
ABSTRACT 

A STUDY OF THE PROPERTIES OF MUONS 
PRODUCED IN 

THE DECAYS OF CHARMED PARTICLES 

PATRICIA LOUISE MCBRIDE 

Yale University, 1984 

One or the most efficient ways or studying particles with lifetimes OD the order or 

5 x 10-13 seconds is with a high resolution ( <100 p) visual detector employed ~ a 

target in a high energy particle beam. The initial particle interactions and subsequent 

decays can be directly observed and measured. The High Resolution Streamer Cbam~r. 

designed and built at Yale, is one such detector. This dectector, used in conjunction with 

a highly selective trigger, produced a data sample or badronic interactions rich with 

charm particle production. 

This dissertation will describe an experiment in which charmed particles produced in 

collisions of high energy neutrons (-330Gev) on Helium-Neon nucleons were ob!!erved 

inside the Streamer Chamber. The primary focus wiU be OD t.he properties or muons 

generated in the decays of the charmed particles. The average charm branching ratio into 

electrons bas been measured to ht- 8%. We employed a muo~ trigger which enhanced the 

charm content of our data sample by a factor of 40. We measured the momentum and 

charge of eac-b trigger muon with two steel toroidal magnt"ts. A sample of 23 charm 

candidates with a background of 5.68 events was observed. 

From tbt"Se events we conclude that DI5 production is dominant over associated 

production of A/15 and that the D's (ell) are produced centrally in p-N collisions. The 

measured momentum and transverse momentum spectra are consistent with Dr> 

production. Furthermore, the results are consistent with the standard model of charm 

decay which assumes p-e universality. The average charm lifetime was mt"asured to bt" 

(6±1 )x10- 13sec. 
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Chapter I 

INTRODUCTION 

Jn the initial conception of the quantum number charm in 1964, there was a desire by 

physicists to maintain a harmonious symmetry between hadrons and leptons (35]. The 

charmed quark was more formally introduC'ed in the model of Glashow, Jlliopoulos and 

Maiani in 1970 as a means of explaining the noted absenC'e of strangeness rhanging 

neutral currents (67]. The Weinberg-Salam model of weak interactions predicted both 

strangeness changing and strangeness conserving currents. At that time, neither had been 

directly observed, but the processes KL0-p+p- and K+-"'+vv were found to be highly 

suppressed. The addition of a fourth quark led to a cancellation of the s-d part of the 

weak hadronic current. 

Indirect evidence of the fourth quark came from measunng R(W)=trt.ot(e+e--

hadrons)/o(e+e--p+p-) in 1073 (78). The observed rise of R(W) above W-=3 GeV was in 

connict with the three quark prediction. It was a year later that the first direct evidenC'e 

of the fourth quark, the charmed quark, was announced. 

The quantum number charm (C) is conserved in the strong and electromagnetic 

interactions. The fourth quark has quantum numbers s-o, Q-2/3, B-1/3 and C==l. 

The charmed quark (c) will decay weakly into a strange (s) quark, cabib~favored, or a 

down (d) quark, Cabib~suppressed, by emitting a virtual w+. Low mass states of 

charmed particles were predicted t.o decay weakly. 

1 
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Thl' first observations or the bound state or a charm-anticharm pair were announC'ed 

by two experiml'nts, one at the AGS [17) and one at SLAC [24). The newly discovered 

J /t/J resonance was eagerly studied by many experimenters. Meuurements of the excited 

states or the J/t/J and the radiative transitions between the states Were SOOD to follow. 

Open (or bare) charm, the combination of a charmed quark with a lighter quark partner 

in a hadron, was observed in e•e- collisions at SLAC [69, 88). The measured hadron 

spectrum verified the existence or the fourth quark. 

The early experiments studying open charm states were performed at e•e- machines 

because or the simplicity or the events and the possibility or high production cross sections 

relative to background events. Precision meuurements of the m~ses of the D mesons 

were made by examining the interaction e•e--.p• which decays into Dr> pairs. 

Measurements of the branching fractions describing charm decay products were first done 

at e•e- machines. In particular, the average semi-leptonic branching ratio has been 

me~ured by se,·eral experiments [26, 10, 111]. Many othtr properties of open charm. 

such ~ the spin, were first examined by e•e- experiments. 

However, to study the charmed meson and baryon lifetime directly, fixed target 

experimtnts were needed. The short lifetimes characteristic of weak charm decay are 

observable with high resolution detectors in high energy photon, lepton or hadron beams. 

Many experiments have recently meuured tht charm lifttimes. Among them w~ a 

Fermilab experiment using a neutrino beam incident on an emulsion target followed by a 

downstream spectrometer (The E531 Collaboration). They have reported results on the 

lifetimes for the 0° (113), D::t:, F+ and Ac+ [114, 115), but still with limited statistics. 

Other results have been reported by the LEBC collaboration at CERN [6). They used a 

1mall, high resolution hydrogen bubble chamber in front of a spectrometer. They 

operated in a hadron beam, and reported results from .--p and pp data. Many other 

experiments have reported charmed meson and baryon lifetime meuurements [1, 94) in 

the put few years including one using an active silicon target [11). The reported lifetimes 

are 3.9 xio-13 sec for the 0° and 8.2 x 10-13 sec for the o•. 
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Fixed target experiments, in general, are or three types. Fint, there are the 

spectrometers complete with momentum meuurment and particle identification. They 

have the capability to rully recomtruct the charm decay products ror specific final states. 

The high multiplicities associated with high energy collisiom make their data difficult to 

analyze. The second clus or experiments utilize high resolution vertex dettttors in order 

to directly observe the charm decay vertex. orten the vertex detector is used in 

conjunction with a rull dowmtream spectrometer rorming a hybrid spectrometer. Several 

such experiments were mentioned above. In the third class or experiments, the 

momentum or a prompt lepton produced in the interaction or a lepton or hadron inside a 

dense target is measured and this will provide indirect inrormation about the charm 

production and decay properties. 

The experiment discussed in this thesis combines the latter two methods. \\'e directly 

observed the production and decay or charmed particles rrom hadronic interactions inside 

a high resolution streamer chamber. Each streamer chamber event wu triggered by a 

prompt muon with momentum greater than 6.5 GeV /c. The measurement or the 

hadronic charm production cross section from this experiment bu bttn presented 

elsewhere [112]. This thesis will concentrate on the hadronic production properties as 

inrerred from the muon momenta and the charm lifetime(s) u measured in the streamer 

chamber. 

Chapter Two gives a brief overview or the theory of hadronic charm production and 

the fundamentals of charm decay. Chapter Three contains a description of the apparatus 

and the beam. The data acquisition is discussed in Chapter Four. The next two chapters 

focus on the event selection and analysis. Chapter Five outlines the film analysis and 

Chapter Six the muon momentum analysis. The results of the final sample selection are 

presented at the end of Chapter Five. The final analysis of the 1elected events is 

presented in Chapter Seven. 



Chapter 2 

A REVIEW OF CHARM PRODUCTION AND DECAY 

2.1 Production 

Production of hea''Y flavors has been a topic or great interest for several years as a 

new testing ground for QCD. Charm quark production is in a regime where QCD 

processes are (almost) calculable. Perturbative QCD has been employed to predict the 

production or the ,P in muon and photon production [72, 85]. The successes in the 

comparison or theory and experiment has been encouraging, but by no means complete. 

2.1.1 Fusion models 

Hadronic cross section measurements or open charm states, however, have not been so 

easily explained by perturbative QCD. Calculations or open charm were first performed 

using gluon-gluon and quark-quark fusion models. Diagrams or the leading order fusion 

processes are shown in figure 2-1. Unfortunately, models based primarily on the fusion 

process have predicted charm cross aectiom that are an order of magnitude lower than 

measured cross sections at ./S= 27, 53 and 62 GeV. Calculations have been performed 

that can eliminate the discrepancy in the cross section by lowering the value of the 

charmed quark mass to 1.15 GeV /c2 (44). This is, however, in connict with the mass of 

1.5 GeV /c2 demanded by lepton production calculations. Moreover, th~ models ban 

4 
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been unablr to explain the diffracti\'e-type produrtion of the charmrd baryon 1\ .. 

obsen·ed at the JSR [119] or the reported enhanrement of D- and D0 produrtion in 71'-!'\ 

and 71'-p collisions [20, 7, 08]. 

The gluon-gluon fusion process should be dominant over qlj fusion processes in 

nudeon-nudeon collisions. The model predicts central produrtion of charmed particles, 

reflerting the hard scattering of the gluons. The produrtion of Dr> pairs is prcdirtrd to be 

clustered at low values of xr: 

(I) 

D == 4-6 
b = 2.5 (GeV/c)-J 

x == Xr == P11/Pllmo.r 

In the fusion model, all efferts of the charm strurture funrtion of the nudeon are 

completely ignored, and the model giYes no dittrt explanation of leading panides. 

2.1.2 Recombination 

Modifirations to the fusion model have been proposed to explain the xr dependenre 

of the charm cross sertions. Models in which the charmed quark recombines with a 

valenre quark from the fragmenting beam partide have had some success. Simple quark 

counting rules derived from QCD calculations of sea quark distributioD.!I indicate an xr 

dependenre of (I - lxl)1 fer A/, (I - jxl)3 for the 0 associated with the A/, and (1 - lxlf 

for Dr> produrtion. These quark counting rules treat the charmed sea quark u a pan of 

the hadron bound state, and have been used to predict sea quark distributioD.!I of ligh~r 

quarks: 

f(x)....:.. (l-x)2"·-J 

where n
1 

is the number of spectator quarks transferring momentum via gluon exchange to 

the sea quark. Jn inclusive production or hadrons, the spectator quarks are those quarks 

not included in the final state hadron. 
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QUARK FUSION 

GLUON FUSION 

Figure 2-1: Gluon-gluon and quark-quark fusion diagrams 
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Gunion 171) in 1070 propo~d a modified spectator quark counting rule 

where n,L is the number Of Spectator quarks that participate in the 'poin~fike' generation 

of a sea quark and n. is the number of spectator quarks in a hadron hound state that 

includes the sea quark. In hadron collisions, inclW1ive differential cross sections of light.er 

mesons exhibit an x,. dependence that can in general be described by these modified quark 

counting rules. 

\\'bile the results for Kz production have been quite successful, the modified counting 

rules have been inadequate in accounting for the differential cross sections of charmed 

mesons that have been observed in pp collisions by the LEBC collaboration. A summary 

or the results or two experiments measuring the x, dependence or the cross section are 

given in Table 2-1. The predictions of the modified counting rules are listed in direct 

analogy to K production. Two values of n are presented where it is thought that two 

mechanisms might contribute to the production, one producing a central distribution and 

one producing leading particles. 

Though the comparison is crude, it seems that in pp coJlisions, tht' production 

mechanism may be different in p-D/15 than in p-K/R fragmentation. The difrerC'nces 

in the experimental results are not well understood. Possibly tht'y could result from 

nuclear effects in the iron. There is certainly a need for more study and more 

experimental work. 

2.1.a Flavor Excitation 

Originally, it wa,, thought that fusion wa,, the primary process in QCD contributing 

to heavy quark production in hadron collisions. However, after the mea,,nttments or 

hadronic cross sections at the ISR 166, SS, S6, 119)it was realiz.ed that flavor excitation or 

a charmed quark from the sea could not be ignored [48). Another proposal brought forth 

a non-perturbative approach in which one of the hadrons emits a gluon which then simply 

fragments into a quark and antiquark (73). 
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beam predicted LEBC E-595 
n (360GeV /c pH2) (350GeV pFe) 

p o- (cd) (5,4) 2±1 S.4+ 1.2 
-0.9 

15° (cu) (S,3) 2±1 

D0 (cu) s 2±1 4.1+1.7 
-1.1 

o+ (cCT} 5 2±1 

(360GeV /c "'-H2) (278GeV "'-Fe) 

"'- o- (ld) (5,1) (6±3,1±1) 1.6±0.3,xr>0.2 

15° (cu) ( 5,1) (6±3,1±1) 

D0 (cu) 5 6±3 2.1±0.5, xr>0.2 

o+ (cd) s 6±3 

Table 2-1: Prediction of quark counting rule-s, taken from the fusion model and 
quark recombination. The experimental results are taken from 

[7, 8, 06, 98] 

Odorico, in an effort to explain hadronic charm production inside the- framework of 

perturbative QCD, proposed a model including navor excitation diagrams where the

charm-anticharm quark pair is excited from the sea (87]. The lowest order diagrams are 

shown in Figure 2-2. A simple recombination mode-I was included to describe 

hadroniiation. In the navor excitation acheme, a quark in the beam hadron sutten off a 

charmed quark in the target hadron by exchanging a gluon. Figure 2-3 shows a close-up 

or a navor excitation diagram. The target charmed quark is formed by QCD evolution, a 

cascade or quark and gluon creation in the nucleon. The QCD evolution is estimated by a 

Monte Carlo simulation or the cucade process. The errect is to simulate the- charm 

structure function or the nucleon. The scale or the evolution, Q2 
1
-= - i . is set bv "o am • 



constraining the predicted (py) of the simulated hadrons to mat.ch measured values of (py) 

[119]. 

The flaYor excitation scheme yields charm cross sections in good agreement with the 

me~ured nlues and accurately predicts the energy dependence. The spectator quark in 

this model is able to recombine with the valence quarb in the target nucleon to produce 

the leading particle effect at large values or Xr (xr>0.5). The active quark hadronization 

yields a more central distributions. Quantitative evaluation of the model at low xf, 

howt'\'er, is probably impossible because of soft hadron effect!. Furthermore, the 

$tructure functions of heavy nudei may not be the same as those of H2 [21], so the effects 

of a nuclear target haYe not been predicted in these calculations. This experiment 

concludes that the A dependence of the cross section is A213 rather than A 1. This 

conclusion is drawn by matching our cross section me~urement for a neon target with the 

measurement of the LEBC Collaboration which used a hydrogen targ<'t [112, 9]. 

2 .2 Decay Properties 

The decay properties of charmed particles ban been under investigation for some 

time. Much work has been done to establish the decay branching fractions. Of interest 

here, since the experiment uses a muon trigger, is the semi-leptonic branching ratio. An 

early me~urement of the inclusive branching fraction into electrons gaYe a result of 

Br(e•e--eX) = (8.0±1.5)% [26]. More recent experiments have measured 

Br(C-e)=( 6.3±1.2±2.1)% at 29 GeV e•e- (86] 

Br(C-µ)=(11.5±1.0±1.7)% at33 < ,/s < 38.54 GeV e•e- (4] 

Br(C-e)==( 9.1±0.9±1.3)% at 29 GeV e•e- (10]. 

Taking all the measurements, it is reasonable to assume the average branching ratio is 

8% for c-e and c-µ. 

Individual branching ratio measurements of charged and neutral D's have been less 



FUM)A E>CCITATION 

Figure 2-2: Flavor excitation diagrams contributing to QCD calculations 
or order [o2J ror 

hadronic charm production 

Q 

QUARK IN BEAM 

/,.---- .... 
/ ', 

I \ 

-----.......L/-.L~---------1\/~~=~ =~ ==: )Ac 
TARGET 

\-------------"" - - - - - - - -d 
\ I 
'·~---~U;..._ __ __,./ 

' / ..... ___ ,,,,, ............ ____ 

Figure 2-3: Blow-up or a navor excitation diagram showing the beam hadron 
collision with the active quark inside the target hadron. The 

spectator c quark is able to recombine with quarks rrom the target 

10 



11 

conclusiYe. Measurements or the semi-leptonic branching ratios by the DELCO 

collaboration and Markll produced the following re~ults. 

Br{D•-e) 

Br{D0-e) 

DELCO 

(22.2+4.4)% 

<4% 

Mark II 

(16.8±6.4)% 

(5.5±3.7)% 

The ratio of the semi-leptonic branching fractions Br(D+-e)/Br{D0-e) is, however, 

proportional to the lifetime ratio for the two particles. This is due to the nature of the 

Cabib~favored semi-leptonic Lagrangian 

which carries an isotopic spin of zero. It follows that 

where the X's are K's and K•'s. Summing over these X's, one can relate the lifetimes to 

the semileptonic branching ratios [111). Experiments meuuring the lifetimes have been 

able to make more precise measurements. 

The semi-leptonic branching fraction is important for determining the charm cross 

section from this experiment, but it is also important for understanding the mixture of 

Dz, D0 and A/ expected in the final data sample. While the average branching fraction 

for D's of all varieties is about 8%, the value for Ac+ hu been measured to be 

Br(A/-e)=(2.7±1.7)% [107). 

Naively, one would expect the semi-leptonic branching ratios to be the same for all 

charmed mesons and baryom. In the simplest model for the weak decay or a charmed 

hadron, the c quark decays by emitting a w+ in direct analogy to p decay (Stt Figure 

2-4). This model is known u the spectator model since the other quarks in the hadron 

are not involved in the weak decay. The decay rate predicted by this model can be 

written 

---------
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I' = 5 ( Mc )
5 

f{p-evli) 
c..,. M ,, 

whert' Mc is the mass of the charmed quark. The factor 5 enters because the W couple!! 

to three colon or quarks and 2 lepton types. In this model, the semi-leptonic branching 

ratio and the lifetimes or the O+, 0°, F+ and A/ are equal. Fig11tt 2-5 sho-.vs the 

diagrams for charm decay in this model. Indicated on the diagram, are the Cabibbcr 

ra,·ored (cosl) and suppressed (sinl) decay modes. 

However, experimental data are at odds with this naive model. The charmed quark 

does not always decay independently of the other quarks. Other Cabib~favored 

processes indicated in Fig11tt 2-6 contribu~ to the decay of charmed mesons and baryons. 

The annihilation process contributes to F+ decays, while the exchange process is 

important in 0°, [)0 and A/ decays. These processes are all Cabibbo-suppressed in O± 

decays. Gluonic effects must be considered in calculations of the non-spectator diagrams, 

particularly in the annihilation process whett they are needed to conserve angular 

momentum. The ratio of the lifetimes 1(0 ... )/1(0°) gives an indication of the relative 

strengths or the spectator and non-spectator processes in charm decays. 

Theoretical predictions using the spectator model to describe the semi-leptonic decay 

rate or the o+ have been quite successful. 

fl c-evX)==={ ~c ) 

5 
f{p-evev ,,) ,, 

For a charmed quark mass or 1.5 GeV /c2, the decay rate is calculated to be 

flc-evX) .. 2.6 x 10 11 11ec-1. 

