 + .043
Cy 1,428 +.013 + .043
Dx 1.400 £ .012 £ .040
Dy 1.383 +.012 + .038

The BCD delta ray correction relies heavily on the stiff mmn topological trigger
requirements to conveniently deal with correlations between chambers. Only the
cases of 0, 1, and "many” chambers seeing dglta rays need to be distinguished. We
do have to considép two types of trigger condition. Cases where all’éix chambers
(Bx, By. Gx, Cy, Dx, and Dy) have hits on both trafcks. "6ok”, and cases where one
chamber fails to have a hit on one or both tracks, "Sok", need different corrections.
Delta rays are more serious in the latter case, as a delta ray seen by just one of the
five "good” chambers would cause a veto. In the 6ok case, at least two chambers
must see delta rays to cause a veto. The development of the BCD delta ray correc-
tion, along with a discussion of the effect of delta rays unresolved from tracks, is
given in Appendix D. Table 4.1 gives the correction weights. The errors are statisti-

cal then systematic.
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4.5 A-Station Trigger Correction

The A-station trigger correction was developed by D. Petersen and F. Freder-
icksen of Indiana. The correction accounts for both inefficiencies and "noise”
(mainly delta rays ) in the three A-station trigger planes. The point of view is that
all events satisfying the hardware trigger, A(2)2/3, are acceptable regardless of
where the hits came from. Noise is allowed to save events that would not pass
trigger tests on the strength of hits on tracks alone. This is looser than the

approach we use at the BCD stations.

Having a 2 planes out of 3 trigger requirement, with one a slant plane, there is
no "absolute” trigger suppression if tracks are unresolved in one view. The angular
coverage of a wire pair at A is greater than at BCD. If tracks ‘are very close, we do
have problems with the trigger, but if the tracks are resolved at Bx, and not Axy, we

have a significant, but not disastrous suppression

Data losses from a separation cut for particles unresolved in only one A-station
plane would be excessive, owing to the relatively large solid angle covered by an A-
station wire pair. We thus choose to.not make such' a ciit. and to weight for ineffi-
ciencies in the trigger for single unresolved views at A. It follows that we don't
make acceptance corrections for forbidden regions as in the BCD region. This
approach does pull the A-station trigger requirements out of the track finding effi-
ciency calculation of section 4.8, but errors resulting from this split are second
order and minimized by not requiring that hits on the tracks themselves satisfy the
trigger.

The correction accounts for a multitude of trigger sins. We label cases of 0, 1,
2, or 3 planes with resolved tracks as Ook, lok, 2ok, and 3ok. The assignment of
cases has nothing in principle to do with the hits on tracks, just whether the tracks
are separated in the various views. The 3ok case can be both saved or killed off by

chamber noise (the latter being more likely.) If all planes have hits on both tracks,
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noise in two planes kills the event, but noise in one plane is no problem. If one
plane misses a hit on a track, then noise in that plane cannot hurt. Indeed, one
noise hit will make the plane satisty the trigger again. But, unless that plane has
exactly one noise hit, then noise in either of the other two planes will cause a
trigger failure. In the 20k case, where the tracks are unresolved in one plane, a sin-
gle noise hit in the unresoclved plane will help, but noise hits in the other two planes
will only hurt unless accompanied by missing hits {"on” tracks). The lok and Qok
cases simply require noise hits in order to trigger. The correction depends on

which plane(s) actually have unresolved tracks.

A number of tools were used to obtain this correction [Pe78, PeB0b, and Fr82].
These included curve through and 37p data, a Monte Carlo simulation, and data
from the revised mmnp trigger described in section 3.3.1. The curve through data
gave the response, especially noise response, of the A-station chambers to a single
track. The 37p data allowed a measurement of two particle cases (with one extra
track’'s worth of noise) when the hits on one of the tracks were "erased”". At this
stage, iterative (to account for correlations) hand calculations could be used to
evaluate the trigger efficiencies, but Fredericksen found that the correlations
invelved were better dealt with by using the data as input to a Monte Carlo simula-
tion of the A-station response. Finally, the mmmp data gave a direct measure, since

the A station was not even in the trigger.

Table 4.2 lists the efficiencies found for Run I and the trigger condition A(2)
2/3. Event weights are just one over the efficiency. An error of .04 is assigned to
the efficiencies. Although the analysis determined efficiences for all cases, only the
3ok and 2ok cases are used in mn analysis, and the average weight on eveﬁts is
<uy> = 1.16 . Few events were found in the 1ok and Ook classes, and cutting them
out is relatively unbiased. (All but two such events were removed by other cuts,

namely the B station radial separation and AzAy cuts.)
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Table 4.2
A-Station Trigger Efficiencies
Class Unresolved Efficiency
plane(s)
3ok none .888
20k X .809
y 766
u 739
1ok X+y * .104
Xx+u * ' .090
y+u * 075
Ook X+y+u* .104
* not used

4.8 Target Region Delta Rays

The last delta ray correction concerns the cylindrical # chamber. A delta ray
detected by it will veto an event, and about 307 of 'accepted i events are vetoed
there. This veto rate shows a strong vertex location (z) dependence; it is the main
4 effecf plréducmg ‘the'-ﬁnc_érrect'ed vertex distribution shape of figure 2-6. The ver-
tex dependence results from a variation of total track length in the hydrogen tar-
get with vertex location. The beam and forward 7w~ .tracks add up to a single track
over the full target length. The track 1engt.h variations then come from the n*
track. Delta ray vetos, both from the beam and forward particles is an absorption

process. If the delta ray rate were small, the veto rate would be virtually a linear

function of z-vertex.

Correc:ion weights for this loss were found using data from curve through runs,
in which the 8 chamber recorded hits passively, and a simple model. The mode!
assumes that the rate of delta ray production and detection by g is constant inz. A
constant term is provided for delt.ia rays produced in the vacuum jacket end cap.

For each particle we find the probability that it passed through its part of the
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target without producing detected delta rays.

The curve through measurements found a rate of .533/meter that a single
track in hydrogen would create one or more detected delta ray. The chance that a
particle passes through the end cap without releasing any detected delta rays was
.989. Combining terms for the beam, forward n~ in the target, and for the two for-
ward particles in the vacuum jacket, a constant of .8313 results. The chance that

an event survives a delta ray veto is then
P, = .8313 ¢ " TX5 ™) (4.8)

Each observed event is then given the weight ws = 1/ F,. Further details are given

in Appendix D.

4.7 Interaction and Decay Losses

Hadronic interactions of the secondary particles in the target or spectrometer
fnﬁterial re's..'i.ut in both trigger losses and event reconstruction "failures”. Correc-
tion weights for this were found using appropriate path lengths, n*p cross sections
for the target, and the n* absorption length of the spectrometer through the F-
station. Cross sections and absorption lengths used parameterizations from the
review a;rticle of Giacomelli, [Gi78]. These agree well with data down to ~ 2 GeV/e,

the low momentum cutoff of the spectrometer.

Beam attenuation in the target by hadronic processes has the same form as
secondary interactions with only the path length changed. Because beam flux loss
depends on the vertex, we combined it with the secondary losses. The average

hadronic loss weight, including both beam and secondary losses was <w;>=1.11.

D. Petersen studied losses expected from n-uv decays and found that in most
cases the u is deflected from the n path by an amount sufficient to cause a recon-

struction failure. The correction weight for this is
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My, 1 1
LA+ 57

wy = (4.9)

where ¢ = 780 cm, and L is the distance over which a reconstruction failure would

result. We use L = 9m, the average decay weight being <wy> = 1.016.

4.8 Chamber Elficiency Correction

The reconstruction system described in section 3.2 and Appendix C, along with
our topological cut (two good vertex particles with total charge zero) has been |
found highly efficient. Limited statistics event scans found the efficiency to be over
907% and dominated by chamber efficiencies. Failed two body events (in which both
particles passed the magnet aperture) observed in these scans occurred at a rate
consistent with expectations from decays and interactions. The observed recon-
struction success rate in the scans depended on the event configuration, mainly
through the location of particles at the F-station. The most prominent effect was a
beam region problem resulting from both reduced spark efficiencies and from old
beam tracks. The latter was a problem only in scans made without the Sclean track
cleanup. At the level of statistics in the scans (a couple hundred events), no prob-

lems with our matching or match cleanups were found with Sclean in the system.

A high statistics search for match problems was conducted on CST's with the
help of the DEDX counter. we found that the feed down of two body events to single
body events was at a rate less than .3%, and that the feed up to higher multiplicities
was less than 1.4%. These estimates are from event totals where we second guessed
the topology and tried to construct “good” events (two body, total charge zero, and
Mz? within our cuts) out of available tracks, either by addition in the case of single
particle events, or by deletion in the case of multiplicities greater than two. Nor-
malization of the rates was by the good two body set seen in the same study. The

number of "saved” events was quite small, and mass or other dependences could
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not be determined reliably. We include no correction for them but do use the above

numbers as systematic errors. Feed up from true single particle events to two par- -

ticles was also quite small, less than .3%. This latter number was taken from the —

two particle DEDX distribution of figure 2-4, and includes all the nnmy events with

pulse heights less than 70. Such events also include timing errors for the DEDX -

counter electronics; in which case our DEDX cut has lost some good events at a level

less than .3%. This is also included in our systematics. - -
The DEDX study implies that virtually all the events rejeéted by the two particle

cut, a substantial 427% (see Table 3.2), were indeed junk. -
To correct lor reconstruction and trigger losses due to our finite chamber effi- -

ciencies, we use a bruté force calculation by C. Footman of Cal Tech. This calcula-

tion indicates an average loss of about 3.47%, but more significantly, it accounts for -

configuration dependent lesses by using measured chamber efficiencies as a func-

tion of position. For Run I, this calculation indicated severe losses for events with =

particles beyond z®+1.1m at the F-station. Because of that, we chose a more re-

_.stricted ﬁducialrvblumeytban we would have on the basis of chamber sizes alone. -
This problem was resolved for Run II, and a larger F-station fiducial cut was used for -
the 175 GeV/c data.

Given measured chamber efficiencies (see Appendix D), the chamber efficiency -
correction calculates the chance that both particles had at least enough hits along
their paths to satisfy the various track finding, view matching, and BCD trigger =
requirements. The track finding requirements are listed in Appendix C, and the
BCD trigger requirements are given in section 2.4. The efficiency correcticon gives a =
weight, w = 1/ F. -
The calculation is equivalent to grinding through the binomial expression
E=% [ﬁp 'E’u—p,-)] (2.10)

I
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where the sum is over all possible patterns of hits and misses that satisfy the vari-
ous requirements. The p; are individual chamber efficiencies and vary with position
as well as chamber. Note that we do not calculate the chance of having the actual
recorded pattern of hits and misses on an event. What we want is the chance of suc-
cess, which includes all possible patterns that meet or exceed the requirements.
We follow the intent of the above expression, but with two tracks, 44 chambers, and
24 requirements to satisfy for track finding, and the BCD trigger requirement (the
A-station trigger correction used Indiana method, section 4.8), a straightaway naive
calculation would be prohibitive. The actual calculation realizes that the tracks are
independent as far as the tracking is concerned. It also takes advantage of our
group requirement structure and the separate track finding stages (x-after, y-after,
match after, x-before, and y-before) to save several orders of magnitude in com-

puter time.

The calculation loops over the particles in an event. For each particle position
dependent chamber efficiencies are evaluated for all chambers. The track finding
(including trigger effect) success probability for the particle is then found. For rea-
sons discussed ‘below (the BCD trigger), seven "partial probabilities” are found, the
first six corresponding to bat.tems of all hits except for a miss in one particular BCf)

chamber, and the seventh for no BCD misses at all.

The concept of partial probability permeates the calculation, usually referring
to the probability for a group of chambers, independent of other groups, to have
any pattern of hits and misses yielding a given total hit count. Partial probabilities
for individual groups are found separately. The probability for each allowed (by
minimum hit requirements) multiplicity within the group is saved, indexed by the
multiplicity. For each view, we then find overall partial probabilities for each
allowed (by minimum hit requirements for the view) multiplicity by taking the pro-

duct of the various group partial probabilities when the sum of the group hit counts




- 96 -

in the view is the desired multiplicity. The total probability for a view is the sum of
its overall partial probabilities (now indexed by overall hit count). "Finally”, the
total probability for a track is the product of the individual view probabilities,
corrected for a few hit patterns that didn't easily fit into the loops used. The use of
partial probabilities was designed to avoid double counting of efficiencies and to
speed the calculation. It was crucial for making the calculation with anything

resembling reasonable computer times.

"Finally” was in quotes because of the BCD trigger. We allow only one of the six
trigger chambers to miss a track. When considering two tracks, misses on both
must be confined to a single chamber. Without this restriction, the efficiency for an
event would simply be the product of two single particle probabilities: £ = P!P?
Vith this restriction, we can include only single track patterns that have either no

BCD misses, one miss for both tracks, or both tracks having a miss in the same

ers having a hit) and i = 7 indicate no missés. the single track routines calculate
probabilities P through P% for each particle k. For a two particle event, the PF
combine as

E = P}P} +P’?‘2Piz+P’;iPil+ ipilpiz (4.11)

i=1 i=] i=1

to give the reconstruction and (BCD) trigger efficiency.

4.9 Background Rejection by C1 and C2

The rejection of K*X~ n and ppn final states by the Cerenkov counters C1 and
C2 used likelihood calculations developed by W. Danchi for this experiment. These
are described in detail in references [Da78]. In brief, the light seen by C1 and C? is

compared to the light expected under a given mass hypothesis for the final state

particles. Geometric and momentum dependent effects such as light sharing
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Figure 4-8. Likeliho?d difference Lpy = Ligx versus P _. pp combinations
are included with XX in this plot.

among cells and the 8 dependence of light production above threshold (figure 2-10) |
are included. The hypothesis with the largest likelihood, or probability, to preduce
the observed light is the one preferred by the Cerenkov counters. Our actual cuts.
given below, basically follow this.

Advantages of the likelihood method are that it allows natural and convenient
evaluation of cases where two particles strike Vthe same cell (light addéd) or dases
where a particle's light is shared among more than one cell, and it gives some selec-
tion power (from pulse heights) in kaon threshold regions. The method is fooled, as

is a simple on/off method, by simple inefficiencies in a cell, delta rays near a
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Figure 4-9. C1 C2 efficiencies for mm and KX combinations, from [PeB0a].

mirror giving light, X-»uv decays, and has no sensitivity at all if cne narticle is
below the C1 7 threshold and the other is near 100 GeV/c.

In using the likelihood method, Danchi found that the preferred way to make a
choice and &ispléy the‘Cl C2 response was to use the difference of the logarithm of
the ﬁkelihoods of a pair of hypotheses. Figure 4-8 shows this difference, AL us. Ppgyy
for our 100 GeV/c mmn data, along with the cuts used. Three problem rzgions are
seen. We lose all discrimination when one particle is at or below the Cl m threshold.

The counters have no preference and AL = 0 is returned. The other particle is well
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Figure 4-10. Weight for the C1 C2 mmr tag. Dashed curve is the value actu-
ally applied. The data curve is from equation 4.13, the eificiencies in ig-
ure 4-9, and observed nmnr events.

above all thresholds. The 50 GeV/c region, where both particles are above the C2 X
threshold is also a problem. Here we have only the pulse heights for a selecticn,

and low asymptotic photoelectron levels make life hard.

The banded structure of the plot reflects a net of zero to four selections in
favor of nrr over AK. The band at AL < 0 is KK preferred, the bands at AL > Q ar=
one to four (last off scale) net votes for nm . The AL contribution from cells that
cannot choose is ™ 0, and the band widths are from photon counting statistics. The
contribution to AL for a given particle - counter combination is zero if the particle
missed the counter completely. If one particle - counter combination {avors KX
and the other three favor rr, then the net number of votes is 2 for 77 and AL~35
(see figure 4-8 ) would result. A mistake, e.g., KK misidentified as nw , will often

look like solid 7 selections. The scale of the plot or distance between bands, is set
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Figure 4-11. Non nr fraction. Data points use the C1 C2 tag. Dashed line
follows equation 4.14.

arbitrarily by an assumed probability of 2~20 for below threshold kaons to make
light. (This is an unreasonably small number if one considers delta rays and X

decays. but the line widths are also affected by the scale and no bias results.)

Because the 100 GeV/c beamn momenturmn was not well matched to the thres-
holds in C1 and C2, the Indiana group undertook a study [PeB0a] to develop a sta-
tistical background subtraction. The study was never finished, but efficiency meas-
urements were obtained. Using these, we have found event by event tagging accept-
able for most ™ momenta. In regions where nm losses are < 5%, likelihood based

tags are reasonable. A weight based on P, (slowest particle momentum) is used

elsewhere.
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The likelihood cuts used are (L = log of likelihood)

Nona Prog < 12 GeV/c
—1 12K Py <48 GeV/c
AL = L(mm) ~L(KK) ={ =8 48 < Ppyy <54 GeV/c (4.12)
=1 54< Prey <88 GeV/c
None 88 GeV/C < Prag

Active tagging is used from 12 to 88 GeV/c. The cut change between 486 and 54
GeV/c is to minimize mm losses in the C2 A~ turn on region. The efficiencies for our
cuts were found [Pe80a] by studying the np » K°Kp and Kp - K%7~p reactions.
In these, charged kaons and pions could be selected without C1 or C2. Sixgle parti-
cle efficiencies were found, and then combined in a way compatible with the iikeli-

hood formalism to produce the efficiency plots of figure 4-3, which are fws particle

efficiencies, indexed by P,y .

The hole in the KK efficiency near 50 GeV/c reflects the cut shift to avoid
losses. The nw loss in the cut region is ~5% while the KK contamination of the

tagged sample is X 8% . For the tagging region, we apply a weight for 7 losses and

KK feed-in of

w = 1|y - -t )

= Ty (4.13)

where f.q, is the fraction of events tagged as nm, fxx is the fraction tagged as KK,
and ¢; is the efficiency to properly tag type i. The weight is a function of P,y only
(largely because fxx, € and f, Were parametrized in that variable only). Figure
4-10 shows the weight in 1 GeV/c bins. Efficiencies used for the figure have been
smoothed, but not the nm and KK fractions. We apply a simple crude smoothing
(dashed curve) for the weights actually used. and consider them uncertains to +.01

or roughly half the difference from 1.
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In the nontagging region, we follow the Indiana group and use a simple extrapo-
lation of the f g distribution of figure 4-11, in terms of Py, , essentially Preg folded

about 50 GeV/c:
w = 1~ (.056-.0043(Pmn—13)). (4.14)

We have checked that the AL cut shift near 50 GeV/c, and the transitions from tag-
ging to non-tagging at Ppp=12GeV/c introduce no discontinuities into the
(weighted) P, distributions. We might also add that the p® decay kinematics
insure that very few p%n events are outside the tagging region, even at exireme
cosd;. Events outside the tagging region are found mainly at higher »m masses.
The average 100 GeV/c C1C2 weight is 1.00, meaning that nm losses are almost

exactly matched by KK contamination.

At 175 GeV/c, tagging by Cl and C2 was much less effective. Although limited
tagging regions were avaiiable. more emphasis on weights for contamination was

needed. Details of the 175 GeV/c analysis are given in Fredericksen's thesis [Fr82].

4.10 Beam Corrections

- Corrections for both our beam pwc cut and Cerenkov counter tagging are
needed. In the former case, we excluded otherwise good events because of embigu-
ous data in one or more of the beam pwc measurements. The cut events had a
poorly determined beam trajectory, hence a poor ¢t measurement. As described in
Appendix C, we could, and did, analyze the bad beam events fully in order to deter-.
mine that this loss was independent of the forward event configuration, and that a
suspect t measurement was their only problem. The correction for this loss rnerely‘
weights each event for an overall fractional loss of 4.4%. The resulting -weight is

w = 1.048, with a statistical error of .002.
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The beam Cerenkov counter analysis was more involved. At 50 and 100 GeV/c,

our nominal (all counters set) 7 tag was
n = (Co+ PRUSS)-DISC-BDIFF (4.15)

Events not passing this tag were removed from the data sample. The pion efficiency
for this tag was high, (399 %), and K, f; contaminations were insignificant.
Although the bearn flux has been corrected for the pion fraction, we need also
cofrect for tﬁe efficiency and contaminations resulting from the beam tagging
requirement. The correction weight accounts for both pion losses and the contami-

- nations, and is given by (either of) equations 4-186,

_1 o exfx t5Jp 1
e En wl En [ ¥ En Sfn ) (4.16a)
w=f1r/(51rfn+51(fi(+5pfp) . (4.18b)

“where &; is the efficiency for the tag pattern (equation 1) for particle type i,.and f;
is the tagged beam fraction for 2. The first form shows the roles of inefficiency and

contamination in the weight, but w is found on both sides. Form {4-16b) is the one

actually used.

The weight equation (4-16b) does not depend on the tag pattern used, but the

efficiencies, &; do. For the tag (4-15),
& = (B + EPFUSS — g gPRYS)(1- EPISC)(1~ EBPIFT) (4.17)

where the 100 GeV/c E; are the efficiencies found in Table 2-2.

Most of our data runs had all beamn Cerenkov counters up and working. For
those runs, the above tag, (4-15) is applicable. However, a painfully significant
number of runs {about 20% of our data) were made with one or more beam Ceren-

kov counters not ready, and we cannot afford to exclude them. These were
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typically runs made after several hours of beam or accelerator down time, and we
took data with one or two of the counters not quite ready. The differential counters
BDIFF and then DISC were usually the last ones "tuned”. For such runs, we exclude
the unprepared counter(s) from the tag, and adjust the expression for E; accord-
ingly. In such cases pion losses can be large (when, for example, Cp is not set), or
contaminations up to half a percent (DISC not set). The average beam weight was

<w> = 1.017.

4.11 Veight Summary

Studies of our vertex resolution, section 2.5, found that no ccrrection {within a
1% error) was needed for either of our vertex cuts. Our missing mass cut, equation
3.4, required a small correction. Accounting for events in a Gaussian tail beyond 2.5
standard deviations gave constant weight of 1.034. Corrections for pion the fraction

of our beam flux were made in the scaler analysis of section 3.4.

The average weight was roughly independent of nmr mass, figure 4-12. Over all
masses, ié was 2.39 at 100 GeV/c and 2.56 at 175 GeV/c. Table 4.3 lists 100 GeV/c
weight averages for |,y | <:15, and .84<m . <.9 GeV/c? and'the 175 GeV/c forward
photon veto weight. Obéerved ranges and systematic error estimates are included. -
The latter were obtained from statistical errors in weight measurements, and sys-
tematic error estimates in those measurements. The errors are corabined in qua-

drature for our cross section, section 5.3.
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Table 4.3
100 GeV/c Average Weights
Correction <w> Low High Error

A-station 1.16 1.12 1.35 .02
BCD Delta Ray 1.16 1.1 1.43 .02
g Delta Ray 1.30 1.20 1.41 .013
Neutron Veto 1.10 1.00 1.11 024
Beam Pwc 1.05 1.0 1.05 .002
Hadronic Interact 1.11 1.09 1.14 .01
c1C2 1.002 .94 1.06 .005
Reconstruction 1.034 1.00 1.48 .01
Vertex cut 1.00 .01
Mx? cut 1.013 .01
Beam Cerenkov 1.017 .995 1.186 .005
Forward y Veto 1.125 015
(175 GeV/c only)

100 GeV/c

(w)

H*""**“'H'PH"‘H—F-H‘I—I——I—

Mayn GeV/c?

