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Abstract 

Bose-Einstein (B-E) correlations between like-sign pion pairs produced 

in deep-inelastic muon-nucleon scattering at 490 Ge V are used to 

measure the pion source distribution. Measuring the enhancement as a 

function of M2=(p
1
-p

2
)2 ( 4-vect.ors) gave a source size of R=l .42 +/- 0.13 

fm. Measuring this enhancement as a function of I ~P Tl 2 gave a 

transverse source size of Rr = 1.50 +/- 0.50 fm, while the enhancement 

as a function of I ~P 
1
1 gave a longitudinal source size of R

1 
= 2.90 +/-

1.23 fm. To check the validity of such a large longitudinal source size in 

the data, a thorough investigation of background and other possible 

sources of small I ~P 11 pairs was made. 
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1.0 Introduction. 

In experimental particle physics, the fundamental forces and 

processes of nature are studied by looking at the properties of particles 

produced by the scattering of small bits of matter (leptons, hadrons, 

and nuclei) off each other. Models incorporating known and proposed 

physical processes are used to describe the features of the distribution 

of some property of the produced particles. These models, and our 

understanding of the physical processes involved, are corrected and 

refmed by comparing their predicted distributions to those observed in 

the data. This procedure is often described as analogous to determining 

how a watch works by looking at the gears, springs, and other 

fragments produced in the collision of two watches. 

Great success has been achieved in the development of what is now 

called the Standard Model1. This model is an outgrowth of a long line 

of experiments. Many of these experiments involved the scattering of 

leptons (electrons, and more recently, muons and neutrinos) off of 

nuclear targets. By measuring the incoming and outgoing lepton's 

direction and momentum, these experiments provide an excellent probe 

for measuring the electromagnetic structure of matter. 

In 1968, physicists from MIT and SLAC directed a high energy 

beam of electron onto a hydrogen target and found that the scattering 

of the electrons off protons exhibited a substructure to the proton2 . 

That is, the proton appeared to contain point-like, fractionally charged 

particles, now called quarks. In 1979, again at SLAC, physicists first 

looked at the jet of particles produced, or the hadronic fmal state, in 
these deep-inelastic scatterings to try to understand how these quark 

constituents reveal their nature in the hadronic particles produced3. In 

1983, physicists at CERN (the EMC group), working with a high energy 

muon beam and comparing the hadronic final states from deep-inelastic 

scattering of muons off ofneucleons in deuterium and in heavier atoms 
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such as iron found that the behavior of quarks appeared t.o be different 

when surrounded by other nucleons in a heavy nucleus than that 

exhibited by quarks in nuclei composed of only a few nucleons4. 

These experiments, along with the many others not mentioned, 

have contributed greatly to the understanding of how the basic 

constituents of matter interact. The experiment described here, 

Experiment 665 at Fermilab, is a natural outgrowth of these past 

investigations and a step forward by carrying these investigations t.o 

still higher energies and more statistics. 

1.1 Summary of the Standard Model. 

In the Standard Model, the fundamental particles of matter 

constitute three generations oflept.on and quark 'isospin' doublets: 

Lept.ons: 

Quarks: 

( vee) 

Cud ) 

c:) 
(: ) 

c:) 
(~) 

Charge 

0 

-1 

+213 

-1/J 

All interactions between these particles are described by three forces: 

the electro-weak force, mediated by the phot.on and the massive vect.or 

bosons w+, W, and zO; the strong (color) force, mediated by gluons 

(carriers of color charge); and the gravitational force. The interactions 

between these fundamental particles and the mediators of the 

electro-weak and strong forces can be represented schematicly by 

Feynman diagrams as in figure 1-1 which shows some of the various 

interactions between two initial state electrons scattering int.o two final 

state electrons. Quantum field theory is used to calculated the 

amplitudes of the events represented by these diagrams. The coupling 

-

-

-
-

-
-
-

.J 

of the fundamental particles t.o the mediat.ors of the force is shown by -

vertices in these diagrams, with the amplitude of the event proportional 
... 
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Figure 1-1: Feynman diagrams showing some possible interactions in electron-electron 

scattering (shown in increasing power of the electron-photon coupling strength). 