The agreement with the experimental meas11ttment derived from o+ lifetime 

meas11ttments is quite remarkable. 

flO+-evX)-= (2.4±0.6) x 1011 eec-l (94] 

The ratio or r(O ... )/r(0°) hu been measUttd by a variety or experiments. The C\ln't'Dt 

world average for this ratio is 
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7(D+)/7(D0
) - 2.08 ± 0.34 (94]. 

In this experiment, we measured an average value of the charm lifetime of (6±1}xl0-13. 

We are not able to distinguish between charged and neutral charmed particles, because 

the decay vertices are not visible. 

2.2.1 Muon-Electron Universality 

In }gi9 and 1982, the result.9 from several beam dump experiments performed at 

CERN indicated an excess of prompt muon neutrino Ou.." relative to the obse"ed prompt 

electron neutrino nux [13, 62, 74, 2]. These experiments measured the neutrino Oux 

stemming from pN collisions or the 400 GeV /c SPS proton beam OD the same thick 

copper target. The experiments observed a 5 standard de,;ation effect in the ratio of 

electron neutrino nux to muon neutrino flux: 

There bas been much speculation about this ratio [51, 32]. The experiments were 

designed to observe the badronic production of charmed particles in the beam dump. A 

ratio or electron to muon neutrino nuxes from charm decay that is differe&t from one i!I 

inconsistent with the standard model of charm decay which assumes µ-e univers:.lit~·. 

Speculation bas arisen that attributes the excess of electron neutrinos to the neutrino 

oscillations [51], to the preferential decay of a Higgs particle into v,l',,· or to a Jr me!lon 

whose branching ratio e11, is suppressed (72). However, experimental e'\;dence goes 

against these theories. 

Barger et al. (32] have proposed a theory of charm decay in which the charmed 

particle decays via a charged Higgs boson which does not couple to fU"St generation 

leptons and quarks. Thus the model predicts C-s and H+-µ+v,,. The muon t'nrrg~· 

distribution is predicted to be 
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Edr 8 /dp - x(I-ix); 

rather than the 

distribution expected from w+ decay. The harder muon spectrum of the Higgs decay 

should be observable in high energy charm decay into muons. 

In 1983, two of the beam dump experiments presented new results [118] that are 

inconsistent with their old measurement. A third CERN experiment, by the CHARM 

Collaboration, bowenr, presented a result that is consistent with the old measurement of 

11 /11 ratio of 0.55 (See Table 2-2). Furthermore, a beam dump experiment at Ft'rmilab 
e I' 

bas mt'asured a ratio consitent with 1.0 [72, 118]. The question of p-e uni''t'rsality in 

charm decay remains l!IOmewhat of a mystery. The results of this experimt'nt, wbiC'h 

measures the muons from charm decays, is consistent with the bypotbt'sis of t'-t' 

uninrsality. 



CDHS 

BEBC 

CHARM 

0.83±0.13±0.12 
preliminary 

1.35+0.65± 12% 
-0.34 

0.59+0.l l ±0.08 
-0.10 

Table 2-2: Table showing ~ults of three beam dump experiments' measurement5 
or the ratio or prompt electron neutrino nux to muon neutrino nux 
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Chapter 3 

EXPERIMENTAL APPARATUS 

The goals of the experiment (FNAL-E630) were to observe the production and decays 

or charmed particles in high energy hadronic interactions. The experiment was completed 

at the 400 GeV proton synchrotron facility at Fermi National Accelerator Laboratory in 

Batavia, 111inois. The cross section for hadronica1Jy produced charm had been predicted 

and subsequently measured to be on the order of 30 microbarns (38]; in other words, there 

should be about one interaction producing charmed particles for every 1000 collisions 

involving protons or neutrons. 

We felt that the best way to detect the charmed particles was to take advantage of 

their lifetime and search for decays in a high resolution vertex detector. The observation 

of a visible decay in a vertex detector would preferentially select events with short 

lifetimes and eliminate background from interactions containing onJy pions and strange 

particles whose lifetimes are orders of magnitudes larger. Bubble chambers and nuclear 

emulsions have been use•l successfully in charm searches [6, 113]; howtver, one would 

have to record 1000 interactions to record 1 charm events in hadronic interactions since 

neither are triggerable. The streamer chamber seemed an ideal device for this task. 

becau5e it could be triggered and thus select events that were inherently charm-like. The 

difficulty lay in developing a streamer chamber with a resolution of less than 100 microns. 

19 
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a.1 The Streamer Chamber 

A high resolution streamer chamber bas been developed at Yale (101]. It was first 

used in Fermilab experiment E-490 [102], a charm experiment and the precursor to this 

uperiment. The chamber used in that experiment was modified and improved for use in 

E-630. A detailed di!IC~ion or the high resolution streamer chamber research and 

development program can be found in References [101], (112] and (80]. 

The high resolution streamer cbam her was designed to act as a visual target for high 

energy hadron-hadron collisiom. The visible volume of the chamber w~ 3 x 4 x .45 cm3. 

It was filled with 40 atmospheres of Neon-Helium gas. The gas volume outside the 

fiducial region was held to a minimum by cones that protruded into the chamber tank. 

Windows for the beam were made of SO pm stainless steel. The beam paimed between 

two transparent electrodes that carried the high voltage pulse. A diagram of the streamer 

chamber is shown in Figure 3-1. 

In a streamer chamber, ionization electrom left behind by the p~sing or high energy 

charged particles through a gas are accelerated in a electric field, setting orr small 

avalanches which grow rapidly in the high electric field inside the chamber. The space 

charge on the outer edges of an avalanche becomes large enough to neutralize the field 

inside the avalanche. Imide the electrom and iom recombine emitting photons which can 

photo-ionize atoms in the gas. On the outside of the primary avalanche, the field is large 

enough to start secondary avalanches from the pbotoelectrom. The entire system ht-gins 

to grow in what is called a self sustaining streamer mode. The field is cut off before the 

avalanching streamer forms a conducting path between the electrodes. The pulse length 

and voltage are set so that the streamen are visible but the chamber does not spark. 

Normal streamer chamben operate with a gas such as Ne- He at one atmosphere and 

pulses of 20 kV /cm and a pulse width of JO mec. The resulting streamen are about 1 

mm in diameter. 

The high resolution 1treamer chamber operated at a much higher pressUJ'f' and a 

stronger but shorter high voltage pulse. A3 in conventional streamer chambers, the high 
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resolution chamber's pulse forming system consisted of a Marx generator connected to a 

Blumlein system. The Marx generator, made of ten capacitors, could yield voltages of 

400k\'. The output or the Marx generator WU connected through a 100 n resistor to a 

short Blumlein electrode. The streamer chamber pulse was formed by a single spark gap 

between the electrode and the parallel transmission line as in Figure 3-2. The box 

surrounding the Blumlein electrode wu filled with air or nitrogen to control the 

breakdown of the spark gap. The output pulse had the form of a heavily damped sine 

wave, characteristic of an RLC circuit [112]. The peak amplitude of the pulse 

corresponded to 60% of the voltage applied to the Blumlein electrode. The width 

(F\\1-IM) of the output pulse wa,, found to be 1.2-1.4 n.sec. The parallel plates carrying 

the pulse to the streamer chamber ended in a carefully designed terminator. The 

chamber itself wa,, made from 50 pm stainless wires stretched at intervals or 150 pm. 

Under our operating conditions, the streamers were small and did not produce much 

light. Image intensifiers with a resolution of 50pm and a gain of 10,000 improved the 

sensitil·ity without spoiling the resolution. With these intensifiers, we were able to 

operate the chamber so that streamers with diameter comparable to the image intensifier 

resolution were visible on the film. 

Camera,, were mounted on the top and bottom of the streamer chamber with the film 

pressed against the outside of the image intensifier output windows. A lem wa,, mounted 

between the image intensifiers and the transparent electrodes on each side of te chamber. 

One lens had a focal length of jfour inches and the other had a focal length of six inches. 

The image recorded on the film was reduced by the ratio 2 : 3. Furthermore, the lenses 

were mounted so as to provide a 7 • stereo angle which would allow three dimensional 

reconstruction or the particle tracks. The resolution in the vertical plane WU (4Uite poor, 

because of the small stereo angle [112]. 

Table 3-1 shows the operating parameters of the high resolution chamber. The 

primary contribution to the track width was the diffusion or the primary ionization 

electrons b~fore the arrival of the high voltage pulse. The addition of co2 to the gas 
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reduced the dirrusion problem, but in the end, this w.., the limiting factor for the 

resolution. The minimum distance between two measurable tracks was 150µm u 

measured on the film, which w.., notably worse than the me..,urement re1e>lution for clean 

clear tracks (-20µm). One difficulty was the refiection of light off the wires in the 

streamer chamber electrodes. The two track resolution and the refiection.s caused by 

regions or heavy ionization put serious limits OD the capabilities or the detector. In fact, 

the forward travelling tracks were obscured in many event.a. Despite these limitations, we 

were able to collect a clean sample of charm events. 

Chember Cu 

High volt1ge pulse 1mpl itude 
Pulse width(FWHM) 
Visible dimensions of the chamber 
Optic1I C1in 
Stre1mer di1meter 
Trick width (in spice) 

40 1t1110spheres 
Ne/He 2.51 co2 
150-150 kV 
1.3 ns 
3 1 4 1 0.45 cm3 

10.000 
50µm 
120µm 

Table 3-1: Features of the high resolution streamer chamber 

Figure 3-3 shows two typical pictures of interactions in the streamer chamber. 

Renections off the wire electrodes from heavy ionization obscures the vertex in the top 

event while the vertex in the bottom event is relatively clear. The heavy tracks in the top 

event are fragment.a of the neon nucleus. The other tracks are from minimum ioniiing 

tracks, except for tht' curved tracks which are knock-on electrons (6 rays). 

1.2 The Neutron Beam 

The beam was carefully designed to match the requirements imposed by the streamer 

chamber. The beam spot size at the streamer chamber entrance was designed to be 0.1 

cm. x 1.0 cm. so that it would fit cleanly between tht' electrodes and inside the visible 

region of tht' chamber. At high rates (-108 beam particles per aecond), more than one 
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beam particle often traverses the streamer chamber within the memory time of the ga,. 

In order to avoid visual obscurations from extra non-interacting beam particles, we chose 

a neutral beam. 

A clean neutron beam with a small spot sir.e wu designed and built. The beam wa' 

made from a beam of 400 GeV protons focused onto a beryllium target. The target was 

embedded inside a large dump magnet. Charged particles were nrept out of the forward 

channel by a 35 kga~ field and stopped by the steel of the magnet. Forward neutrals 

were allowed to pass through a 7 meter long channel. The downstream cross section of 

the channel was 1.0 mm. x 3.0 mm. The primary proton beam was focused on the 1.0 

mm. x 0.1 mm. beryllium target at an angle of 0 • with respect to the downstream 

channel. The channel holder was carefully surveyed and installed with utmost care to 

insW't' that there would be a clear straight path through the 7 meters of steel and brass. 

T. Cardello [43] describes a channel designed for charged particle selection in the same 

magnet. Fifteen small lead inserts (3.2 mm thick) were placed at intervals of 12.2 cm 

inside the channel to reduce the gamma content or the beam. 

The neutron beam spot siie was rixed by three collimators. Downstream or the large 

magnet there were three steel collimators each of length S feet. The schematic diagram or 

the beam channel and collimators can be seen in Figures 3-4. The inner dimensions or the 

collimators are given in Table 3-2. The collimators were first surveyed into place, but 

since their openings were so small, they were aligned with the neutron beam itself. Each 

collimator had a stepping motor at the front and rear that permitted remote venical 

adjustment of the channel. The upstream-most collimator had a horiiontaJ motor as 

well. Small beam monitoring stations were positioned after each collimator to measure 

the ratio of charged to neutral particles in the beam. By maximiiing the neutral-to

charged ratio while adjusting the positions of the collimators, we were able to align the 

eollimators and maximize the neutral content of the beam. The beam monitoring statioD.ll 

were also used to measure the neutron to gamma ratio in the beam. A diagram or the 

neutron beam can be found in Figure 3-S. 
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d istenet fro11 hor izont.1 I nrtie1I 
t1rg1t (11) 1p1rtur1 1p1rtur1 

Bt1m Ch1nne I o.oo- 5.33 0.60 Clll 1. 50 11111 

B11m Ch1nn1I 5.33- 7.32 0.30 Clll 1. 00 11111 

First Colli1111tor lD.74-21.26 0.48 Clll 0.45 11m 

Second Col I i1111tor 30.24-31.76 0.72 Clll 0.6D 111m 

Third Colli1111tor 36.8D-38.41 0.88 Clll 0.85 111111 

Fourth Co 11 i1111tor 3D.60-42.00 1.43 Clll 2.40 111m 

Str11mer Ch1mber 42.40 

Table 3-2: Neutron Beamline Channel and Collimator.i 

Directly upstream of the streamer chamber tank, there was a small copper collimator. 

Neutral particles in the halo of the beam interacting inside the copper would produce 

charged particles that were detected in a scintillation counter just downstream. tr there 

were any charged particles around the beam region, the event would be vetoed. 

Figure 3-6 shows a Polaroid film image of the beam. The film was expo~ed at the 

entrance beam window or the streamer chamber, and shows the actual spot size or the 

beam. Table 3-3 gives the characteristics or the neutron beam. 

A calorimeter was added to the end or the downstream apparatus to observe the 

energy or the particles in the beam. The beam passed through the hole in the 

spectrometer to the calorimeter made or scintillators sandwiched between layers or steel. 

The calorimeter was comtructed or 8.0 absorption lengths or stttl. The beam spectrum 

was analyzed for low beam in~nsity (2.3 X 1010 protom per pulse on target) to avoid 

pile-up in the coun~n. The measured energy spectrum was calibrated by assuming that 

the end-point or te spectrum COJTesponded to 400 GeV. 

A picture or the neutron spectrum is shown in Figure 3-7. The curve fitted to the 

measured spectrum is described by L. Tieng in Reference [112]. 
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Figure 3-6: Image or the neutron beam at the entrance to the streamer cham her; 
actual size 

Beam spot at chamber 

Protons/pulse on target 

Neutrons/pulse at calorimeter 

Average neutron energy 

Beam ha lo 

Neutron/gamma ratio 

Neutron I Neutral Strange 
Pa rt i c I e [112] 

9mm X lmm 

4.0 x 1011 

2.3 x 106 

330 CeV/c 

< 11 

80 

Table 3-3: Characteristics or the neutron beam 
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Figure 3-7: The neutron spN·trum 
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3.3 The Downstream Spectrometer 

The downstream spectrometer acted as a hadron filter as well u a muon identifier 

and analyzer. The basic components were 29.8 interaction lengths of steel and concrete 

conring the region between 30 mrad and 250 mra.d in the laboratory including two 

toroidal magnets, scintillation counters for triggerin~ and three cathode readout 

propor:tional "·ire chambers for muon tracking. The minimum energy necessaQ· for a 

muon to trawrse the spectrometer from the streamer ch3m her to the last trigger counter 

was 6.5 Ge\'. The forward region between 0 and 30 mrad was kept free of material and 

counters, allowing the beam and forward interaction products to pass through to the 

neutron calorimeter. The acceptance of the spectrometer was excellent for muons "'ith 

momentum greatt-r than 8 Ge\'/c and lab polar angles bet1'·een 30 and 120 milliradiam 

( Sf'e Figure 3-8 ). A drawing of the apparatus is gi\'en in Figure 3-9. 

The trigger system was dt-signed so that it was possible to trigger on stft'amf'r 

chamber interactions with muons, ordinary streamer chamber interactions or background 

muons from upstream beam interactions. In front or the streamer chamber, there was a 

v; all of counters for vetoing chamber interactions occurring in coincidenct- with a charged 

track from upstream. Two small nto counters were placed in front of the stft'amn 

c ham her in order to Yeto particles in the ht-am halo that might interact in the st ft' am er 

ch am her electrodes. Interactions in the streamer ch am her volume were identified by a 

two fold coinridence in a pie shaped array or eight small counters just out!'ide the 

downstream beam window or the streamer chamber. A muon trigger was defined by hits 

in a straight path through walls of counters upstream or the toroids, in coincidenre with a 

hit in any of t.he counters behind the toroids. 

1.3.1 The Hadron Shield 

The steel shield wu designed to act as a hadron filter to stop high energy particles, 

mostly pions, generated in interactions inside the streamer chamber. Furthermore, the 

shield was designed to keep first generation pions from the interactions from decaying in 

rligbt into a muon. ·This problem was studied by Michad Dine 153, 54] for tht> design of 
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FNAL experiment E-490 IJ02) It was most important to locate the steel a5 close to the 

streamer chamber as possible; hence, the upstream-most block of steel was made with a 

snout that extended to within 9 cm of the streamer chamber center. 

Still the muons from secondary pion decay and the punch-through of M-condary 

hadrons generated in showers inside the steel remained as a limitation or the trigger. 

Despite the thirty interaction length! of steel, the majority of the muon triggers were 

from normal non-charmed inel~tic coJJisions. We expect that. for a 20 µbarn cross section 

for charm, 5% of the triggers are actually from charm decay muons. This is estimated 

from the me~ured trigger rates and the Monte Carlo acceptance for charm. The shield 

w~ designed to reduce the muon rates from pion decay and to reduce the hadronic 

punch-through while allowing a high acceptance of muons from heavy quark decays. 

The shield was initially built in three sections, each with a conical hole that would 

allow beam particles and fast forward secondaries to pass unscattered and undetected. 

The upstream-most section, section A, w~ built with a 22 mrad central hole with apex at 

the upstream edge of the streamer chamber while the others were left with holes of 30 

mrad (See Figure 3-10) with apex at the streamer chamber center. Gaps between the 

steel sections were made for the trigger counters and wire chambers. The hole of the 

third section was lined with a conical scinti11ation counter used to veto interactions with 

secondaries crossing the hole. 

The shield with the addition of a concrete wall behind the steel was used succes.5fully 

in E-490, the earlier charm experiment. The minimum momentum required of a muon 

that would pass through the shield in this configuration was 3.5 GeV/c. The addition of 

the two steel toroids to measure the muon momentum raised this minimum to enhance to 

about 6.5 GeV. The central hole of the second toroid was lined with a conical counter 

that vetoed muons that curled into the 30 mrad hole. 

One or the major difficulties with this dosed geometry detector was the multiple 

scattering and energy loss or the muons inside the steel. Each trigger muon must ban 

passed through 280 radiation length! before exiting the apparatus. Despite the fact that 
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the PWC resolution was not small (-0.6 cm), the multiple scat~ring set the limits on the 

resolution or the muon momentum. 