Figure 4-12. Average weight as a function of 7 mass at 100 GeV/c. Error
bars are statistical only.
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CHAPTER V -
Acceptance, Cross Section, Moments
5.1 Acceptance —
Losses from finite geometric acceptance and the mechanisms discussed in
Chapter IV distort the data for m"p-+w*m™n into the distributions we actually =
observe. The acceptance is the most important correction if we seek to recover
"produced” distributions from our data. This section reviews our acceptance calcu- B
lation. A comprehensive acceptance correction is intimately connected with decay -
distribution fits. Seétion 5.2 gives the formalism used for the fits and indicates the -
role of the acceptance in them. -
The outer edges of the tracking chambers and the magnet aperture impose a
set of limits within which particles must pass in order to be detected. Next, the -
2x2 beam veto presents a small "hole” which pa_rticle's must miss. _‘I'n ac_lditioti" our
BCD trigger requirements ‘.are.suif.i'ci.eritl'y _rigid 'f.-hzit'.if particles are unresalved at - B
the B station in either view, the triggér losses are almost total. The most reliable
—
way to deal with this was to impose separation ("AzAy") cuts on the data at the Bx
station and include the effect in our acceptance. _ -
Each observed event is viewed as a member of a class having the same
kinematic variables in the nm rest frame, ’ -
Zg = {Mpn. . cosb;, ¢ ), (5.1) -
or an equivalent set. In (5.1) myy is the n*n~ effective mass, ¢, is the squared four
momentum transfer from the proton tc reccil neutron, cosf; is cosine of the B
Gottfried - Jackson frame [Ja64] polar angle, and ¢, is the azimuthal angle in the -
same f{rame, see Appendix A. Averaging over target proton and recoil neutrcn
spins, for a given beam energy, these variables completely specify a np - ' . v

R
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event in the 7 rest frame. To .complete the event description one needs a set of

laboratory variables, for example,

7 = {Plap. Tv. Yu. 2v. PL. B8. ¥ (5.2)

The lab azimuth, ¢z, can be taken as either the recoil neutron or the w7 azimuth
with respect to the beam (they differ by m). P, is the beam particle momentum,
zryz, are vertex coordinates, and §;, ¢p are beam angles with respect to the MPS z-

axis. {8p, ¢p. ¢1} form a set of Euler angles.

The geometric acceptance is the fraction of events for which all required parti-
cles fall within the fiducial volume of the spectrometer. Table 3.1 gave these limits.
If all variables, kinematic and laboratory, are specified, the acceptance is 0 or 1
cnly. If an average over some variables is made, the acceptance becomes a con-

tinuous function of the others and has limits of 0 and 1.

Qur acceptance was found in the Gottiried Jackson frame with a Monﬁe Carlo
event simulation built arcund an event rotation technique developed by the Indiana
group, [Ma78a, St82]. The Monte Carlo was run at wm mass intervals of 50 MeV/c?
from 550 to 2000 MeV/c? and larger mass intervals up to 4000 MeV/c? At each
mass, grids of 40 cosé#; bins and 18 ¢, bins covering the intervals ~i<cosd;<1 and
—n<g;<r were created at each of 14 {,, values from {p, = tmyy to tpp = -1.0
(GeV/c)?. The tp, values were |fpn| = —tm,, .01, .025, .05, .075, .100, .125, .15, .2,
.3, .4, .5, .8, and 1.0 (GeV/c)?.

Events were generated in the %-z plane (¢; = 0) using the z-axis as the "beam".
Cos §; and ¢, were randomized within each bin. Next, the vertex coordinates
(Zv. Yv, and z,) and the beam angles (8, y5) were randomized. The z,. v,. and
beam angle distributions were drawn from observed data, but the 2, distribution
was taken as flat over the length of the target. Explicit beam and secondary parti-

cle absorption corrections are made to the data. The 2x2 was centered on the
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projection of a beam particle with average beam angles passing through the aver-

-
age vertex.
The lab azimuth, ¢;, was mot randomized. The Indiana event rotation -
accounted for this. For each generated event, an acceptance equal to the fraction
of rotated (in ¢;) events to pass all apertures was found. The net acceptance for a -
bin in m,y, cosé&;, and ¢;, was the average (including zeros) of all Monte Carlo event
acceptances for that bin.
Not needing to rotate in ¢; reduced significantly the required statisties, but o
randomizing in the other laboratory variables was needed to track their effects.
The number of events generated depended on the observed event distributions and ) e
known acceptance zeros. The bin sizes were small enough that flat decay angle dis-
tributions within a bin could be used. Positive and negative magnet acceptances -
were sufficiently similar and the actual data sample low enough that we could allow
ourse'lves to make one grid applicabie to both polarities. As a first order average N
for polarities, the magnet polarity itself was'rér;domized.- ﬁhe"relativé amount »ol‘f- _ -
positive and negative polarity events. generated being equal to the recorded data
- ratio: -
The Indiana calculation is not. a literal event rotation, and particles are not
tracked in it. Instead, the calculation exploits the following observations. Even -
) though particles receive a considerable p, kick by the magnet, when viewed in
transverse momentum (p;) space, the limits of acceptance for the 2x2 and outer -
apertures are, to an excellent approximation, rectangles. When an event is rotated, -
each forward particle follows a circle in p; space. The angle between the p; vectors,
and their magnitudes are completely determined by the variables zx and Pigy. In -
the absence of vees, events rotate about the beam as rigid bodies. For a given ver-
tex location, the p; limits are well defined, indeed linear functions of the particle’'s -
momentum at all but the lowest mornenta While separate p; limits apply“to the 2x2

=



-109 -

and to the outer apertures, the many chamber edge limits are reduced to one set of
two limits in p; and two in p,. More significantly, since no literal event rotation is
required, particles do not have to be retracked through the magnet at each new
azimuth There is no worry that not enough examples of the azimuth were sampled

since literally all azimuths are done at once.

The acceptance for a two particle event is calculated by first evaluating
accepted arcs of rotation for the two particles with respect to the outer fiducial
limits (the "MPS" limits). and setting the net accepted arcs as th’ose for which both
particles are ailowed. The arcs are stored as a set of angles for end points, and
careful accounting maintains the correlation between particles in a "rotated”
event. -The effect of the 2x2 is found by finding arcs forbidden by it and removing
them from the accepted MPS arcs. Although the AzAy effect does not naturally
lend itself to rotations in p; space, it was possible to incorporate it into the arc for-
malism with proper correlations with the other effects. The A-station radial sep'a_ra-
tion cut, section 3.3, was azimdthallysymmetric. Events failirig it_had ho good arcs

at all. The aéceptance is the net angular coverage of the final allowed arcs.

The p; limits used in the MPS and 2x2 calculations were drawn from‘previdusly
e'valﬁated tables of acceptance limits versus momentum.. These tables were made
by tracking simulated particles through the spectrometer and searching for
momentum space acceptance limits. In the simulation, all tracks were generated
from a single "vertex' located at the target center, and the 2x2 counter was located
by a "beam" track along the z-axis before the magnet and at the nominal beam
momentum. The magnet field map [Ha75.Ma78b] was used to track particles
through the magnet. In the two particle acceptance calculation, limits for actual
momenta were evaluated by linear interpolation between the nearest values given in
the tables. The (small) effects of the actual vertex and 2x2 locations, and the real

beam angle were accounted for by first order corrections to the limit values.
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Figure 5-1. {a) 100 GeV/c acceptance at mpqe = 1.25 and several £, values.
Nine slices in ¢; are shewn, the nearest cne at —180°, and the farthest at
+.80°. Each ¢, slice shown is an average of twe neighboring slices in the
grid. The horizontal axis is cosd,;. (b, ¢) Arcs for MPS and 2x2 apertures,
arbitrary scale. Dashed arcs are forbidden. For the 2x2, the upper draw-
ing is in position space, all other arcs are in p; space. A rigid body rota-
tion keeps A¢ constant. Correlation calculations are shown for MPS arcs
only (hatched arc is net accepted).
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Figure 52. -(a) "Acceptance” for the BCD Az Ay cut at 100 GeV/c. The
points are observed events, and the spread at each mass reflects decay
distributions. Effects of the 2x2 and "MPS" apertures are not included in
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mass. (b) Arcs for BCD effect, myn~ .85 GeV/c? and Prg, = 100 GeV/c.

The Monte Carlo was checked by comparison with results from a more tradi-

including ¢;, were randomized, and all fiducial cuts were applied. No difference in

the results were seen

Examples of the acceptance at 100 GeV/c are given in figures 5-1 and 5-2. In

figure 5-1, examples of the grid at the f° are shown. The forward {(cosg,;~1) hole is

the most serious, since the mm decay distribution is peaked there at low {5, and

almost all masses. The 175 GeV/c acceptance is similar, although the fall offs are
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smoother. Figure 5-2 shows the effect of the Az Ay cut on our acceptance.
5.1.1 Acceptance Weights
In addition to use in our Monte Carlo, the p; space rotation can be used to pro-
vide an event by event acceptance weight. Although such weights cannot correct —
for forbidden configurations, the correction is reasonable in regions with no abso-
lute acceptance zeros. Used in this way, we find many observed high (22 -
GeV/c?) nm mass events have acceptance of order 10 to 20%. This implies accep-
tance weights up to 10, by far our largest. To avoid divergences, a 107% acceptance
cut is applied when acceptance weights are applied. -
8.2 General Correction Formalism —
The formalism discussed in this section follows the one used by Grayer et al.,
[Gr74], with modifications appropriate to our experiment. The acceptance modifies
- the differential distribution of produced events to create an "accepted” distribu- -
tion, /4, giveri by
Ii(zx) = Alzg)p(zk) . (5.3)
where zg are kinematic variables as in equation 5.1, /p is normalized so that -
N, = fIp(zg)dzg (5.4) -
where N; is the fully corrected event count in equation 3.8. The acceptance 4{zg) -
is an average over the laboratory variables, z; .
/4 can also be given in terms of the observed event distribution, /,s. Correct- =
ing for the losses and contaminations discussed in Chapter IV, with a weight, w, we

have

I
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Ii(zg) = fw(zezr) Les(zx2) dzy (5.5)

The forms (5.3) and (5.5) allow us to obtain /p. If the acceptance is nonzero,
they can be solved for [p. This is the method of acceptance weights, section 5.1.1.
To extrapolate Ip through acceptance zeros, one needs a good model for the reac-
tion, or at least an expansion in a reasonably complete set of functions. That is, we
express [p as a function, F(zg,c;), where the {c;] are parameters to be determined.
A well chosen F will provide useful information on the structure of the reaction, as

well as provide a reasonable extrapolation.

To apply these ideas, we bin the accepted distributions of equations (5.3) and

(5.5) to give
Je = [ Ii(zg)dzg = [ Alzg)Ip(zg)dzg = [ Azi) Fzg.c;)dzyg (5.8)
and
NU
de = [la@)dag = Ly (5.7),
j=

for a bin, £, in zg. N, is the number of observed events in the bin {see equation

\
42).

To estimate the c¢;, we used x? minimization. The fits minimized the sum

2 (die=fe)?
X = 5.8
T - G¥
with o, given by [Gr74]
a_ <w,3> (5.9
%= > Se - 9)

The average {over observed events) weight, <wy >, and the average square, <w?>, in
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(5.8) do not vary significantly with cosé; or ¢;, and 7 mass variations are slight
above 800 MeV/c? We have actually used of = <w g |fi |, Where <w>., is an
average over all masses of <w?>/ <w>~N 1.01<w>. Our fits are fairly insensitive to
the value of <w>,;,. The claimed errors were affected more than the parameters.
Using |f«| helped to stabilize the fits when a number of bins were empty, and also
helped to satisfy the physical constraint /p=>0. A few violations were found in

moment fits, but these corresponded to empty bins and were generally slight.

In practice, we fit on only a subset of the zg. The fits ‘were then repeated in
successive bins of the remaining variables. Our decay distribution fits have only the
decay angles explicit in 7. In this case, the bins, Ic are Ally = Acosd; Ag;. Equation

(5.6) then becomes,

Te = [ A(cosé;.gs) Flcosé;.p,.c0)d0 (5.10)
k

Prompted by our small data sample, we took advantage of the expected sym-

" metry about ¢, =0 (section 5.3), folded the data, and fit only 0< g, <7 The
‘a.Ac'cep‘tan'ces' af ga) iand —-¢; were averaged, and the right hand side of {5.:10) was
multiplied by 2. The bin size in our moment fits (section 5.3) matched the accep-

tance grid, Acosg,4¢,; = (.05 -?lsr—), so A(zg) was pulled out of the integral. Thus for

our actual fits, (5.10) was replaced by

Je = 214»_[1"(00591-&01-01')!191: : (6.11)

A, was set by averaging the acceptance grids according to our mass and fp, distri-
butions. The small data sample also caused us to use relatively large bins in vari-

ables not explicit in a given fit.

Hav_ing Sf& in o, equation (5.9), makes the x2 problem nonlinear, although

linearization can be recovered near a minimum. To deal with this efficiently, most
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of our x?2 fits used an iterative linear fit written by F. Fredericksen [Fr82]. On the

first iteration gy = max(<w>gsyr. Enw) was used to initialize the fit. On all later

iterations, equation 5.9 was used. Convergence was rapid; only three iterations

were needed in most fits.

Linearization of the x? problem carried the benefit that the full error matrix,
and hence parameter errors, followed immediately from the matrices involved.
Errors for the c; were given by the error matrix diagonal elements and were defined
such that changing any c; to c; o, shifts x* by 1. A drawback of the fit was that
physical constraints, such as /p =0, were not naturally incorporated. For the
moment fits, (next section) we did not include this constraint. For the "high mass"

fits of section 8.3, we included it only in a clumsy manner.

The iterative fit was tested on Monte Carlo data created by running events of
known mass and moments (taken from [Gr74] and [Al78]) through our spectrome-
ter simulation. The results from these tests were consistent with the input

moments down to statistical levels comparable to our data.

The iterative fitter had stability troubles if the net weight in a number of bins
was negative. Such cases resulted from statistical fluctuations when event by event
X subtraction (with negative weights defined as in section 4.2) was used. For the
p° cross section, there was enough mmX data to fit it separately and then subtract
the mnX produced event total from the nmmnr results. However, for the mass depen-
dence of the moments, this was impractical. We can either appeal to the general
similarity of the mnX decay distributions to those of mmnyr and leave the background
in, or we can use negative weights for mn.X and set bin contents to zero when nega-

tive counts are seen. We have chosen to leave the background in.
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5.2.1 ¥oments

Any reasonable function of polar angles, 8 and ¢, can be expanded in a series of
spherical harmonic functions, Yf*(cos8,¢), [Ma70]. For particle decays, the expan-
sion coefficients contain information on the spin of the initial state [Gr74], and can
be used as input to an amplitude analysis. The Gottfried-Jackson and s-channel hel-
icity systems both have the y-axis normal to the production plane. Parity conserva-
tion implies that for such systems, 7/p(8,¢) = Ip(6,—¢), [JaB5a]. This implies that
only the real parts of the YJ*'s and only m =0 are needed, so the harmonic expan-
sion we use is »

Ip(Mptn Q) = § tI*Re YT(Q) (5.12)

m=0

where Q = (cos6.¢) and mp,, = 1. The t[* are real functions of m., and {5, but are

assumed constant in each mass and %, bin fit. The normalization condition (5.4) is
 N.=VEmt§ IR ~ (5.13)
Normalized spherical harmonic moments, given by

tref
Np

CRe YP> = NLP- JIs(Q)Re YPQ)AQ = (5.14)

are frequently used. The use of only Re }T* requires the term ¢f!, where ¢£ = 1 and
ef*0=%. The normalized moments tend to remove the mass dependences of
resonant amplitudes and display more clearly the relative importance of the vari-

ous moments than unnormalized moments do.

It only a finite number of moments are present, or at least significant, the
series in equation 5.7 may be truncated at somel =i, and m =mp,,=<1. At nm
masses below about 2 GeV/c?, nm angular distributions are well described by such a

series. At higher masses, the usefulness of moment expansions becomes limited,
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mainly because of the uncertainties in fitting large numbers of moments (see sec-

tion 5.5) with limited data sets.

Spin information in the moments is contained in the indices L and m. The
highest L moment generated by a state of angular momentum ! is L = 2L, which
should project out more pure ! intensity than moments with L <2l. 0Odd L
moments contain information on interference between neighboring even L
moments. The index m combines information on the nucleon helicity flip and the
spin of the exchange involved. If just m exchange without absorptive effects were
present, only m =0 would be needed. In this case, the ¢, distributions would be
~ flat [Tr62]. Spin ! exchange vields moments withm = 0, 1, and 2. In the Williams
model (PMA), see [Wa73), moments with m = 1 measure interference between pure
™ exchange and absorptive corrections to it, and furthermore. m = 2 moments are
forbidden [0c7?3], Pure 7 exchange is mainly nucleon helicity non-flip in the
Gottfried-Jackson frame, while spin 1 exchanges are dominately helicity flip. The
moment distribution thus reflects not only the spin of the decaying system. but the

spins of the exchanges that formed the nr final state.

5.3 Cross Sectioﬁ Resulits

Before considering the general decay dis'éribution results, we complete our
normalization. The p° region of the mass spectrum is known to be dominated by the
spin 1 p° resonance, but a small s-wave background is also present, as well as
interference effects with D-waves. In addition, effects of p—w interference have
been observed in high statistics experiments at high ¢,,. This relatively low mass
region is thus rather complex. Even separating the resonant intensity from the s-
wave background is a nontrivial, model dependent affair. For these reasons, we
chose to follow Grayer ef al. and quote only the cross section for the same mass

and £, cuts used at 17.2 GeV/c, [Gr74).
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The mass interval is .80 < My < .94 GeV/c? and the ¢, interval is |tpn| < .15
(GeV/c)?. Data from the mmny and nmX triggers were fit separately with morments
having Lmay = 2 and mp,y = 1. The nX veto failure weights, section 4.2, were set
positive for these fits. The background correction was made by subtracting the
ninX produced event count from the mmnr produced event count. No scaler analysis
was done on the mnX data. The veto failure weight waé designed to scale the mnX
data for a dire_ct subtraction from nmny. Five mass bins, .60-.70, .70-.77, .77-.84,
and .B4-.94 GeV/c? were used, for the fits, and their results added. A single tpn bin
was used. These bins were selected to maintain reasonable statistics for both the
nmny and X fits. The tight target cut, —51= zy < —.30m, with a cross section
pér event of o, = .R18nb at 100 GeV/c was applied. Data from both magnet polari-

ties were combined for these fits.

Our p° region cross section result is
0= (.934£.040%.053) ub , (5.15)

~ where thé first error is statistical, and the second systematic. Table 5.1 summar-
izes the fit results. We emphasize that whgt we call the "p% cross section is actually
t.hé Cross se.ction for tﬁe reactién TpoeTTN With the cuts ,BOsmms.Qé GeV/c?
and |, | <.15 (GeV/c)2

We note that the nnX background at the p° is about 13% of the mrny signal.
This is a worst case. The background as a fraction of mnmy falls with mass to negligi-
ble amounts above 2 GeV/c? (Figure 1-2 indirectly implies this.)

Our .ﬁro_ﬁs section at 175 GeV/c for the same mass and fy, cuts was evaluated
byv Fredericksen, [Fr82]. His result is g =(229¢.012¢ .010) ub. Our 100 and

175 GeV/c cross sections along with the low energy result of Gr74 are given in figure

5-3. PMA includes a basic 1/ P2, dependence for the cross section, and this is often

used as a benchmark for the p%n cross section. The line in figure 5-3 passes
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Table 5.1
100 GeV/c p° cross section
Trigger Events N,
TNy 1414 4972.3 £ 140.5
X 418 647.5 + 58.2
nn 4324.8 £ 162.1
m
ay 216 £ .008 nb
g=N, g 934 + .086 ub

through the 17.2 GeV/c point and falls as 1/ P2.

Low energy.p° cross section measurements have shown a persistent lack of
consistency in method for background subtraction and mass and 5, interval selec~
tion. Also, lmy effects are significant at beam momenta below about 0 GeV/c.
Compilations of low energy p%n cross sections find dependeﬁces in the 1/ PLf8+08
[Br72] to 1/ P207+% [Gi72] range. Since we Use the same mass and ton cuts, we feel
that the Gr74 point is the only publishedi low enefgy cross section di'r'e;:tl};t compar-

able to our values.

The 100 GeV/c point is within errors of the line in figure 5-3, but the 175 GeV/c
point is‘significant-ly lower. Taking our tv}o points together, we find that the cross
section falis off more quickly, not slower, than 1/P%,. In terms of PMA, the éxtra
drop off of the p%n cross section requires a steepening of the do/ dt,, distribution.
This can be obtained by having larger eprnential slopes for the collimating factors
of PMA at the higher energies. The high precision results of Wicklund et al. [Wi78]

require just such an effect. We note that our f, distribution fits, though not
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Figure 5-3. Cross section results for the p mass band and |fp,|<.15
(GeV/c)?. Also shown is the Cern Munich 17.2 GeV/c result, [Gr7¢]. The
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reliable, do show such an increase in the exponential slopes, and are roughly at
values expected by extrapolating the trends of Wi78. In more basic terms. if m
exchange is still dominant at our energies, and the effective 7 trajectory, «(t), is
negative, then the s®2 dependence of the cross section exceeds 1/P3,
(s R2m4Pigs ). An effective fp, averaged « of about -.06 is sufficient to bring both

our values within errors of a straight line through the 17.2 GeV/c point.

In the sections that follow, we relax the target vertex cut from the one used
above to —.85 < z, < -23 m . Although outside the flask, virtually all the data pass-
ing this cut came from interactions in the hydrogen, and as for the tight cut, feed -
in feed - out losses are negligible. We scale the cross section per event fer the
expanded cut, yielding .1468 nb at 100 GeV/c and .047 nb at 175 GgV/_c. An error of
10% should be assumned for these numbers, mainly becéuse the nmX background

has been left Ln

5.4 The rm Mass Spectrum

As discussed in Chapter I, the uncorrected mm mass spectrum shows prominent
p° and 1O peaks,.as well as a weak g° and a high mass continuum, Figures 5-4ab
shbw viviy massbspectra from our moment fits (next section) at 100 and 175 GeV/c. A
[ton | < .15(GeV/ c)? cut was used, and mp,, = 1 was imposed. The lower curve in

each figure is the uncorrected final event sample in 50 MeV/c bins.

In these figures, the p° and f° are clear. The g is a weak presence, especially
at 175 GeV/c, but it seems real. At the mass spectrum level, the h° is a lost cause
in both uncorrected and corrected distributions. We note that Corden et al. [Co78]
needed an amplitude analysis to pull out convincing g° and A° signals. Only a mere
hint of the g° was visible in their corrected mass spectrum, and the h° was invisible
at that level. Having not done an amplitude analysis, we will not be able to make

any claims for the A% but will refer to the 2 GeV/c® region as the A® region, and
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Figure 5-4a 100 GeV/c mr mass spectrum for |tg, | < .15 (GeV/c)?. Points -
with error bars are produced event totals from moment fits with L.y = 8
and mp.,=1. The histogram is the uncorrected event total in 50 MeV/c
bins from figure 1-2. ) -
note features of the data there. . . -
Above the g° we observe a slowly increasing distribution at 175 GeV/c, and a
. -
flat distribution at 100 GeV/c. With few exceptions, the individual bins are not sta-
tistically incompatible. The better high mass statistics and acceptance at 175 -
GeV/c imply that figure 5-4b is a better estimate of the mass spectrum above
m, . R 1.9 than figure 5-4a. However, as noted in the next section, we expect that =
moment fits generally underestimate the high mass distributions. The high mass
decay distribution seems more compatible with an exponential {in cosg;) than a
sum of harmonic moments. -
This inspired another set of fits, described in section 6.3, which first fit just the
¢, dependence in slices of cosg;. The g, fits were to the form [o + {,cosg,;. Since_ -
-

. =



- 123 -

1200. p

+ 175 GeV/c

{tom | <15

800. ! *

Fvents/ 50 MeV
——
——
——t
——
—r—
+

400. [ 1‘ *++ it

m,,. GeV/ct

Figure 5-4b. 175 GeV/c 7w mass spectrum for |ty | < .15 (GeV/c)?. Points
with error bars are produced event totals from moment fits with Lp.; = 8
and mp,,,=1. The histogram is the uncorrected event total in 50 MeV/c
bins from figure 1-2.

f_:cosg)d;c =0, Monly the /o term appears in the cosé; projection, and this term was
used in a second set of fits. At low nirv masses; we fit [g to a sum of Legendre polyno-
mials, and at masses above 1.9 we fit only the forward peak to an ekponential. This
method makes more demands on the data than a moment fit, and at low masses 100
MeV/c mass bins were used. The mass spectr.a from thes.e fits are shown in figures
5-5ab. We observe that the high mass spectra run a bit above the moment results,
although the 100 GeV/c results weren't "helped” that much. These fits run slightly
below the moment results at the p°% but the disagreement is not as bad as it
appears in the figures. Rebinning the moment fit results, we find that the "¢ fits"
are just over one standard deviation low at the p°% and are in complete agreement

with moments in the f° and g° regions. We feel that the moment results are more
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Figure 5-5a 100 GeV/c 7w mass spectrum for |ty | < .15 (GeV/c)?. Points
with error bars are produced event totals from fits described in section
8.3. The fits were in 100 MeV/c? bins at low masses, but we plot the results
as events/50 MeV for comparison to the moment fits (open circles). The
vertical scale is the same as in figure 5-4a. Error bars for the moment fit
results were excluded here for clarity.

reliable whenever a moment sum (equation 5.12) can be used. For our data, this
means moment results are preferred below ~ 1.9 GeV/c®. Above about 2.0 to 2.2

GeV/c? the g fit method is preferred if we accept an exponential forward peak.