to the product of the strengths of the couplings in the diagram. For 

example, if la is the strength of the coupling between electrons and 

photons, then the amplitude of the event in figure 1-1 a, with two such 

vertices, is proportional to a. The probability for observing e-+ e­

scattering into e-+ e- is then given by the square of the sum of all such 

amplitudes. 
In quantum electrodynamics, or QED, which describes the 

interactions of the electro-weak force with the fundamental particles, 

the coupling is less than one. This allows perturbation techniques to be 

used in the calculation. In figure 1-1, the diagrams are ordered by the 

power of the coupling involved. Those diagrams with more vertices, 

whose amplitude is therefore proportional to a higher power of the 

coupling, contribute less to the scattering than the diagrams with fewer 

vertices. Calculations can then be limited to considering a finite 

number of Feynman diagrams. These QED calculations are in 

agreement with experimental results. 
In the Standard Model, mesons and baryons are made up of 
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quark-antiquark and tri-quark combinations respectively. The entire 

zoo of meson and baryon particles can be simply described in terms of 

combinations of these fundamental particles. Each quark carries one of 

three color charges (with antiquarka carrying an anti-color charge) and 

all observable quark-antiquark and tri-quark combinations are color 

neutral, that is, the color charges cancel. The requirement of all 

observable quark states being color neutral leads to quark confinement: 

single quarks have not been observed. The stong force couples quarks 

via this color charge, with the eight gluons, the mediators of the strong 

force which also carry color charge. Unlike the electro-weak force, the 

strength of the coupling of quarks to gluons is comparable with one. 

This means that unlike QED, the field theory for quark-gluon 

interactions, quantum chromodynamics or QCD, does not lend itself as 

easily to perturbative techniques. Physicists are then left with the 

daunting task of calculating an infinite set of Feynman diagrams to 

determine quark-gluon interactions. This has lead to the development 

of other methods, such as Lattice QCD, which have been used to 

calculate such things as the masses of mesons and baryons, but have 

met with only limited sucess and that at the expense of great effort5. 

Some parts of this picture are still missing. The t quark has yet to 

be found experimentally and the electro-weak model requires a particle, 

the Higgs boson, that breaks the symmetry in the gauge boson field into 

the observed "Y and w+ W z0 aspects (though there are some theories 

which do not require a Higgs boson, but employ other mechanism 6). It 

is hoped that experiments at higher energies (Fermilab CDF detector, 
CERN LEP or LHC, and the SSC) will yield these elusive particles. 

None of the model developed provide a clear picture of quark-gluon 

interactions. As an example, the calculation of the light hadron masses 

is extremely difficult, and the fragmentation of excited hadrons into 
particle showers has yet to be understood from a theoretical viewpoint. 

Much current interest in high energy physics is concentrated on 

studying these interactions of quarks and gluons. For example in 
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deep-inelastic scattering of leptons on hadrons, as shown in figure 1-2, 

the scattering of the lepton off the quark is calculable using (\?ED. The 

struck quark, then separates from its partners, and through the process 

of hadronization , converts into a shower of mesons and baryons. Th.is 

hadronization is the result of quark confinement. In a naive picture of 

this process, as the quark-diquark separate, a color field, or string, 

extends between them. As the string stretches, its energy ilncreases 

until sufficient energy is contained in the string to create 

quark-antiquark pairs from the vacuum, breaking the color string into 

hadron-like segements as illustrated in figure 1-3. By studying the 

particles produced, physicists hope to gain understanding of the 

underlying quark-gluon interactions that give rise to these particles. 

This understanding may lead to the development of techniiques for 

carrying out calculations in QCD. Indeed, several models have been 

developed to describe qualitatively the fragmentation procesa7 (Lund, 

Feynman-Field, Webber, Osborne, etc.). These models all use 

essentially a cascade process. In this process, the probability of 

producing a meson with momentum fraction z is parameterized by a 

function, f(z). In this picture, the probability density, JD(z), for 

producing the meson satisfies: 
1 

D(z) = f(z) + J f(l -z')D(z/z')dz'/z' (Eq. 1-1) 
z 

Where the meson of momentum fraction z is either produced first, the 

first term in Eq.1-1, or after the production of other mesons, the second 

term. The parameterization of f(z) and the prescription for the 

fragmentation process can be 'tuned' to reproduce the observed spectra 
of particles. Unfortunately, these models provide little insight into the 
physics of the fragmentation process. It is important to d1:!velop a 

'probe' to look at the actual fragmentation and not at the end result. 

This thesis describes the use of such a probe to look at the source 

distribution for pion production in the fragmentation process. The 

probe makes use of the Bose-Einstein (B-E) correlations between 
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µ. p,E 
P-'E' µ. ' 

Nucleon O,M 'Y q,~ 

hadrons 

Figure 1-2: Feynman diagram for deep inelastic scattering of a muon off a quark inside a 

proton. 

1: 

q,q 

struck quark separates 

from target remnant. 

3: 

q,q 

q,q 

2: 

q q 

/ as string stretches , 

qq pairs are created. 