3.3.2 The Toroids 

The toroidal magnets, rebuilt from laminations of the Cosmotron C-magnets, had a 

total JB·dl of 30 Jcg·m. The ou~r radii of the two toroids was ~H.4 cm (3 ft), and the 

inner hole was a conical cone or angle or 30 mrad. The toroids' inner cones were 

machined into disks ten centimeter thick and which were then welded together. Each 

toroid had two copper coils with ten turns each. For each ~n centimeter magnet section 

a keystone was made to complete the steel circle. Inserted alongside each pair of 

keystones was a circuit board imprinted with six 4 in. x 7 in. copper loops for measuring 

the magnetic nux and six Hall probes. One Hall probe on each toroid was instrumented 

through the beam line controls system so that we could monitor the field on-line. Figure 

3-11 shows one or the toroids with the keystone inserts. 

The field inside the toroid was measured in forty-eight positions using the loops. 
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These measurements were performed by ramping the magnet current from saturation in 

one polarity to saturation in the other and observing the changing magnetic nux. 

8~B BB J [ EMF di } = - = Arca X -
loop 8t 8t 

The time integral or the EMF around a circuit loop WU measured for each or four steps 

in current.{max.-0, o-min, min.-o, o-max) in order to obtain the field values at 

maximum and minimum cun-ent. A documentation of integration techniques can be 

found in Reference [89]. The field meuurements, taken in eight groups, were fit to a 

third order polynomial u a function or radius. This process wu repeat~d for each pair of 

ten centimeter thick disks. The meuured field ranged from 14 Kgauss at the outside 

edge to 16 Kgauss at the center of the toroid. 

The resolution of the momentum meuurement us1Dg the toroid is limited by the 

multiple Coulomb scattering in the steel. An estimate of the rrsolution ~p/p ran be 

found by considering the projected root mean aqua.red scattering angle divided by the 

denection of a muon traveling a distance I (in meters) th.rough a magnetic field B. 

For muom with momentum less than 20 GeV /c, the momentum resolution is dominated 

by the multiple scattering error and the estimate or the resolution is 17 percent. Other 

effects limiting the resolution such as the meuurement error will be considered J3ter. 

a.3.3 The Trigger Counters 

Banks or large and small scintillation count.en were used to form the trigger for the 

streamer chamber. Count.en placed in front or the chamber were used to veto beam halo 

and non-fiducial interactiom. Downstream of the streamer chamber, counters signaled 

the presence of interactiom inside the fiducial volume or high energy muom originating 

near the chamber. The logic of the trigger system will be explained in more detail later. 

Eight small 1Cintillation count.en were placed just dowMtream or the streamer 

chamber. These count.en were ued to 1elect interactiom in the region of the streamer 



39 

chamber. Each counter was cut in a wedge shape and the eight were mounted on the 

front end of the steel nose of the hadron shield in a pie-like formation. A hole was left to 

allow the non-interacting btam particles to paM. 

Upstream of the streamer cham her house, counters were mounted to act -., vetos or 

particles from upstream interactions. These counters covered a region 8 ft. x 8 ft. with a 

2 inch hole for the beam. Just upstream or the streamer chamber, two more veto 

counters were installed to veto events with charged particles that might interact in the 

beam nanges or streamer chamber electrodes. 

The counters installed inside the holes of the third steel section and the second toroid 

vetoed events in which any particle crossed into (or out of) the hole. Jn the region of the 

toroid this eliminated events in which the muon curled into the toroid hole. The veto in 

the third section eliminated events with any particle that crossed the hole. The effect was 

to eliminate confusing track patterns and hadrons which could cause fake muon triggers. 

Figure 3-12 shows a diagram of the trigger counters with the steel removed. 

The muon trigger was set up to select events with a charged particle that passed 

through the iron of the hadron shield to the downstream end of the second toroid. In 

order to limit the background due to accidental hits and muons produced upstream of the 

streamer chamber, five banks of scintillators were positioned between the steel sections 

and behind the toroid. The first, positioned after the first st.eel section, was a single 

counter cut to match the area of the downstream face of the steel. A hole was cut in the 

counter to match the hole in the steel. The second set was positioned at the back of the 

second steel section. This bank was segmented vertically and contained four counters. 

The overall sir.e was determined by the face of the second steel 1tttion, and a half-hole 

was cut into the center two as well. The third, fourth and fifth aeta, before and after the 

concrete wall and after the toroid, were arrays of six 2 ft. x 3 ft. counters accompanied by 

central 2 ft. x 2 ft. count.en into which 30 mrad holes were cut. The central east and 

west counters extended beyond the edge of the steel, so concrete shielding was added onto 

either side of the steel. Jn any event, this was of little consequence since the Up!'trtam 
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veto count.en shadowed this region and the multiplicity of pioDS or muons from streamer 

cham~r interactioDS was a59umed to~ small at these large angles. 

Programmable high voltage power supplies were used for all of the trigger countel"'!I. 

The voltages could ~ set manually or through a CAMAC interface to the PDPll/34. 1 

Lecroy 32 channel 4032A supplies with a serial CAMAC interface were used quite 

successfully for this purpose, although the microprocessors iDSide the unit!! were not 

always reliable. This problem, however, did not affect the operation of the experiment. 

1.3.4 Trigger Electronlcs 

The main requirements of the trigger were speed and nexibility. Since the diffusion 

of the Streamers Was the limiting factor in the resolution, it Wa!I important that the 

trigger decision ~ made quickly. However, cables connecting the experimental hall with 

the counting room where the trigger logic was located were 150-200 nanoseconds long. 

Hence, we wanted to have the ability to move the electronics to the experimental hall so 

that it would ~ u close to the apparatus u possible. The hall was a high radiation area, 

so in order to have a nexible trigger in these conditioDS, we wanted a system that could 

~ remotely controlled. The nexibility wu needed because three eeparate trigg~n were 

used under normal running conditioDS, and beam studies, muon studie!I and early trigger 

studies required different triggers. 

The electronics used in the trigger combined Lecroy ECLine discriminators, delay 

lines, coincidence units and logic units with more standard NIM elertronics modules. The 

ECL unit!! were CAMAC modules, and the discriminator thresholds, delay times and 

trigger logic functions could ~ controlled using Camac Diagnostic Language [45) on the 

on-line PDPll/34. This configuration allowed fiexibility in the trigger and reduced the 

num~r of units and cables necessary to perform the tuk. Although it wu not 

implemented, the programmable feature or the electronics permitted in prinriple a 

reduction in the total delay in triggering the streamer cham ~r by giving control over 

electronics in the experimental hall, which was inaccessible when the ~am was on. 

1PDP1 l/34: Digital Equipmen\ Corporat.ion 
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Outputs or the phototube ba..es were connected to the Lecroy 4416 ECLine 

discriminators inside the counting room. The shaped output pulse! from the 

discriminators were sent to ecalars, latches (Lecroy 4'516 coincidence anits) and to one of 

the three programmable logic an.its (Lecroy ECLine 4'506). These units consiMd of two 

sections, each with eight inputs and right outputs. The 256 x 8 bit memory permitted us 

to select the logic functions AND, OR, exclusive OR, inhibit, multiply or any combination 

of the~ functions. Details or the trigger logic will be given in Chapter Four. 

l.S.6 Proportional Wire Chambers 

The proportional wire chamber system was designed to complement the closed 

gtometry or the muon filter. The muon momentum spectrum for centrally produced 

charmed mesons when folded with the trigger acceptance showed that there would be 

relatively few muons with momentum greater than 30 GeV /c. The defiection caU!ed by 

the multiple acattering or a 30 GeV /c muon travelling through 200cm or steel was 

predicted to be .7 cm. Three multiwire proportional chambers employing cathode readout 

were designed and built with this in mind. The chambers were designed to be sturdy and 

dense in keeping with the nature or the muon filter. The active area or each chamber wa!! 

160cm x 160cm with a deadened amamless" region in the center. Major de!!ign 

considerations were speed or construction and low cost w bile maintaining precist> 

mechanical tolerances over the large planar distances. Each chamber had one anode wire 

plane and two striped planar cathodes. The anode wires were wound vertically, and the 

cathode planes were horizontally and diagonally striped. The anode wires and cathode 

strips were connected together to form 2 cm strips. The resolution or each plane, 

considering a uniform sensitivity for each strip, was predicted to be R - 2 cm / v'"'i2"-= 

.68 cm. 

Each wire chamber was constructed from two large aluminum frames supporting nat 

planes or craf't paper honeycomb (hexcell) and sheet aluminum sandwichn. The inner 

aides or the sandwiches held large copper-clad printed circuit boards forming the 

chamber's cathode planes. The two sandwiches were bolted together around the outside 
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edge. The edge spacers between the two halves set the cathode-~cathode spacing and 

held the 0-ring for the gas seal. 

The anode plane wu made from 25 pm gold-plated tungsten wire wound at a tension 

or 50g. The witt spacing WU 2mm and the anode-~cathode spacing was e.35 mm. The 

wires were soldered onto printed circuit boards in groups of five. One end of each group 

was connected to the high voltage supply through a l 0 kO resistor. The other was 

connected through a 180pf capacitor to a preamplifier. The cathode strips were 4mm 

wide with Imm gaps. The strips were connected together at one end into groups of two. 

The cathode planes were held at ground voltage. Five 75 pm silver-plated copper 

beryllium wires were laid on each edge of the wire planes to prevent discharges due to 

high field concentrations. The edges of the cathode planes were covered by G-10 (epoxy 

and fiberglMs composite) ban. 

The cathode planes were laminated onto the hexceU and aluminum sandwich. The 

laminating process wa,., done on a large emooth granite block BO that the cathode surfaces 

would be nat. For two of the chambers, the cathode planes were made from copper clad 

Kapton laminated onto phenolic boards. The etrip pattern was etched onto 18 cm wide 

pieces of Kapton. These pieces were then accUJ'ately taped together to form a uniformly 

striped plane. The taped Kapton sections were rolled onto a bed of epoxy on a thin 

phenolic board. The resulU5 were satisfactory, although much time was spent patching 

the naws in the surface CaU!Cd by air bubbles, excess glue and uneven shrinkage of the 

Kapton during the etching proce•. The third chamber, made from the G-10 printed 

circuit boards, was easier to construct. 

The anode wires were wound onto the diagonal cathode plane. Two accuratt'ly 

machined .250 inch support bars were epoxied to the top and bottom of the cathode 

plane. These ban also held the printed circuit boards to which the wires were glued and 

aoldered. Two narrow bars were glued across the surf'ace of the cathode plane to pro,;de 

additional mechanical support. The wires were held to these ban with epoxy. 

The central region of each cbam ber was deadened by cutting a bole in the cathode 
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plane. The supporting hexcell was removed leaving the central region inactive and 

massless. The gu seal was maintained by sheets of aluminir.ed mylar stretched over the 

outside of the hole. A thick aluminum ring with well-rounded edges was inserted inside 

the hole 90 that the rounded edge was close to the sharp rim or the hole in the cathode. 

Despite this, the high field concentrations in this region caused difficulties. A I/ 4 inch

thic k G-10 ring was added to the top of the cathode planes to ease the problems. A thin 

sheet or mylar was stretched acl'OS.' the top or the ring to aid in deadening the anode 

wires [50]. A cross section of the ttgion near the hole is shown in Figure 3-13. 

Unfortunately the aluminum chamber frames were warped in the welding process. 

When the frames were bolted together the cathode planes bowed apart making the 

chambers inefficient in the center. By loosening the bolts and adding extra bracing to the 

outside and extra machined spacen to the inside, a uniform gap was achieved. 

The chamben were tested for stability under high voltage and in beam conditions 

before the experiment. Tests were done to study the performance with several different 

gas mixtures. The mixture that was eventually used for the experiment was Argon mixed 

with 25% Ethane, 0.7% Freon-1381 ( CF3Br) and 4.2% Methylal ( (OCH3)2CH2 ) [4i]. 

The Argon-Ethane-Freon WU purchued pre-mixed. A portion or the gas WU bubbled 

through a tank of Methylal at 0 • C and fed through a mixing tube to combine it with the 

remainder of the gu. A schematic of the gas system is shown in Figure 3-14. 

The operating voltage of each chamber was chosen to insure high efficiency on both 

the anode and cathode planes (-4200 V). As mentioned above, positive high voltage was 

applied to the anode wirn while the cathodes were held at ground. The chamben were 

very efficient at their operating voltages, although the gu would often break down with 

high muon Ouxes. We were able to C'IU"e this by connecting the power supplies to a 

control module that ramped the voltages to their operating values during the beam spill. 

The readout electronics for the PWC's connected each input together into groups of 

two. The preamplifien were mounted on the outside of the chambers. They supplied a 

gain of eight to both the anode and cathode signals and sent output pulses along nat 
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multiconductor shielded cables to the amplifier/ discriminators. The threshold setting or 

each channel was set to correspond to 0.25 mV (cathode) and 0.50 mV (anode) at the 

chamber, where the output signals were observed to be 5 mV and 25 m\' respt"ctively. 

TTL level pul~ or width 60 nsec were then sent over 500 nsec oi ribbon cable to latches 

in the counting house. The PWC information was stored in the latches for every trigger 

and then read by a word burrer [52) which was interfaced through CAMAC to the 

PDPl 1/34 (Figure 3-15). The PWC readout apart from the pre-amplifiers was the same 

as that used in Fennilab experiment E-497 [110]. 

3.4 Installation 

The experiment was installed into the Proton Center experimental area of Fermilab 

in March of 1981. The streamer chamber was enclosed in a small shielded house to 

protect the sensitive electronics or the downstream apparatus from the electrical noise 

generated by the streamer chamber pulse forming network. The trigger electronics and 

computer were set up inside the counting house which was about 200 feet from the 

experimental haJI. RG-8 foam cables were used for the trigger counter signal cables to 

minimir.e the trigger delay time (-700 nsec overall). The high voltage power supplies for 

the PWC's were also installed in the counting house. We found it necessary to install 

Reynolds connectors on type-C cable, since the standard high voltage (SHV) connectors 

were inadequate in the damp conditions of the Proton Center pit. 

By April the channel was installed inside the large magnet, and we were able to begin 

beam studies. The following two months were spent studying muon rates and beam 

quality. We were able to collect enough pictures and muon data during this engineering 

run to test the apparatus and to develop the off-line analysis. 



Chapter 4 

DATA ACQUISITION 

The experiment •as installed at Fermilab during the spring of 1981. Before the beam 

•as turned off for the summer, we were able to test the apparatus and study the neutron 

beam. In January of 1982, we began data acquisition. This phase of the experimC'nt was 

completed in March or 1082. A total or 217,506 streamer chamber pirtUttS 'Were taken, of 

which 157,508 were taken with the charm-enhancing trigger. The muon trigger enhanced 

the probability or triggering on an interaction producing a pair or charmed particles 

relative to the probability of triggering on a normal interaction by approximatrly a factor 

of 40. From the collected data, we were able to isolate a sam plr of interactions rir h in 

charmed particles for further study. 

4.0.1 The Trigger 

The trigger was set to activate the stl't'amer chamber when the signature of a muon 

was observed in the downstream counten in coincidence with an interartion in the region 

of the streamer chamber. In order to explain the trigger requirements, it is best k> break 

the trigger into parts and explain each part separately. 

N 

I 

The requirement that there were no hits in the countel"!I upstream or 
the streamer chamber, either in the muon vet<> wall or in the beam halo 
;retos. 

Two or more segments of the interaction hodoscope must have fired to 
fulfill this trigger requirement. 
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This part or the trigger vetotd events with hits in the conical counters 
lining the central holeti or the third section or the hadron shield and the 
second toroid. 

Hits were required in the A, B, C, D and T2 counters. Thel"f' was a 
tracking requirement on the hits upstream of the toroid. 

The A wall was not segmented and was required for every track. 

For the B waJI, the tracking separated hits in the upper hair, middle 
half and lower hair. 

The C and D walls were segmented into seven aegments. In order to 
satisfy the trigger, the <'orresponding counters in the C and D wall must 
have fired. The hit in the B wall dictated whether the hits in C and D 
could be in the upper, middle or lower third or the waJI. 

No trac-king l't'quirement was impo!lt"d on the T2 wall. A hit in any one 
or the counters was sufficient. 

A hole was cut from the central region or each wall or counters 
corresponding to a 30 milliradian angle about the beam line and 
pointing to the center or the streamer chamber. 

Thus the charm enhancing trigger will be referred to as the NICVMt: . Figure 

3-12 shows the trigger counters and a sample NICVMU event. Notice that the 

segmentation or the counter tracking system is coarse enough to accommodate the 

multiple scattering or the muons in the steel. 

The trigger was highly selective, yielding only one trigger for every 104 interactions in 

the streamer chamber. The addition or cone veto counters cut the interaction trigger rate 

by a factor or five, giving the rate or NICVMU/NICV or 5 X 10-4• Monte Carlo 

calculations indicated that the acceptance rate for charmed mesons, a"'uming an average 

semi-leptoni<' branching ratio or 8.0% and central production, was 2.0%. This gave us an 

enhancement for charm or 40. The dependence or the acceptance OD the production and 

decay models is dis<'ussed by L. Tieng in Reference [112]. For reasonable models, the 

ac<'eptance varies from 1.5% to 3.5%. 

4.0.2 Background Triggers 

Background triggers, NJCV in the code given above, were taken for atudieti or pictures 

or non-charm interactioll!'I. These events would prove to be very valuable in the final film 

analysis. The pictures of norm:~ interactioll!'I were used to calibrate the film me&.11uring 
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ma.chines and to test the vertex fitting procedUJ'eS during the film analysis. Simple Ml' 

triggers were recorded as well, but only on tape. We studied the muons from these events 

to determine cham her resolutions, alignments and efficiencies. 

4.0.3 The Trigger Logic 

The major components of the trigger logic electronics were the Lecroy ECL 

discriminators, coincidence units, delay modules and programmable logic units. As 

described in Chapter Three, the logic defining the trigger was implemented inside the 

programmable logic units (PLU). The logic functions performed by each channel could be 

set through a Fortran program. The Fortran subroutine PLU provided the logical 

relation between the inputs and the outputs. Each unit had eight inputs and eight 

outputs that could be independently programmed. The program PLUFOR assembled the 

logic functions into actual code needed to program each unit. Figure 4-1 shows a listing 

of the Fortran subroutine used to define the logic functions of the trigger PLU's. 