Figures 5-5ab are consistent with high statistics results of the ACCMOR colla-
boration at 63 GeV/c [Da79], which were obtained by similar methods. The
exponential cosd; dependence claim is much more compelling for their data than
ours. Their data also 'give an indication of what we might expect to see at the g°.
With our data set, statistical errors would almost wash their g° out of the mass

spectrum.
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Figure 5-5b 175 GeV/c mm mass spectrum for |ty | < .15 (GeV/c)® Points
with error bars are produced event totals from moment fits described in |
section 6.3. The open circles are the produced event totals of figure 5-4b.
Error bars were excluded here for clarity. S '

Our mass distributions at high masses run a bit above those of Co78 at 15
GeV/c, but their data stops at 2.2 GeV/c® Our mass spectra seem at odds with the

results of Robertson et al. at 25 GeV/c, a low statistics bubble chamber experi-

ment.

Figures 5-6ab are mass plots for a .15 < [tpn | < 1.0 (GeV/c)? cut. In this case,
only moment fits were used for the acceptance”correction. 100 MeV/c?® mass bins
were used, Lp,y values stopped at 6, and mp,y was 2. These selections were
motivated by the low event counts at high £,,. The p°% and f° are prominent again. A
reasonable g0 is seen (this time its better at 175 GeV/c). We note that the high
mass region does not increase with mass. This may be due to the Lm‘ used in the

high ty, fits. The high {;, acceptance is relatively better, when compared to decay
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distributions, than at low fp,, but the raw event totals were much lower.

The plots given so far are too coarse to show a number of fine scale features
reported by Grayer et al at 17.2 GeV/c. These features are shoulders on the high
side of the p° and f° peaks at ~980 and 1480 MeV/c?, respectively, and effects from
p—w interference at large tp,. We searched for these in fine binned, weighted mass '
plots, but our small data set washed out any effects with fluctuations. In particular,
we can neither confirm nor deny the presence of p—w interference in our data.
Effects related to the shoulders are seen in the moment results, and we turn to

them now.
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5.5 Moments versus Mass

Data up to 7 masses of 2.4 GeV/c? were fit in the Gottfreid - Jackson frame to
the form (5.12). Figures 5-7 to 5-10 show <ReY*> and tI* = e[* Np<ReYI*> at 100

and 175 GeV/c as a function of mass for |tp, | <.15 (GeV/c)?,

Because of our small data sample, a single 5, bin was used for these fits, and
the smallest mass bin was 50 MeV/c?. L., values given in Table 5.2 were used, as
well as mp.y = 1. Higher moments than those used were found consistent with zero
in preliminary fits and excluding the high moments l’.mp'roved the fits. ('Threshold"
means the first bin fit, usually 550 MeV/c2) Figure 5-1la shows 100 GeV/c <Y#>
results from preliminary fits with [£p, | <.15 {GeV/c)?. Figure 5-i1b shows L =9 and
10 results from another preliminary fit on the same £, interval. In both cases, -
the moments are, within our statistics, consistent with zero, and were excluded in
later fits. In the high L case, we interpret this not as meaning the absence of the
moments from the produced distributions, but rather that our small data set is
unai:lev to extract such moments. We're better off constfa.ining them to zero.to

reduce the number of parameters in the fits.

Table 5.2
Moment Constraints
Linax Mass Limax Mass
0 Threshold 5 1300 MeV
1 Threshold 8 1300 MeV
2 Threshold 7 1700 MeV
3 700 MeV 8 1700 MeV
4 900 MeV =9 unused

In some regions, especially the 175 GeV/c p° the moments are not well deter-
mined. Errors and fluctuations are large. Our results are "fragile” in the sense that
including extra moments or going to much smaller mass bins can cause the fits to

go berserk. Patently unacceptable results can be obtained if some caution is not
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used. This was our primary motive for allowing only moments that were either well
established in lower energy experiments or were required by our data. OQur low
statistics, compared to the complex and often rapid dependence of the mmn reac-
tion on gl kinematic variables, is the primary reason for our troubles. Our confi-
dence in the results rests on reasonable x? per degree of freedom values, and also
on the agreement between [it results and weighted data in good acceptance
regions. With these caveats, we consider some of the features seen in figures 5-7 to

5-10, and compare our results to lower energy results.

Our mass dependence results for 100 and 175 GeV/c seem consistent with each
other, and generally similar to low energy results at 17.2 GeV/c [Gr74], and 15
GeV/c [Co7B]. Above the g° mass, we are more consistent with the 15 GeV/c results
than those at 17.2 GeV/c. The data in figures 5-7 and 5-8 (N<Y[*>) show few
surprises. The p and f signals are present in moments expected for their known
spins. In the preliminary fits, no peaks were seen for these states in moments
higher than L = 2L, where ! is the spin of the resonance (1 for the p and 2 for the
f). The shoulders and rapid falls on the high sides of the p? and f° reported by
Gr74 (at ¥ 1 and 1.4 GeV/c?) seem present in our daﬁa.. Perversely, the p° shoulder
is best seen in the 100 GeV/c L=0, m=0 plot, and the f° shoﬁlder is seen only in
the 175 GeV/c L=2, m=0 data. The g° seems to be present, but puzzling. As with
the p® and f° the g° mass region has bumps, admittedly small, in low order
moments. However, in the crucial L = 6 moments, the g° is again perverse. At i00
GeV/c, we see fluctuations consistent with the g% At 175 GeV/c, the L =6, m =0
moment does not have the desired bump. The absence might be blamed on statisti-

cal fluctuations, but is nontheless disappointing.
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The 175 GeV/c data may contain hints of the RO Fluctuations of the type one
would expect are present in a number of moments, even the L = 8 moments. How-
ever, our binning is quite large at the hP% mass, and a one bin fluctuation does not
make a resonance. The fact that it is seen in a number of moments can also be
explained as propagating fluctuations in the fit. This caution mighﬁ also be applied
in the 100 GeV/c g° signal. No obvious h? signal seems present in the 100 GeV/c

moments.

We note that the m = 0 and | moments are largely of opposite sign, a condition
consistent with PMA and the more sophisticated Regge models for rmn. Also, with'
the exception of the 100 GeV/c L = 8 moments, all the moments we have plotted in
figures 5-7 and 8 are solidly non zero at all masses above 1.8 to 2 GeV/c®. The noted
exception may very well have been a case like the L = 9 and 10 moments. That is,

our data is not good enough to sense its presence.

Figures 5-9 and 5-10 give our normalized moments for the two bearn momenta.
Since produced event counts are removed from the averages, these moments are
directly éornparable with those at 15 and 17 GeV/c. We note that the rapid drops
already dispussed become more prominent in the normalized moments. For the
most part, we appear quite consistent with the lower energy results. Some of the
| caveats o"f"the éroceedin,g paragraphs still apply, but the broad agreement, span-
mng an ofder of magnitude in bearn momentum from the other experiments to

ours, speaks strongly for the stability of the mmn reaction.
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At masses near 2.0 GeV/c? results, especially Yg, are in accord with the 15
GeV/c results of Corden et al., and in disagreement with those of Grayer et al. at
17 GeV/c. We believe that this reflects acceptance limitations in the latter experi-
ment at masses above the g° Both our, and the i5 GeV/c experiment had rela-

" tively goqd acceptance at high masses, while the 17 GeV/c experiment lost all for-
ward peaking in their high mass raw data. Certainly, our data sample is tiny when
compared to the 17 GeV/c data set. We believe we are viable at the higher masses
only because our acceptance allows a substantial part of the forward peak. How-
ever, we note that our <YZ'> moments are only about half those of Corden et al.
Singe the L = 9 and 10 moments were consistent with zero in our data and not

theirs, this may reflect a gradual degradation in the moments with L.

At 7w masses above about 2.2 GeV/c?, our fits to Yfs become inadeguate.
Even with only m =0, and 1 large numbers of moments are needed to describe a
sharp forward (cos@;~1) peak and little or no backward peak. (See the distributions

—of section 6.2.) The high frequencies {(in cos8,) of(the highest moments are not well
followed by our low statistics data. One might reasonably expect the needed spin
content in the moment fits to parallel the Chew - Frautschi plot for the p-trajectory.
This has worked at masses up to the g°® Extrapolating figure 17-9 of Perl [Pe7<] to
Ty = 2 GeV/c?, we find a spin of ® 4, implying an Lmax value of 8. Also, the spin
content rises like the (mass)?. By this criterion, fits with L, = 8 break down at
Mgy & 2.0 GeV/c? 'I'ﬁe 15 GeV/c data of Corden et al. [Co7B] show that the L = 8
moment becomes significant in the 1.7 to 1.8 GeV/c? region, and that L = 10 opens
up by mu~ 2 GeV/c? Thus the p trajectory argument places only a lower bound on
the needed moments. We expect that the low order L#0 moments are not unduly
distorted by these failings, but that forward peaks will not be properly followed and

produced event totals will be underestimated.
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'F‘ig-ure'S-ll. ‘_Const't"ained moments. Figure 5-11a shows low iy, m = 2 mo-
ments, and 5-11b shows low £ moments with L = 9 and :0. These mo-
ments are consistent with zero and were constrained to zero in our final
fits.

5.5.1 APMATest

Relations between m = 0 and 1 moments are evident in the diétributions of fig-
ures 5-9 and 5-10. Most obvious are the consistently opposite signs. Ochs and

Wagner [0c73] found that PMA predicts that the ratio

.= —(m2,-m2) 1 <Y{> (5.16)
L M VITL+T) <Y§> '

does not depend on L. They further noted that p; = 71 (m4g)/ 71(m,) gives the mass
dependence of the PMA absorption parameter ReC,. Using the 17.2 GeV/c data of

Grayer et al. they then found ReCy as a function of m,,. We repeat this operation
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with our moment results. Figure 5-12 shows the 100 GeV/c ratios. The curve in fig-
ure 5-12 is the ReCy result of Oc73. We assume, as Ochs and Wagner did, that
pr(m,) = ReC4(m,) = 1. As an attempt to avoid distortions from poorly determined
mornents, we used only moments where both the m = 0 and 1 moments were at

least 1.5 standard deviations from zero.

The agreement of these 100 GeV ratios with Ochs and Wagner's results is satis-
factory. The excess of L = 2 ratios below 900 MeV/c? vv;as also noted by Ochs and
Wagner. They felt it was due to neglecting a dénsiﬁy matrix term (p}}) in deriving
equation 5.18 [0c73]. At masses above 2 GeV/c? ReC; seems roughly‘consta;nt.
This agrees with results of Shimade; and Wagner [ShB80] who used 63 GeV/c data
from the ACCMOR group to measure ReCy. Similar plots (not shown) at 175 GeV/c
also find that p; is independent of L. However, the overall magnitude of the 175
GeV/c ratios is about twice the curve and the 100 GeV/c values. We believe that the
problem is poorly determined p® moments at 175 GeV/c (see figure 5-i0a). The
ratio pp is qqite sensitive to errors in the moments, and our 175 GeV/c values at the

-p° a.re:'.not p?ecise enough to use in this case. It would, perhaps, be more prudent to
normalize the 175 GeV/c ratios elsewhere along the Ochs and Wagner curve. We feel
that equation 5.16 is verified by our data. but a measurement of ReCy has nct been
made. The 175 GeV troubles with these ratios should not be held in conflict with
PMA.
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5.6 Moments versus ton

To obtain the 5, dependence of the moments, we have fit several large mass
bins, centered on the p° f° and a large mass bin from 1.6 to 2.1 GeV/c?. The Lma
values were set according to Table 5.2 and the highest mass in each fit. For all of
these fits, My = 2. Figure 5-13 shows our p? region results. Below V=tgn ™ .40,
only m =0 and m =1 moments are significant. Above that value, m =2 becomes
nonzero. Around this value, the other moments also change dramatically. The low
and high £y, values of these moments are in fair agreement with lower energy
results, {Gr74 and Al78]. but a slight shrinkage is noticeable in this transition
between our data and the low energy data. This qualitative feature is predicted by
the Regge model of Kimel and Owens [Ki77], which includes m, 4;, and 4z exchanges,
and cut contributions for the m and 4;. To illustrate the shrinkage, figure 5-14
_shows the zero crossing point of the <Y?> moment. In this plot, we have included
17.2 and 63 GeV/c points taken from [Al78B]. ‘We note that the effe'_ct slows at our
energies. | | | L :

In the low f,, region. absorbed .TI' exchange has also described the mmn reac-
tion well at lower energie;. Indeed, PMA has been highly successful. Other
exchanges, specifically 4; and 4; exchanges, Aare clearly present, but they do not
become dominant until the "high" ¢, region. Since PMA contains no other
exchanges and no moments with m=2, the shrinkage in £, is not predicted by it.
The transition point does, however, give us a limit on the region where PMA can be

tested and applied with few reservations.
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5.7 Ti?-Dlstnbutxons
Figures 5-15ab display 100 GeV/c %:—distributions for mass bands centered on
the 00 f9, and also the 1.8 to 2.1 GeV/c? bin. Both moment fit results, and accep- -
tance weighted data appear in the plots. The acceptance weights chronically
underestimate the data at low £, but give a reasonable showing at higher values, =
allowing us to continue the plots beyond our last fits. Figure 5-i5a is plotted with
-
~ —tpn to show a transition between the low and "high" fy, regions near —t,, = .15.
" The effeét is not too clear in %a’c the p® but it is striking in the 1600 to 2:00 -
MeV/c? area.
el
Above and below the transition, the slopes appear roughly exponential, espe-
cially at the higher masses. Also, a very slight turnover is seen below |t | ¥ m2. -

S T T T
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Figure 5-16. 100 GeV/c p° region nnX/ rn ratio.

This is better seen in figure 5-15b, which expands the low £, region by using /=t
as the horizontal axis. The turnover is expe.cted in m exchange dorrunated‘reaction‘s
with neutron recoils. The small ¢, region does not go to zero, in agreement with
the PMA model and disagreement with simple OPE. Thls is also a feature of the
Regge models of Kimel et al. We included weighted data in figurg 5-15b as a check
on the moment fits. "Although weighﬁs underestimate do/ dt,, and the underesti-

mate is ty, dependent, the effect is slow compared to the bin size.

The forward dip is not a strong feature of the low mr mass data and some care
(a mrX background subtraction) was needed to observe it. Figure 5-16 plots the
ratio of X data over manr. The peak at low tg, is enough to wash out the p° dip.
The dips at the higher masses are stronger and X subtraction, though used. was
not needed to observe them. A resonance recoils, unlike neutron recoils, do not
have a low £,, dip. Hence our background peaks somewhat at low f,, relative to
nrn. The problem is worse at the p than at higher masses because the back-

grounds are larger.
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CHAPTER VI
Decay Distributions

8.1 Scatter Plots

In this chapter we present n*n~ decay angular distributions in the Gottfried -
Jackson frame for 7 p-+ntnn. We also consider f,, distributions, and draw a few
limited conclusions about 7w scattering. We begin with a pair of 100 GeV/c scatter
plots in cos@; versus mm mass. Figure 6-1 is at low {5,. To reduce the point density,
this plot uses a restrictive || <.0B (GeV/c)? cut. Our forward acceptance zero is
present at all mass?s. Though heavily populated at all cosé,, inspection reveals
that the p° density is reduced near cosg; ® —4. The f° band shows three distinct
clusters of events. The g° region seems undistinguished in the forward direction,
but contains a significant cluster of events near cosg; ~ —7. Above the g° the
backward or cosf; ® —1 region quickly dies while a strong forward peak is estab-
lished. The forward peak survives until our acceptance zero cuts it off completely.

No mass band above the g°is notable for local increases in the event density.

Figure 8-2 shows the cosé§; versus mass distribution for |t;, | >.15 (GeV/c)?.
At high masses, we still see forward peaking, structure at the g° mass is less dis-
tinct, the 79 has only two broad clusters at extreme cos8, values, and finally, the p°
region shows clear clustering towards the middle, not the ends of the plot. The for-
ward acceptance zero is much less evident in figure 6-2. The presence of clusters of
events in these figures implies dips between them. One can easily visualize a
number of possible contours for the dips that "connect” the various mass values.

We will map the low {,, dips in section 6.4.
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Figure 6-1. 100 GeV/c scatter plot of cos8, versus mp, for ltom | < .08

(GeV/c)?. {Anisolated small point corresponds to a single observed event.

The point size corresponds to both the relative weight, including accep- —
tance, of an event, and to the event density. This applies to all scatter

plots of this chapter.)

U
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8.2 Resonance Region

In this section we consider decay distributions for the p°% f° g° and A° mass
bands. The same sequence of plots is given for each mass band. We include scatter
plots (100 GeV/c only) and projections (both energies) in cosé; and ¢ of the mr
decay distributions. The projections show fully weighted data as points with error
bars. Smooth curves on the projections are moment fit results and represent pro-
duced distributions. The weighted data follows the {it result in cosd, fairly well in
good acceptance regions, but falls away from it in acceptance zeros. The accep-
tance zeros at low fp, are mainly in the peaks of the produced distributions. As fig-
ure 5-1 illustrates. they also tend to be broad in ¢;, and the forward zeros are cen-
tered on ¢; ~® 0. The effect of all this on ¢, projections is to make weighted data
appear systematically below the produced distribution curve. Another effect is to
make weighted data at low fp, suggest that m = 2 moments are significant when
they are negligible. Histograms without error bars on each projection are
uncorrected distributions of the final event sample. For each mass band, both low
(|tom | <.15) and high (.15 < |pn | <1.0 (GeV/c)?) plots are presented. The informa-
tion content of this section is contained in moment coefficients, but decay distribu-

tion displays allow one to see more clearly their implications.

Figures 6-3 and 6-4 show this sequence for a p° mass band of 690 to 840 MeV/c?,
or about +.5T" about the p® mass of .770 GeV/c?, with ' = 158 MeV/c? [PDGBO]. In
figure 6-3, a single broad minimum passing through cos8; % —.4 and ¢, =0 is seen.
The lack of events near cosé; = +1 in figure 6-3 reflects the forward acceptance
zero. The minimum position depends on both these variables. Projecting the data
onto cosf;, we see a considerable forward-backward asymmetry resulting from
interference between the S-wave background and the resonant P-wave p, [Eg74].

The interference term, Y? is proportional to cosg;.
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Because f_:cos(m;o)dtp =0 for m # 0, only moments with m = 0 appear in
cos8; projections. Projections in ¢, are a bit more involved, and not often shown.
The curves in our y; views are numerical integrals of the moments on cosé;, but
several patterns are worth reviewing. First, f YPdcos8; =0 unless L =0 (ortho-
gonality of Legendre polynomials). For m = 1, only odd L moments survive in the
¢, view. In general, the only m # 0 moments seen in the ¢, view have even values
of L +m . This follows from observing P;(z) is even (odd) in x if L is even (odd), and
that YP*(z.p) is (d /dz)™ Py(z)cos(my) times numbers. As a corollary, moment
terms with m # 0 and L + m odd are not seen in either projection, both variables

must be used to extract such terms.

The ¢; projection of the p° at low ton clearly shows the cosy dependence of a

significant m = 1 contribution.

The p° high £, plots of figure 6-4 are a radical change from those in figure 6-3.
In the cosé8; view, we have lostbthe forward and backward peaks. Replacing them is
a near perfect sin?g; with only small constant and cosé, terms. The g, distribution
now has two peaks centered at p; = +90% The shape is mainly cos2p,; with a com-
parable constant term and a small cosy,; term. The double ¢; peak is characteris-
tic of m = 2 moments. Indeed, recalling figure 5-13 we see that the moment c;m-
tent of the p mass band has changed completely. At high t,,. the only nonzero
moments are a Y? that has changed sign, a now nonzero Y%, and a (constant)
Y§ = N that "keeps” the distribution positive.

The decay angle distribution reflects not only the spin of the decaying state,
but also its production. In the absence of interference effects, Lichtenberg [Li65]
notes that a spin 1 p decaying to two pions has I(8;) = cos?8;, if the nucleon spin is
not flipped, and /(g,) = sin®8; = 1 —cos?d; if the nucleon spin is flipped. In the
Jackson frame, m exchange is non flip, but spin 1 exchanges are spin flip [Wi78]. S-

wave 7T scattering just gives a flat term, and interference effects can bring in other
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(especially linear in cosd,) terms. Evidently, the high t,n region of the p° is dom-
inantly spin flip with relatively little interference, while the low lpn region is mainly -
non flip and has considerable interference.
The f° mass region, 1180 to 1360 MeV/c?, is shown in figures 6-5 and 6-8. The
acceptance holes of figure 51 are clearly visible in the low £,, scatter plot of figure -
6-5. Multiple dips are seen in the low ¢,, cosé; projection, and there is only a small
forward backward asymmetry. Eguchi et ai. [Eg74] attribute this to the relative B
absence of interfering mm amplitudes. We note that the change between the low -
and high f,, cosé; distributions, while significant, is not the total reversal seen at
the o°. The doublé dip of the low {5, plots has become just a single dip in figure 6-6. -
Anm =2 double peak in g, is quite prominent at high fg,.
Figures 8-7 through 6-10 repéat this e.xercise for g® and h° mass bands of 1590 B
to 1790 and 1900 to 2080 MeV/c? respectively. The g° displays a large forward - o
backward asymmetry, but does muster a backward peak. The backward pezk at
the h® is required by our fits although we have no data in the last h® bin. The - -.
changes from low to high £,, become less pronounced as the mass increases from
the p to the k% In particular, m = 1 moments return beginning at or above the f°, -
and m = 2 moments fall with mass. Except for the dramatic Y¥ sign reversal at the
p° the m =0 and 1 moments retain their low ¢, signs, (once m = i recovers), and -
the generally negative m = 2 moments eventually die off. -
The low fp, cosd, distributions have changed dramatically as the mass
increased from the p to the h® region. The forward peak sharpens, the backward -
peak at first sharpens but then essentia’\lly disappears in the high masses, more dips
enter, and the dips seem to move around with mass. -
We note in passing that at low &, and intermediate masses (f 0 and g9, the ¢, -
distributions seem to flatten out and become more consistent with the Treiman-
Yang condition for 7 exchange dominance, namely a flat ¢ distribution [Tr62]. This -

U
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is illusory. The m™p - w*m™n reaction fails the test almost everywhere. The reduc-
tion in the ¢; dependence of the integrated (in cosé,) distributions results from a
cancellation of strong ¢, dependences of both signs. The signs and magnitudes of
the g, dependences couple to the slopes of the cosg,; distributions. Thisis a predic-
tion of PMA, and is seen in our data when we make coséd; slices. The Treiman-Yang
test failure for mmn should be immediate upon considering what an m = ! moment
means, bul it is amusing to note that the only places flat ¢, distributions are found
are in dips of the cosé; distributions, and these have been shown to correspond to

zeros in the 77 scattering amplitude [Pe73].
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8.3 High Mass, Low ¢, Fits

At 7 masses above N2 GeV/ c?, our cos8; plots bear a strong resemblance to
diffractive scattering distributions. These distributions show a strong forward
(cos@; ~ 1) peak, little or no backward peak, and a single dip next to the forward
peak The dip moves toward cosf; = 1 as the 7w mass increases, but seems to
disappear near mu, = 2.7, becoming (at best) a break in the distribution. The
resemblance to diffraction is enhanced if we plot the data in {.; rather than cosé;,
section 6.4. In this case, the dip, and later break, is roughly fixed at {yp~ =~1. The

high mass forward peak appears roughly exponential in either cosé, or Lo,

The mrny trigger was not optimized for high masses, and we clearly suffer from
forward acceptance problems and low statistics. The high mass region is in some-
what better shape at 175 than at 100 GeV/c. ‘However, due to acceptance differ-
ences both data sets must be fit separately. 'I'his mass region is of copsidera.ble
interest when viewed as a case of diffractive nm scattering, and we extend our
anaiysis as far as possible. (The methods described below are quite data intensive,
We have not attempted them at all at high ¢p,.) The ACCMOR group at CERN recently
investigated mm masses up to 4.0 GeV/c? at 63 GeV/c with good high mass accep-

tance [Da79]. The fitting strategy here is motivated by their methods.