The overall logic scheme is given in Figures 4-2 and 4-3. The latches and scalars are 

represented by the code letters L and S. The upstream muon tracking was perf'ormed by 

the coincidence unit shown in Figure 4-2. Also shown, are the PLU's USt"d to select ennts 

with 1>2 and T2>1. The other PLU in Figure 4-2 perf'orms the logic function OR on all 

the upstream veto counters. The OR of the cone veto counters was performed by more 

conventional NIM logic units. 

The compilation of the various parts of the trigger was performed in the PLU shown 

in Figure 4-3. In this diagram, note the 1eparation between all events written on tape 

[event] and all events with tape and film [trig]. The gate code controlled the trigger 

aelection to enhance the live time. 
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4.1 Gating 

In order to maximir.e efficiency during data acquisition, a trigger gating system was 

devised. The accelerator delivered beam in one second spills every fifteen seconds. With 

-4.0 x 1011 protom during each spill, or in other words with 2.3 x 1011 neutrons incident on 

the streamer chamber, an average or three NICVMU triggers were observed; however, the 

rate or plain interactiom producing NJCV triggers was 8 X 103. The gating system 

limited the number or background interactions recorded OD rilm. The charging time for 

the Marx dictated the maximum event rate to be S pictures per second. At the end or 

each spill, during the final 10 msec, a gate was ~pened to permit the recording or NICV 

triggers. For these pictures the recharging or the Marx was done between spills, and 

hence did not limit the time available for recording NICVMU events. Aftt'r each pictUrt', 

during the time when the Marx recharged, a gate opened to permit the recording or the 

background MU triggers. Figure 4-4 shows the gating system. 

For NICVMU events and NICV ennts a picture was recorded on film while records 

or the scintillator hits and the PWC hits were recorded on tape. For MU C\'ents only thl' 

counter and chamber information was recorded. 

4.2 Monitoring the Experiment 

At the end or each spill, information from the scalars monitoring tht' trigger counters 

and the beam was recorded. In addition to this, the magnet settings and the codt'd 

trigger logic for each programmable logic unit was written onto the tape. The on-line 

software, MULTI, operating under RT-11 (84] on a PDPll/34, handlt'd all tht' data 

acquisition and allowed us to monitor the performance or the experiment. The standard 

MULTI program was appended to include the CAMAC Diagnostic Languase commands 

needed to operate the programmable logic units and high voltage supplies. 
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Figure 4-4: The electronics for the triggt'r gating syst.t'm 
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4.2.1 Monitoring the Streamer Chamber 

We ended each run after 2500 pictUJ"es to take test strips and reload the cameras. 

Enluations or the test strips were crucial for setting the best operating voltage for the 

streamer chamber. Furthermore, we used the test pictures to study and monitor the 

fraction or pictures containing visible interactions. This fraction, the fiducial fraction. 

remained steady at 9% throughout the experiment. The interaction trigger selected 

events that occurred in the region or the chamber, but it was not completely eelective. 

Small LED dots formed 'the frame num hers for the pictUJ"es. Twelve fiducial marks 

were exposed onto the edge or every frame along with the run and frame number. The 

fiducials were the blunt ends or small (IOOpm) light fibers illuminated by LEDs. On the 

developed film, the fiducial marks appeared as twelve dark dots. The fiducial marh 

could be measured to an accuracy or IOpm to provide accurate alignment or each picture. 

Before the data acquisition began, a three-dimensional grid was photographed inside the 

fiducial region or the chamber. With these pictures, we were able to obtain the optical 

constants or the streamer chamber system [112]. 

4.2.2 The Wire Chambers 

We were able to monitor the current through the chamben and we attached an alarm 

to the power supply to alert us to a sudden increase. A television camera permitted us to 

monitor the gas flow through the cham hers at all times. On-line monitoring or the 

chambers' performance was achieved through the data acquisition program MULTI. 

The chambers operated in a mode where the average anode hit was I strip wide, and 

the anrage cathode hit was more than 2 (4cm) strips wide. Tests on a small prototype 

chamber indicated that this was an appropriate operating condition. However, studies or 

the clusten completed in the off-line analysis indicated that the operating voltages were 

slightly too high, and the cathode bits were too wide. Note that the the FWHM or a 

cathode pulse in a chamber with an anode-to-cathode gap or 8 mm bas been reported to 

be 1.2 cm (46]. The resolution was not greatly affected since the cb&rgf' is distributed 

symmetrically; however, the wide cathode hits increased the confusion in multi-hit events. 
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The readout system (or the PWC's, being a simple amplifier and threshold 

discriminator system, was not designed to enhance the chamber resolution since it did not 

use the pulse height in(ormation. The pulses from the cham her were amplified and 

diS('riminated and a 60 nsec differential pulse was sent to the latch system over nat 

multiconductor ribbon cable. The delays in the ribbon cables were carefully selected and 

adjusted so that the 100 mec gate initiated by a trigger would arrive at the latC' h 

controller at the correct time. Timing studies assured us that the gate timing optimiied 

the cham her efficiency. 

4.3 Muon Studies 

The initial three weeks of the experiment were spent studying the nrutron beam and 

aligning the collimators. The earlier engineering test in the spring of 1981 bad been spent 

studying the beam and the muon rates in the experimental hall. We added 100 tons of 

steel and concrete shielding to the front end of the experimental hall as a result of the 

spring (1981) studies. The nux of charged particles outside the beam originating 

upstream of our target could reach 2.5 Mhz in the veto wall with proton intensities of 

4.0 X 1011 even after the shielding was added. 

We wanted to be able to run at high beam intensities without overwhelming the 

trigger with accidental muons. Studies showed that less than 5% of the background Mr 

triggers occurred without ruing a veto counter. We counted an average or 1.7 X 104 Mr 

triggers per spill and 8.0 X 103 NICV triggers per spill at 4 X 1011 protons per pulse. 

After discarding MU triggers occurring in coincidence with veto counters, th" accidental 

NICVMU trigger rate WU estimated to be 0.1 triggers per spill. In the orr-Iine analysis 

we were able to decrease this number by another factor or 6 by insisting that ea.ch muon 

track point to the streamer chamber. 

The polarity or the toroid was alternated after approximately every five runs. 

Acceptance studies using a Monte Carlo simulation of hadronical.ly produced D - 15 pairs 

indicated that the trigger acceptance for defocusing charm-like muons was enhanced by a 
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factor or 2 over the acceptance for focusing muons. Though this ratio varied slightly with 

production modt'ls, the trend was apparent in aJI models, since the muons were product'd 

at small laboratory anglt's [112]. By running an equal time in both modes, we hoped to 

be equaJly sensitive to positive and nt'gative muons. 

4.4 Alignments 

Several alignment runs were recordt'd with the toroid field set to r.ero. The magnets 

were carefully dt'gaussed for each alignment run. Calibrated Hall probes, which were 

attathed to the printed circuit boards inside tht' toroid and monitored through the 

Fermilab beam line control system, provided on-lint' mea.surements of the toroid field. 

The alignment runs were used to establish the relative alignment or the P\\'C's and the 

trigger counters. The chamber and counter efficiencies were also determined from off-line 

analysis or these runs. A t1pecial alignment run at low beam int.ensity wa.s made with the 

three PWC's pushed west by 15 inches putting active regions or each cham her into the 

hole in the hadron shield. With this data, we were able to align the streamer c ham her 

with the PWC's by matching tracks in the streamer chamber to tracks in the PWC's 

without multiple scattering. 
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FILM ANALYSIS 

The analysis of the data was split into two parts. The initial event selection was 

performed by selecting events with good muon tracks in the PWC's. After this initial 

selection, the analysis of the film and the analysis of the PWC data continued 

independently. The muon analysis, including the description of the initial muon event 

selection, will be discuMed in Chapter Six. In this chapter, there will be a brief discussion 

of the film analysis. For further details of this analysis, see Reference (112). 

The track width (120 pm) was too wide for us tA> see the secondary charm decay 

vertices with much efficiency. However, we found that we couJd measure single isolated 

tracks quite well (0'==14-22pm). The strategy of the film analysis program was to 

measure every clear track in each event that satisfied the off-line muon criteria. and 

select events in which the combination of measured tracks was inconsistent with one 

vertex. By simultaneously studying the vertex fits in pictures taken without the charm

enhancing trigger, we could make a comparison between a sample of normal hadronic 

intera.ctiom and a sample of interactions enriched in charm. Frames in both samples had 

visible secondary vertices, but these were at wide angles and long decay length!' indicative 

or slow strange particles. 

The 118,073 NmVMU trigger pictures collected were reduced tA> a sample of 20,138 
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pictures by an initial off-line muon selert.ion. In addition to this, we includt"d in thP 

samplt" a Sttond set of NICVMU events which did not satisfy the initial orr-Jinc muon 

cuts and NICV events chosen at random. These 48 x 103 events were acanned at tht" 

Fermi) ab Film Analysis Facility. The scannen recorded the frame num hen or tht" 

pict~ containing visible interactiom. lnteractiom occurring within 2 cm U}>!ltream or 

the center of the chamber were included even if their vertices were not visible. 

Interactions occurring further than 12 mm dowmtream of the center were too close to tht" 

downstream edge of the chamber, so they were ignored. The fraction of pictures with 

visible interactiom was 9%, therefore the scanning process reduced the sample size to 

1807 NICVMU with good muons, 1115 NICVMU events with no muon and 1612 NICV 

events. In total, the data came from 75 separate rolls of good streamer chamber film 

with mixed triggers. 

All events in the sample with fiducial interactions were measured at Fermilab on 

MOMM's (Manually Operated Measuring Machines), or at Yale on a Vanguard mea5uring 

machine. The point setting error for our streamer chamber film on the MOMM's was 

22.0 µm. The film measuring facility was initiated at Yale to aid in the analysis program 

and increase the physicist's supervision. The Vanguard measuring machine at Yale had a 

point setting error of 14.0 pm for our streamer chamber tracks [112]. 

6.1 Event Measurement 

Before each frame was measured, the twelve fiducial marks sUJTOunding each picture 

were measured. The distances betwttn pairs of fiducial points were checked on-lint' and 

off-line. Events with bad fiducial mark positions were remeasured. 

Each event bad two stereo film views, offset by 7 • . All tracks were measured that 

were clear in both views. Tracks that were clear in one view only were measured in that 

view, but were recorded u overlapping in the other view. Overlapping tracks wert" 

measured as obscured regions on the film. Seven or eight points were measured for each 

track on average. Three was the minimum number allowed and fifteen the maximum. 

The minimum distance betwttn measurement points was 400 pm (on the film). 
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For each event, the measurer recorded the number or measurab)e tracks, the number 

or interesting tracks such as decay tracks, the number or nuclear fragments, and the 

number or stray tracks crossing the chamber. Comments on the event or the picture 

quality could also be recorded. If a frame contained two iode~ndent interactions, they 

were measured as two separate events. Any secondary interaction was measUttd as part 

or the associated primary interaction. All clear tracks from the primary vertex and 

secondary vertices were measured. Events that were too faint or too dark to be 

accuarateJy measured were skipped. 

Before measuring each track, the measurer recorded the track type and the track 

quality. The track type fiagged tracks from secondary vertices or tracks with heaYy 

ionization. The heaYily ionizing tracks were left by fragments of the neon nucleus. We 

measured these tracks if they were clear and straight. Tracks from secondary vertices 

werl' labeled to separate secondary hadronic interactions from neutral or charged decays. 

A secondary interaction was distinguished from decay by its nuclear fragments. A 

secondary interaction without ,·isible nuclear fragments was treated as a decay. Minimum 

ionizing tracks which clearly did not originate from the primary vert.ex and could not be 

associated 11·ith a Yisible secondary Vert.ex were lab<'led as short derays. The trark quality 

label gave an indication of the streamer demity and streamer brightne~. 

The topology of interactions at these high energies was such that most of the 

particles travelled forward in a jet-like fashion. Since the average charged particle 

multiplicity is about 8 at these energies, much of the forward region was obscUttd by 

overlapping tracks. Furthermore, the region near the primary vertex could become so 

dense with streamers that an obscuring nare would be formed. These problems were 

worsened by renections of the na.res from the wire ell!Ctrodes. In order to record all the 

information possible for each picture, the measurers recorded the boundary of each 

obscured region. They classified regions of overlapping tracb and regions obscuttd by 

flares separately. 
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6.1.1 Data Handling 

At Yale, the output of the Vanguard machine was read through the program MSCAN 

1108] into a LSl-11 computer.2 The coordinates of each measured point were written 

onto a file stored on a noppy disk. These data files were later transferred to the PDPIO 

computer for analysis.3 Once on the PDPIO, the measurement data were converted into 

the standard analysis format. 

At Fermilab, the measurement data were read into a PDPIS.4 At the end of each 

event, the data were transferred to the Fermilab CYBER.5 The data from each roll were 

written onto a tape in ASCII format and shipped to Yale. 'When the tape arrived, the 

files were read into the PDPIO, and converted to the standard analysis format. 

Once the measurement data files were converted into the standard format, the files 

were merged with files containing the PWC and counter information. The merged files 

were written in a format compatible with the main off-line analysis program. 

6.2 The Picture Analysis 

The event reconstruction was performed with the aid of the PDPIO. Each r,neasured 

view was analyzed independently. Efforts aimed at taking advantage of the 7 ° camera 

stereo angle between the two views did not yield satisfactory results. The stereo angle 

was too small and the track width too large to do the reconstruction with the accuracy 

necessary to detect short decay distances in three dimensions. Therefore, we studied each 

chamber interaction as two independent projections onto the x-y plane. 

The main off-line analysis program MAPP was structured so that the ~r would 

have interactive access to the data files containing the measurement an.J PWC data. Our 

21.Sl-11: Digital Equipment Corporation 

'PDPlO: Digital Equipment Corporation 

4PDP1S: Digital Equipment Corporation 

1Cyber 17S: Control Data. Corporation 
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track and vertex fitting routines and inurmediate muon analysis programs were contained 

inside the MAPP library. The program gave m the capability of examining each 

me~urement point and each fitted track in a graphic mode or in tabular form. See figure 

S-1. 

The measurement procedure was calibrated by measunng NJ(;V events both at 

Fermilab and at Yale. The point setting errors were assigned by fitting vertices to the 

single vertex events and adjusting the errors so that the Jtl per degree of freedom (or the 

vertex fits was equal to one. Separau point setting errors were assigned to minimum 

ionizing tracks and to nuclear fragments.1 We studied the performance or the machines 

for me~uring a well-calibrated grid. The accuracy or both machines is betur than IO 

microns. Both machines are film plane digitizers and have precision stages for moving the 

film. 

6.2.1 Track and Vertex Fitting 

The track fitting algorithm was a least-.squares fit to the measured points. The 

fitting could be done in two or three dimensions. We med two-dimensional fits for the 

analysis or this experiment. Each track was labeled so as to indicate the vertex from 

which it originated. Ir a secondary vertex was not visible, but the track missed the 

primary vertex, it was labeled as a short decay. A vertex position was cakuJated by 

making a Jeast-.squares fits to the fitud tracks labeled as associated with that vertex. The 

original labels were those assigned by the measurers. By labeling measurement points or 

tracks with a zero in the analysis, they were temporarily removed from the fits. 

The information available for each track included the x'J or the track fit, the 

CODtributiOD of each point to the track x'J, the distance o( closest approach to eM'h vertex 

(the miss distance), and the error on this miss distance. In addition, or course, there was 

the information on the slopes, inurcepts and errors associated with the fitud trach. The 

vertex information included each vertex position and accompanying error and the x:? for 

each vertex. 

'For a complew diacullion or the erron, lee Reference 11121 
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6.S Candidate Selection 

Since the average energy or the neutron beam wa,, 330 Gev, we expected to see 

approximately 8 charged tracks in each or the pictures. In addition, the charged 

multiplicity for each charm decay ha,, been meuured to be 2.3 (65). Therefore, looking at 

the X2 of a single vertex seemed to be an appropriate technique to separate charm events 

from single vertex interactions. However, Monte Carlo studies showed us that we often 

measured only one charm decay track. The other tracks were obscured and were not 

measured. The vertex Jtl wu not a sensitive enough statistic to provide a separation or 

charm events from ordinary single vertex events [112). 

The analysis wa,, built around the idea of studying the miss distances of single tracks 

from the primary interaction vertex. The miss distance (S=1~crsin11ab• where llab is 

measured relative to the beam direction) is almost a Lorentz invariant for daughter.i 

produced in the decay of relativistic particles. We devised a method for determining the 

location or the primary vertex from a class or non-charm tracks and then examined the 

miss distance or each of the remaining tracks. In this way, we could select candidates 

with short decays even though the decays were not visible by eye. 

The scheme for selecting the charm candidates from the pictures was u follows. ·we 

labeled all the measured tracks from the primary vertex and from neutral and charged 

decays to usociate them with a single vertex. We treated each Yiew independently. 

Furthermore, we checked the topology or each neutral and charged decay flagged by the 

measurers. Ir one or the prongs from a decay was greater than 150 mrad with respect to 

the beam, all the prongs from that decay were fit to a secondary vertex. Slow strange 

particles decay at these wide angles whereas charm does not. Secondary interactions 

within the chamber were fit to second vertices. All other tracks were fit to one vertex. 

We next made a cut on the topology or the event to select events with an 

unambiguous primary vertex. We required at least two measured tracks originating at 

the primary vertex to be at angles greater than 1 SO mrad, and at least one measured 

track to be at an angle less than 150 mrad. The wide angle tracks were used to 
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accuratf'ly define the primary vertex position. The elrect of this topology cut was to 

reduce the sample by a factor of 2. See Figure 5-2. 

The candidate selection was made by choosing events with at least one track with an 

angle less than lSO mrad and with a value of the miss distance {miss distance •- th" 

distance from a track to the primary vertex) divided by the error in the mi~ distance 

(S/ .i::lS} greater than 3.0. The ratio of charm events to normal interactions should be high 

in this region. Monte Carlo studies described by L. Tieng in Reference (112] showed that 

less than 4% of properly measured single vertex events have a track with S/ "15>3.0, 

while 38% of charm evets have at least one such track. The backgrounds come from 

poorly measured events and strang" particles. The same event selection was done for 

NICV events. The NICV events provide a model for these backgrounds. See Reference 

(112] for more details of the miss distance analysis and the a:!ISOciated Monte Carlo 

studies. 

6.4 The nnal event aelectlon 

The final film selection was performed by a physicist scanning all events with 

S/ .i::lS > 3.0. Events with obvious mismeasurements were remeasured. Events with 

mislabeled tracks were fixed. Events that were too faint were discarded. In all, the 

cleanup reduced the sample by a factor of 3.5. The NICV background events were 

treated identically. 

At this point, we combined the information with refined muon track information (see 

Chapter Six). Of the 1807 NICVMU events measured (from the original scan lists). 1492 

remained after the Second Pa!S muon analysi8. We checked each event to assUtt that the 

measured muon track was consistent with a track from the interaction in the streamer 

chamber. We also accepted events as being consistent if the muon track matchf'd a 

measured streamer chamber track of if the muon track projected back to the obscured 

region where no tracks were measurable. The total number or NICVMU events with 

muon tracks consistent with a track in the chamber was MO. The topology rut ttdured 

this sample to 362. 
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The total number of NJCVMU events with Sf ~S > 3.0 and a muon track candidate 

wa.s 120. After scanning each picture carefully, we reduced the sample to 34. By 

including the final muon selection criteria, the charm candidate sample was reduced to 24. 

Of these events there wa.s only one event in which the muon was inconsistent with the 

picture. 

The total num her of me a.sured NICV events before the topology cut was 1612. After 

the topology cut, 892 events remained. Of these, only 88 events bad Sf ~S > 3.0. We 

attributed 64 events to poor event quality and obvious mismea.surement. The remaining 

14 events became our estimate of the background due to measurement error and strange 

particle decays. The muon trigger enhances the num her of strange particle events in our 

final sample; however, we expect this enhancement to be quite small. A Monte Carlo 

simulation [112] was performed using mea.suttd strange particle cross sections to predict 

the num her of strange particles that might contaminate the final sample. In the Monte 

Carlo, the kinematic cuts (the topology cuts) were ab!e to reject most of the strange 

particles that decayed within the chamber from the Sf .:lS analysis. Figure SfDS shows 

the Sf ~S distributions for the candidate events and the !l<'aled background NICV events. 

We took a sample or NICVMU events with 1.0 < Sf ~S <: 2.0 to represent ennts 

with background muons. This sample of events was used to estimate the backgrounds to 

the measured charm-muon distributions. Monte Carlo studies of the Sf ~S distr:bution 

for events with or without charm indicated that the ratio of background to real charm 

wa.s high in this region, therefore the sample will show little charm contamination. See 

Figure 5-4. 

Summarizing the results of the film analysis, we selected a sample of 23 events with a 

downstream muon track and at least one mea.sured streamer chamber track with 

Sf AS > 3.0. We conclude that these events were rich in charm production. The 23 

evets yield 17.32 short-lived 11charm" ennts and only 5.68 background events. The 

number or background events was determined from the number or ordinary hadronir 

interactions having a measured Sf AS greater than 3.0 in a total sample of 362 Nil:\ 

events. Table 5-1 gives a summary of the results. 



70 

NICVMU Measured Muon Candidates 1807 

NJCVMU MeasUttd Refined Muon Candidates H92 

NJCVMU Measured 'Matched' Muon Candidates 640 

NICV Measured All Events 1612 

NIC~MU Measured Correct Topology 362 

NICV Measured Correct Topology 892 

Charm Candidates S/~S > 3.0 23 

NICV S/~S > 3.0 14 

NICV Scaled 5.68 

Table 5-1: Final results of the S/ ,,jS analysis 
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Figure 6-3: The Candidate events with S/ ..::lS > 3.0 
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Chapter 8 

MOMENTUM ANALYSIS 

The muons from interactions in.side the streamer cham her were studied carefully in an 

analysis which not only selected good muon candidates from the large sample of 

accidental triggers and punch-through pion.s, but also determined the momentum and 

angles of the selected muons. The first pass at selecting muon events was done by the 

on-line trigger. As mentioned previously, the trigger required that hits were recorded in 

each or the front four banks or scintillation counters, that these hits formed a straight 

muon road, and that there was at least one hit in the counter bank behind the toroid. 

The segmentation or the banks of counters was very large, so further selection ~rlormed 

off-line was necessary to refine the data sample. The film from each event tagged off-line 

as an interesting muon candidate was scanned for fiducial interactions. 

The muon track selection was done in three phases. Section 6.1 describes the first 

pass in which muon candidate events were selected from the raw data ta~. Refinements 

t.o this selection are describes in Section 6.3. All pictures from NICVMU events with g~ 

muon tracb after the first pass analysis were 1eanned for fiducial interactions and tht>n 

measured. Section 6.5 describes the second phase of the analysis. Alt the measurt>d 

NICVMU events were analyzed in this pass. The analysis of the PWC bits was more 

aophisti~ated in this second p~s. Estimates of the initial muon angles and momentum 

were derived from this analysis. In the third phase, a muon's angles and momentum were-
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calculated in a global fit of a muon trajectory to the measured hit's in the PWC's. This 

analysis is described in Section 6.6 and Appendix l. 

8.1 Event Selection-The First Pass 

On the first pass, the object was to retain u many candidate events as possible •bile 

eliminating the obviously bad events. The definition of a muon track was generous for 

this round. More careful study of the muom allowed further refinements, but only after 

the picture measuring process was completed. 

The first requirement for a muon candidate was that each of the three wire chambers 

recorded a cluster in at least two of its three planes. A cluster in a plane was defined as a 

strip or consecutive group of strips registering a signal above threshold. In the case where 

all three planes fired, the strip combination! were .checked to see if a region could be 

found where the three planes' clusters overlapped. Ir so, a so-called triplet was formed 

centered on the geometric center of the overlap region. The error B!signed to the triplet 

center renected a model of cluster formation in which the cluster center could lie 

anywhere across the width of the hit. The error assigned was thus equal to the cluster 

width divided by the square root of twelve u would be appropriate for such a fiat 

distribution. For events with hits in only two planes, the third plane was considered 

inefficient and ignored. Once again the center of the overlap of the clusters defined the 

triplet center and the errors were evaluated as before. With this method of triplet 

analysis the error was grossly overestimated for the cathode strips. The error for wide 

cathode hits is actually much smaller. A charge near the anode wire induces a charge 

symmetrically on the cathode planes, so the particle has usually pused near the center or 

a cluster. Triplets with cathode cluster widths greater than one strip would thus ban 

errors comparable in magnitude to the errors of clusters with width one. 

After the triplet formation, fiducial cuts were applied to the triplet centers. These 

cut.5 discarded triplets that recomtructcd inside the deadened central region or the 

chambers or outside the hadron filter steel. Events with good triplets in each of the three 

wire cham hen were analyr.ed further. 



In the next step, tracks were formed using three points measured upstream or the 

toroid: the interaction vertex and l!leU or triplets from the flJ'St two chambers. Using the 

method or least squares, a straight line was fitted to these three points. For the flJ'St pass, 

the vertex was taken to be at the tenter of the streamer chamber. The erron assigned to 

the vertex were 0.1 mm in y and 1.0 mm in i. In the coordinate system or this analysis, x 

lies along the beam direction and i points upwards. The calculated uncertainties 

associated with the tripleu combined the error due to the finite resolution or the 

chambers with an estimate of the uncertainty due to multiple Coulomb scattering. 

The errors associated with multiple scattering are difficult to calculate because or 

correlations between the measurement points. For the fir.it pass estimate, we ignored 

these correlations and calculated the uncertainties for B and D separately. An analytical 

expression was derived that gave the root mean squared deviation in a plane of a muon 

with momentum P pa~ing through the amount of steel (steel and concrete) lying between 

the streamer chamber and the PWC B (or D). The expression was calculated including 

the large energy loss in the steel. The polar angle, the angle between the line drawn from 

the streamer chamber to the triplet in B (or D) and the beam line, was used to estimate 

the muon's momentum. Production models for charm predict a strong correlation 

between the muon momentum and the muon angle. The results of a Monte Carlo 

simulation were fit to a polynomial to give an expression for this correlation. The 

multiple scattering error was thus calculated independently for each chamber. By 

ignoring the correlations between the measUJ"ement points, we overestimated the error 

associated with multiple acattering. 

A cut was made on the x" derived from the least squares fit to a straight line 

through the vertex point imide the streamer chamber and the triplets in PWC B and 

PWC D. Tracks with a X 2/degree of freedom greater than 2.0 were rejected (the number 

of degrees of freedom is two). We studied events with one and only one good triplet 

combination in each chamber and found this to be a generous cut. 

Triplets in the D chamber a.:..30ciated with acceptable upstream tracks were paired 
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with triplets an the T2 chamber. For the next test, the B chamber hit was ignored 

completely. The azimuthal angle (~) of the two points were compared under the 

assumption that the points were part of a particle trajectory originating at the center of 

the streamer chamber. By comparing the two values of phi, obvious accidental events 

were discarded, since the angle phi should remain unchanged as a muon travel'5es the 

toroidal field exC"ept for the effects of multiple scattering. A il~ cut was applied to all 

the combinations. Combinations with il~ > 40 • were rejected. Figure rrI shows a plot 

of the change in ~ between D and T2 for events with one and only one triplet in all three 

chambers. 

Summarizing, the first round of muon analysis selected events with at least one good 

triplet in eaC"h of the three PWC's, forming at least one good track defined according to 

the criteria that ~ < 4 and il~ < 40 °. Events which satisfied these cuts were called 

Muon Candidates and were scanned for fiducial interactiom which were then me~ured. 

1.2 Muon Studies and Allgnmen~ 

As mentioned in Chapter Four, we set the toroid field to r.ero for several runs and 

collected a sample of straight muon tracks. We used this sample t.o determine counter 

and chamber efficiencies and chamber alignments. The alignment of a counter relative to 

the PWC's was obtained by mapping the position of the triplet in the nearest chamber for 

events in which the counter's latch was set. 

The alignment between the planes of the PWC's was determined from events with 

one and only one cluster in each one of the three planes of the chamber of interest. By 

determining the average of the quantity ~U == Jf(Y+Z) - U for each of the chambtrs, 

the alignment parameters were determined and the appropriate corT"tttions made. The 

corrected JlU distributions for each chamber is given in Figure rr2. 

The alignment between the three PWC's was determined from straight--through Mll 

triggers with one and only one hit in each of the nine planes. The averagr residual!< 

between the line formed by the Y, Z or U hits in two of the chambers and the Y,Z or t: 

hits in the third chamber provided the value or the relative alignment parametel'5. 



B 

PWCB 

100 

80 

60 

20 

-eo 

T2 

PWCT2 

I 
I , , , 

I 
I , 

I , ,,, 

I \ 
I I 
I t 
I I 
I I 

I 
I I 
I 1 
I 
I 
I 
I 
I 
I 
I 
I 

0 

61 

I 
\ 

' ' \ 
\ 
\ 
\ 
' .... 

l>EGREESI 

61 

eo 120 180 

Figure 8-1: Change in~ from chamber D t.o chamber T2. The aolid cun·~ 
the same distribution in a Monte Carlo simulation 

7i 



PWCB -
700• EVENTS 

••0.87 

IOO 

-3 
_, 0 

1000 

PWCO 
ct -
~ 17510 EVENTS 

~ ••0.72 
.J 
.J 

2 IOO 

ct 
~ 

~ 
~ 
l&I 

0 
-3 -2 

_, 0 2 3 

IOO 

PWCT2 -
MM1 EVENTS 

-3 -2 0 ' 2 s 

aU(cml 

ANODE WID'Tl-f • ONE STRIP 

Figure 8-2: The LlU distributions for triplets with one and only one cluster 
in each of the PWCs' three planes 



79 

The relative alignment or the streamer chamber and the chambers was done using the 

last data run in which the chambers were pushed 15.0 inches to the west so that the 

active region of each chamber covered the hole in the center of the hadron shield. We 

scanned the NJC::V pictures from these events for mea,,urable tracks imide the 30 mrad 

forward cone. These tracks were measured and matched to the PWC tracb downstream. 

We made the alignments using the three-dimensional reconstruction technique described 

in Referen<"e [112]. 

The chamber alignment parameters were checked by examining a set or events 

containing one and only one good muon. In addition, the downstream track, when fit to 

the me~ured vertex, must have been clear or the obscurt"d region in the chamber. From 

this sample or clear, clean muon events, we saw an enhancement in the number or events 

with a track or a projected angle in the XY plane identical to the projected angle or the 

muon track. No enhan<"ement w~ seen if we matched the muons from one eYent to the 

me~ured tra<"ks in another event. 

The chamber efficiencies were also determined by using MU triggers taken with the 

toroid field set to iero. To determine the efficiency of each chamber, we required that 

there w~ one and only one hit in each of the other six PWC planes. We also required 

hits in all or the counters in line with the two PWC triplets ~ an added check. Assuming 

that a signal in all the PWC planes and counters in a straight line through the apparatus 

would mean that a charged particle passed through the apparatus, we assumed that the 

third chamber should record the particle ~ well. We searched for a good triplet inside 

the third chamber. PWC Band PWC D were _,953 efficient while PWC T2 was 91% 

efficient. 
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1.3 Refinements in the Anal7sis 

The first step in the refinement of the muon analysis was the addition of fiducial 

volume cuts on the triplets. The first fiducial cut, which was also included in the first 

pass, was that the triplet in Blay inside the boundary of the steel. The second set of cuts 

added later, required that the triplets in D lay within the outer radius of the toroid and 

that the T2 triplets Jay outside the toroid hole. The new cut on the D triplets was of 

little consequence, since there were few hits at such large radii. However, the hits inside 

the T2 hole were a problem. The T2 chamber had a hole that was 10.6 cm in radius, 

while the toroid's hole was 22.0 cm in radius. Many extra hits were created by the 

particles inside the forward 30 mrad cone. The active regions in the other two chambers 

were completely covered by the steel shielding. By rejecting T2 triplets inside a radius of 

22.7 cm, we were able to remove events from the NICVMV sample and reduce the 

number of reconstructed tracks in each event. 

lo the refined muon analysis, we also required that for ea(' h triplet the corresponding 

scintillation counter in the neighboring bank of counters fired. This requirement did not 

reduce the total num her of events in the sample by more than a few percent. The 

effective site of the counters was increased by 2 cm in each dimension to allow for the 

erro~ in the triplet reconstruction and the effects of the finite track angle. 

1.4 Cluster Studies 

The method of triplet fitting described in Section 6.1 was known as the overlap 

method. A good triplet was formed if the bits in the three planes overlapped at an:y 

point. The errors on hits were characterized by the full width of cluster. Therefore, a 

cluster was formed from four consecutive strips would be 8 cm wide and would often 

overlap with 2 or 3 clusters in the other planes. By studying the ~U distributions for 

cathode clusters with widths between 1 and .f strips, we found that the geometric ceot~r 

of the cathode cluster accurately recorded the position of the muon. The ~l: 

distributions studied were taken from MU trigger events and from chambers with one and 
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only one cluster in each of the three planes. The width of the distributions increased 

slightly with increasing anode duster width. 

For the final analysis, we devised an algorithm for assigning errors to PWC dusters. 

We studied the .:::lll distributions for Mll trigger events from several dirrerent runs. From 

this we made tables of the widths of the .:::lll distributions, recording a separate entry for 

each combination of anode and cathode hit widths (ranging from one to four). We 

assumed an error of 2cm/./ff for all anode hits of width less than 4 strips. We found the 

appropriate cathode error from the width of the .:::lU distribution. For a duster of width 

greater than 4 strips, we assigned the error: duster width/ Ji2. A cluster with such a 

width ~·as presumably composed of two hits or a hit plus a delta ray. Hence, they wett 

not treated as if they were symmetric about their centers. 

The triplet centers were found by performing a 1-C fit on the three coordinates Y, Z 

and L This fitting method was studied extensively in Monte Carlo simulations of the 

chamber hits. In the Monte Carlo, the duster widths were simulated by a Poisson

distributed variable which was centered on the center of the actual hit. This description, 

while crude, fit the observed distributions very well. The triplet fitting was studied by 

obsen-ing the stretch function of one of the three coordinates. The stretch function is 

defined for a particular variable as the residual f divided by the error in the residual D( t) 

[63]. The residual in this ca,,e is the difference between the observed value of Y and the 

fitt{'d value of Y. The width of the stretch function should be one if the errors are 

properly represented. After setting the cluster errors to be a function of the cluster width 

as described above, we found that the errors were properly represented for the Monte 

Carlo events and the data. 
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8.6 Muon Selection-The Second Pau 

The muon selection was done using a revised version of the track fitting procedure 

described above. The major changes were the new cluster fitting procedure and a better 

method for estimating the momentum of the muon before the cut on the track .\''. Onre 

the events were selected, a more extemive analysis of their momenta was ~normed. 

The triplets in the PWC's were found by making a X 2 fit to the hits in the three 

planes of each chamber. The cuts on the triplet formation were as follows: 

• A rut was made on the triplet X' at 7.0 for chambers with at least one hit in 
each or the 3 planes. 

For chambers with hits in only 2 of the 3 planes, 'triplets' were formed from 
the center or overlap or the 2 hits. 

• A triplet was rejected if its center lay outside the fiducial volume of ch am her. 
The fidurial volume of each chamber is given below. 

• B: Y < 47.7cm Z < 47.7cm 

• D: R < 91.4cm 

• T2:R > 22.7cm 

• If the latch for the counter nearest the triplet did not show a hit, the triplet 
was rejected. Since all events were NICVMU triggers, we ignored the 
apparent latch inefficiencies; so if no latches from the nearest counter wass 
showed a hit, the triplet was accepted. 

The traclc fitting procedure was similar to the one described in Pass One. The major 

difference was that the momentum of the track was found by analyr.ing the rhamber hits 

before and aft.er the toroid. The functional relationship between the momentum and the 

chamber hits was developed from a simulation program that swam particles through the 

toroid without multiple scattering. In the simulation, the particles were assumed to have 

originated at the streamer chamber. By generating tracks passing through radius 

R0==(Y1>2+z1>2)112 with momentum Pl> at chamber D, we made a table (matrix) of final 

Rn values. By inverting the matrix, a function P 1> -= J{Ry,,Rn) was formed. The 

assumption was that the unscattered trajectory on average would be a good 

representation or the actual trajectory. 

The momentum was calculated by extrapolating back to the streamer chamber. Tht> 

minimum value of momentum required to pass through the toroid steel was 2.4 Ge\' /r. 

The momentum at the streamer chamber was calculated from the value of tht> rangt> of a 

muon in iron. 



a= 671.4 g/cm1 

b-= .032188 
L

0
-= 2299. g/cm1 (1 + R0 /X0 )'1' 

P 0 -= (Range/a)116einitial momentum at the streamer chamber 
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(2) 

In the muon track selection, we first checked the value of A4> through the toroid. 