As discussed in section 5.5, spherical harmenic fits are not generally well
matched to the high mass region. However, figure 5-11a shows that moments with

m =2 are consistent with zero for |{pn | X.15 (GeV/ ¢ )2

¥ith only m =0, and 1 moments present, the produced distribution at constant

cosfy follows the form,
Ip(cosé;,p;) = Io + Iicosp, . (6.1)

In a cosf; projection, only /g survives. This allows us to make acceptance correc-

tions at high masses without committing ourselves to a spherical harmonic fit. A



- 163 -

physical constraint is |I,| < Iq. (Otherwise, do/ dQ < 0 would occur.)

We have used (6.1) in (5.8) for a series of ¢, dependence fits. Up to 20 cosé;
slices of varying size at each mass were fit. The iterative linear fit of Chapter V was
used. The ps range was folded as in the moment fits, and bins with an acceptance
of less than .02 were excluded from the fit. If less than five of the nine g, bins had
acceptances greater than .02, no fit at all was tried. The tpn cutoff for these fits was
|tpn | < .15 to insure a minimal m = 2 presence. We fit only this one large fpn bin. .
The acceptance used in the fits was first averaged for mass and tp, intervals
according to weighted data. For cosé; bins larger than our grid, a second average
among the affected bins was then made according to the weighted data diétribution.
Because of our relatively small data set, and the demands of a sharp forward peak,
we needed fairly large mass bins in order to obtain even marginal statistics in each
mass bin. The cosd; bin size selection was constrained near cos€,=1 by the steep
forward peak, and our eventual need to fit /o in cosd; (see below). On the other
hand, our small data set required the largest bins we could bear. A number of sets

were tried at each mass, in addition to trying cﬁfferent. size mass bins before our

final bin selections were made.

In the extreme forward direction, the ¢y fits usually ifailed for poor acceptance.

The highest cosd, bin was always rejected, and as the ©m mass increased, more hizh

cosé; bins were added to the rejection list.

We were not able to obtain /, in all the fits, but a reasonable /; could still be
obtained in good acceptance, low statistics cases if /, were "abandoned”, and we
sought only /. In some other bins, the two component fit gave |/;| > [y, sometimes
by a wide margin. Physically, these cases clearly had |/,| ¥ /o but the fits badly
over estimated the /, component, which in turn distorted the /5 result. To ignore
the ¢, dependence completely in such cases would unnecessarily increase the /g

errors. For them, we set |/;| = /g by fitting Ip = (1 +scosg;), where s = z1.
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The sign of s was taken as the sign of I, found in the first pass fit. Unfortunately,
these last tricks did not help the high cosé; problem. In the light of the above
‘compromises, it might seem we're no better off than with moment fits. The
improvement over moments is slight, but useful, and allows us to push our é.ccep—

tance corrections above masses where the moments fits fail.

The acceptance correction with (6.1) required a second fit. In this. we fit the
cos8; dependence of /g, and extrapolated the result to cosg; = 1. An exponential fit
to the forward /q peak was used for masses above 1.9 GeV/c® This extended our
results to about 2.6 GeV/c?® at 100 GeV/c and to about 3.0 GeV/c? at 175 GeV/c.
Away from the forward peak, the high mass /5 values were added to the integral of
the exponential to obtain the produced event count. Below 1.9 GeV/c? we used a

Legendre polynomial series

Ig= ZL: GLPL(COSQ) . : (8.2)

(The @; are related to the ¢f of equation (5.12) by a; = V(2L +1) t£.) Produced
event results from these fits were given in figure 5-5 and comparisons to the
moment results were made there. The /; results along with curves from these fits

are shown in the next section.

8.4 Transformation to ¢,

The main motive for doing the fits of section 8.2 was not just to extend our
acceptance correction a few hundred MeV/c? but afso to provide input for a study
of mm scattering at the highest masses possible in our data, and specifically to
measure the diffractive slope of the forward peak. Additional objectives were to
document the approximately fixed position of the lowest |£y| dip, and, possibly, to

measure the high mass nm elastic scattering cross section.
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A number of problems have prevented the latter measurement. First, we do
not have enough data to make a "traditional” Chew - Low pion pole extrapolation
[Ch59] of, for example, the Colton-Malamud-Schlein type [Co71a, Co71b], or with
any of the common form factors. In our case, reliable acceptance corrections for
our small data set required much larger binning, especially in tz,, than was toler-
able in these methods. We then appealed to PMA as a model for the '"target” pion
tpn dependence. In this case also, a number of ingredients were missing. First, the
exponential slope B, of the PMA form factors is not yet reliably known irom our
data. Our fits so far for B (they have not been discussed) give values of about iC to
15 GeV? in do/ dip, for our beam momenta: Figure 5-15a may also show a mass
dependence to B, so extrapolating the low energy results of Wi78, which apply to the
p°, are not much use at the bighef masses. Our need for a large {5, bin is agzain our
bane. We are unable to use differing f,, dependences of the absorptive and nm
scattering terms to separate thermn. A formal solution of PMA is possible if B is
known, but without detailed fits usmg well determined [/, values, the separation
(whether valid or not) is useless.

| Although a 7 cross section is not reported, we can still make useful observa-
tions about the decay distributions and determine an exponential slope. We begin
by reconsidering the scatter p-lots that began this chapter. Figures 6-11 and 6-12
are the analogues of figures 6-1 and 6-2, but now we use measured f.. values in
place of cos8;. The variable £.q is the squared four momentum transfer from the
beam pion to the forward n~ (see Appendix A). It can be measured directly or
approximated at low p, by equation 6.3 (see below). For the scatter plots, we use
directly measured values of tp;. In figure 8-11, the high mass dip has indeed
become roughly straight in —t.. at a value of roughly 1 (GeV/c)?. This dip runs into
a concentration of events at the g° and it is not clear from the scatter plot whether

it penetrates them, goes around them, or turns away from them. Another clear dip
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is seen running along the backward kinematic boundary. In the scatter plot its
path from m,, 8 | and —t,, 1 up the edge is clearly seen. This much implies that
the dip survives through the f° resonance. Whether it also passes through the p° or
exits the kinematically allowed regions at m,, ¥ 1 and either ~t, =0 or =t ® 1 is
not clear from the plot. A third dip, running roughly parallel to the second, but
farther into the plot is also seen, but in the scatter plot it may not be convincing.

(It is clear in the projections.)

We next consider briefly the high ‘t,,,, scatter plot of figure 6-:2. The backward
kinematic boundary is much fuzzier here because of the now large range of {on
values included. Only oﬁe dip is clearly obvious in this plot. It “starts" at —¢t.;~0
and mqy ¥ 1 and runs roughly parallel to the kinematic fsy limit. Other possible
dips are evidently fairly weak, and not readily traced by this plot, but is seems clear
that no dip can penetrate the p® mass region and stay kinematically allowed. In
both these plots, most dips are found at roughly constant 4., The major excéption

is the high mass dip in figure 6-11. Section 6.5 considers them in mcré detail.

Figures 6-13 (100 GeV/c) and 6-14 (175 GeV/c) present the /; results of v»the
previous section We again use —f,, instead of cosf,; to represent the Gottfried -
Jacksoﬁ polar angle. The former is more directly a dynarmical varieble than coség;,
but the reference frame remains the same. Since the f,, range expands as reughly

mZ2, . the high |t,.| cutoff is the last bin completely inside the physical !¢, range

z
=

at the low end of the mass bin. At low ¢, the approximation
tew = —29%/ 1T =cosd; (6.3)

where ¢ = .5V m.,mz —4-m.3 is the final state pion momentum in the n7 rest frame is
excellent. Equation 6.3 is exact at £y, = mZ and corrections to it at small £p, <0
are small enough to ignore. Bounds on f,, are set by m,. the limits cosg, = =1,

and ¢p, . see Appendix A.
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The vertical scales in these figures should be considered arbitrary. They are
essentially the produced event scale for events binned in cos8; bins of size .1. The
transformation to t., has merely squeezed or stretched the horizontal axis. We
should also caution that the decade scales in the plots vary from mass bin to mass
bin.

These plots track quite nicely the m,, evolution of the dips. In some cases,
dips in one mass bin map to an inflection or break in the curve in the next, but the
effect is still traceable. At the lower masses, no dips are fixed in {,, However,
beginning at Mmay, M 1.7 GeV/c?, the low tq dip is clearly established at ~ —1. Furth-
ermore, even though it is seen to fade into a break at masses above about 2.5

GeV/c?, the break is at the same location.

The points in figures 6-13 and 6-14 are the [ fesult.s of our ¢, fits. The curves
are fits to the Legendre polynomial series of equation 6.2 (mp,=< 1.9 GeV/c?) or to
an exponential in the forward, ~¢t.; % 0 region (m,= 1.9 GeV/c?). Exponentials are
not statistically compelling in our data, but we believe polynomial fits at high
masses in principle underestimate the forward peak. Reasons for this have been
discussed in Chapter V. We remark that exponentials are preferred in the high
statistics ACCMOR group’s 63 GeV/c data.
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Mo GeV/cP

Figure 6-11. 100 GeV/c scatter plot of —in, Versus mMm, for itg, | <.08
(GeV/c)®. The backward kinematic of cosg; = —! maps to the 77 mass
¢ dependent limit seen, and the limit cosf; = +1 maps to ey = 0. -~

R
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Figure 8-12. 100 GeV/c scatter plot of —f,; versus mgq, for [ty | > .15
(GeV/c)®. Since no upper limit was placed on |ten |, the backward
kinematic limit for —£,, is not sharply defined for this plot.
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F‘igure 6-15. Exponential slopes (in t.,) for the high mass forward pezks of
figures 6-13 and 6-14. Also plotted are slopes found by the ACCVYOR group
for the nm scattering intensity [Da79]. The errors claimed by Da72 are
comparable to the symbol size. '

6.4.1 High Mass Exponential Slope

Figure 6-15 sho.ws the exponential slopes from our high mass fits, along with
values found by the ACCMOR group. We have excluded the highest 100 GeV/c mass
band and the two highest at 175 GeV/c as unreliable. Reasonable fits were obtained
in the other mass bands. Our results are reasonably consistent with the ACCV.OR
values. We both have roughly the same B values, and both experiments see a fall in
B with nm mass. Our values appear to fall faster than theirs and are systematically

lower. However, they were able to analyze their data much more fully, including a
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pole extrapolation using PMA [Da79]. In our data, we found that our slopes
increased (as did errors) when we made smaller tpn cuts and dropped a bit when we
expanded the cut. This leads us to believe that we probably underestimate the pole
extrapolated slopes. (The slopes of figure 68-15, and not pole extrapolated values,
are appropriate for acceptance corrections.) We do see that our slopes are, within
errors, independent of Pg,. Such behavior is expected if off shell nw scattering is a
meaningful process. Note that the slopes of figure 8-15 are in terms of t,, Plotted
in this way a significant factor of g2 is removed from slopes in terms of cosé;.
Despite a slight antishrinkage, the relatively constant slope in t,y, is characteristic
of diffraction.

8.5 Dips

Virtually every polar angle (cosé;, ¢, distribution given so far has one or
more dips in it. A number of authors, Odorico [0d71, Od72ab], Pennington [Pe73],
and Eguchi et.al. [Eg74] have all stressed the importance of amplitude zeros in any
global understanding of mm scattering. Pennington emphasized that mm amplitude
zeros are closely related to the dips seen in the decay distributions. The apparently
smooth evolution of our dips makes such an interpretation attractive. Taking
observed quantities as the real part of the dynamic variables, dip locations track
the real parts of the amplitude zefos. The depth of the dip is related to the ima-
ginary part of the amplitude in the case of observed data. Alternately, the depth is
related to the imaginary part of the zero, which is not observed and can only be
obtained by amplitude fits. The presence of backgrounds may move the dips rela-
tive to the 7 zeros, but if these are small, we can get a reasonable map of the real
parts of zeros by following the dips in our distributions. The net nm scattering
amplitude is almost surely a coniplicat.ed sum of different amplitudes, and if dips in

decay distributions track anything, it is zeros or minima in the net amplitude.
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Pennington warns that following dips in do/ d{2 is not by any means general enough
for a full understanding of the mw amplitude zeros. The exercise still seems a useful

first approximation for observing the dominant patterns.

Figure 6-16 shows our patterns. In this figure, Sgy = m2, and —t,, are used as
the dynamic variables. Lines of constant wu.y are parallel to the diagonal cosg; = -1
line. The kinematic boundaries are this line and the —fq,q = 0 axis. The dots (- )
were obtained from projections of our 100 GeV/c moment results since 50 MeV/c?
binning was available. The peints labeled "I were from the same source. The dots
locate clear dips, while the I's locate breaks in the cosé&; projection of the fit
resuits. Since the points in figure 6-16 were obtained by hand, errors for the I's (in
t ) are large, and some of them, especially the ones clustered at s = 1, may not be
real. The afrows locate mass bins where the 100 GeV/c moment distribution was
falling as cosé; = 1 or cosf; = —1 was approached. The open circles are dips and
breaks taken from high mass 100 GeV/c slices of figure 6-13, and the x's are 175
GeV/c data from figure 8-14. From figures 6-13 and 6-14 we can continue the ‘map. _ |
of the leading dip but have essentially no information on the others. We see at least
three families of dips (breaks are included), labeled A-D, B-C, and E - F, in the fig-
ure. The patterns are sufficiently striking that some discussion in terms of models
seems appropriate. For this, we assume that our dips follow nm amplitude zeros,
and will try to understand the observed patterns in terms of either of two dominat-
ing amplitude structures. Without detailed fits, the following discussion must be

considered somewhat speculative.

An appealing dynamic origin for zeros is found in the Lovelace - Veneziano
model which has the amplitude structure

I'{1—a,)I'(1-a;)

Ve = TRicae-an)

(6.4)

where a; = al+al-z. In equation 6.4, s, ¢, and u, are Spy, fpm and U, For real
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Figure 3-18. Pattern cf decay distribution dips seen in our data. Symbols
are explained in tler text,
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pion targets and ©mr -+ 1, -
Sonr + Ugn + Lyp = 4m2 | (6.5)

Forbidden double poles in the numerator of (6.4) are killed off by the denomi-

nator [Ve68). This process creates zeros away from the double poles, and their -
dependence on Spy, fam OF Usy depends on the condition (8.5) and the a. Assuming -
constant o' leads to zeros at constant U, Small deviations from this may be
related to finite resonance widths or variations in a°_. and a!. Large deviations are -
presumably effects not contained in (6.4). Odorico noted that the zero associated
with the p—p double pole 'enteré the kinematically allowed fegion at May & 1 GeV/e?, -
He argued that this was the dominant reason for rapid drops in event distributions
and moments at this mass. This explanation of the effect was contrary to asser- B
tions that the drops just reflected the coincidence with the - KK kinematic -
threshold. Odorico supported his position by finding similar effects in other reac-
tions where the KX threshold is not a factor, but the Veneziano ampliﬁude is active -
(0d72b]. The dip series B - E is consistent with this first Odorico zero. Equation 6.4
contains one extra fixed Uy but nbn double pole killing zero, the Adler zero, which -
passes through the point Spx = £y = %4y = 0. The !G_?thresbbld does lead to a wig- _
gle in the Adler zero [Pe73].'am_i this-is reﬂéctéd in our dip patterns. In figure 6-18,
the Adler zero corresponds to the dip series A - D. | | -
At mm masses above tl;e resonance region, where the decay distributions
resemble diffraction scattering, a more convenient way to consider V(s .t) is expli- -
citly in terms of exchange _models. In- this case, the amplitude is the sum of ampli- _
tudes for a]iowed,'exchanges including p, f . and Pomeron. Such rﬁodels could lead
to fixed ¢,, dips although their actual location woulci reflect the full amplitude and -
no single part. In figure 6-16, the dip series € - F is consistent with a fixed ¢, dip at
- Spp Values above about 3.5. : -

//'/
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Our low s, pattern of dips is in reasonable accord with the zero patterns given
in Pe73 and Eg74, and our identifications were based on these sources. Our dips
agree with Pennington in sending the Adler zero (line A - D) outside the kinematic
boundary in the backward (cos8; = —1)Aravther than forward (cosé; = +1) direction.
Our dip shows a sharp wiggle near s = 1. Pennington remarks that such behavior is
expected for a smoothly varying P-wave and rapidly varying S-wave, and is charac-
teristic of the KK threshold. The gross behavior of this dip is roughiy aleng con-
stant u., though. The B - E series of dips also follow roughly constant {though devi-
ations are larger) %,y and evidently leave the plot at about s.y=1. The third line (C
- F) of points is a series of breaks near t., = 0. These and the arrows near s, = 2
seem consistent with constant s, behavior. We see no dips that could be easily
identified with higher mass double poles, for example the f -7, f -7, and p—g dou-
ble poles. If present, these presumably have large imaginary parts and we are not

sensitive to them.

~ We see two entries to the plot from the left; one (point B) at s~ 1, and
another (point C) at sy, ® 2. (The two arrows here are in neighboring mass bins.)
| The first has been identified by Odorico and others with the p—p double pole killing
zero. The second exits the physié:al region nearest the the p—f doubie pole inter-
section [Eg74]. We note (as did Odorico {0d72b]) that the entry of this zero coin-
cides with the rapid changes in moments at mg, ~ 1.4, (The zgreement here is
better than at 1 GeV/c2) In this case, unlike the first Odorico zero, no convenient
threshold is available to cornpete with the explanation. This cbservation in turn

lends support for the presence of the Odorico mechanism at 1 GeV/c?.

The B - E and C - F series of dips approach each other at s, = 3, and we might -
consider whether or not the actual pattern is C - E, and B - F, or something com-
pletely different. The rest of this section is speculation con this question. The fixed

U, hypothesis implies that the zeros do not cross, and analyses of lower energy
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data [Eg74] indicate no zero crossing. On the other hand, a sharp turn of the C - F
series is difficult to understand from (8.4) with constant or even near constant at.
We might speculate that C - F is not one zero but two, consisting of an Odorico zero
and a fixed t,, zero not included in the amplitude (6.4). The Odorico zero would
continue on at roughly constant u,, but gather an imaginary part sufficient to
obscure it in our low statistics data. (This seems inconsistent with low energy
data.) Similarly, the fixed ¢,, zero would continue down in s, and while not partic-
ularly strong at low masses, be capable of distorting the patterns associated with
other zeros. We note that in the region of —t,n & 1 both the Adler and {irst Odorico
zeros deviate and run ?arallel to a fixed ¢,y path for several mass bins each. Since
the "constant” ug, Zeros clearly have d_is_xtortions of up to +.5 (GeV/c)?, we might
admit such a possibility for any "fixed" ., zero and allow it to move a bit cleser to
t.n = 0 at the lowest masses, crossing the s, =0 axis at about ~£,, = .5. This slight
bending increases the number of points along this dip significantly at low masses
and may explain some of the distortions seen in the first two "fixed un," zeros. It
would also add an alternative mechanism for the Adler zero wiggle. One final bene-
fit might be to indicate how p exchange, whose trajectory croéses zero at { = -8,
contributesto a Iﬁgh mass dip which is cidser to Lyy = —1. These speculatiohs imply‘
that exchange diagranis play a significant part in the low mass region. At any rate,
while gross patterns can be "understood” from simple applications of some models
. an amplitude analysis is called for, but resolving ambiguities in such an analysis
requires high statistics data. It will be interesting to see what the ACCV.OR colla-

boration might say about the zero patterns.
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8.8 Review

In the previous chapters we have described our measurements of, and results
on the 7 p-+w*nn reaction. We have presented the cross section in the p° region,
Gottfried - Jackson frame spherical harmonic moments for the mmn reaction as a
function of 7 mass and as a function of £, at the p% decay distributions in cosé);
¢; and t., and the high mass diffractive slope for the forward mm peak.
(Fredericksen’s thesis also includes effective pion trajectories at the p°.) We have
confirmed the ACCMOR group observation of the fixed f,, dip at high 77 masses,
and considered its mass dependence into the resonance region. Our low mass dip

patterns are consistent with low energy resuits.

Our basic conclusion from all this is that reaction (1.1) is highly stable. That is,
the gross features and many fine ones too, haven't changed much in the P, inter-
val of & 15 to 175 GeV/c. The cross sections at 100 and 175 GeV/c are in rough
accord with simple extrapolations from lower energies. The slowing of the shrink-
age in <Y?> might be considered a change from low energy trends, but a calcula-
tion .of the Kime!l and Owens model [Ki77] is needed. The high mass fixed ¢, dip was
probably visible in some of the low energy experiments, but the ACCMOR group was
the first to publish its observation [Da79]. The analysis repéfted here has been
more a survey of reaction (1; 1) than a detailed study of one topic. For this thesis
the survey approach was adopted in the hopes of finding either significant changes

in the reaction or demonstrating a general "stability” with Py,,. For the most part,
we found the latter.
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APPENDIX A
Kinematics, OPE, PMA

A1 Kinematics

A brief review of kinematics for #~ - n*n™n and some notation definition are
useful. Needed approximations are also given. We then discuss one pion exchange
and the Poor Man's Absorption model (PMA). PMA has been used as a method for
isolating 7 exchange; that is, as a model for the "target" in mm scattering [Da79].
Our ability to use PMA is limited by our small data sample.

Our track finding analysis provided measurements of charges and momentum
vectors (P), for the beam and the forward charged particles. Mass identification
was provided by our Cerenkov counters once the momenta were found. The beam
pion will be denoted by the subscript b, the target proton by p. the forward pions
by / and/or charges, and the recoil neutron by n. The total forward system
(r* + n7) will use f with no sign. Laboratory frame four vectors P = (p,.p,.p;.%)
satisfying

m? = P2 = g2 - P2 (A1)

are known, where m denotes the rest mass. These, along with the charges and a lab
four vector for the target proton. F, = (0.0,0,my), are our kinematic data. We use
units with the limiting velocity ¢ = 1 throughout. The total forward four momentum
is P, = P{+ P7, and the total energy is £, = Ef + Ey.

Mandelstam invariants for n p+n*n™n are
s=(P+P) = (P +P,)° (A.2a)

and u = (Pb -Pn)z = (Pp “Pf)z (A.ZC)
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with
s+t+u =mf+ml+mi+m?. (A.3)

P} = m} is the n*n~ effective mass. In a pattern used throughout the thesis, we use
tm to distinguish (P, —F,)? from tuy = (P, —FPf7)%.
The recoil neutron is undetected. We determine that the unseen system was a

recoil neutron by evaluating the squared missing mass,
Mz? = (Pb +Pp -PJ )2 (AA-a.)

or

Mz? = ﬂlpz + tpn +2mp (Eb "Ef) _ (A4b)

and requiring, within the limits of our resolution. that Mz?* = m;2.

Equation {(A.4a) was used for the missing mass calculat.ioh. At momenta above
30 GeV/c, our missing .mass resolution. figuré'z-l_l. causes the neutron Mz? peak to
include negative values. Mz is not useful and Mz? is the proper variable. (A.4a) is
also as good as we can do for Mz? The missing mass neceésarily involves differ-
ences between two large and poorly meaéured numbers, essentially E, and £,, and
there are just no clever tricks to use for Mz? with an unmeasured recoil system.
Our Mz® resolution is essentially the E, resolution. The contribution from the error

in E, from the finite momentum slit width is negligible on an event by event basis.

The effective rest mass, m,y,, of the forward pions is given by
m2, = (P fP,‘)z (A.5)

The mm mass measurement using (A.5) is as good as we need get. The m,=0
approximation, M., = O/ P, Pg, is not useful, except to illustrate that the m

resolution is set by both the lab momenta of the pions and the lab opening angle, ©.
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In practice, this form distorts the mass spectrum noticeably. The mass resolution
can be improved slightly if we force Mz? = m2? by adjusting the forward momenta
according to their resolutions. None of our other measurements were noticeably
improved by this trick (actually attempted to improve on ¢, defined beiow) and we
abandoned it.

Assuming we have isolated neutron recoil events (with only a small back-
ground), we can easily improve on the fp, measurement, (A.2b). A more reliable

and accurate estimate of ton iS

tpn = -pgz + £ min (AS)

where p? is the magnitude of the transverse component of .’3, measured with

respect to the beam. The kinematic limit £y, which for neutron recoils is

, o Clmb-m2)?
mm 4gR

(A7)

with £, the lab beam energy, is negligible at our energies for most purposes. Monte
Carlo studies have found equation (A.8) to be an unbiased estimate of ton at all
values except the smallest. A.2b sends a substantial number of eventé' to positive
(and unphysical) Zmm. Equation (A.68) depends crucially on the recoil neutron

assumption. At large missing masses, far from the neutron peak, one would have to

appeal to (A.2b).