Then after determining the momentum and charge of the muon candidate, the upstream 

trarks •ere fit to a straight line using the method of least squares. In fitting the tracks, 

the following ruts and assumptions were made: 

• The momenta of tracks with no bending in the toroid were set to 10'° at the D 
chamber. 

•If the fit momentum of a track (P
0

) was le~ than 2.4, it was set equal to 2.4. 

•Tracks with..\"' > 6.5 were discarded. 

• The errors due to multiple scattering were estimated from the measured 
momentum. 

The sign of the charge of the muon was determined by the direction of its bending in 

the toroids. The line between the streamer chamber and the D chamber triple was 

extended to the T2 chamber. If the radius of the T2 hit was greater than (less than) the 

radius of the extended line at T2, the particle was said to be defocusing (focusing). The 

sign of the charge was then determined by the sign of the toroid mode. In mode +l, 

positive particles "Were focused; in mode -1 negative particles were focused. In our original 

data sample, 54% of all the NIOV triggers recorded by the scalars occurred with the 

toroids in the + 1 mode. The mode of the toroid was determined by measuring the 

direction of the current in the coils. 

The refinements of the muon definition described above were implemented on the 

Cyber 175 computer at Fermilab. The total number of events in the NIOVMU muon 

candidate sample was reduced to 1402. Monte Carlo studies indicated that more than 

98% of the charm muons accepted by the fll"St pus analysis passed the ftfined and final 

mt.~on cuts. Events which passed all the above cuts weft submitted to the final muon 

analysis program. A file containing the triplets and their errors, the measured charge, the 
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fitted momentum and the me~ured angles was passed along to the final analysis 

program. 

I.I Momentum Analysts 

The final muon analysis was a global fit to all the triplets, in order to better 

determine t!ie track parameters and their errors. Methods used in determining track 

parameters in counter experiments have been inspired by methods of treating multiple 

scattering in bubble chambers [68, 81). The problem here w~ somewhat more 

complicated, because the scattering medium was not homogeneous and the magnetic field 

w~ not uniform along the particle path length. In addition, the effects or energy loss 

could not be neglected. Examining techniques used in other high energy physics counter 

experiments, we were unable to find one that perfectly fit our needs and constraints. A 

description of some of the standard track fitting techniques can be round in Reference. 

158]. 

We used the method of Maximum Likelihood for measuring the initial track 

parameters l/QP0 , 8 0 and ~o and their errors E(I/QP
0

), E(g(Q)
0

) and E(~0). Here Q is 

the charge, P 
0 

the initial momentum, 8
0 

the initial polar angle and ~ 
0 

the initial 

azimuthal angle. The probability density function describing the probability of measuring 

a set of three points (the PWC triplets) along the path of a particle originating at the 

streamer chamber is described in Appendix I. Given a probability density function f\ xlT) 

the likelihood can be written as 

where xi is a data point and 1 are the parameters to be fitted. 

The likelihood function describes the probability or measuring a aet or triplets { T.11 } 

if the reference track (ignoring multiple scattering) predicted a set of triplets { T' } . The 

errors in the track parameters derived from the likelihood runetion give the 70~ 

likelihood limits. In other words, a 70% probability that the observed triplets { TAI } 

were generated by tracks with parameters in the interval 



(1/PQ-E(l/PQ) < I/PQ < I/PQ+E(I/PQ),9-E(B) < B < B+E(B), 

4>-E(4>) < 4> < 4>+E(ct)} 
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In searching for the maximum value or the likelihood function, we varied the initial track 

parameters, generated muons at the center or the streamer chamber with th<'5e 

parameters and let the muon "swim" through the apparatus to find values for the { T 1 
} . 

The program used to swim the particles through the apparatus is the same ~ the 

Monte Carlo simulation program described in Appendix II. In this version, however, there 

w~ no multiple scattering in the steel and no trigger counter checking. All particles with 

energy greater than 6 GeV and initial polar angle between .030 rad and .200 rad were 

allowed to swim through the apparatus until they either stopped in the steel or rear bed 

the end of the detector. Particles that passed out of the steel were allowed to drift to the 

end. Particles that passed into the bole were allowed to cross the bole. The Y and Z 

position or the particle was recorded at the x or each chamber regardless of whether the 

trajectory was inside the chambers' fiducial regions or not. 

The Maximum Likelihood analysis was performed on the Cyber 175 computer at 

Fermilab with the aid of the program MINUIT [82]. For each event, the triplet points, 

their errors and the initial estimates of the track parameters obtained from the Second 

Pass Analysis were read by MINUIT. A 1earch of the parameter space t.o minimir.e 

-In( L) was first performed by the SIMPLEX routine and then by the routine MIGRAD 

which performs a functional minimization by a gradient aearch [82]. The covariance 

matrix was estimated by MIGRAD. 

Many Monte Carlo studies were done to test the performance of the method. Jn the 

first test, we generated 100 events with a momentum of 15 GeV /c and polar angle of 00 

mrad. The toroid mode and charge of the muons wu such that the particles were 

focused. The acceptance or the spectrometer for muons or this type WU 100%. The 

chamber bits generated from the Monte Carlo were read into the analysis program. The 

mean ci' t.be calculated momt.otum wu 16.2 GeV /c and the spread of the distribution was 
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±2.4 GeV/c. The mean of the distribution in polar angle was 91. mrad ±6. mrad. Tht" 

shift in the momentum distribution wu too large to be merely a statistical effect. 

It is known that the Maximum Likelihood method is oft.en biased in situations when 

there are only a few experimental measurements. For example, in simultaneously 

estimating the mean and the error ti of a population that is Gaussian-distributed, the 

estimate of the ti is biast"d by an amount -(1/n)tl were n is the number of measurements 

[63]. In the limit of large statistics, the bias becomes negligible. In our case, we have 

one measurement of the track. The amount of bias in the estimate of the momentum was 

found by further study of Monte Carlo generated events. For any generated momentum, 

the fitted momentum was too high. The results of the studies were mapped into a 

momentum correction table as a function of momentum and angle. Furthermore, it is 

interesting to note that we were able to artificially remove the bias by remo,·ing the 

momentum dependence of the average scattering angle Is in both the generating process 

and the fitting process, thus fixing the width or the probability density function. 

The final results for the momentum were bias-coJTected. The results obtained by 

enluating the covariance matrix using the MINUIT routine MINOS, which directly 

calculates the covariance matrix, were the same as those obtained from MIGRAD. The 

likelihood function appeared to be symmetric about the maximum. The off-diagonal 

terms of the covariance matrix were small. Figures 8-3, 8-4, and 8-5 show the resolution 

for P, 9 and ~ u they were calculated for Monte Carlo events by the Likelihood Method. 

Note that since the fitting wu done in 1/p, the quoted errors in p are not symmetric. 

Tracks with momentum less than 7 GeV /c were discarded by a cut on the muon 

range in steel. Tracks with -In( L ) > 100 were discarded. The likelihood as a function of 

momentum x charge is presented in Figure ~3 for the data and the Monte Carlo. 
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1.7 A Summarr of the Muon Selection 

The 640 NICVMU events in the 11Matched" Muon sample pa,,sed the following cuts: 

• Each event wu selected for the initial scan list because there wu at leut one 
good muon selected in the Fint Pass Muon Anal)'!lis (See Section 6.1). 

• The pictutt associated with the event contained a measurable fiducial 
interaction. 

•At least one muon track from the event passed the refined muon cuts from 
the Second Pass Analysis (See Section 6.S) 

•The muon track was consistent with the measured tracb in the pic:tUttS. 

•The best fit muon track had momentum greater than 7 GeV /c. 
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Figutt ~4 and ~S give the~ and 8 distributions or the best muon tracb from each 

event. The majority or the 640 muons candidates(-...90%) in this sample are attributed to 

pion decay and hadron punch-th.rough. 

A list of the momentum and angles of the best track from each or the final 23 events 

is given in Appendix Ill. A check was made to see if any event had two or more tracks. 

Two tracks were considered independent if they were made from two independent sets or 

triplets. No two track event! were found in the sample or 23 candidate events. 
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Chapter 'I 

RESULTS AND CONCLUSIONS 

The final data samplt" was defined by a combination or the results or the film analysis 

outlint"d in Chapter Five and the muon analysis outlined in Chapter Six. Altogt"ther, 

twenty-three charm candidates were selected rrom the whole data sample. The number or 

background events among the candidates h~ been round to be 5.68 events. 

A synopsis or the event selection procedure is as rollows: 

1. Events were selected by an on-line trigger. (P muon>6.5 GeV /c and 
30 mrad < I < 250 mrad). 

2. Good muon events were eelected by a least-squares fit to the upstream 
segment or the muon track and a cut on the change in aiimuthal angle (~) 
through the toroid (.:ltP < 40 • ). 

3. The muon requirements were refined to include fiducial volume cuts to assure 
that the muon remained in the steel. 

4. The final muons' momenta must have been greater than 7 GeV /c. 

5. All events passing cuts 1-4 with fiducial interactio~ were measured. Each 
event was measured in two views. 

6. The measured events must have a topology such that two measUJ't'd track!! 
had angles greater than 150 mrad in the horizontal plane in both views that 
define the primary vertex and at least one track with angle less than 150 
mrad in both views. 

7. All events with the correct topology and a track with angle less than 150 
mrad with a vertex miss distance S satisrying the condition that S/ .:lS > 3.0 
were scanned for mismeas\IJ't'ments. 

The final sample or 23 candidate events with S/ .:lS > 3.0 taken rron:. 362 NIC\'Ml' 
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events that passed the topology cut can be compared t.o a sample or 14 candidat~ from a 

sample or 802 ordinary interactions (NICV events) that were obtained in the same way 

(s~ps S-7). These e\·ents measure the background! in the NICVMU pictures due to 

measurement errors and strange particles [112]. 

The measured distribution of the polar angle of the muons from the 23 events is 

shown in Figure 7-1. The distribution of the azimuthal angle or the muons is given in 

Figure 7-2. 

The contribution due to the background in the muon distributions for the 23 events 

was estimated from the muon tracb taken from a sample of 140 NICVMU events with 

1.0 < Sf "3S < 2.0. In this region, the estimated number or events containing charmed 

particles was less than 5%. We scaled the background muon distributions to correspond 

to the 5.68 expected background events in the 23 candidates. The background 

distributions were then added to the Monte Carlo distributions that were scaled to 

correspond to the 17 .32 signal events. 

The results included in this chapter are an analysis of the production models based on 

the charge ratios of the muons, a comparison or the measured momentum spedrum and 

Pt spectrum or the muons to the spectrum predicted by the standard decay model, and an 

analysis or the average lifetime or the charm decays. 

'1.1 Production Characteristics 

Charm production properties are reflected in the decay muon distributions. One way 

to compare different models is to look at each model's predictions for the muon charge 

fractions. In this experiment, we measured four classes of muon events: events with 

positively charged muons in the +1 toroid mode (++ ), muons with a negative charge in 

the +1 toroid mode(-+), muons of positive charge in the -1 toroid mode (+-), and 

muons or negative charge in the -1 toroid mode(--). 54% or the raw ungated NIL'\' 

triggers were recorded in the +l toroid mode where positive charges were focused. Wl' 

used the number or unga~d NICV triggers to estimate the nux to which the apparatm1 
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was exposed in each toroid polarity. The momentum sptttra of the 23 candidate events 

separated by charge and mode are shown in Figures 7-3 and 7-4. 

For a model or central charm production, with Xr dependence or (1 • lxl)5 for D5 

production, we expected to see an excess or defocusing muons of 3 to 2 in comparison to 

focusing particles. This ratio is 2 to 1 (or more diffractive production models with a D5 

pair produced with (I • jxl)1 dependence. Furthermore, we expect the measured charge 

ratio o( positive to negative muons to be approximately 1:1 for central production and 2:3 

(or diffractive models. 

For eight models o( charm production, we compiled the fraction o( Montt> Carlo 

events accepted in each of the four categories mentioned abo,·e. In order to directly 

compart> the predicted fractions with the measured fractions, we corrected the fractions 

predicted by Monte Carlo simulations for each charm production model with the 

measured background charge and mode fractions. For each model, the probability of 

obtaining the measured result (L
0

) was calculated. In addition, the probability of 

obtaining results more deviant than the measured result (P(L<L0)) was calculated. We 

can define the quantity o as the significance to which we can reject a hypothesis. If 

P(L<L
0

) < o, we can reject a hypothesis with a significance level of o. 

The statistical evaluation of a set of binned data or low statistics can be perlormed 

using a multinomial distribution in which the total number or events is Poisson

distributed. The resulting distribution is the product or Poisson distributions; k being the 

num her or bins. 

P(r r n) -= TI I f vn.)"• e-...,,, 
I , ... It• ---;-\t - r 

I f.. I 
I 

., -= mean num her or events measured 
n -= total number or event.. measured in this experiment 
ri- num her or events measured in each bin 
pi= probability or measuring an event in bin i 



The probability density function is userul in studying histograms and data sets split into 

independent categories. 

The me~ured fractions arc summarized in Tables 7-1 and 7-2. 

Charm 
Candidates 

Total 

Background 

Total 

NOTE: 

Charge 
+ 

+ 

+ 

+ 

Mode 

+ 
+ 

+ 
+ 

Number 
11 
3 
s 
4 
23 

30 
38 
SI 
21 
140 

Toroid Mode ( +) means positive muons are roe using. 

Fraction 
0.478 
0.130 
0.2li 
0.174 

.214 

.271 

.364 

.150 

Table 7-1: The Charge and Mode ratios or the 23 charm candidates and the 
background events 

The mea,,ured results indicate an excess or positive muons or more than 2 to 1. Ir one 

looks at the fraction or positive muons (AcMeu-= (N++ +N+_)/Ntot) and the fraction 

round in the mode where positive rocus (Am Aleo•== {N++ +N_+)/Ntot), we find that the 

Monte Carlo predictions or these ratios for Dl5 production (1 - lxl)3 and (1 - lxl)5 are 

consistent with the data: P(Ac > AcMeoe or Am > Am Meoe) -= 50% for these two 

models. However, by considering the correlations between the mode and the charge, we 

are able to compare the dirrerent models. 

Making a cut at the (1-o) - 05'% level, we find that the data are consistent with two 

models. In the best model, the D, which contains a ell, is produced centrally with a 

(1 - lxl)7 distribution, and the 15, which contains a fq, is produced with a (1 - Jxl)1 

distribution characteristic or a leading particle. This model describes the the rharge ratio 

for the muons from the 23 candidate events, but more importantly it is coll!listf'nt with 

the charge and mode dependence together. 

The model (1 - jxl}7(1 - lxl)1 is not consistent with the results or the prompt muon 



MODEL CHARGE 
MODE 

FRACTION Lo P(L<L
0

) 

A+ (1 - lxl)1 ++ 0.096 3.7xio-0 l.2x10-5 

r{ ( 1 - lxl)3 -+ 0.434 
+- 0.241 

0.229 

A+ (1 - lxl)1 ++ 0.108 e.sxio-0 2.3x10-5 
fjc 

(1 - lxW' -+ 0.465 
+- 0.203 

0.224 

D (1 - lxl)1 ++ 0.185 2.3x10-11 0.014 
fj ( 1 - lxl)1 -+ 0.329 

+- 0.329 
0.157 

D (1 - lxl)3 ++ 0.205 4.7x10-11 0.029 
15 (1 - lxl)3 -+ 0.324 

+- 0.324 
0.147 

D (1 - lxl)ll ++ 0.237 15.7x10-11 0.085 
fj ( 1 - lxl)ll -+ 0.323 

+- 0.279 
0.160 

D (1 - lxl)' ++ 0.199 4.8xl 0- 11 0.031 
fj (1 - lxl)7 -+ 0.325 

+- 0.299 
0.176 

D (1 - lxllll ++ 0.202 s.2x10-11 0.032 
15 (1 - lxl)3 -+ 0.309 

+- 0.330 
0.159 

D ( 1 - lxl)' ++ 0.263 26.4x10-!I 0.117 
fj (1 - ltl}1 -+ 0.225 

+- 0.395 
0.117 

Table 7-2: The Charge / Mode Fractions for eight Charm production models. 

experiment at FermiJab [96) which meu~ an xr dependence of (1 - lxl)5 for forward 

production of Df5 In p-Fe collisions at 350 GeV /c. We do find, howt'Yer, that tht' 
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(1 - lxl)5 distribution also makes a good fit to our data. We do not favor (I - lxlf 

production of DD pairs as wa,, round by the LEBC Collaboration in p-H2 collisions at the 

SPS at CERN [8J. 

In Ac+ production models thr- A/(cud) is produced with a Xr distribution or (1- lxi)1. 

It is thought that the c quark recombines with two valence quarks in thr- original hadrons. 

The [) recombines with only one valence quark and is produced with a (I - lxl)3 or 

( 1 - lxl)5 distribution. Jr Ac+[) production were the main production mechanism, we 1rnuld 

expect to see an excess of µ- from the decay of the [) since the muon from Ac .. deray 

would be inside the hole in the hadron shield. We can rule out A/15 as the dominant 

production mechanism in n-Ne collisiom at these energies. 

The other models are consistent with our data, but the agTf"ement is not 

overwhelming. In discussing further results, we will compare the mea..c;ured spectrum with 

both the (1 - lxl)1(1 - lxl)7 and (1 - lxl)~'(l - lxl)~ production model predictions. 

7 .2 The Momentum Spectrum 

The momentum spectrum of the muons from the 23 candidate events is shown in 

Figure 7-5. In Figure8 7-6 and 7-7, the momentum spectrum is compared to the predicted 

spectrum from the production models (1 - lxl)7(1 - lxl)1 and (1 - lxl)s(l - lxl)5
• The 

background has been added to the Monte Carlo data so that a direct comparison is 

possible. The spectrum derived from the data has not been corrected for the acceptance 

or the apparatus; the model predictions reOect the detector acceptance which is included 

in the Monte Carlo. The measured spectrum is consistent with the Monte Carlo spectra 

or the two models (P(L<L
0

) ~ 0.30). 