Decay angle distributions in the forward nm rest frame carry a great deal of
information about the produced states and their production mechanisms. Two
planes are naturally defined. The production plane contains the beam, target pro-
ton and recoil neutron. The decay plane contains the forward pions and the beam.
To work in the mm rest frame, we apply a Lorentz booét. of magnitude and direction
-P} to measured particles. The mm decay anglés are commonly defined in terms of

the n~ direction with respect to one of two coordinate systems. In both, the y-axis

U
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wwrest

Figure A-1. Lab and Gottfried Jackson frame momentum vectors. ¢, is as-
sumed zero.

is defined as normal to the production plane,

. _ TX®,  pxih (A.8)
|fExity | |BXTH | S

where the particle name denotes its 7 rest frame momentum. The choice of z-axis
distinguishes the two coordinate systems. In the Gottfried - Jackson (J) frame

[JaB4], the z-axis is along the 7 rest frame beam vector:

o:_!&

Ny
H

(A.9)

33

In the "s-channel helicity frame” (H), the z-axis is directed antiparallel to the 7

rest frame recoil neutron,

i
|7 |

Z =

This choice seems conventional. In both systems, £ = §xZ, and the polar angle 8 is
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Figure A-2. Gottfried - Jackson frame momentum vectors illustrating &;
and p;. Production and decay planes are also shown. #* = #~. The boost-
ed proton momenturmn vector, Pis equal and opposite to the laboratory
7™ momentum vector. :

defined as the angle between the n~ and z-axis. The azimuthal angle, ¢, is defined as
the angle between the x-axis and the plane containing the z-axis and #~. The decay
angles are then evaluated by a simple vector decomposition with respect to the
axes. Dur resolutions for these angles were found insensitive to the calculatiol:‘l.
method, and the choice of which forward pion (fast or slow, n* or n~) we use. The
transformation between the two systems is a rotation about the y-axis. In this

thesis, we use only the Gottfried - Jackson frame. Figures A-1 and A-2 illustrate the

Gottfried - Jackson angles, 8; and ;.
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In rough terms, the Gottfried - Jackson frame emphasizes the spin exchanged
between the beam - forward and target - recoil systems, while the H-frame
emphasizes the role of the target and recoil spin. Although the transformation
angle between the systems is small at small £,,, amplitudes in the H-frame that are’
dominately nucleon spin flip are mainly non flip in the J-frame. In the Gottiried -
Jackson frame, pion (spin 0) exchange is non-flip and A meson (spin 1) exchanges

are nucleon flip [Wi78].

All tny

At "high" masses, ¢y Seems a more natural variable to use than cosé;. The

form
ten = —292%(1—cos8)) (A.10)

which is exact at £, = m? is commonly used. In the above, g =.5 me, —4my is
the final state pion momentum in the nm rest frame. We note here that one can
define directly observable Mandelstam variables, Spy, tp, and Unm. €VED though
tpn = P% < 0, where Pz is the p—n four momentum transfer. These are given by

(see figure A-3)

Sm= (P} +PF=(P + Pg? (A.11a)
tem= (P, —Pr )= (Pt -Pg)? (A 11b)
Uen = (P =P 2= (P = Pg)?, (A.11e)
and satisfy
Spn + byy + Uny = 3mE+ty, . (A.12)

The definitions (A.11) seem quite natural. Equation (A.11a) is just m, =

i
7
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Figure A-3. Mandelstam variables for 7 scattering.
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Figure A-4. Fixed 7w mass dependence of —K for several ton values.
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limit at cosé; = -1

-K, (GeV/c)2

1.5 2.0 25 3.0

™M . GV /2

Figure A-5. Mass dependence of —K at ¢, = —.08 for {,, = —1 and -3.

values calculated through them, however, clearly apply to an off shell target of
mass? = £pe. (A 12) shows that upon extrapolating to the pion pole, £, =mZ2, not all

of Spw, £an. 20d Ue, remain fixed.

An estimate of the small errors (at low £,,) in equation A.10 follows from A.11
and A.12. Assuming fixed s, and £,,, we obtain

tom = —29%(1—co0s8;)+K (A.13)

where

K = 28q%cos8; —m .0 . _ (A 14)

6=(m:—tp)/ (2Mmpyy) and 8= V1+6(6+mpy)/ g% —1. We note K < 0 for physical
ton. K=0at L = m2, and K -+ 0 as ty » 0. Figures A-4 and A-5 illustrate typical
K values. In A4 we plot —K wvs t,, for various £, values and Man = 2 GeV/c? InA-5

we fix £5, at -.08, and plot —K ws mg, for two values of t,, Also, if we fix both tg,
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and t,, (or cos§;), we find K is almost independent of m,, K is strictly indepen-

dent of P, .

Equation A.10 is good enough for our purposes. We note that our acceptance
grid is in terms of cosé,, not t,,. At low £y, and at low ¢4, K is negligible, and our
bin sizes are relatively large. The place where X would be largest, cosg; ~ -1 is
affected more by the ¢? factor in (A.10) changing over a mass bin than by X. In
some cases {scatter plots) we have used f., from (A.11b). For our high mass fits

and dip maps, we have used {A 10) to transform results obtained in terms of cosé;.

A.2 One Pion Exchnnge

The one pion exchange model is among the oldest descriptions of the strong
force. Indeed, its roots are the work of Yukawa [Yu35], in which the existence of
the pion was postulated to explain the short range of the nuclear force. The impor-
t.ancé of pions as the dominant quanta of soft collisions follows from their being the
lightest oﬁservable strongly interacting particles. More modern origins of the
modei. applying it to high energy reactions, are the work of Goebel [Go58], Chew
and Low [Ch58], and Drell [Dr60]. Goebel, Chew and Low also opened the related
field of scattering. The strong force at "1arge"' distances of order 1 fm, is such
that single exchanges are not a good approximation of the force, but they remain
important first order terms.

Figure A-6 is an OPE diagram for n™p -+ p%°n with p®-+#n*n~. The one pion
exchange differential cross section is [Ma76]

&*a _ MinQen_ (@%/47) (~tpn) doff
Otpn OM yedcos 8,09, Brn°gl,s  (tgn—mZ)? dcosé,

8t qin—tpn) . (A.15)

The 8 function expresses the i, cutoff of equation A.7, g.,m is the center of mass

momentum of the beam n~ proton system, s is given by equation A.2a, and g, is
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Figure A-6. OPE Feynman diagram for p° production.

the n*m~ breakup momentum ({see equat.ioﬁ A.lO).- The term do2[f/dcos8;
includes any resonant amplitudes from the upper vertex. We observe that this
form has no ¢; dependence on the right hand side. Following from the pion spin
being zero, this gives the Treiman - Yang test for m exchange dominance: ;a,-, distri-
butions are flat. The next essential point is that the —f,, factor in the numerator,
which comes from nucleon vertex terms, implies do/ dip, =0 at fp, = 0. Neither
prediction is born out in wrn.. Distributions in ¢; are not flat. The cross section
does not go to zero as fp, -+ 0, although the observed cross section does have a for-

ward dip in do/ diy, below fp,  mf. Also, do/diy, has a much steeper £,, depen-

dence than implied by OPE.

| These and other failings have been taken not as evidence that pion exchange
doesn’t occur, but that the strong force contains other significant effects. One picn
exchange alone is not viable, but pion exchange must be an important factor in any

situation where the strong force is present, quantum numbers allow it, and colli-

sions are not so violent that finer scale structures {quarks) are evident.
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Simply introducing form factors to collimate do¢/ dt,;, doesn't do anything for

the p,; dependence, and neither does simple Reggeization of the 7 exchange. How- B
ever, more sophisticated Regge models [Ki73, Ki?7], which explicitly include m, 4, —
Az poles and cuts as exchanges are in quantitative agreement with n7p »o%n data at
energies up to 63 GeV/c. The Kimel et al. models are quite involved and have been -
tested only at the p®. Absorbed m exchange models for mmm have also had some suc-
cess, although they are mainly useful in situations where other exchanges can be -
ignored or lumped together as part of the absorption mechanism. Since we have -
referred to one such model frequently, we spend some time describing it.
7.3 PHA
The Williams, or "Poor Man's Absorption” (PMA) model, [Wi?0. Fo7la], as -
extended by Wagner, Ochs, and Shimada [Wa73, Oc73, Sh80] provides a useful -
framework for discussing o.ur data. The simplest absorption model to remedy the
gross defects of simple OPE, PMA has been rather successful at lower energies in -
describing m~exchange dominated reactions in the low |y, | region. The £, depen-
dence in PMA is goverried by a pion propagétér. absorption, and b‘y_ angular momen- -
- tum conservation [Wi?'B]. Although recent results [Wi78] have shown the limitations
of the model, the qualitative success of PMA is impressive. B
Although PMA is usually formulated in terms of s-channel helicity frame partiai -
wave amplitudes, it is more useful for us to use forms based on production ampli- A
tudes in the Gottfried-Jackson frame. Ochs and Wagrer [Oc73] express the full PMA- -
amplitude in the Gottfried Jackson frame as ‘
where we have specialized to the case of n7p » *n™n. T is the 7 elastic scattering -

amplitude, and has no explicit {;, dependence. The n*pn coupling constant is

e
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g%/ 4m=29.2. Fp = Fp(Muntpn) are collimating form factors with F, =1 at
ton = m?2. C, is an absorption parameter. Absorption is expressed by this and the
form factors. The index a = x1 gives the s-channel helicity frame nucleon spin flip,
and the factor Mmga, 7/ (m2,—m2)~ 1/m4, results from a rotation from the s-
channel helicity frame to the Gottfried Jackson frame. Absorption corrections are
most naturally introduced in the s-channel helicity frame, even though the
Gottfried Jackseon frame may be more convenient for later work. Assuming both s-
channel nucleon flip dominance and small s, Ochs and Wagner find that the

cross section has the form

d*o _ giqm%L

dmmdtmdcosfyde; — 4nm2P3, (Ig + I, cosp,) (A.17a)
where

Ja = __tLpz TI2 + ‘ T 2 ‘ A17b
P mEtm ) ° 7] (m&-m2)2 " |86, | ( )

! y= -3

I, = _lp ReC ™ | 2. 17

1 (m,?—t") o1 Re A(m,%"_’ng) 30, |T‘ (A C)

The factor ¢ =.5 ~mZ, —4m7 is the final state pion momentum in the mm rest

frame.

PMA does not specify the i elastic amphtucie T. That is, it is not a 7 scatter-
ing model. Rather, it is a model for the t,, dependence of the "target” pion and its
ﬁ:ajor background. In PMA, the background is determined solely by the absorption
of elementary one pion exchange and angular ﬁlomentum, conservation

The original Wllhams model, [Wi70], effectively aséuxﬁed Cy = 1. Estabrooks
and Martin [Es72] showed that, at the p° mass C; has a small imaginary part. Ochs
and Wagner [Oc7?3] then determined Re C; from the Cern Munich 17.2 GeV mrmm

data. They found that ReC; depends on m,, dropping from (an assumed) 1 at
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Mm<.9 GeV/c® to M4 at m,,=1.9 GeV/c? Accepting C; as a mass dependent
parameter resolved the major problem with PMA, and extended its useful region

from just the p to all rr masses.

The low | {5 | nature of PMA is emphasized by equations (A.17), which admit no
moments <¥™> with m >1 [0c73]. This is certainly not the case for |ton |2 .15
(GeV/c)?. Both this, and lower energy experiments see significant m = 2 moments
at larger |{m| values. Both A, and A exchanges have been found necessary in
n~p -+ p%n, largely with the help of a high statistics polarized target experiment
[Be79b, Be79c, Ki73]. A Regge model [Ki77] including these exchanges as well as &
exchange has been found in quantitative agreement with the tp,,A dependence of
<YP*> moments for the p° at 63 GeV, [Al78]. At fixed m,,, the A-exchanges are
predicted to become more important vnth increasing P . but at any given Py,
less important with increasing mq,, Associating m =2 morments with significant 4
exchanges, our results imply that they are mainly important near the p mass, and

are apparently a minor feature at mq, 51.5 (see figures 6-3 to 6-10).

In this light, we assume that PMA is an acceptable framework for describing
our low t,, data. PMA does successfully predict a non vanishing do/ dty, as 0,
and the presence of significant m = 1 moments at low |tp,|. At low energies, a

prediction {0c73] that the ratio

gy  <YP>

TS < - (A.18)

does not depend on L has been verified. (The ratio does depend on Re C,.) Section

5.5.1 repeats this test.

The collimating form factors F,, are not specified by PMA, but are usually taken

SBp (ton~m2)

to be exponentials of the form e . and often the B, are taken to be equal.

The exponential form for F,, seems well established at low energies, however,
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Wicklund et al. [Wi78] established differences in B, for PMA amplitudes applying to
specific partial waves at the p° They also observed P, dependences which extra-
polate to ® 9 to 11 at our energies, depending on partial wave amplitude. Consider-

ing our relatively small data set, it seems reascnable to assume

F(tp) = Fi{tyy) = e7lm ™D (A.19)

with B around 10 to 15.
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Appendix B
Trigger Electronics

An overview of the trigger electronics is given in figure B-1. This system was

- designed by R. Gomez and J. Pine. Essential differences between E110 and E260
were the multiplicity and veto counter electronics used by E110, and deletion of the
E280 calorimeter electronics. The general structure had three stages. First a pre-
trigger flagged an interacting beam particle. Then, if the pretrigger survived vari-
ous tests for spectrometer readiness or double beam, it "strobed” the multiplicity
outputs of several of the pwec's and veto counters to determine if we had a "trigger".
We considered a trigger to occur at this point whether or not the spark chambers
could fire. The third stage involved the spark chamber firing electronics and fast
reset inhibit. If the spark chambers fired, various latches held the trigger electron-
ics and scalers idle until the event was read into the on line computer. They would
then resume normal operation, but the spark chambers would not fire until a
preset recharging (dead) time had elapsed. The events actually recorded on mag-

netic tape are viewed as a random sample of the triggers we had.

The trigger system was built to take advantage of the 18 ns 7f. structure of
" the Fermilab beam and the z.'elatively low intensities require& for this experiment.
Fast logic pulses were typically about 5 to 10 nsr wide. The fast electronics were NIM
standard Lecroy and EG&G modules, with Latches, OR's and AND’s being Lecroy 364

or 365 units set to appropriate levels. The multiplicity logic was built by our group.

Assuming the spectrometer was ready to accept a trigger, and we were within
the ~ 1 second long BEAMGATE (derive_d from beam start/stop pulses provided by

the lab), the trigger sequence began with the arrival of a beam particle,

BEAM = Sa - Sb - Sc - BEAMGATE (B.1)

which suffered a (loosely defined) interaction,




- 197 -

MPS TRIGGER ELECTRONICS -OVERVIEW
PRETRIG  BEAM

LATCH™\ MSTRST EFFBM
(T0 STROBE KILL)
INTBN
POPCOLTCH~  —>SHRG MSTRST
NSTRST LoAD SHIFT REG
68ns CO-BM ESE
I
(20 GeV only) FSTRST
s
STROBE KILL |
— — TRIGLOG
TRIG —~ TRIG=~ "0R SC TRIG |-L—
LAM2
MSTRST—E
A L
INTBN 2X2 TR PHALD
BRINHJAW OTHER TRIG T0 SC
TRIG- L PWC
T5us L amp
MULTIPLICITY ELECT f o
SHRG _| DC WINDOW | | MAJORITY GENERATOR -
D.C | RECEIVER DISCS LOGIC .
20ms ]
Figure B-1. E110 trigger electronics overview, see text.
INTBH = [B2x2 + [BDEDX
= (BEAM - 2x2) + (BEAM - DEDX = 2) (B.R)

as shown in figure B-2a.

The INTBX: siznal set the pretrigger latch which sent a clipped line shaped sig-
nal, SHRGLOAD, to load the shift register. Setting of the PRETRIG LATCH stopred
accumulation of effective beamn, EFFBY, until a master reset pulse, ¥STRST, resszt

the latch.

An output of the PRETRIG LATCH was shaped, split, and sent off to the reset
logic, strobe kill generation, and trigger logic areas. Unless a spark chamber
trigger occurred, the pulse sent to the reset logic created a MSTRST pulse to clear
the PRETRIG LATCH. The pulse sent to the trigger logic had to survive a "STROBE

KILL" to reach it. (At 20 GeV, a large electron and muon background prompted us
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BEAM AND INTBM
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]
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SHRT -~ TH ,
- DEDX | e EARLY INT -
172 Busy output :
GP100
L]
Figure B-2. Beam counter and Strobe Kill electronics.
-
to use Cp as an on line veto at the strobe kill. The STROBE scaler then treccrded the
—-—
effective beam used in cross sections.)
The $trobe Kill electronics, figure B-2b, were provided to insure that the spec- -
trometer was in a relatively clean state prior to an event and to veto potential
triggers by multiple beam particles. A second beam particle arriving neer in time =
to the pretriggering particle, either before or after it but within the resolving time
. . -
of the proportional chambers, could easily satisfy the two body trigger electronics.
Early and late particles in a + 200 ns window were flagged by the DEDX counter and —
-l

B
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resulted in the EARLY and LATE kill pulses. Another test for multiple particles was
to use the output of the BBX, Y and U chamber daisy chains and require
BBX + BBY + BBU = BB <3 . That is, kill on BF =4 . Finally, a kill for two parti-
cles in a single rf bucket was provided by the Sa counter, with a discriminator set
just below the two particle peak. In the spring '77 data, we threw away more single
particles through Landau fluctuation than actual double buckets. The Sa2X kill rate
was ~ 77 while the real double beam rate was < 17. (For the winter ‘78 run, we
added an Sb2X discriminator and required Sa2X - Sb2X for the beam counter kill.
The ] 1% number was taken from the winter '78 data with the SaSb coincidence
required.)

We also required that the photon vetoes, Barrel and Jaws, be below threshold at
least one bucket before the pretrigger event. This was mainly important for the
Barrel which could suffer large. slowly decaying pulses, from halo strikes. A failure
to be below threshold before the pretrigger event caused a VETO KILL.

The timing for creat_ing all the fast kill puises(eill the above except BB) was set

so that the pretrigger pulse would not kill itself. The STROBE KILL pulse was then
STROBEKILL = 2XKILL - EARLY KILL - LATE KILL - VETO KILL (B.3)

where

2XKILL = (Sa2X)-(BB=4) (B.4)

&
In Run II, the 2XK7LL also included an Sb2X signal to reduce Landau fluctuation
losses. The STROBE KILL was latched until reset by a MSTRST pulse. 1f set, the out-
put of this latch intercepted and vetoed the pretrigger pulse on its way to the

trigger strobe of figure B-1. Surviving pretriggers were known as STROBEs.

A bit over halfway through Run I (at run 2B1), a previous interaction kill was

added to the strobe kill in response to 'old’ events too often superimposed on good
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events. This EARLY INTERACTION kill was generated by a pile up gate with 1/2 us
output duration fed by a DEDX = 3 signal. As for the other kills, the timing wes =
such that the pretrigger event wouldn't kill itself, but any interaction within 1/2 us
before the event would kill the strobe pulse.
VETO LOGIC
o Y] -
Brii -—&1 ‘ 7 :
BRLINH(1-4)
SR INM8-2) BRLINN -
BRL INH(I316
BRLINH(16-20)
BRLINH(2H-24]
—
* BRLINHJAW -
Jaw | JAWS |-12
Jaw 2 7 .
BRLJAW _{TO
s o -
: arL21-2
Jow i2
Figure B-3. Photon veto electronics. Note that the Lead V!l and othsr =
photon detectors downstream of the magnet were not in the trigger.
The STROEE KILL (EARLY INT kill) did not meake decisicns based on the forward
topology of the event under consideration; it looked either upstream of the target =
(multiple beam) or at the readiness of the spectrometer prior to the event. Thus,

[
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in terms of the reactions of interest, the strobe kill was an unbiased rejection of
pretriggers. That, in turn, is equivalent to throwing away the effective beam accu-
mulated in order to generate the pretrigger; Over a large number of pretriggers,
this fractional loss of effective beam is proportional to the scaler ratio
STROBE/PRETRIG, and we correct the EFFBM scaler by this ratio in cross section

calculations.

Veto counters, depending on the trigger, were used to reject events on their
own merit, and not for reasons of beam condition or spectrometer readiness. Their
electronics is shown in figure B-3. The Barrel and Jaw inputs are phototube pulses,
the 8 chamber signals came from special outputs of its current division amplifiers
and were B-wire groups located to cover the division between two barrel staves. The
veto output BRINHJAW was an "or" of the Jaw counters and g inhibited Barrel
counters. The 8 inhibit was included for the main proton recoil reaction. X%mp,
which needed veto coverage, but did not want protons penetrating the Barrel to
cause vetoes. For mmny, the # inhibit on the veto, in turn, required that we use
g =0 inthe trigger explicitly. This § = 0 signal was derived from the shift register
daisy chain, figure B-4b, (which had a lower effective' threshold than the 8§ chamber
inhibit). The g chamber inhibit pulses, .and each output of the Barrel and Jaw
counters, all had tag bits.

Examples of the multiplicity logic are shown in tigure B-4 for the A station and
g§ chamber. The BB and ' chambers followed the § chamber example, and the many
* BCD combinations were similar to the A station setup. The shift register multipli-
city (daisy chain) outputs were analog signals proportional to the number of hits in
a chamber (AIOUT, see figure 2-9 in section 2.3.7). The daisy chain receivers
matched impedances and had output lines to the window discriminators and to our
ADC's. Each window discriminator module had one input feeding four window

discriminators. Each discriminator had two independent digital settings from one
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Figure B-4. Multiplicity-electronics-(examples).
to eight and was designed so that a low limit of eight or a high limit of seven turned
off that limit. The digital outputs were high impedance and paired so that chains of -
discriminator outputs could be set up. The majority logic units were similar to the
window discriminators except that only lower limit settings were available. Thus the -
majority test was based on the sum of the window discriminator outputs. The
A(2)2/3 pulse was then formed by at least two of the three ("2/3") A chamber win-
dow discriminators claiming two "“(2)" hits in the daisy chain.
The window discriminators and majority logic units were not gated. This was a
relatively slow part of the electronics, pulses were long to cover pwc rise and fall -

S
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wwn, TRIGGER
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OTHER
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F‘iguré B-5. Final trigger selection for mrny.

times, the rise time of shift register daisy chains, and timing differences resulting
from particle flight times between chambers. Signals were a bit noisy, and at high
multiplicities subject to late changes of mind about the hit counts by the shift

registers. However, the system was fairly reliable at multiplicities ~ 2 or less.

The trigger coincidence is shown in figure B-5 for the mmngs trigger. It was
formed by an "AND" of A(2)2/3 and BCD(R2)5/6 from the majority logic units, =1
(that is, 8 = 0 ) from the g multiplicity electronics, and the IB2X2 (interacting beam
2X2) pulses. A pulse in the BRINHJAW line could veto the whole mess. If these con-
ditions were satisfied, and the strobe pulse existed (has not been killed), then the
mrny trigger was formed. Whether or not the spark chambers fired, we consider
that the experiment has triggered at this point. The number of these triggers was

scaled and used in the o7p/proe calculation for mmn .

Table B-1 lists the requirements for the Run 1 triggers. Some of them,
X, nnB, 3nP , and the curve through (CT) were used to develop correction fac-
tors for the mmny data. In the table, "W is the range, or "window,” of hits allowed

for the chambers of a group, and ML is the majority level required of the group. V
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TABLE 2-8 Trigger Requirements
Trigger DEDX 2x2 V g A BCD BCD' SpecialD T
W MLW ML W MLW ML
IB DEDX®) =3 22 2
IB 2x2() Yes
np Yes =1 1 3
3mp =3 22 1 3 3 24 95
AT Yes Yes 0 2 R 5
mnp <2.7 Yes Yes o 2 2 23 2 1
: _ 12 2
X Yes 2 2 2 5 12 2
nH Yes O 2 2 20) 31 2 =1
Knp =1  Yes Yes =1 01 3 33 24 503 1
KnmnX <3 =1 2 260 4 3 35 5 04 1
) oF D¢ <1  Yes 0 2@ 23 5
B Yes Bri=1 0 2 2 2 5
- Jaw=0

C.T. (Curve Through) Require only: BEAM - 2x2

Notes: (a) IBDEDX and IB2X2 are or'ed to form single IB, (b) B and C chambers only,

(c) B or a Barrel hit required, (d) x and y planes only.

refers to BRINHJAW = 0, 3x2 is INTBM 2x2 .