By studying the P,-= P sinl spectrum, we are able to study the decay mechanism or 

the charmed particles. In order to compared our muon spectra with electron spectra from 

charm decays obsened at e•e- machines, we must include the effects of production 

kinematics and acceptance for our data. Production models predict a e-'1, dependence 

for charmed hadron production. Here, we have usumed b-=2.S(GeV/c)-1, a,, is used in 
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the fusion model. This value fits the Pt. spectrum measured by the prompt muon 

experiment at Fermilab l96J. This also fits the distribution in Pt measured by LEBC, 

although they quote a P t.2 dependence for the differential cross section. The decay 

spectrum, usumiug p-e universality, should be the spectrum indicative or the three body 

~decay or the charmed hadron into '"'u + one hadron. 

The momentum spectrum in the center of mass of electrom from charm dt>cay has 

been measured by the DELCO CoUaboratiou in au e•e- experiment at 3.77 Ge\'. Their 

results, which are corrected for acceptance, are presented in Figure 7-8. The onrlyiug 

curve is taken from the electron energy ipectrum in our Monte Carlo. The elt'ctron 

energy in the Monte Carlo is "mea,,ured" in the center of mus of the pa.rent charmed 

hadron (D or 15). The curve is for the three-body semi-leptonic fJ decay of a charmt'd 

meson in which D-Kev (50%) and D-K•(800)ev (50%). We use the same decay model 

for gt'nerating semi-leptonic muon decays. 

The measured Pt spectrum is presented in Figure 7-9. The spectJ'UID is compared to 

the background adjusted Monte Carlo predictions in Figures 7-10 and 7-11. Tht' Pt 

spectrum of the background is presented in Figure 7-12. 

The measured spectrum renects the original lepton spectrum folded with tht' 

acceptance of the entire detector and analysis programs. The acceptance of trigger is 

folded with the acceptance of the S/llS analysis to obtain the acceptance curve shown in 

Figure 7-13. 

We conclude that the measured spectrum is comistent with the predictiom or tht' 

production and decay models. (P(L<L
0
)-60% for (1 - lxl)!I and P(L<L

0
)==30% for 

(1 - jxl)'(l - jxl)1 production). Our results are comitent with the hypothesis or #J·t' 

universality in charm decay. 
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7.3 The Average Charm Lifetime 

None of the charm candidates contained a visible decay vertex. Because we are not 

able to distinguish between charged and neutral decays, we measured an average charmed 

meson (015) lifetime. We measured the S • miss distant'e of a track IE "'fCr~sinllab for 

each track. The miss distance is approximately an invariant for relativistit' decays 

[49, 90]. Compiling the miss distances of the tracks with the largest S/ .:1S from each 

event, we plotted the distribution in Figure 7-14. We compared the measured distribution 

to the distributions predicted by five dirrerent Monte Carlo simulations of 015 decays with 

six different single lifetimes, but always keeping the average aemi-leptonk brant'hing ratio 

equal to 8%. The miss distant'e distributions of the "measured" Monte Carlo charm 

even~ were fitted to the form 

The two exponentials come beca~ of contributions to the miss distant'e from 

measurement error and from the charm lifetime. The shape of the background in the S 

distribution due to mismeasurement of single vertex events was estimated from a Monte 

Carlo simulation of measured single vertex events. The resulting S distribution was fitted 

to the form 

( 
dN) A 6 -c -- == sae '8 
dS 0 

0 

The strange particle background was added to single vertex background by fitting 

( dN) -= f ( dN) + (1-f) constant 
dS BCK dS o 

to the measured miss distance distribution of the Nl~V events. Here, the strange partide 

contribution is approximated by a constant. The magnitude of the contribution is 

determined by the measured background NIOV events. The estimated contribution of the 

5.68 background events to the measured miss distribution of the 23 candidates is 

(dN/dS)llCI. scaled to correspond to 5.68 events. 
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'With the mcthod of Maximum Likelihoods, we found the best fit value of the average 

lifetime. The values of thc likelihood function are shown in Figure 7-15 and in Table 7-3 . 

2 
"' I 

• • 
:M "'· l.t, • .,-1:1 9eC 

32 

IO 
0 • 10 t2 t3 M ti 

T C.111-a).c: 

Figure 7-16: Plot of the - In (L) for single lifetime fits to the measured 
miss distance distribution. 

The average lifetime of the D lifetime is thus measured as (6.0 ± 1.0)xl0-13 sec. where 

the error is purely statistical. The error in the aemi-leptonic branching ratio has not been 

considered. The integral distribution of the miss distance is shown in Figure 7-16. The 

Kolmogorov-Smirnov test [63, 57] for comparing data with small statistics with integral 

distributions indicates that the results are quite consistent with the hypothesis of a single 

lifetime. The probability of obtaining our result, given that the hypothesis of a single 

lifetime of 6xl0-13 sec is true, is approximately 40%. Our value of thc lifctime is in good 

agreement with the averagc value of the o+ and D0 lifetimes. See Figure 7-17 for a 

comparison of our results to the prediction of the model in which the chargcd and neutral 

D lifetimes are Msigned according to the world averages for these lifetimes. The CUT1"nt 

world averages for the two lifetimes are 



Lifetime Likelihood -Ln(L) 

3 x l0- 13sec 9.88 x lo-17 36.85 

5 x l0- 13sec 1.00 x 10-15 34.48 

7 x 10- 13sec 1.01 x 10-15 34.53 

9 x lo- 131Sec 1.91 X 10-lS 36.20 

12 x l0- 13sec 3.42 x 10-15 35.61 

15 x l0-13sec 6.51 x lo-17 37.27 

Table 7-3: Values of the likelihood for fh·e different lifetimes. Here we 
hal'e assumed that the charm events were of a single lifetime. 

r(D .. )=(8.2+ 1.1 )xl0-13 sec 
-0.9 

r(D0)=(3.9±0.4}x10- 13 sec 

113 

We fit a model of DI'.> production with an xr dependence of (1 - lxl)~, semi-leptonic 

branching ratios of 11 % (D:) and 5% (D0
), and separate lifetimes taken from the 

measured world average for the D+ and D0 lifetimes, and found that the miss distanc-e 

distribution of the twenty-three events was in good agreement with the model's 

predictions. The probability of obtaining our result is 60%. 

'1.4 Conclusions 

We measured a sample of 23 charm candidate events produced in n-Ne collisions 

(-330 GeV/c) using a High Resolution Streamer Chamber and a downstream muon 

spectrometer. The number of background events in the candidate sample is 5.68. From 

the the muon distributions, we were able to measure production and decay properties of 

hadronically produced charm particles. 
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• From the charge ratio N( + ):N(-) of the candidates' muons and the num ~rs 
o( candidates collected in eath of the two toroid polarity modes, we (C'UDd t WO 

production models that described the measured result. 

1. In the first model, the D's (t~) are produced with a ( 1 - Ix!)' 
dependence and the 15's (fq) are produced with a (1 - lxl)1 dependence 
indicative or lea.cling particles. 

2. In the second model, both the D's and l5's are produced centrally with 
a (I - lxl)5 distribution. 

Although the statistics are limited, our results say that D's, which contain no 
valence quarks from the beam or the target, are produced centrally. This is 
consistent with the predictions or the gluon fusion model and the na,·or 
excitation model. We are unable to distinguish between models with or 
without recombination effects in 15 production. 

• We conclude that Ac •15 production is not dominant in n-Ne coJlisions. 

• We find that the measured momentum spectrum is consistent with the decay 
muons from charmed particles (Dl5) produced with an xr dependence of 
(1 - lxl)7(1 - lxl)1 or a (1 - lxl)~l - lxl)5 dependence. This disagrees with the "r 
dependence measured by LEBC in 360 GeV /c p-H2 collisions. 

• The Pt spectrum of the muons is consistent with the prediction!' of the 
standard model of three-body charm decay. The energy spectrum of electrons 
from charm decay [26] is used as a model for the muon energies in the decay 
model. Our result is consistent with µ-e universality. 

•We measured an average D(l5) lifetime of (6.0±l .O)xI0-13sec which is equal to 
the average or the values or the D± and the D0 lifetimes measured elsewhere. 
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Appendix I. The Momentum Analysis 

The analysis of the muons' momenta was complicated by the large multiple Coulomb 

scattering of the muons in the iron toroids. In order to determine the initial angles I and 
0 

~0 • the initial momentum P 
0 

and the charge Q of a muon coming from the streamer 

chamber and passing through the stttl of the downstream apparatus, we made a global fit 

to the measured data points at the streamer chamber vertex and the PWC's. The fitting 

•as performed using the Method of Maximum Likelihood. 

We calculated the probability density function describing the prob3bility of 

measuring the data points, call them { TM }, for a given set of of initial parameters 

{ l/QP 0.10 .~ 0 }. Since the multiple scattering introduces a correlation between the data 

points along the particle's trajectory, the probability density function gives the joint 

probability of measuring all the data points along the tracks at one time. The initial 

parameters are included by calculating an unscattered muon trajectory for the parameters 

{ l/QP 0 .10,~0}. These reference trajectories are calculated so that they include the effects 

of energy loss in the steel and magnetic bending in the toroid. In other words, the 

probability density function or interest here describes the probability or measuring a set of 

deviations from a calculated reference trajectory at the positions or each or the three 

PWC's. The points on the reference trajectory are indicated as { T' }. The initial 

parameters of the reference trajectory were varied to find the best fit to the measured 

c ham her hits. 

We used the coordinates or the fitted triplet centel'! as the measured values of the Y 

and Z coordinates at each chambers. In this coordinate system X lies along the beam axis 

and Z points up. The errors "were the errors derived from the triplet fits. Ser Chapter 

Six for further details on triplet fitting. 

The probability density function describing the projected displacement and the 
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change of angJe of a particle after traversing a scatterer of thirJrness t IS given by the 

following equation. 

1 1 [ 4 (' 
2 a,,1 ar2)] Ff..8 .u,t) = 2 J3- --., exp - - :.it-.-~+ -

fl Jr I 21* I 2 t 12 13 
8 8 

(3) 

The quantity ls2 is the mean squared scattering angle in a unit length of the scattering 

material. In order to complete the description of the scattering, we make the 

approximation that the scattering in the XY plane is independent of the scattering in the 

XZ plane. Therefore, a similar but independent expression can be written for Z. 

I.I The Probability Density Function 

The problem at band is one with six large scatteren and three cbamben that record 

the position of the particles at three points along the trajectory. Two of the scatterers 

are magnetized. The streamer cbam her interaction vertex gives a f ourtb measured point. 

Considering the large multiple scattering in the steel, it is reasonable to ascribe the vertex 

to the center of the streamer chamber. In order to describe the scattering properly, a 

probability density function is needed that will determine the joint probability or 

obsen·ing YB in the interval YB to Ys+dyB, is in the interval is to is+dzB, YO in the 

interval YO to Yo+dyo, io in the interval io to io+dio, YT2 in the interval YT2 to 

YT2+dYT2 and iT2 in the interval iT2 to iT2+diT2 when a particle or given charge, 

momentum and angle passes from the streamer chamber through the entire apparatus. 

Here we will assume that the muon originates at the center of the streamer chamber. For 

the moment, we will ignore the contribution to the measurement error from the finite 

resolution of the wire chambers. 

Consider the cue with one scatterer and one chamber (see Figure 8-1). Define Au:\ 

as the difference between the measured point at chamber A and the point on the 

reference trajectory at chamber A. In the small angle approximation, the path length in 

the scatterer is simply the thickness of the scatterer. The probability of deviating a 

distance "1r A from the reference trajectory is 
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Figure 8-1: On" scattPrer and one chamber 

ExtPnding this definition to dPscribe the E-630 hadron shield and toroid magnets, six 

large scattt'rers of iron and concrete must be induded. A diagram of the apparatus is 

shown in Figure 8-2. The reference trajectory { T 1 
} describes the path of the partide 

without multiple ecattering, howe\·er energy loss and magnPtic bending are included. 

Here we assumf' that the bend angles are small and the scattering can b" alwa:.-s described 

independently in XY and XZ planes. The total probability density CunC'tion is then 

f actorable: 

(5) 
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Figure 8-2: Schematir layout of the downstream hadron shield and toroids 

The probability density function describing the scattering in the XY plane o( a 

particle traversing the entire apparatus is given in equation 6. 

6(~1s - ~I;') 6(~1o - ~I~) 6(~1n - ~I~) 

6(~VB - ~,:- Ar.'zs) 6(~rD-Av;" - AfizD) 

6(~rn - ~r;'2 - A~zn)} 

(6) 



where 

and 

A m m f 
Iii -= Iii - Iii 

Al'!' = I'!' - I~ 
I I I 

Al:;'= O 

I~= (0.021 GeV)
2 

_l_ 
/ltpi (Xo)i 
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The quantity ~Yi is the denection of the particle in the ith scatterer, ~Yim is the total 

deflection or the particle from the reference trajectory at the end or the ith scatterer. 

The path or the particle in air is represented by a ~function connecting the position or 

the particle at the end of the scatterer to the position at the next shield element or next 

chamber. By integrating over all the possible displacements and angular denections at 

each scatterer, an expression is obtained for the probability density function describing 

the likelihood of observing the denections ~YB· ~YD and ~YT2 for a particle or 

momentum p. 
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The measurement error is induded with the addition of three Gaussians of the form 

givtn in tquat ion 7. 

P(~v~ I ~vs)= ~ czp [-! ('N -'8
)

2

] 
2w t18 2 tts 

Tht final probability density describing scattering in the XY plane is given by 8. 

1'..:lYsM,..:lyoM,..:lyoM) = I I I d{..:lya)d(..:lyo)d(..:lyT2) 

1'..:1YsMl..:1Ys)1' ..1yo Ml..:1Yo)1'..:1yT2 Ml..1Yo) 

1'..:lys,..:1Yo·..:1YT2) 

(7) 

(8) 

The likelihood of measuring YBM•YDM and YT2M comes from expre~1ng the above 

probability density function in terms or the reference trajectory, setting 

..:lyBM-== YBM - YBt• where Ya is they coordinate of the point on the reference trajectory 

at PWCB. 

The integrals can be easily calculated once all the terms in the exponentials are 

factored. The integrand can then be written in the following form. 

I = const•exp -[EA··X·X·+ EB·X· + C] iJ IJ I J j I I 

The integrals over the 6-functions are completed first. The 12 remaining integrals run 

from -oo to +oc and are Gaussian in nature. By factoring the exponential, the problem 

reduces to 12 independent Gaussian integrals. 
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1.2 Generating the Likelihood 

In order to write the polynomial in the exponential in the form 

~AijXiXj +~BiXi + C, 
I I 

we used the algebraic manipulation prognm MACSYMA.7 In order to solve the integrals, 

we completed the squares numerically of the polynomial, putting the polynomia.I in the 

form 

IlA··(X·+B· ')2+C' . II I I 
I 

which yields twelve independent Gaussian integrals that can be easily solved. 

The reference trajectories were calculated in a simulation program where the muons 

were generated at the center of the streamer chamber with charge Q and angles e.~ and 

initial momentum P. The particles were then propagated through the apparatus without 

scattering. For this simulation, the effects of energy loss in the steel and concrete were 

included. This was essential for accurate simulation in the toroidal magnets. For each of 

the six scattering elements, the average scattering angle per unit length Is was calculated. 

The simulation program calculates the energy loss and the bending in the magnet in 5 cm 

steps. See Appendix II for further details. 

By varying the initial parameters l/QP, e and ~. we search for a maximum of the 

l.k l'hood r d r M M M M M M 1 e 1 o a measure set o Ye , YD .YT2 ,"e ,r.D ,r.T2 · 

The results of the analysis are given in Chapter Six. The algorithm worked well for 

calculating the angles. There was, however, a bias in the momentum calculation caust'd 

by the momentum dependence of the width of the probability density function. A 

correction was made to the final estimate of the momentum to correct this bias. Figures 

7MACSYMA is an algbn.ic manipulation program written at the MIT Math Lab. 



124 

8-3, 8-4 and 8-5 give the graphs of the resolution of the detector for momentum, polar 

angle and azimuthal angle. The momentum resolution is shown u 6p/p, while the 

angular resolutions are presented a,, 61 and 6¢1. 
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Figure 8-3: Momentum resolution, /Jp/p, taken from Monte Carlo events 
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Figure 8-4: Polar angle resolution, 68 in radians, 
taken from Monte Carlo ev<.>nts 
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Appendix D. Monte Carlo Simulation 

The Monte Carlo simulation program was designed to study the trigger acceptance 

and the charm detection efficiency. The trigger efficiency measures the probability or 

triggering on a charmed particle that decays inside the streamer chamber into a muon. 

The detection efficiency measures the probability of detecting at least one charm 

candidate in the pictures with a muon that satisfies the muon trigger requirements. 

The simulation can be broken into three parts, the event generation, the muon 

trajectory and the streamer chamber track simulation. The first and the last parts are 

dest"ribed in some detail in Reference [112], but will be brieny reviewed here. The muon 

trajectory simulation will be discu~d in more detail. Figure 9-1 shows an outline of the 

Monte Carlo Program. 

D.l Event Generation 

The eYents are generated after first simulating the energy spectrum and spot siie or 

the neutron beam. Each beam particle interacu inside the fiducial volume of the 

chamber and the interaction produces a 015 pair. The production or each particle IS 

considered independently. The production spectrum of each is based on the mode-I 

The interaction produces D1r's in addition to the charm pair with 

<nch> - 2.12 + 0.179 lnSerr• where S,rr is the efrective energy in the center of ma~~ 

[112]. 

Each charmed partide is allowed to decay according to the ml"asUttd decay modes. 

The hadronic branching ratios are taken from Refe~nccs [5, GJ with the exception of the 

semi-leptonic branching ratio. The average semi-leptonic branching ratio is taken to be 
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Figure 7-1: An outlin~ or th~ Monte Carlo 
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8% [111] and the ratio 7(D+)/7(D0
) is set to 2-2.5 (04, 75). The individual values or the 

branching ratio into muom art set to 

Br(D0-p) = 5% 

Br(Ac +-µ) = 5% (116) 

The lifetimes are chosen in accordance with the latest world averages (94]. 

7(0+) = (8.2 + 1.1) x 10-13 sec 
-0.9 

7(0°) = (3.9 ± 0.4) x 10-13 sec 

f(Ac +) = (2 .2 + 0.7) x 10-13 sec 
- 0.4 

Events with at least one charmed particle decaying into a muon with lab momentum 

greater than 6 GeV /c within the chamber are accepted for tracking through the 

apparatus. 

The semi-leptonic decays or the charmed particles are split into two classes or three 

body decays. Fifty percent or the D's decay into Kpv and fifty percent into K'(890)µv. 