The various rtrig:ge"r‘s were OR'ed in a daisy chain to form the TRIGLOGOR pulse
which was also scaled.' The prescale unit ( divide by N) of figure B-1 was not in the
.eleet.roni_cs for Ny of the other major triggers. Its purpose was to reduce the
number of spark chamber triggers fo;' ti_ie background reactions by giving a
' monzero output only evéry_ Nth inptit,pmse. N being set by switches on the unit. The
préscale ﬁm‘ts were con.ne‘cted as shown for all background triggers except nn5 ,
whlch did not need one, IB and np elastié. These last two used the spark chamber

trigger pulse, SCTRG of figure B-1, as input to the prescale unit.
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Unless the spark chambers were ready to fire, the TRIGLOGOR output was inhi-
bited by the spark chamber dead t.img latch, SCTRG LATCH. In this case, the PRE-
TRIG and STROBE KILL latches were reset by a fast reset pulse derived from a suit-
ably delayed PRETRIG pulse, and the whole multiplicity electronics started up again

with the next interacting beam after the clears.

It the spark chambers were ready, the TRIGLOGOR signal initiated the spark
chamber firing and dead time electronics and set the trigger latch, TRIGLATCH.
The output of this latch intercepted the PRETRIG pulse and halted the fast resets.
With a spark chamber trigger, all latches using the MSTRST reset remained latched,
until the on line computer completed its data acquisition and sent a PDP-11 CLEAR
pulse to generate a MSTRST. The PHALD pulse from the TRIG LATCH was shaped
near the ADC's and used for ADC load gates.

The output of the SCTRGLATCH was clipped and fanned out to the spark
chamber prepulser (to fire the cha.mbers). the spark chamber dead time generator
(a pair of EG&G - GGR02 gate generators in series), and a gate generator to create a
pwc "clamp”. This clamp prevented electronic noise from the spark chambers from
unloading f.he shift registers. The-S.CTRGLATCH was reset by a pulse from the dead
time generators. Most Run I data taking on multitrigger runs was with a 20 ms
spark chamber dead time, although this was 30 ms for early runs (through the 50
GeV data taking). The dead time was set to 50 ms for curve through "alignment”

runs. Run II multitrigger running was mainly with a 10 ms dead time (which was

comparable to the computer read in time).

A number of Camac and visual scalers provided essential normaiization data as
well as monitoring functions. The EFFBM, PRETRIG, STROBE, and TRIGLOG scalers
were used for normalization, each trigger having its own TRIGLOG scaler. In addi-
tion, scalers for BEAM, INTBEAM, TRIGLOGOR, and SCTRG monitored the electronics.

SCTRG was nominally equal to the number of events written on tape, differences
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occurring only in cases of tape or computer errors. Such errors were random, and

do not affect our cross section results.

Early in our data taking, an inefficiency of a few percent was noticed in some of
the trigger tag bits, section 2.3.7. This resulted in events on tape whose trigger
couldn’t be identified. Although this did not aﬂect our cross section analysis (see
section 3.4), the loss of events traceable to a given trigger was undesirable, and a

second set of tag bits was added with more liberal loading gates.
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Appendix C

C.1 Overview

TEARS [Fo75, Br79] performed our tracking and vertex analysis, tackling the
time consuming pattern recognition job of track finding from chamber data. For
mrn and other non-vee triggers, it made no judgements con events beyond setting
flags for éuccessfu.l operations such as the vertex finding. Selection of good events
from the TEARS results was left to later analysis programs. For vee triggers, such

as K%nmp, the desired topology was an integral part of the formalism.

The tracking began downstream of the MPS magnet with independent xz and yz
view fits and a view matching operation, sections C.2 and C.3. Next, a beam particle
trajectory was found, section C.4, and then the front end (between the target and
magnet) analysis began, sections C.5 and C.6. The immediate front end'goal was to
find "links" for the matches, meaning front end tracks that joined to the matched
tracks at the magnet and find their momenta. The next goal was to locate main and
vee (depending on the trigger) vertices. Distributed throughout these analyses
were several "cleanup” operations Hesigned to remove most spurious traéks and

matches and yet remain highly efficient for real particles.

The front end analysis was performed twice on every event using the systems
"Vtrig" and "Targtrk”, optimized for topologies with and without secondary vertices
(vees) respectively. Both sets of results were written to DST's, but for CST's ahd
beyond we specialized to the results of the system appropriate to a given trigger.
- On CST's, .the'Vt.‘rig results were written for the vee triggers, K°mp, K°nrmX, and
.K°K°X . Targtrk results were used for all other triggers unless Targtrk failed. In
that case Virig results were substituted as a backup. Sections C.2 through C.6 give

details for the various analysis steps.
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C.2 Straight Line Fits

Our tracking both before and after the magnet sought straight lines separately
in the xz and yz views. For simplicity, we discuss this for thé after magnet tracking
here and note front end differences in sections C.5 and C.8. The straight line tracks
were found by the routine Onevul, which directed the pattern recognition, spark
deletion for ¥* minization, and single view cleanups, and the routine “Fitlin", which

did the actual A fits.

The pattern recognition began with spark searches. If there were enough
sparks within a 1 cm "road” connecting a spark near the magnet (in the E1 or a D
chamber) to one in or behind the F2 chamber to satisfy the minimurn spark
("minspk”) requirements a )2 fit would be attempted. At most one spark (the
closest to the road center) per chamber could be included in a road, and both
overall and all group minspk requirements had to be satisfied, see Table C.1. A road
was rejected if the spark requirements weren't met, or if its defining sparks were

already part of a track satisfying ¥ = x2/ (total sparks —2)<2.5= xq.

If a road was successful, a x® fit to a straight line was made on the sparks
within it. If the resulting ¥ was less than xp, the track was passed to the single view
cleanup. If not, high x? sparks were successively deleted and a refit performed until
either ¥<xo or all minspk requirements were reached. In the latter case, we
required X< yx; =5.0 in order to keep the track. In these fits, the spark resolution of
each E chamber was taken as .7mm, and the resolution of each F spark chamber
was set at 1.0mm, values consistent with residual widths observed in chamber align-
ment studies (see Fr82). For. proportional chambers, the resolution was
nd/~IZwhere d was the wire spacing, n the number of consecutive wires firing,
and 1/ \/TZ the standard error of a square, unit width distribution. To avoid biasing
against crossing tracks or high.multiplicities expected on some triggers, sparks

were never "“erased” when tracks containing them were found.
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Table C.1
After Magnet Track Requirements
View Pass Chambers Minspk Group
X 1 E1,E2,E3.E4,F1,F2, 8 x overall
F3,F4,Dx,Dx' . F''x
X 1 Dx,E1,ER,E3,E4 3 E/Dx group
X 1 F1,F2.F3,F4 1 Fx group
x 1 F‘ZIFSIF4-DX’|F"X 1 Z'end
Y 1 E1,ER,E3,E4,F1,F2,F3, 8 y-overall
F4,Dy.Dy . F'y.F'y
Y Dy.Dy’.E1,E2,E3,E4 3 E/Dy group
Y F1,FR F3.F4 1 Fy group
Y F2F3,F4F'yF'y z end
X 2 Dx.E1,E2,E3,E4 4 overall
X 2 E3.E4 1 Z-end *
X 2 Dx,E1 1 Z-beg *
Y 2 Dy’ Dy.E1,E2,E3,E4 4 overall
Y 2 Dy’ Dy E1 1 Z-beg
Y 2 E3,E4 Z-end
X n.a Dx' . F"'x Sclean-x
Y n.a FyF'y Sclean-y

After magnet tracking requirements. Requirements
marked with a ""*" are redundant. Sclean requirements

apply only to tracks within +S5cm of beam.

The above procedure often found duplicate tracks, and a single view cleanup
was used to identify and resolve such cases. This procedure compared a "just
found” track with all previously found tracks in its view, first to detect an "identi-

cal” pair, and then to select the better one and reject the other. Given two tracks,




-210-

a count of the number of chambers in which they used different sparks was made.
If that difference exceeded 5 {out of 11 x or 12 y chambers), the tracks were passed
to the next test. If the difference was 5, both tracks had to have y< g in order to
be passed. Otherwise, the tracks were declared identical and the poorer one was
rejected. The next test compared slopes and positions at the track midpoints,
(z~9.5m ). To be considered distinct, either the slopes had to differ by at least .01,
or the positions had to be at least 3 cm apart. If two tracks were declared identical,
the pocrer one was rejected. The decision of which track of an identical pair to
retain was made as follows. If one track had ¥ <)xo and the second had xg<¥ <X,
then the first track was kept. If both tracks had ¥ <xp. or both had x; <¥< xi. then
the track using the most sparks was kept, and if the spark counts were the same,
then the track with the smaller ¥ was kept.

We had a storage limit of 10 tracks per view. As a guard against the possibility
that inferior and/or spurious tracks might. fill up the storage before all good tracks
were found, the tracks were ordered in quality, first by spark count, and then by ¥.
Whenever the limit of 10 was reached, a new track candidate would be first checked
to see if it was worse than the last track in the list. If so, it was rejected immedi-
ately, and if not, it was passed to the cleanup procedure- described above. H it

passed, then the previous worst track was removed to make room.

For each view, the after magnet tracking was done in two passes. In pass 1, all
tracks were required to have F chamber sparks. In pass 2, the F chambers were
completely ignored in an effort to find tracks that missed them. {In pass 2, the road
defining chambers were adjusted appropriately.) No explicit fiducial cuts were
placed on either pass, except for a weak magnet aperture check, so pass 2 tracks
pointing to the F station were possible, and were found. Although essential in the y
view, good pass 2 x view tracks are expected to miss the F station (unless the parti-

cle was absorbed by an interaction). The single view cleanup was relied upon to
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eliminate pass 2 tracks that were merely fragments of pass 1 tracks. Since almost
every pass 1 track would have an analogue pass 2 track before the cleanup and
extremely few x view pass 2 tracks are seen to hit the F station, the single view
cleanup is seen to be quite efficient. A few such tracks survive, but the number is
consistent with the expected rate of decays and interactions. We have found that if

these tracks do find matches, they typically match to "old" beam tracks.

C.3 Matching and Match Cleanups

In our only formal act of xy view matching, the slant (u,v) spark chambers were
used to identify matches, or xy track pairs that specified particle paths. We shall

use the term "matc¢h” to mean only xy matches after the magnet.

In searching for matches, all xy track pairs were considered. Given such a
pair, projections to the slant chambers were made, and a search for sparks within 1
cm of the projections was conducted. At most one spark per chamber (the closest
to the projection) was considered, and to be included in an initial match spark list,
it had ~to‘havé a xa contribution less than 2.5. If the list of such sparks did not
satisfy the match minspk requirements (Table C.2) the match was rejected. If the
match survived this test, x,,; = X%/ spark was calculated and minimized by removing
the high x? sparks until either y,, <5 or the minspk requirements were met. The
match was rejected if minspk was reached and x,>5. Surviving matches were
ranked first by the number of match sparks and then by x,, up to a total of 25
matches. If that total was met, a new match had to be better than previous

matches in order to be kept, in which case the worst was deleted.

Next several cleanup operations were conducted. These were developed from
early Monte Carlo studies and experience with ER60 and E110 including event
display scans. The basic cleanup compared the lists of match sparks of every pair

of matches involving the same x view track. Given such a pair, the match with the
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Table C.2
XY Match Requirements

Chambers Minspk Group

E1,ER,E3.E4.F1,F2,F3,F4 3 overall *
E1E3F3.F4 1 ~5.7° group
E2,E4.F1,F2 1 +5.7° group

* Overall requirements reduced to 2 for matches
involving pass 2 tracks that miss the F-station.

higher xm was removed if its list of sparks was a subset of the other's.

The next cleanup, Sclean, did not literally remove matches, but only flagged
them as good or bad. Also, Sclean did not operate immediately after the matching,
but waited until after some of the front end processing was done. It was run
separately for the Virig and Targtrk systems, and it only looked at matches known
to link through the magnet to the front end. Sclean assumed initially that all x view
tracks were real, but that only the best xy match involving ‘a‘ given x track was true.
Here, "best" used the match ordering described above. All other matches f-ipvol_v_iri'g:'
the x track were flagged as redundant. Matches 'méolvmg a giver-:; yAt.r'.ack 'but-.'di.f.-' '
ferent x tracks were allowed for several reasons. Firét, the uv stereo'angle implied
a good x resolution, but not y. Also, the y aperture was smaller and y t'racks‘ were
virtually unbent by the magnet. Good tracks merging in the y view were thus con-
sidered fairly likely.

Sclean also included a beam region test, using the better pwc time resolution
to remove "old" beam region tracks that might link along with goodebeam region
tracks. Matches projecting to within a 10 cm square around the 2x2 counter were
required to have at least one hit in each view in the F' pwc's in order to be judged
goed. (In our 20 GeV/c data, the bent beam missed one of the F'x chambers com-
pletely and went through a dead spot in t.be_z other, so this test was revised for this
momenturn to require two F'y hits and ignore the F'x chambers. For the winter '78

run, we added a slant BA type pwe that moved with the 2x2 and only a single BA hit
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was required to pass the test. Failing that the basic F'xy test was reverted to. The
slant BA chamber was also used in the track matching.)

For Vitrig, Sclean tested only matches known to link to the B and C stations,
and only Sclean approved matches were admitted to the full Virig analysis. This
was done to reduce the number of hypotheses fit by Vtrig. In the Targtrk analysis,
Sclean was used only after the vertex was found, and it operated only on matches
linking front end tracks found by Targtrk. In this case, Sclean was used to address
a problem of multiplicity feed up that was observed in event displays, and was one

of the reasons we reprocessed CST's.

The above discussion ignored differences between pass 1 and pass 2 tracks.
Except for a reduction of the overall match spark requirement by one when a track
missed the F station, there was none. Mixed pass matches were largely eliminated
by the basic requirements, and the various cleanups. Those that survived were
found to be almost always bad or associated with decays and interactions and were
remove.d. by later event structure cuts. The only valid mixed pass cases involved
pass 2 X view tracks that passed through the dead edges of the Fx chambers (figure
2-8) but live Fy regions. Pass 2 only matches that were aimed directly at the F sta-
tion occurred at a rate consistent with decays and interactions. Ultimately, we
chose our fiducial volume, decay and interaction corrections so that the analysis
used only pass 1 tracks. Events with pass 2 or mixed pass matches were cut from

the data.

Our cleanup philosophy was not to be completely efficient at removing spurious
matches or tracks. To do so would increase inefficiencies to an unreasonable level.
Rather, we sought to remove enough of them to make our final event selection cuts
unambiguous and efficient. We relied on the good time resolution of the front end
chambers to insure that most bad matches wouldn't link to the front end. Sclean

was added to the Targtrk analysis because the bad matches that did link used the
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same front end tracks as a good match, and so would increase the apparent vertex
multiplicity, affecting one of our basic cuts. Event scans indicated that Sclean -
analysis was our best tool for selecting the best match when two used the same -
front end tracks.

C.4 Beam Processing
A good beam track was essential, both for efficient vertex finding and for a -
good t measurement. Having only two stations ~ 19.5 m apart made track fitting -
useless. So we used instead a procedure [St78b] that always produced a single
beam trajectory for each event, with flags and errors to indicate its quality. Multi- -
ple beam particles weren't a problem as the strobe kill suppressed them, and the
i topology cuts removed whatever survived. The beam trajectory was obtained =
by connecting pairs of points locating the beam at the BA and BB stations with a _
straight line. Its error matrix was calculated formally from the errors assigned to
the pdint.s. v | | -
On‘ most events, all BA (2x and 2y) and BB (ix, 1y, and iu) planes had single :
hits. making the point selection obvious. Also, the proper hits could be identified in _ =
most cases of deit.a rays or chamber noise by comparing the variéus chambers at
each station. For example, if BAX2 had two hits and BAx1 had just one, the BAx? hit -
closest to the single BAx1 hit was selected, and these two were used in forming the -
BAx point as if both planes had just one hit. If BAx2 had no hits a.nd BAx1 had‘one,
then the point used BAx! only. At BB, if one plane, say BBy had two hits while the -
BBx and BBu had just one, we could use their data to select the proper y view hit.
Indeed, if BBy had no hits at all, the other planes could be used to construct a BBy =
point if they each had one hit. -
We attempted to "save"” the data in a plane only if it had 0 or 2 hits (single hits
were fine) and only if the other needed plane(s) had exactly one hit. All other cases -

-
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were considered too unreliable to save. The evaluation and saving operations were
carried out independently at BAx, BAy, and BB. Use of the slant plane at BB mixed
the x and y views when a plane needed saving. At BB, if the x or y view had a single
hit but the other view needed saving and could not be, the view with a single hit was

still considered good.

I a point was declared unreliable, we assigned a position and error obtained
from the average beam spot and its width as a beam particle was a priori known to
be in the beam spot. The large error minimized the impact of a poorly known beam
on the reconstruction, especially the vertex. For the same reason, point errors

were increased if the data used to define it were found inconsistent.

Explicit quality flags were set for the x and y views indicating whether or not
the data at each station was perfect, saved, or unreliable according to the hit
counting described above. The flags were originally meant to identify cases of dou-
ble beam events. But for mnmn, forward topology cuts completely eliminated double
beam cases and we found that the flags were a measure of the chamber response to
a single beam particle. To insure a good {,, measurement in nm we cut out any
events that had any unreliable plane. The events lost by this cut were an unbiased
fraction of the recordeﬁ events, and the large errors of the beam track in such
cases prevented a loss of reconstruction efficiency, so a correction weight derived

from just the ratio of cut to total events could be applied.

C.5 Targtrk

Targtrk was our front end analysis system for non-vee topologies such as 7,
and the physics studies reported here used only events successfully analyzed by it.
Targtrk sought before magnet tracks coming from our target and linking to the
matches. It fit for only a main vertex, and made no judgements about the number

of vertex particles. The linking requirement was absolute. Targtrk found no tracks
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-
for particles without matches.
-
The number and locations of the front end chambers were not sufficient for
reliable unassisted pattern recognition. Because of our X° decay region, the BC -
lever arm was not long enough to provide sufficient discrimination between near A-
station hits. This remained true even if information {rom the matches was used. We -
needed assist@ce from beam track information and a vertical focusing correction
in addition to match data to provide reliable front end pattern recognition. This -
was done by creating "pseudo" sparks in several artificial chambers created by the -
program. One such chamber-was near the target, using the beam to define its
sp-ark. one was at the magnet midpoint, z=4.47 m and using match extrapolations to -
- gset the spark, and in the y view only, a chamber was defined at z = 1.60m, again
using a match extrapolation. ' -
- Table C.3 -
Tracking Requirements — Targtrk
View Chambers Minspk Group -
y Ayl, A&Z 1 Ay group —
y By. Cy 2 -1 By group :
y Ayl, Ay2, By, Cy 2 Overall
X Ax1,Ax2,Au,Av,Bx’, Bx,Cx 4 Overall -
X Ax1,Ax2,Au,Av 2 AX group
X Bx' ,Bx.Cx 1 BCx group -
The pseudo sparks at the target and magnet midpoint were used to define a 1.5 -
cm road for (nearest) spark searches. If the number of real sparks did not meet or
exceed the minspk requirements of Table C.3, the road was rejected. All pseudo -
sparks were used in initial fits and could not be removed to reduce the track ¥ (as -
defined in section C.2). Real sparks could be, and if necessary were, removed to
reduce ¥ below 3.0. If all minspk requirements were reached before ¥ passed this -
-

I
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limit, the track was rejected. For acceptable tracks, the beam and z = 1.60m
pseudo sparks were then removed and the track was refit with the remaining

sparks.

The beam pseudo spark was especially important in selecting correct A station
sparks. The selection was fairly sensitive; a poor beam spark choice, or a bad beam
track could easily mess it up. As a result much work was invested in our beam
alignr.nentv and analysis (section C.4), and Targtrk was structured as a loop over
three candidate beam sparks each at a different z. To maintain good efficiency at
our target, these z values were -.60, -.30, and 0.00 m, each with an error of
g, = .25m. They bracketed our target and the last was near our DEDX counter. The
coordinate of the beam spark was taken as the beam track extrapolation, and its
error, do. was initially the projected track error or lmm'._x;rhichev_er was larger.

Once the slope, b, of a road was set, this error was increased to ¢ = Vo3 + (ba,)?

The complete Targtrk analysis was repeated for each beam spark selection,
(and all tracks and vertices found were indexed by it). This consisted of projecting
matched tracks through the magnet to form pseudo sparks at z = 4.47 m (mid mag-
net) and z = 1.60 (y view only). Y view projections used a Winds method [Co77] cal- |
culation to ac.count for vertical focusiﬁg effects which were fo'und significant at low
momenta (X 5 CeV/c). Y view pseudo spark errors were set to 5 mm at mid magnet
and 5 cm at 1.60 m. The x view projection to the magnet mid point had a curvature
correction, and a 3mm error added in quadrature with an estimate derived from
the after magnet error matrix. Both the wvertical focusing and curvature correc-
tions used preliminary momentum estimates derived from the after magnet track

and the front end road being set up.

The y view was done first with at most one front end track, or "link", being
found for each match. Next, x view tracks were sought for those matches having y

view links. The y link for a match was used to project the Au and Av sparks to the x
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view with the y track error being combined with the chamber error. Au and Av were
not explicitly required to be on a track since the Ax group minspk was only 2 for 4
chambers, but they did help to flush bad matches lﬁcky enough to link in y. When
an X view track was found, its momentum was found with a square field calculation,

gsection 3.2.

Once the tracking for all three beam spark choices was completed, a vertex
was sought for each set of tracks found with simultaneous x and y view fits to a
common 2,. The beam track was required to be on all vertices, but forward tracks
in either view could be deleted to reduce the vertex y?. Particles were flagged as to
whether or not they were in the vertex in one, both, or neither view. The successful
vertices (just one per beamn spark) were compared in turn, and the best one was
flagged. A vertex whose tracks missed more A station sparks than the previous one
was ‘rejected”. That being equal, the vertex using fewer xy track pairs was
“rejected”. These tests being passed, the vertex with the lower x* was §referréd.
All Targtrk results from the three beam séark choices were written to DS_T's (to
allow for studies), but only the tracks and vertex for the best choice were written to
CST's. The A station spark vcountin,g test was the most sensitive. A bad vertex usu-

' aﬂy resulted from a poor A station spark assignment. An incorrect track would usu-

ally share sparks with a good track, miss its proper sparks, and thereby increase

the unused spark counts. Noise and delta ray sparks would rarely affect the count -

of missed sparks.

Targtrk was judged successful if any vertex was foﬁnd, regardless of the
number of particles in it. If no vertex was found at all, Virig results were written to
the CST as a backup. Sclean was not used by Targtrk. Bad mat_phgs that linked to
the front end in both views always shared tracks with good matbhes. énd, thereby
did not distort the analysis. However, this sharing did lead up fo é fee§l up problem

for the multiplicity tests. To deal with this, Sclean was used to flag bad lihking



-R19-

matches after Targtrk was done.

C.8 Vtrig

Although we did not use Vtrig results in the analysis reported here, it was used
for the vee triggers and Vtrig results were written for Targtrk failures. Part of our
confidence in Targtrk rests with the observation that no Targtrk "failures” suc-

ceeded in Vtrig.