D.2 The Muon Trajectories 

If the event generates a charm decay muon with momentum greater than 6 Ge\' and 

between 30 and 200 mrad, the muon is propagated through the downstream apparatu~. 

The muon is swum through the shield in 5 centimeter segments. In each segment, the 

energy loss and multiple scattering of the muon are determined. In the toroid the 

bending of the muon is calculated in 5 centimeter steps a.s well. For each step, the energ)· 

loss is considered first, then the bending if appropriate, and then the multiple scattering. 
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The energy loss of the muon in the steel and concrete is calculated according to the 

following formula a,, outlined in references [5, 60]. 

I = binding energy of the electrons in the medium 

6 =density effect - 21n1 +constant 
for ultra relativistic charges 

C = shell corrections, for muons with speeds comparable to the 
electrons in the medium 

Pm~d = density of the medium 
.. 

The density effects and shell corrections are calculated ~ a function of 'I = fJ/ JI-ff. 

The momentum at the middle of each segment is estimated 

S cm ( P. ) dP 
pmiddl~ =Pi- - 2- ~ ds · 

.II 

where Pi refers to the momentum at the beginning of the segment. The new value or the 

intermediate momentum is used for calculating the magnetic bending and mult iplr 

scattering. 

The azimuthal magnetic field B is calculated u a function of the position x along the 

beam axis and the radim (•(y2+z2)112) of the muon at the beginning of the toroid 

eegment. The defiection of the particle in the field is calculated by rotating into a 

coordinate system where Yi· -=O and Zi · >O. The radius of curvature ' is described in 

terms of P mid given above. 

p mid cos>. 
p(cm)-= _

4 3.0xlO Bmid 
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z' 

x' 
L 

Figure 9-2: The bending of a particle in the steel toroid 

The deflections in position and angle after a distance L are 

[ ( 1 -
L 

2 
- 2p L sin,t'i)~] 

6z == -p cosv•i 1 -
(pcost/•i)2 

and 

sintl·r == sint/•i - L/ p 

The multiple scattering is modeled according to the probability density function of 

Rossi [100] ~described in Appendix I, Equation 1. For each length L (L-=Scm) the mean 

square scattering angle 1
1 

is calculated. 



dP 
p "d= p. - )., ·-

m1 1 'r' ds 

The quantity s is the total path length or the muon in the steel. 
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The scattering is simulated in a frame where P 
1

·-=P
1 
'~o. In this frame, the 

multiple scattering can be calculated for (y,I;) and (1.',1
1
') independently according to 

Equation 1 in Appendix I. 

The structure of the Monte Carlo is such that the multiple scattering, energy loss or 

magnetic field can be "turned orr for testing purposes. In the simulation program used 

to calculate the reference trajectories for the muon analysis (Appendix I), the multiple 

scattering is turned orr. 

Between steel sections, the particles drift in air where the effects of energy Joss and 

multiple scattering are neglected. Particles that pass into the hole are allowed to drift 

except if they pass through a cone veto counter or are inside the toroid hole. Muons 

exiting the outer edge of the steel drift to the next counter wall or PWC. 

At each counter wall, there is a check to usure that the muon passes through a 

trigger counter. Muons inside the 30 mrad bole or outside the wall area are rejected. A 

check is made to assure that the remaining muon events satisfy the entire trigger 

requirement as defined in Chapter Four. 

Ir any muon passes th.rough the active region or a PWC, the hit is recorded and a bit 

width is usigned for each plane according to a PoiS!IOn distribution. The mean of the 

Poisson distribution is the average width or bits obsened in the chamber. For each 

PWC, the mean cathode bit width is the average of the Z and U planes. A single clust~r 

width is then chosen for the two cathode planes in each PWC. The final bit width is the 
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cluster width adjusted to match the physical dimensions or the cathode strips. The 

information about the PWC hits is written into the same format a! the cham her data so 

that the events can be analyzed. A summary or the muon propagation is shown in Figure 

9-3. 

ll.3 The Streamer Chamber 

The measurement sim u)ation program is a sophisticated program that is able to 

reproduce the track widths and obscured regions or the streamer chamber pictures [112]. 

With this program, we were able to determine the efficiency for seeing a charmed particle 

in the pictures. In particular, were were able to simulate events to test the hypothesis 

that events with tracks that miss the primary vertex (S/DS > 3.0) are rich in charm. 
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Figure 9-3: Tlif' muon trajf'c.-tory Monti" Carlo for a muon of chargt> Q and 
momt>ntum P 
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EVENT 548 998 

Toroid Mode- -1 

Muon: 
Momentum 11.5 +3.14 GeV/c 

-2.06 

Muon: 
Charge +I 

Muon: 
Polar Angle I 0.053 ±0.012 radians 

Muon: 
Azimuthal Angle 4' -155.6 ±13.0 Degrees 

Muon: 
Upstream X 2 0.14 

Miss distance 0.128 ±0.036 mm 

Largest S/DS Track 
in Streamer Cham brr 

Total no. or 23 
Measured Tracks 

No. or Fragments 5 

No. or Fragme-nts 3 
Measured 

Secondary 
Interactions 
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EVENT 556 1944 

Toroid Mode +l 

Muon: 
Momentum 19.0 +8.49 GeV/c 

-4.67 

Muon: 
Charge +1 

Muon: 
Polar Angle I 0.107 ±0.007 radian.s 

Muon: 
Azimuthal Angle 4> 15.8 ± 4.5 Degrees 

Muon: 
Upstream X 2 0.37 

Miss Distance 0.128 ±0.036 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 14 
Measured Tracks 

No. or Fragments 5 

No. or Fragments 3 
Measured 

Secondary 0 
Interactions 

-------------------
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EVENT 570 334 

Toroid Mode +l 

Muon: 
Momentum 10.2 +3.09 GeV/c 

-4.67 

Muon: 
Charge +l 

Muon: 
Polar Angle I 0.084 ±0.017 radians 

Muon: 
Azimuthal Angle ~ -74.7 ± 6.7 Degrees 

Muon: 
Upstream X 2 2.66 

Miss Distance 0.337 ±0.071 mm 
Largest S/DS Track 
in Streamer Chamber 

Total no. or 3 
Measured Tracks 

No. or Fragments 0 

No. or Fragments 0 
Measured 

Secondary 0 
Interactions 



Toroid Mode 

Muon: 
Momentum 

Muon: 
Charge 

Muon: 
Polar Angle I 

Muon: 
Azimuthal Angle ~ 

Muon: 
Upstream X 2 

Miss Distance 
Largest S/DS Track 
in Stl'l'amer Cham her 

Total no. of 
~iea.sured Tracks 

No. of Fragments 

No. of Fragments 
Measured 

Secondary 
Interactions 

EVENT 57 4 1571 

-1 

21.1 

+l 

0.039 

169.4 

2.46 

0.2i0 

8 

s 

0 

0 

+22.59 
-7.52 

±0.006 

±12.4 

±0.053 

The primary interaction is upstream of the visible chamber volume. 
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Gt-V /c 

radians 

mm 
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EVENT 578 583 

Toroid Mode +l 

Muon: 
Momentum 7.7 +1.43 GeV/c 

-1.07 

Muon: 
Chargt' +l 

Muon: 
Polar Angil' I 0.070 ±0.002 radiall!! 

Muon: 
Azimuthal Angle q, 65.3 ± 8.4 Degrees 

Muon: 
Upstream X 2 1.42 

Miss Distance 0.401 ±0.074 mm 
Largest S/DS Track 
in Streamer Chamber 

Total no. of 8 
Measured Tracks 

No. of Fragments 5 

No. of Fragments 0 
Ml'asured 

Secondary 0 
Interactions 
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EVENT 578 1050 

Toroid Mode +l 

Muon: 
Momentum 7.8 +1.25 GeV/c 

-0.05 

Muon: 
Charge -1 

Muon: 
Polar Angle I 0.031 ±0.006 radians 

Muon: 
Azimuthal Angle ~ 133.7 ±10.0 Degrees 

Muon: 
Upstream X 2 0.16 

Miss Distance 0.153 ±0.045 mm 
Largest S/DS Track 
in Streamer Cham her 

Total DO. or 
Me~ured Tracks 

No. of Fragments 2 

No. of Fragments 0 
Me~ured 

Secondary 0 
Interactions 
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EVENT 578 2138 

Toroid Mode +l 

Muon: 
Momentum 16.6 +7.44 GeV/c 

-2.06 

Muon: 
Charge -1 

Muon: 
Polar Angle I 0.070 :t0.006 radian!! 

Muon: 
Azimuthal Angle ~ -67.3 ± 5.4 Degrees 

Muon: 
Upstream X 2 1.57 

Miss Distance 0.064 :t0.018 mm 
Largest S/DS Track 
in Streamer Chamber 

Total no. or IO 
Measured Tracks 

No. or Fragment!! 2 

No. or Fragment!! 0 
Measured 

Secondary 0 
Interactions 
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EVENT 581 SOO 

Toroid Mode +l 

Muon: 
Momentum 8.4 +1.13 GeV/c 

-0.00 

Muon: 
Charge +l 

Muon: 
Polar Angle I 0.114 ±0.011 radiaD! 

Muon: 
Azimuthal Angle ~ -20.3 ± s.s Degrees 

Muon: 
Upstream X 2 0.01 

Miss Distance 0.049 ±0.016 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 0 
~ieasured Tracks 

No. or Fragments 1 

No. or Fragments 1 
Measured 

Secondary 0 
Interactions 
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EVENT 590 423 

Toroid Mode +1 

Muon: 
Momentum 12.8 +3.95 GeV/c 

-2.54 

Muon: 
Charge +1 

Muon: 
Polar Angle I 0.061 ±0.009 radians 

Muon: 
Azimuthal Anglt t/> -148.3 ± 6.8 Dtgrees 

Muon: 
Upstrtam X 2 0.01 

Miss Distanct 0.085 ±0.028 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 11 
Measured Tracks 

No. of Fragments 4 

No. of Fragments 4 
Measured 

Secondary 0 
Interactions 



Toroid Mode 

Muon: 
Momentum 

Muon: 
Charge 

Muon: 
Polar Angle I 

Muon: 
Azimuthal Angle <I> 

Muon: ,, 
Upstream x· 

Miss Distance 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 
Measured Traclcs 

No. or Fragments 

No. or Fragments 
Measured 

Secondary 
Interactions 

EVENT 590 2067 

+l 

11.5 

+l 

0.063 

148.7 

0.14 

0.273 

8 

1 

1 

0 

+3.33 
-2.19 

±0.008 

± 6.8 

±0.047 

The primary interaction is upstream of the visible chamber volume. 
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GeV/c 

radians 
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EVENT 599 594 

Toroid Mode -1 

Muon: 
Momentum 9.7 +2.52 GeV/c 

-1.73 

Muon: 
Charge -1 

Muon: 
Polar Angle 8 0.056 ±0.001 radians 

Muon: 
Azimuthal Angle ~ -26.4 ± 8.9 Degrees 

Muon: 
v pstream x:? 0.33 

Miss Distan<'e 0.143 ±0.040 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 9 
Measured Tracks 

No. of Fragments 5 

No. of Fragments 0 
Measured 

Secondary 0 
Interac'tions 
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EVENT 600 1296 

Toroid Mode -1 

Muon: 
Momentum 11.8 +3.11 GeV/c 

-2.07 

Muon: 
Charge +1 

Muon: 
Polar Angle I 0.073 ±0.012 radians 

Muon: 
Azimuthal Angle ef> 51.0 ± 8.8 Degrees 

Muon: 
Upstream X 2 0.09 

Miss Distance 0.717 ±0.045 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 10 
Measured Tracks 

No. of Fragments 2 

No. of Fragments 2 
Measured 

Secondary 0 
Interactions 
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EVENT 608 638 

Toroid Mode +l 

Muon: 
Momentum 8.5 +1.25 GeV /c 

-o.~n 

Muon: 
Charge -1 

Muon: 
Polar Angle I 0.047 ±0.011 radians 

Muon: 
Ar.imuthal Angle ~ 01.4 ±10.1 Degrees 

Muon: 
Upstream X 2 0.01 

Miss Distance 0.311 ±0.090 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 13 
Measured Tracks 

No. or Fragments 0 

No. of Fragments 0 
Measured 

Secondary 0 
Interactions 
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EVENT 611 1562 

Toroid Mode -1 

Muon: 
Momentum 12.6 +3.68 Ge\' /c 

-2.38 

Muon: 
Charge -1 

Muon: 
Polar Angle I 0.094 ±0.011 radians 

Muon: 
Azimuthal Angle ¢> 104.7 ± 5.0 Degrees 

Muon: 
Upstream X 2 1.41 

Miss Distance 0.111 ±0.036 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 9 
Mea.sured Tracks 

No. or Fragments 3 

No. or Fragments 1 
Measured 

Secondary 0 
Interactions 



Toroid Modt-

Muon: 
Momentum 

Muon: 
Charge 

Muon: 
Polar Angle I 

Muon: 
Azimuthal Anglt- ~ 

Muon: 
Upstream X 2 

Miss Distance 
Largest S/DS Track 
in Streamt-r Chamber 

Total no. of 
Measured Tracks 

No. of Fragments 

No. of Fragments 
Measured 

Secondary 
Interactions 

+1 

11.3 

+l 

0.067 

32.6 

0.06 

0.123 

9 

2 

0 

0 

EVENT 616 7 

+3.08 
-2.06 

±0.010 

±8.6 

±0.028 

The primary interaction is upstream of the visible chamber volume. 
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Degrees 
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EVENT 620 1439 

Toroid Modt' -1 

Muon: 
Momt'ntum 24.7 +22.24 Gt'V /r 

-8.45 

Muon: 
Chargt' -1 

Muon: 
Polar Angle I 0.068 ±0.006 radians 

Muon: 
Aiimuthal Anglt' 4> -154.3 ± 5.2 Dt'grees 

Muon: 
Upstream X2 5.00 

Miss Distance 0.153 ±0.042 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 8 
Measured Tracks 

No. or Fragments 1 

No. or Fragments 1 
Measured 

Secondary 1 
Interactions 
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EVENT 630 1723 

Toroid Mode +1 

Muon: 
Momentum 8.1 +0.02 GeV/c 

-0.02 

Muon: 
Chargt> +1 

Muon: 
Polar Angle I 0.150 ±0.0001 radians 

Muon: 
Aiim uthal Anglt> ~ 105.7 ± 4.8 Degrees 

Muon: 
u pstrt>am X 2 2.79 

Miss Distance 0.112 ±0.033 mm 
Largest S/DS Trade 
in Streamt>r Chamber 

Total no. of 9 
Measured Tracks 

No. of Fragments 8 

No. of Fragments 6 
Measured 

Secondary 0 
Interactions 



Toroid Mode 

Muon: 
Momentum 

Muon: 
Charge 

Muon: 
Polar Angle I 

Muon: 
Azimuthal Angle ¢> 

Muon: 
Upstream X 2 

Miss Distance 
Largest S/DS Track 
in Streamer Cham her 

Total no. or 
Measured Tracks 

No. or Fragments 

No. or Fragments 
Measured 

Secondary 
Interactions 

+1 

7.3 

+1 

0.127 

56.6 

0.14 

0.396 

8 

0 

0 

0 

EVENT 631 581 

+0.45 
-0.40 

±0.013 

± 5.7 

±0.061 

The primary interaction is upstream or the visible chamber volume. 

J 54 

GeV/c 

radians 

Degrees 

mm 
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EVENT 631 1934 

Toroid Modf' +l 

Muon: 
Momentum 7.6 +0.77 GeV/c 

-0.65 

Muon: 
Chargf' +l 

Muon: 
Polar Anglf' I 0.11 l ±0.013 radians 

Muon: 
Azimuthal Angle ~ -08.1 ± 6.2 Degrees 

Muon: 
Upstream X 2 0.23 

Miss Distancf' 0.210 ±0.057 mm 
Largest S/DS Track 
in Streamer Chamber 

Total no. or 16 
Measured Tracks 

No. or Fragments 5 

No. or Fragments 2 
Measured 

Secondary 0 
Interactions 
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EVENT 631 2206 

Toroid Modt' +l 

Muon: 
Momentum 13.l +1.52 GeV/c 

-1.26 

Muon: 
Charge +l 

Muon: 
Polar Angle I 0.043 :::1:0.001 radians 

Muon: 
Azimuthal Angle~ -17.2 :I: 8.2 Degrees 

Muon: 
Upstream X 2 0.87 

Mis!' Distance 0.141 :::1:0.039 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 12 
Measured Tracks 

No. of Fragments 4 

No. of Fragments 3 
Measured 

Secondary 0 
Interactions 



l 5i 

EVENT 635 218 

Toroid Modt" -1 

Muon: 
Momentum 10.3 +2.56 GeV/c 

-1.73 

Muon: 
Charge +l 

Muon: 
Polar Angle I 0.048 ±0.010 radiaW! 

Muon: 
Azimuthal Angle~ 84.6 ± 9.4 Degrees 

Muon: 
Upstream X 2 0.29 

Miss Distance 0.091 ±0.028 mm 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 8 
Measured Tracks 

No. of Fragments 2 

No. of Fragments 1 
Measured 

Secondary 0 
Interactions 



Toroid Mode 

Muon: 
Momentum 

Muon: 
Charge 

Muon: 
Polar Angle I 

Muon: 
Aiimuthal Angle IP 

Muon: 
Upstream X 2 

Miss Distance 
Largest S/DS Track 
in Streamer Cham her 

Total no. of 
Mea.sured Tracks 

No. of Fragments 

No. of Fragments 
Mea.sured 

Secondary 
lnteractioll!I 

EVENT 635 1856 

-1 

14.0 

+1 

0.055 

-157.5 

0.35 

0.322 

7 

0 

0 

0 

+3.53 
-8.40 

:t0.011 

±12.3 

±0.074 

The primary interaction is upstream of the visible chamber volume. 

158 

GeV/c 

radiall!I 

Degrees 

mm 
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EVENT 664 2171 

Toroid Mode -1 

Muon: 
Momentum 8.8 +2.85 GeV/c 

-1.77 

Muon: 
Charge -1 

Muon: 
Polar Angle I 0.135 ±0.011 radians 

Muon: 
Azimuthal Angle ¢> 55.0 ± 4.6 Degrees 

Muon: 
Upstream X 2 3.67 

Miss Distance 0.088 ;±0.028 mm 
Largest S/DS Track 
in Streamer Chamber 

Total no. or 
Measured Tracb 

No. or Fragments 1 

No. or Fragments 0 
Measured 

Secondary 0 
Interactions 
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