Wirig fit front end tracks and vertices to the specific topology characteristic of
a given trigger. For mmn that was two charged particles from the main vertex. For
a vee trigger, such as K°mp, this was the nominal number of vees and nominal
number of main vertex charged particles. Vees were made only of oppositely
charged particle pairs known to link through the magnet using only the B and C sta-
tions for front end tracking. All such pairs were potential vees. Successful vees
passed a z-vertex cut, zy >.1m, and had four tracks (two for each particle) in the
vertex. Having vee‘s, main vertex hypotheses were tried. (Since no vees are needed
in wmn, Vitrig started with the main vertex for it.) The numbér ‘of rﬁai.n vértex
hjpotheses was set by the number of vee candidates, the number of_ charged
tracks, and the desired charged main vertex multiplicity. If more than one maln
vertex hypothesis succeeded (and each contained a specific vee -choice), 't,he best':
one was selected depending mainly onv the total t.racks-w (mclﬁding neﬁt.ral "tracks"”
from the vee) from Both X and y views in the main vertex, and then on the vertex X
if need be. To _reduce the number of hypotheses tested, Vtrig included the Sclean
match cleanup. (Sclean was originally designed for Vitrig.) For Vtrig, this ran only on
matches that linked to the BC stations, and only Sclean approved zﬁaitéhes wefe
admitted to the full Virig analysis; o ‘
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C.7 Kinks
-
Our square field momentum calculation with a p; kick of .7510 has proven
extremely good. Monte Carlo studies comparing this approximation to an integra- -
tion of our field map found square field errors completely negligible compared to
our momentum resolution. Unfortunately, there is a catch resulting from align- -
ment errors. The momenta measured by TEARS have a systematic shift charac-
teristic of a kink of .084 + .007 milliradians between the upstream and downstream =
(of the MPS magnet) chamber alignments. The kink had no noticeable effect on our -
tracking and linking efficiencies. The above studies have shown that this kink is not
an effect of the square field approximation. It is less than our angular resclutions -
(Table 2.8), so it could easily have been missed by the alignment runs (given their ‘
statistics), which used 3mp data with the magnet simply turned off, and straight line -
fits through the full MPS from the A to F’ stations. The alignment fits did not
include any parameters for residual fields. The kink is qualitatively of the same -
order as the expected bend from residual fields (~15 gauss with unquoted errors) -
at zero current observed m our field map measurements.
Although small, the kink is a systematic effect easily seen in our missing mass -
spectra. Its effect is to shift measured momenta up or down depending on t.hé bend
angle which, in turn, depends on the charge of a particle and the me{gnet polarity. -
The effect of the kink is adequately parameterized as =
P = P, (1+46/ 6) (C.1)
. -~
where P is the true momentum, P, the measured momentum, & the bend angle
and 69 the kink. This correction was applied at the PST and CST levels on individual -~
particles to allow for evaluation of 64 with our full data sample. The effect of using
uncorrected momenta on our missing mass is shown in figure C-1, which plots Mz? -
at 100 GeV/c as a function of -
e

R
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== (E—=Ey/2)/ (Ey/2) (C.R)

where £~ is the 1~ energy and E; is the beam energy. These shifts are appreciable
when compared to our missing mass resolution, figure 2-11. The data for these
plots was the mean Mz? resulting from fits to a Gaussian for the neutron missing
mass peak after a X background subtraction (and without a kink correction). A
straight line adequately follows the z~ dependence. The shift in #z2 upon a magnet
polarity change,

shown in figure C-2a is approximately
AMz? = (~4my, E266/ Py |z~ . (C.4)

where Py ‘is the magnet p; kick Iterative fits using equation C.4 to predict 68
result in our value of .084 mR. Figure C-2b shows our final AMz? result and figure
C-3 shows the individual polarity Mz? distributions with the kink correction. The
small residual slope is unexplained. It is smail enough to be caused by either the
approximation 3.1, our our square field assumption. In either case, it can be

ignored, the shifts it represents being much smaller than our Mz? resolution.
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Figure C-1. Missing mass® calculated without kink correction factor.
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Figure C-2.-AMz? before (a) and after (b) kink correction.
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- 223 -

Corrections

D.1 Introduction

In this appendix we expand on the development of some of the more significant
non-acceptance corrections. In some cases, unusual methods were used and they
merit a review. Since the development of our A-station [Fr82] and C1C2 [Da78]
methods are given elsewhere and our discussion for them in Chapter IV was reason-
ably complete, they are not discussed here. Although some repetition exists, this

appendix assumes corresponding sections of Chapter IV are read in parallel.

D.2 Veto House Correction

Because of inherent instrumental inefficiencies and one large hole (the forward
magnet a.pe_rture) in the veto house, there is a considerable ( ~ 10%) background
‘under the néutron in a 7y missing mass squared (Mz?) piot at 100 GeV, figure 1-4.
The background is smaller at 20 and 50 GeV, mainly due to better Mz? reéoltifioﬁs '
at the lower momenta. We need the veto house (8, V0, V1, V2, V3) to suppress a
tremendous background, see figure 4—-4.vot events with extra (unseen) n°'s and
charged recoils. Without it, the topological trigger would take ﬁrtually only back-

ground data, and our limited Mz? resolution would fail to isclate the relatively small

fraction of mrn events.

In a one particle exchange picture, figure D-1, extra n°’s can come from either
vertex (or both vertices). Lower vertex n®'s would be from recoiling N* (and A)
resonances, while upper vertex n?‘'s would be decay products of mesons such as the
@°. Because upper vertex n°'s are typically “fast” and result in large Mz? values,
most of the background under the neutron comes from lower vertex processes.

Another upper vertex background characteristic is that the n*7m~ mass is shifted
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Figure D-1. One particle exchange model for n° backgrounds. Resonant
amplitudes at both vertices are shown for brevity. Upper vertex can be al-
most any nonstrange meson giving one or more s and a w*n~ pair. The
&P is just the lightest such state.

down from the parent mass; and is concentrated at wm masses at or below the p, see
figure 1-3. On the other hand, the m*n~ mass spectrum for events with extra n%s

associated only with the lower vertex, is quite similar to the spectrum from mtrn.

The. t.bpol_og'icai trigéer-stops._most upper vertex charged particle backgroundé.
‘Charged ciecays of N*'s are vetoed by the 8 chamber, and V1 if the 8 chamber fails

. to fire. Hadrons roﬁtinely penetrate and are detected by V1, Indeed, of the
charged particles seen by § and not V1, all seem to be delta rays. Charged recoil

products that miss V1 and strike the A-station would violate the topological tﬁgger,

Part of the experiment design was set by our desire to measure veto failure
backgrounds and, if possible, subtract them. We had a prescaled background
trigger, X, with no veto house requirements at all. and we kept the front end
geometry fixed to facilitate measurements which combine all our momentum set-
tings.

All veto failures were (up to prescaling) contained in the nwX trigger. The
background in mnmny is the non mmn part of mnX times the veto "failure rate”,

defined below. Veto failing backgrounds are assumed to have the same m*m™
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distributions as found in mrX. That is, no special configurations of the n*n~ are
selected as veto failures from among the mnX sample. Our studies indicate that

this is a reasonable assumption.

The background "observed” in mmn results from the production of background
states and subsequent failures to detect the extra (excluding forward n*s~ ) decay
products. The veto "failure rate”, F, is defined as the fraction of the background for
vrlﬁch the veto counters fail to detect the extra particles. F depends on the flux of
extra decay products in direction and energy. the veto counter geometry and
counter efficiencies. Background decay kinematics are dominated by available
energies, and when discussing only the extra particles such as n°'s, this is roughly
balf of Mz?:

Hx? = ".'?2 +¢+ %(Em‘ﬁ‘fm) (D.1)

where t is the momentum transfer to the reccil neutron or N°. Averaging ove_a_;-“
many (background) events, the decay prqdu_c,t_ flux atjg'ny direcﬁio‘h; and hence tﬁ_e
failure rate, depend mainly on Mzz This even extends to upper vertex back-
grounds.

To a good approximation, no other dependence for F is needed, and the meas-

ured failure rates show little, if any, m,, or p, effects.

At any momentum setting, we can exclude all the background resolved from
the neutron by a simple Mz? cut. But unresolved background can't be measured at
that momentum setting. Without reference t‘c: other momentum settings, we could
only use simple extrapolations and fits which run the danger of not being able to
extract a reasonably correct background shape under the neutron. (Simple extra-

polations were used for a preliminary study [St78], and for the neutron veto correc-

tion in sections 4.4 and D.3.)
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By keeping the front end geometry fixed, measurements of the failure rate at

any Mz® value from any beam momentum setting will apply to the other settings.

Once we know the failure rates, we can use the Mz2 spectrum from nnX to estimate —
the background in 7. Thus, 50 and 20 GeV/c measurements of F and the 10D

GeV/c Mx? distribution from mnX can be used to "predict” the veto failure back- -
ground at 100 GeV/c. Failure rate measurements at 100 GeV/c do not directly help B
because we can measure F only at Mz? values away from the neutron peak. pr— ,

ever, the main check on this method is agreement _between failure rates seen at the -
different beam momenta in Mz® regions where the measurements overlap.

D.2.1 Failure Rate Measurement ‘

The mnX trigger was essentially w7my without the veto house requirement. -
There was a weak "special D" requirement for mmX (1 or 2 hits in both Dx and Dy), -
but the only effect of this was a slight delta ray (at D) suppression and our method
con:ipénsates for this by constructioﬁ. | -

The failure i'ate.s>vjrere u;easured by plotting Mz? distributions for both TNy
and nmmX data on CST's. The same trigger and topology cuts were used for both -
types excepting no veto cuts were made in X data. In each Mz? bin (at least -
Sok, from the ﬁeutron peak) the failure rate, F, was evaluated as:

= (Bonts o P ®2

where P is the mnX prescaling factor (=5 at 20 GeV/c, 40 at 50 GeV/c and either 40
(early runs) or 80 (late runs) at 100 GeV/c). 6 is an average 8 chamber delta ray -

correction for wnny, leaving it out would underestimate F'. The nmnX trigger was not
subject to § chamber delta ray vetos or corrections. We needed to use both types -
of triggers, as the number oi' iy events in the mnX sample was too small to be -

useful. The prescale factor P was then necessary, as only 1/ P of the mnX events
-~

//’/
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Figure D-2a. Failure rate measurements at 20 and 50 GeV/c.
allowed by the spark chamber dead time were recorded.

For the measurements, we split the data into sets distinguished by beam
momentum and prescale factors. To be consistent with A-station cuts, we re-
stricted the study to m,, values > 500 MeV. p; and m,, dependencies were

searched for with no significant effects seen. Mz? overlap regions between the
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Figure D-2b. Failure rate measurements at 100 GeV/c. Early and late 100
GeV/c run sets differ in both prescale factor and BB status (broken in late
set).

various beam momenta were reviewed and found consistent. We then combined the
failure rates by averaging the observed values whenever data sets overlapped. The
combined result is shown in figure 4-3. Here we show individual sets in figures D-2.

The lowest Mz? value (“4° bin") in the combined and 20 GeV plots represents a
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Figure D-3 20 GeV/c mnX Mz? spectrum. Hatched area satisfied nmng
trigger requirements. Other histograms are all events (uppermost, includ-
ing both dashed and solid lines) and the remaining after mmn; tags were
removed.

problem at the A° and will be discussed shortly. The smooth curves of figures 4-3
and D-2 are single pass smoothings of the combined set from the plotting program.
They exclude the A° bin and are for comparison purposes only. The first two bins of
the combined plot (-1 to +1 and +1 to 3 GeV?) are actually the A° bin ( 1.20 to 2
GeV?) and 2 to 3 GeVZ bins from 20 GeV/c.

The other bins are all 2 GeV?, a size motivated by the 100 GeV/c Mz? resolution,

and carried into the 50 and 20 GeV/c analyses for lack of data at the lower

momenta.

At 20 GeV/c we can just barely resolve ti'xe A° from the neutron, as in figure D-
3, a plot of mnX data only, and we cannot resolve the A° from higher mass N°*'s.
Although the statistics are rotten, the A° appears shifted down a bit from a nominal
peak value of ~ 1.52 GeV? (=(1.232)%). This is a predicted effect [JaB4], but it
doesn't help our resolution any. For veto failure rate measurements, we define the

"A°" (at 20 GeV/c) as all non nmn data between 1.2 and 2.0 GeV?. This is slightly
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inside the neutron cut of .45 to 1.35 Ge V%, so we subtracted an estimate of the good
neutron content in the mmns data for the neutron tail between 1.2 and 1.35 GeV* in
the failure rate measurement. This attempt to get into the neutron peak was only -
done at 20 GeV/e, and only because the A® failure rate is a problem and the n-—A

separation is poor. -

On the failure rate plots, the A’ bin sticks up like a sore thumb. Otherwise, the

failure rate behavior is roughly as expected from early Monte Carlo studies,
although at a higher value than the studies predicted. The failure rate (excepting -
the A° ) is fairly flat below ~B GeV? with a rise above that value from geometric
effects. N° decay products (#°) tend to go forward as the N° mass increases. That -
the failure rate flattens out at extremely high #z? apparently indicates most events
with upper vertex n°'s also have N’ recoils. The veto house is not expected to be -
effective for cleanly produced ow®n states. Fortunately, the rise in veto failure rates -
occurs above the neutron #z? cut, even' at 100 GeV/ec.

-
D.2.2 Background Subtraction

To subtract the veto failure background from our wmny data, we chose to sub- -
tract weighted mrX events directly. This was done to preserve correlations between _
the variables M., cos8;, ¢; and t; nmX distributions being a bit different than
those seen in mmny. Multivariable arrays with reasonable granularity would require -—
more bins than data.

We first extract background events from the #mX data by removing all events B
that could be real #7n. Within the neutron Mz? cut only, we remove all events that -
satisfied the mmny trigger, all neutron veto events, and all § chamber delta ray
vetoes. This avoids double counting good events and the neutron and g chamber —
veto corrections. Delta rays in the 8 chamber were identified by hits in B and no
hits in any other veto counter. We checked that this cut was as pure in wrn. as the =

e e
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nrny trigger. Neutron veto events were identified by having a single barrel stave
struck with no other veto counter firing. The struck veto counter had to be within a
p: dependent Ag (hit-recoil) cut of 2.50 about the average Ap peak seen in the neu-
tron veto measurement, section 4.3. The Ag cut is p; dependent, and no single bar-
rel strikes were removed below p; = .08 GeV/c, the neutron veto threshold. A few

background events are lost by these cuts, but that loss is extremely small.

Given these removals, we made PST's of the mnX data with a flag set to distin-
guish them from mrny PST's. The background processing was done in the same job
as the mmny data. All corrections and cuts were done in the same manner as for
nmr except that neutron veto and 8 chamber delta ray weights were excluded,
veto counter cuts were not done, and we applied an additional term to the nnX
weight. The extra weight was u, = -PF‘where P was the prescale factor and F the
failure rate. F is Mx® dependent. Within the nmn Mz® cut, we must combine a
smeared A° failure rate with a flat everything else. Although oniy a small part of
nnX, the A% accounts for a significant part of the veto failures. Outside the neutron-

cut, we used the combined measurements directly for the #z? plots of section 4.2.

D.2.3 A° Smearing

To smear the A° in the failure rates, we view the background at any Mz? value,
as composed of a A’ part of fraction f, and everything else, a fraction (1—f,).
Missing mass resolution is the sole reason for A° smearing. We know that A° eventé
have a poor failure rate but cannot tell which events are actually A’'s. The net

failure rate as a function of Mz? is then

F(Mz?) = F\(1=fa) + Faf s (D.3)

where F, is the flat part of the failure rate (= average of all bins within the neutron

Mz? cut other than the A° ) and F, is the A° failure rate. A smearing function



- 232 -

S(Mz2), is applied to the A° failure rate, f, = f4 S(Mz®), where f, is the number
derived below. S(Mz? is a simple Gaussian smear of a square distribution from 1.2
to 2.0 GeV2 (the 20 GeV A° cut) with unit area:

S(Mz®) = TlB— [erf[%—] —erf[-ﬂ%] ] (D.4)

where o is the appropriate missing mass resolution. This procedure is needed only
at 50 and 100 GeV/c. At 20 GeV/c, f, = 1, and F(Mz?) = F,. Only a few A° decays
penetrate the neutron peak.

We had to resort to some modeling to get f, at 50 and 100 GeV/c. There are
simply no m'easurements of t*n~A° or p°A° at very high energies. Existing meas-
urements, which are also not compatible with our cuts, go only up to ~ 20 GeV/c,
and one 200 GeV/c bubble chamber experiment [Bi74] gives only an Bubd upper limit

to p?A° (95% C.L., no events).

To get f 4. we start with

“;mm_mm T

mX  mm - X (D-5)

We can use our data to get mmn/ mnX, and this provides the only mm mass

dependence used in F(Mz?). Plots of this ratio are given in figure D-4 along with the
linear fit actually used for f, (Mg in GaV/c?):

F'""xu = 0457 + .0328 fMpy “ (D.B)

For nwA/ rrn, we note that both reactions are dominated by m exchange and so
assume that they have the same n7 mass dependence, The reactions have different
t dependences and £, values. We assume that the P,,,, dependences of do/ dt

are the same. Thus we are assuming that
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Figure D-4. Ratio of events nmny/mnX with neutron Mz? cut. Data from
CST's, dashed points not used in the fit.

nmd® _ p°A° _ o(p°&°) (D.7)
mmn p°n ofp°n)’ '

and we can use data to get the ratio at 20 GeV/c and then extrapolate it to higher
Pogam values by integrating over the do/ dt forms. Using mmX data, we find (statist- -

ical error only)

0 AOD
%ﬁ;—ﬁ 1.70 £ .20 at 20 GeV/ c. (D.8)

Given our arbitrary upper cut of 2.0 GeV® for the A°, this is a reasonable value. In
this ratio, we included non neutron events in the p°A° set even when Mz? was below
1.2 Ge/®. Events identified as § chamber delta rays or neutron vetoes were

included in the p°n set.

For the beam momentum extrapolation of o(p°4)/ o(p°n), we take do/dt

forms inspired by the poor man's absorption model for 7 exchange [Fo71b]:
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do k abt

&g | =L __ € D.9
dt 0P A° P' (t -m.,",’)z ( a)
do k  ~te®

2a = (D.9b)
d¢ P n P (¢ -mZ)?

where numerical constants are grouped into k, p is the beam momentum,; a~2 and
b = 4 are assumed the same for both reactions. The b value was inspired by fits by
Ximel and Owens [Ki77] to the p®n reaction. Their 7 exchange terms have effec-

tively Vb ~ 2 (the correction is insensitive to b).

Letting
In(p) =‘f_‘_m (t_e—f::,",’_)z'dt (D.10a)
and
M= [ o)
we have

0(p°8°) _ a(p°a?) | Is(p) In(20)
o(p’n) o(p°n) lzo 15(R0) L(p)

(D.11)

The [, and /; integrals can be evaluated in terms of exponential integral functions

E, and E,, which have been tabulated [Ab64].

omt

Ip) = ?"T‘%#m)—zz(b (m2-t_.)) (D.12a)

m2

(p) =& (1+5m)E(B (md ~tmm)) = gy —

2.
e P taw)| () 12p)

The p dependence is in fm;,. We find I, (20)/ I,(p) = 1.000 at all p, the 20 GeV £y
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for p°n being already well below m2, and the (-t) in do/ dt suppresses low t cross
sections. The A’ terms contain significant effects. For the sake of simplicity, we
used a single £, value, evaluated at m§ = 1.5 Ge V2, and obtain the following values
(statistical error only):

Table D.1
Model Results
p, GeV/e & min (p°A°) Ia(p)/ 1,(20) a(p%A%)/ o(p™n)

20 -1.02x10%  1.000 1.70 £.20
50 ' -3.93 x1073 1.347 2.29 + .27
100 -1.39 x1073 1.503 2.56 +.30

Since we claim no nm mass dependence observed in F(M=z®), and yet use one for the
A°, we should note that the A° is a relatively small fraction of #nX at 50 and 100
GeV/c, and that it is unresolved from the neutron at these momenta. Thus we can't

hope to see a mass dependence from t.he- &° in the failure rates.

D.2.4 BB Failure

Part way thrbugh Run |, after the :50- GeV runs but well before the 20 GeV runs,
one barrel counter..BB (tigure 2;5). failed. We decided not to repair it, and instead
enabled an unprescaled Backgro_und trigger at 100 GeV, mnB, which was originally
planned for 20 GeV neufron veto studies. Running tl;is trigger at 100 GeV turned
out to be crucial for neutron veto measurements, but it has not been mentioned yet
in relation to veto »ta.inlures. At 100.Gev the mnB trigger wes intended to estimate
the numbg‘r of veto failures from the loss of one barrel counter. But, rather per-
versely, the best estimate of the effect of the loss comes from our 20 GeV data. The

loss of a single counter does not affect the veto etfficiency for cases where at least
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two of the barrel staves would normally fire, or a barrel stave and a jaw counter or
the # chamber fires. However, we expect an efficiency drop of ~ 4% for single barrel
strike vetoes, a value comparable to our A° failure rate. However, the data indicate
that the missing barrel stave is not our problem. Most vetoes involve at least two
veto counters firing. Further, the 20 GeV missing mass distributions of figure D-7
lead us to believe that most single barrel vetos probably involve A° decays, and they
can be used to estimate the A° failure rate contribution from the loss of B8. There
are about 10 A° events in the neutron A cut between 1.2 and 2.0 GeV? and 62
events outside the Ag cut below 2.0 GeV? for a total of 72 A° events with a single bar-
rel hit. This implies ~1/23 x 72 =3 events would have had a hit in the dead

counter.

There were about 900 p°A° events in the same running {181 p°A° events
recorded in wmX times the prescale factor of 5). Thus the A’ failure rate coming
'from the dead counter is ~3/900 = .3%, much less than the observed rate. We con-
clude that the high failure rate at the A° is from an inherent inefficiency for low

recoil masses, which correspond to the softest photons seen by the Barrel.

D.3 Neutron Vetos

The nwB trigger discussed in the proceeding section was most useful for
measuring our neutron veto rate. As shown in figure 4-8, this trigger displays a
strong neutron peak in the variable A = @ omuard —PBerres. MX? cuts are needed to
cleanly extract the neutron signal from these data, but it was generally cleaner

than that of the mmny trigger after these cuts were made.

We found the neutron veto rate (neutron detection efficiency) by parallel ana-
lyses of nmB and mrmny data. Only runs for which the B triggei' was active were
used. The same topology, myu, (> 800 MeV), and Mz® cuts were used for both

triggers. No C1 C2 cuts were made, all forward particles being assurned pions. A
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Figure D-5. Mx® spectrum for rmmny data used in neutron veto study.
Shown are #z? cuts used, and the rough background estimate used.

conservative Mz? cut of -5 < Mz?< 2.5 GeV? was used at 100 GeV, as shown in figure
D-5, to reduce background subtraction burdens. Figure D-6 shows a preliminary
background subtraction study for mB with a fixed ( £22.5° ) Ap cut. A similar plot,

figure D-7, made with 20 GeV data, shows that most of the large Ag background is
single photon hits from A? decays. A

The V—{ (approximated as |p;| ) dependence of the neutron veto rate was
found after a study of the peak in figure 44 as a function of V= . We found that the
Ay resolution depended on V—f and that the neutron detection efficiency had a
threshold of V={ ~ .08 GeV/c. The Ap resolution at 100 GeV is shown in figure D-8,
which used three different sets of large V=f bins in an attempt to flush out statisti-
cal fluctuations, and have enough data to allow fitting. Ag distributions (not shown)
for these bins were fit to a Gaussian with a flat background. The mean, width, and
height of the peak, and the background level were all free parameters. The fits

break down for bins below V=f below ~.1 GeV?, an effect that could be due to either




Events/,5GeV*

Evenls /5Gev*

- 238 -

120
80 T T T ) v —
80
[ col
3
-~
[ 3
£ 40
&
aor _
20
n 4 Jg’ _ L —td. y
% 4 0 4 8 12 6 20 24 28 %
', Gev'
80— —
Y W
wvvf Missing Moss Squared
I A¢ Cut - 3 xOutsice
« el i a9 ca - g xousn g
60 3
{ ]
~
L
=
L%
>
W 40 -
aof
20f .
20f
0 ﬂrﬂ( Un.ﬂl]_nnb&&rﬂ
O 4 6 4 8 1z % 20 24 28 8 4 0 4 8 ©_ %6 20 24 28
», Gev' " ’

Figure D-6. Preliminary fixed Ag cut study on 100 GeV/c n5 data. Note
that the uncut and cut failing distributions are shifted to higher #z?.
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Figure D-7. Ay study at 20 GeV/c. Events outside the Ap cut are clearly
dominated by the A(1238) resonance.

resolution or a threshold. We favor a threshold because we see one in 20 GeV data,
figure D-9, where the resolution is better.b and the effect coincides with a predicted

neutron threshold for the Barrel [Pi74].

The neutron detection efficiency was found from the ratio of V=£ distributions
in 7B and rrny. The smooth curve of figure D-8 was used to set 30 (A¢ ) cuts as a
function of V=¥ in nnB. The background outside the cuts was flat, and was used to
subtract the single photon background from the neutron veto signal. We also did a
background subtraction for the mmny data. For that, we used a V= distribution
from the mnX trigger scaled to the event total in the hatched region of figure D-5.
Both the mnX and single photon bacicgrounds were peaked at smaller V=I values
that rmny or Ap cut mmrFH distributions.

Since neither nmny or nmB were prescaled, the neutron detection efficiency,

defined as the ratio of detected neutrons to total neutrons, is found as
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Figure D-8. Recoil neutron azimuth resolution at 100 GeV/c (b). Points
were found in three sets of fits to a Gaussian plus flat background.
Smooth line is the dependence used in £, measurement. This was not
used for the study of figure D-8, but was used for our E,, measurement.
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__B

where B is the number of detected neutrons from mmB and N is the number of Ty
events. Equation D.13 assumes background subtractions have been made. The two
triggers are complementary, one having a veto on neutrons and the other not. A
side effect was differing backgrounds under the neutron, but having subtracted
these, the other corrections are the same, and they cancel out in D.13. Thus this
equation represents the fraction of mmn events that suffered neutron interactions

in the barrel, and hence the loss of such events from the wrmnr trigger.
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Figure 4-7 shows Ep, at 100 GeV/c. And our results are given in section 4.3.

D.4 BCD Delta Ralfs

We now discuss the development of the BCD delta ray correction. This correc-
tion was designed to account for delta ray losses in our tight BCD trigger require-
ment for mrny, and was tailored for coqsistency with the reconstruction efficiency
correction. That correction includes effects for the chamber efficiencies in the

trigger and track finding. Our BCD software trigger cuts were set to cleanly
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separate the problems of the delta ray and chamber efficiency corrections. The
formalism discussed below was built around a measurement of the needed parame-
ters from curve through data, that being the only trigger free of BCD requirements
and, hence, our only trigger that allowed a bias free measurement of the delta ray

rates.

The BCD deita ray formalism makes use of the stiff BCD trigger requirement to
deal in a simple way with correlations between chambers. We include as "correla-
tions” chance pairs of delta rays created by one particle and seen in different
chambers, as well as “true” correlations caused by penetrating single delta rays.
Delta rays coming from different particles are not viewed as correlations. We need
not distinguish between one delta ray seen by a chamber and several delta rays
seen by that chamber. For a single particle, we need only use the following classes
of events: a) no chamber sees any delta rays, b) exactly one chamber sees a delta
ray signal, and ¢) delta ray signals are seen by two or more chambers. Class b)

splits into six subclasses, one for each chamber.

For mmn events, small but finite, chamber inefficiencies in the BCD chambers
require that we distinguish between cases where all chambers satisfy the (software)
trigger requirement of a hit on each of the two particles (6ok), and cases where one
chamber fails this requirement (Sok). Trigger cuts insure that there are only two
such classes we need to deal with. In the 6ok case, we can have (any number of)
deita rays detected by one of the six chambers. A veto would require delta rays to
be detected by at least two chambers. In the Sok case, a delta ray signal seen by
any of the fife good chambers would cause a veto as one chamber is already bad.
We express the delta ray corrections for the Sok and 8ok cases of 77 in terms of

parameters found for the several single track cases defined above.

Consider first the 8ok case. Let P,q be the chance that the k'th particle made

no delta rays at all, P, be the chance that this particle created delta ray signals in




Table D.2
BCD Single Track Parameters
Pg = .8212 £ ,0039
P, = .1291 £ .0034
Py = .0497 + .0022
chamber i Dy Pot
Bx 1 .0280 +.0017 .1507 + .0038
By 2 .0179 +.0014 .1608 + .QQ037
Cx 3 .0145+.0012 .1842 + .0038
Cy 4 .01566 +.0013 .1632 + .0038
Dx 5 .0241 +£.0018 .1547 + .0037
Dy 6 .0289 +.0016 .1498 + .0038
(statistical errors only)

two or more chambers, and p,; the chance that it made a delta ray signal in only
the i'th chamber. We assume tﬁat P,;, . Pon. 80nd py; are all independént of track
location within a chamber and that these values are unaffected by the presence of
other particle(s). We define P;, as the chance that exactly one chamber had a delta

ray signal, not worrying about which chamber it was:

(D.14)

Py = YPu
t
For a single particle we have
1= Pgn'ﬁ'Pkm'ﬁP.l

(D.15)

For two particles, we have just the product of single particle expressions.
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1 = (Pio+Pim+P11)X(Poo+Pam+Pg,) (D.186)

Only those terms in D.18 involving Pis OF PPz i#;j can lead to vetos. Calling Py,
the chance no veto occurs, we rearrange D.18 using D.14 and D.15 to get two expres-

sions for Py

Pry = 1=(Pim +P2m"leP2n+§’PliPa) (D.17a)
Pp = Pme"'Pszl*'PznPn"';PnPa (D.17b)

Invoking the above assumption (P = Py for particles j and k), these become

Pu = 1‘(2Pm"Paz-+§,PuP21) (D.1Ba)
Py = P§+2PoP 1+ pf (D.18b)
B | 1

'where Pin-’-vezé:P‘o . P.ﬁspan#_Pn . Pyy=P2,=P,, and p\y=pz=p;- Either of equa-
~ tions D.18 may be used to express Py, , and their equality was a check on the meas-

ured numbers. Pp, Fis used to get an event weight:

The less frequent Sok case is easier to express. If any chamber other than the
one failing to have hits on both tracks has a delta ray, the event would be killed.

Define p,; to be the chance per particle of seeing delta ray(s) in any chamber other
than the i'th chamber. Then, since either particle can make the offending delta ray

signal, the correction weight is

Wy = 1/ (1-119")2 (DZO)

There is one such factor for each of the six BCD chambers. Delta rays seen in

chamber i (the one missing its hit) do not cause vetos and do not enter into D.20.

S
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" Figure D-10. BCD delta ray rate parameters P, P,, and P, for the various

curve through runs. These runs were combined for the values in Table
D.2.

With the above fofmalism. we needed only thirteen parameters to evaluate the
BCD deilta ray weights. As mentioned above, we used curve through data for the
parameters. This single particle trigger is the only one 1n E110 without BCD
chamber trigger requirements and a reasonable topology; it required only
BEAM 2x2 as its trigger. Of the fourteen curve through runs made in the spring '77
running, only three runs were excluded from the study. Dur}ng one the Cx chamber
was dead—disabled by water dripping from the magnet; and two were muon contam-
ination runs in which a calorimeter module was placed in the beamn. That compro-

mised the track clean up procedures used.

The data were analyzed with cuts insuring that only one beam particle was
present without imposing any conditions on the BCD chambers, and allowing for

delta rays to reach the spark chambers and be found as tracks. Multiple beam
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Figure D-11. BCD delta ray parameters p; and poz versus curve through

run and for the various chambers.

particles in the same r.f. bucket, or just within the resolving time of the propor-

tional chambers could look like delta rays and distort the measurement, so care to

eliminate them was needed. Any event that seemed to have extra particles invoived

was rejected. The runs were studied separately to see if any were pathological

(none were), and were then combined to produce the results. All beam momenta

were included as their results appear consistent and no beam momentum depen-

dence should be expected in this delta ray effect. Chamber sagging from beam

intensity could have been an effect, but no significant beam intensity effects were

seen (unlike the Beta chamber correction), probably because the BCD chambers
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were normal to the beam, and delta rays are a reasonable distance from tracks.
Out of 22287 events in the curve through runs, 9639 passed all the cuts and were

used in the analysis.

Delta rays were counted as the total tﬁts in a chamber less the number of hits
on the good track. This removed miscounts that could arise from inefficiencies.
The values for the various P's were taken from a histogram of the number of
chambers having delta rays in each event. The p's came from plots of the appropri-
ate count of delta rays in each event. Figure D-10 gives the run dependence of the
P’'s, while figure D-11 gives the run dependences of each of the p; and p,;. respec-
tively. Table D.2 gives the values of the parameters for the combined data set, and

table 4.1 gives the resulting weights.

The curve through data allow us to test the validity of the assumptions made;
that delta ray rates are independent of track location and are not affected by the
presence of a secbnd track. These were checked with plots of the distance, D,
between a track and the delta rays it created (in the coordinate measured.) Distri-
butions in D were taken for each chamber in 5 mm bins in the range —.3m=<D<.3m.
The distributions had a central peak of half width about 5 centimeters, and long,
substantial tails, (Special fine resolution plots verified that the delta rays were
never actually on the tracks.) The peaks came mainly from single plane delta raysA
(the kind that made p;), while the tails were mainly from multi plane delta rays. To
get an overestimate of the chance that a delta ray would land on top of a second
track, we found the ratio of the contents of the most populated bin to the total
entries in the plot, correcting for actual wire separations. The largest values were
about 8% for single plane delta rays, and 5% for multi plane delta rays. These ratibs
are the chance that a delta ray would be masked by a track if it went through the
worst bin. The chance that a track was at the wrong place at the wrong time is

itself only a few percent. Thus, delta ray-track overlaps appear rare.
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These distributions also gave an indication of the potential position dependence
of the delta ray weights. The worst case is a track near the edge of a chamber.
Then, the rates for that chamber would drop by about half on that track. Using Dx
as the example, we note that Dx participates m about 487 of the muitiplane delta
rays. For a track near the chamber edge, this fraction would drop to 24%. For this
track, P, drops to about 78% of its curve through value. In mmmn, tracks near a
chamber edge are low momentum and accompanied by a stiff track near the beam
line. Referring to equation D.17a, we see that P, is dominated by P\n+FPom. A
reduction of 24% in one of these values, results in a reduction of the veto rate by
about 127%, and this is a worst case. Mainly for this, we assign a systematic error of

10% of the fractional part of the weight in table 4.1,

| Lastly, we have only discussed delta rays resolved from tracks. This means
there was at least one "quiet" wire between the delta ray and the track. Delta rays
unresolved from their creating track can cause event vetos by merging the hits -
from two close tracks. In a delta ray free world, one .fro{xld choose a separation cﬁt
of about 1.5 wires to insure good trigger efficiency against merged tracks. Plots of
the number of neighboring wires excited by a track indicated that a 1.5 wire éut
was not enough, but t.hat a three wire cut was adequate. This cut applies to x-view
separations as measured at the Bx station, and affects all the BCD chambers except
Dx, where bending by the magnet can cause legitimate tracké to cross. In such a
case, the trigger is viewed as Sok, since the other five chambers must be perfect for

the event to survive.
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D.5 Target Region Delta Rays

As for the BCD delta ray correction, the target region, or f-chamber delta ray
correction used curve through data to provide measurements for the veto rates. In
the curve through runs, the g chamber recorded hits passively. A simple absorp-
t.ioﬁ model was then used to account for the strong z-vertex dependence of the veto
rate in mnr. A more complicated ﬁodel. described later, was also tried, but aban-

doned.

Curve through data give us the delta ray detection rate when a single particle
passes through the entire target and the vacuum jacket end cap. All the spring '77
curve through runs were studied, as well as three of the winter ‘78 100 GeV runs.
(The lat.ter were used for target empty data; no target empty curve through runs
were taken in the spring '77 session.) We measured the rate of 8 chamber hits after
a series of fairly stiff cuts to insure a sample of events with single beam particles
that had no hAdronic interactions in the spectrometer. We required that the beam
pwe's find a unique beam track (beam flags >1), that TEARS find just one particle
after the magnet, and that this particle link to the front end with measured
momenturn within +10 % of the bearn momentum. We also required that the photon
vefos (Jaws émd especially the Barrel) be quiet. Delta rays .do not penetrate into the
Barrel, but hadrons do. The measurement was for the rate of any nonzero number
of delta rays seen by the § chamber. Multiple delta rays were just as deadly to an

event as single delta rays.

We looked for an x dependence of the delta ray rate, where x is the horizontal

location of the particle at the target center. The rate was consistent with flat.

The delta ray rate does depend on the beam intensity. This reflects a change
in efficiency of the chamber as delta ray production rates are independent of beam
intensity. For this work, we never actually measured the absolute efficiency of the

B chamber. All we need is the detection rate ® efficiency x delta ray flux at 8. The
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Figure D-12. Delta ray falt._es» at the 8 chamber. Data are from curve
through runs and are plotted against beam intensity (a) and run number
®. -
g chamber delta ray rate dependence with beam intensity is shown in figure D-12a, =
which shows a reduction of about 20 to 25% in going from essentially no beam to
800K particles per pulse. This reduction in rate (hence also efficiency) seems to be
from "sagging" of the chamber h.lgh voltage during beam pulses. Such sagging is -
more pronouhcéd at -bigher beam intensities, and is believed to come from
‘increased levels of beam halo and other radiation about the chamber. Beam halo is ol
particularly destructive. A particle passing through the chamber parallel to its axis

will deposit much more ionization in it than a particle cormning from the target

//
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would. Furthermore, much of the halo would have interacted in the first Jaw

counter, Vg, to produce showers parallel to the § chamber.

The 20 GeV point is an apparent exception to the intensity dependence claims.
But there is evidence that we had much more halo than beam at 20 GeV. The BEAM
rate was about 50K particles per puise. while the rate into Sa-Sb was over five times
this. A lot of particles missed the hole in Sc. The beam focus was much poorer at
20 GeV than at the other momenta, and it is reasonable to expect that there was
considerable halo outside the beam counters. For these reasons, we use the meas-
ured delta ray rates at 20 GeV, rather that the value that the 100 GeV data would
imply at 50K particles per pulse. The 50 GeV rate is consistent with the 100 GeV
intensity dependence, and the curve through conditions at 50 GeV were comparable
to the mmn conditions at 50 GeV. So we use the measured curve through value in

the 50 GeV correction.

The 100 GeV g’ da.t.a were v1rt.ually all taken at beam mt.ensxtxes greater than
300K particles per pulse Smce the measured delt.a. ray rate is seen to be constant
above that level, we combined the data from the runs above 290K particles per-
pulse for the rates used here. No explicit beam intensity dependence was used in
the correction weights beyend the beain momentum selection. The delta ray rate
was plotted against run number, figure D-12b, to look for chamber deterioration;

none was observed.

The spring '77 curve through runs were all done with a full target. We also need
target empty data to separate delta rays coming from the liquid hydrogen and from
the vacuum jacket end cap. For this, we used three 100 GeV curve through runs
from the winter '78 data set, two with target full and one with the target empty.
With these we obtained a target empty rate expressed as a fraction of the target full

rate of 68.90+1.93%. The curve through delta ray rates are given in table D.3.
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Table D.3

Curve Through Delta Ray Rates and Model Parameters -

Raw (%) LH; (%) EndCap (%) p(/meter) peae

100 GeV  16.12+.34 15.01£.48  1.11£31  .533£.018 .989+.003 =
50 GeV 17.91+.89 18.87+.98 1.24+.35 .598+.037 .988+.035
20 GeV 11.42+.82 10.63+.85 79+.23 .369+£.031 .992+.002

The correction factor for a mmn event was built using a simple absorption
model with its parameters derived from the curve through results. We assumed -
that the probability per unit length, p, for a track to create detected delta rays .is
constant élohg the length of the hydrogen target. We discuss how reasonable this is
later. The probability PP that a particle survives its passage through the entire tar-
get without making delta ray hits is :

= o P = 1 —RP (D.21)

where [=.3048m is the target length, and F* is the measured delta ray rate from
curve through data, as given in the LA, column of table D.3. The chance that a par-

ticle passes through the end cap without making delta ray hits is
Pe® = 1-R° (D.22)

where the K° values are given in table D.3 which also gives the p and P*® values. . -

For a nmn event, the probabilities of survival for each particle in the hydrogen

depend on its path length in the liquid:

Plgm = e P (D.23) B

P:,, = _P:_ = ¢ PE=) (D.R4) =

S
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Figure D-12. Delta ray kinematics. Smooth curve is the recoil angle - en-
ergy dependence. Dashed curve is proportional to the cross section, verti-
cal scale for it is arbitrary. Hatched limits show effects of target region
material. Detected delta rays would be produced with energies 3 2 MeV.

"whefé Zy is the vertex, 2z, and z; are the upstream and downstream ends of the -
hydrogen flask, L=2z4-2,. Using this, and including a P°® factor for each of the

two forward particles the chance that an event survives a delta ray veto is,

P, = P p plv (powy2

P (peop)2 o Pa) (D.25)

8313 g 5%z at 100GeV/ c.

Each observed event is then given the weight w; = 1./ F,.

Deita ray production is simply me elastic scattering. An estimate of the veto
rate can therefore be calculated from general principles using formulae for the me

cross section, simple recoil kinematics, the range-energy relation for electrons, and
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Figure D-14. Position dependence of the veto chance 1—p. Heavy curve
uses our estimate of the target region material. -
values for the § chamber efficiency and the amount of material through which a -
delta ray must pass. This calculation has been made using our best estimate of the
material in the target area and an efficiency value found during test run measure- -
ments of the 3mp reaction. The asymptotic efficiency value was ¢ & .94, a value we
expect is higher than the true value for 100 GeV running. The calculation ignored
electron straggling, assumed a pencil beam through the target center (so no azimu- -
thal integration was needed), and considered that any electron getting into the g
chamber had chance £ of being detected. -
Figure D-13 illustrates the recoil electron kinematics. The solid curve is the
recoil angle with respect to the beam. The calculated lower limit T, of the elec-
tron energy imposed by the kinematics and range-energy relation is shown This -
model does show that the probability p in equation D.21 is z dependent, an effect
not in the simple model, because of a "high” momenturn, low recoil angle cutoff -

B
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Figure D-15. Comparison between simple model (used for corrections) and
the elastic scatter model. Both corrections are constrained by the meas-

ured curve through delta ray rate. For all practical purposes, they are
equivalent.

'imposed on delta rays by the target and 8 chamber geometry.. Figure D-14 shows
the z dependence, normalized to 1 at 2,, (the figure assumes an infinitely long
flask). Using an efficiency of .94 and an estimated Tmin of 1.85 MeV the calculation

predicted a 13.4% delta ray rate for the hydrogen flask, about 1.5% below the 100

GeV measurement.

Fortunately, we don’t need to pursue the elastic scatter calculation beyond
this qualitative level. Such work would require using the 3nmp trigger to find beam
intensity dependent efficiencies, a probable relaxing of the simplifying assumptions,
and adjusting T, to agree with the curve through measurements, (with possible
changes in it for beam intensity related threshold changes). We are saved because
the simple absorption model with a constant p is good enough. Numerically, it is

within 1% of the elastic scatter results when we set Tpn to conform to a crucial
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constraint. The delta ray corrections for z = 2z, and z = z4 are fired by the curve
through measurements regardless of the model we choose. The results of this are
shown in figure D-15 for 100 GeV weights. -

The curve through based numbers can be checked with a small sample of real
delta ray vetos contained in the mwX data, although there are too few such events

to get a decent 2, measurement with nnX. The rate agrees with the results of this

section.
D.8 Chamber Efficiency Measurements

Position dependent chamber efficiencies were central to our tracking effi- -
ciency correction, section 4.9. Most chambers sag by varying arnounts in the beam -
region. In the x-and some u-spark planes, the efficiencies fall off near the chamber
edge. Also, the x-spark chambers have a geometric cutoff at there edges from the -
u-spark chambers (x and u share a common gap.) Finally the proportional
chambers had a number of "dead” wires, from amplifier problems and/or discon- -
tinuous wires through their époxy wire supports.

In determining chamber efficiencies, one must know that a real track passed
through a chamber in order to give it a valid reason to respond. It seems evident, -
Atherefore. that using found and reliable tracks is essential to the proce-ss. But this
implies that the tracks used have already introduced a bias, both from the trigger =
and tracking requirements. A simple ratio of sparks (or pwe hits) on tracks to total
tracks overestimat.es‘ the chamber efficiency and a method to remove the biases -
must be developed. One (approximate) option would be to find tracks with reduced -
requirements, somehow remove new spurious tracks, and do the simple ratio, know-
ing that the biases are reduced. As a function of the "looseness"” of the new require- -
ments. one might be able to determine efficiencies as the ﬁrnit at no requirernents
at all. We chose, instead, to remove our biases directly with the method described =

[



- 2587 -

below, which did not need any second or third rounds of tracking with reduced

requirements.

Our efficiencies were found by analyzing tracks from‘the 3mp trigger. This
trigger was chosen because although it was heavily divided, it was quite clean and
had a reasonably large amount of good track data, and a loose, more easily
unbiased trigger than the other reactions. Indeed, there were more good 3mp

events than mmn events.

One expects that chamber efficiencies depend only where a track went, not on
the trigger or reaction. Our efficiency results were verified by also studying np
elastic data. The 3mp CST's for the same runs used in nr7n analysis, were analyzed
by first requiring a good three body event. A three particle vertex in the hydrogen
target, total charge —1, and no particles striking >the 2x2 were all required. All
tracks considered were SCLEAN approved and TARGTRK analysis was required. We
required that the total energy be less than 105 GeV, but permitted off energy (miss-
ing neutral particles) events to enhance the slow particle flux. A software trigger

cut was made.

Assured of using good tracks, the crucial step is removing the trigger and
tracking -biases. A chamber’s response is taken as unbiased if that chamber is not
needed to form the trigger of find the track. That is, if other chambers involved in
a requirement provide enough hits to satisfy it, then a track will be found regard-
less of the response of the chamber in question. This is equivalent to the claim that
if a track has exactly the minimum number of hits needed to satisfy a requirement,
then the chambers with the ﬁts are all biased and only the chambers with no hits
are unbiased. Further, if the minimum hit requirement is exceeded, even by just
one hit, then all chambers are unbiased. This applies to each and every one of our

requirermnents.
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It is clear why we need to remove the biases. All observed tracks have met at
least the minimum requirements. We wouldn't see a track if it didn't. Ignoring
them would artiticially inflate the efficiencies. By making topology cuts, we deal
only with tracks we can reliably associate with real particles. Since the loose TEARS
requirements allow many phony or "ghost"” tracks to be found, even after cleanups,

including them would cause efficiencies to be underestimated.

‘We examined the satisfaction of trigger and tracking requirements by an event
looking for chambers which must be t.hfown out because of requirements met only
minimally. As most chambers are involved in more than one requirement, usually a
small group or two and overall view, a chamber is removed only in the sense of
using its hit (if present) for its own efficiency calculation. It is still available for
satisfying requirements when other chambers are considered. A final criterion for
eliminating a chamber is shared hits, from close tracks. Because the ionization in a
chamber is doubled when two tracks pass the same location, _thex inefficiency is
roughly squared. The shared hit test was only availablé__to_:f .pwé's._‘_‘ o | |

Next, after a chamber fiducial check: the response of -acceptable chambers is
output in a series of scatter plots, half of which record the track position, and the
Ather half recording the track location when a hit is present. Ratios of appropriate
scatter plot slices were then used to make position dependent efficiency arrays.
The bin size in the arrays is itself position dependent, giving fine binning near the
beam and large bins away from the beam where statistics become marginal. The
small bin size is .5 cm for spark chambers, and one wi:e spacing (rounded to the
nearest millimeter) for the pwe's. One and two bin holes in the pwe’'s were checked
to be sure they were from bad channels and not the binning. Two bin holes in a pwc
reflect a poor wire at or near a bin edge. Plots of the efficiency arrays for positive
magnet are shown in figures D-16 and D-17. The coordinates are in the lab, and the

scale reflects the double bin size, being expanded in the beam region. Points
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outside a chamber’'s fiducial volume are assigned zero efficiency, and average
values ,denoted by "A" with no error bar, are assigned in cases of zero or extremely
few events within the chamber itself. A local average was used near the x spark

chamber edges because of their construction method, tigure 2-8.

The efficiency arrays were indexed only by the coordinate measured for
storage reasons, (they have about ten thousand bins as it is). We thus assumne that
the efficiency is constant along a wire. This assumption works well when we make
beam region (2x2) cuts. Beam region problems in the proportional chambers seem
concentrated in the two dimensional beam spot. Wires passing through the beam
spot behave “normally” away from the spot. This constant efficiency assumption
runs into a problem at the edge of the x—spark chambers because the x wires share
their gap with the u (slant) wires. Special pfodedures‘ were developed to deal with
this, but we later decided to exclude this region from the spectrometer fiducial

volume.

Separate arrays were created for each beam momentum and magnet polarity.
Otherwise, the efficiencies are whole run averages. We checked that the recon-
struction efficiencies are consistent over the run by doing the analysis initially on
smaller sets of runs. A failure. of an F spark chamber for a few late runs didn't evén
affect the results, attesting to the loose requirements of TEARS. We see poor recon-
struction efficiencies only when most or all chambers in a requirement have rotten

efficiencies where a track passes.
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Figure D-16a. E-1 and E-2 Spark chamber efficiencies, 100 GeV/c, /4y
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