Strings continue to stretch, creating 

more qq pairs, until finally the end 

result is seen as a shower of hadrons. 

-

-
-

-

Figure 1-3: Naive picture ofhadronization via string fragmentation. As the quarks separate, -

the energy of the string increases, 1, until there is enough energy to create quark-antiquark 

pairs, 2, breaking the string into segment;.,. This process continues until there in insufficient 

energy left to create more quark-antiquark pairs, the string fragment;., forming hadrons, 3. 
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identical particles. These correlations give rise to an enhancement of 

identical particles produced at small momentum differences. This 

enhancement can then be use to study the size of the region producing 

these particles and to explore the dynamics of hadronization. Chapter 

1 gives the historical development of the study of like-sign pion 

momentum correlations. The general theory is duveloped and results 

of past experiments are presented. Chapter 2 describes the apparatus 

used in this experiment. The hardware elements and event 

reconstruction software are detailed. Chapter 3 contains the analysis of 

the momentum correlations of like-sign pions. Conclusions from this 

analysis are also presented in Chapter 3. 

1.2 Kinematic Variables. 

In the scattering of leptons off nuclei, it is convenient to define 

several variable associated with the kinematics. The Feynman 

diagram for the scattering of muons off nucleons is shown in figure 1-2. 

In this diagram, the incoming and outgoing muons have momentum 

4-vectors k=(p,E) and k'=(p',E') respectively, in the lab frame. The 

nucleon has a momentum 4-vector of P=(O ,M) (at rest in the lab frame). 

The 4-momentum transferred to the quark is then given by: 

q = k - k' = (p -p', E-E') = (q, q0) (Eq. 1.2) 

Using these variables, several invariant kinematic quantities can be 

defined: 

Energy loss of the muon, v: 

v = (q·P)/M {= E - E' = q
0 

in the lab frame} 

Square of the 4-momentum transferred,Q2: 

Q2 = -q2 {= 2(EE' - p·p')- 2m 2 in the lab frame} 
µ. 

-11-
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Fraction of the energy lost by the muon, YBJ: 

YBJ = (q·P)/(k·P) (= v!E in the lab frame} (Eq.1.5) 

Invariant mass squared of the system recoiling against the muon, W2
: 

W2 = (P + qf (= M2 + 2Mv-cf in the lab frame} (Eq.1.6) 

It is also convenient t.o define the dimensionless variable ~: 

~ = Q21(2P-q) (= Q21(2Mv) in the lab frame} (Eq. 1.7) 

XBJ is the fraction of the nucleon momentum carried by the struck 

quark. 

In the center of mass frame of the photon-hadron system (CM 

frame), it is convenient to define the direction of the momentum 

transfer, q, as the longitudinal or collision axis. The momentum 

vectors of the hadrons produced can then be decomposed, in this frame, 

into components along the collision axis, p 
1
, and transverse to the 

collision axis, p T' A good measure of the fraction of the t.otal hadronic 

energy carried by a hadron produced in the scatter is give by xF which 

is defined as I p ( /(1 p ( max) and is given, t.o good approximation, by: 

"F = 21 p ( /W in the CM frame (Eq.1.8) 

1.3 The Correlation Function. 

Bose-Einstein (B-E) correlation arise from the necessity of 

symmetrizing the wave function for identical particles. For the event in 

figure 1-4, that of observing a pion with 4-momentum p
1 

at r
1 

and a 

pion with 4-momentum p 2 at r 
2

, the amplitude, using plane waves for 

the pions, can be written as: 

(Eq.1-9) 
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~ .. · .... . . . . . . . . . . . 

P2 

Figure 1-4: Pions emitted from 'thermal' source. 

However, if the pions have the same charge, and hence are identical 

particles, this amplitude must be symmetrized on interchange of 1 and 

2, or equivalently, on interchange of the sources, r A and r B' of the 

pions. Incorporating this requirement int.o Eq. 1-9 gives: 

1\2 = ~ {exp[ip1·(r1 - r A)+ 4>2·(r2 - rB)] + (Eq. 1-10) 

exp[ipl ·(r 1 - r B) + ip2·(r 2 - r A)]} 

It is easily seen that for p
1 
= p

2
, Eq. 1-10 gives twice that of Eq. 1-9. 

The probability of the event over and above that for dissimilar particles 

is then given by the square of this amplitude integrated over the pion 

source distribution: 

p12 = J J d°'r A d°'r B11\21 
2
p(r A)p(rB) = 1 + p(qf = C(q) 

q =pl -p2 
(Eq.1-11) 

where p(r) relates the source points r A and r B t.o the source size, and 

P'(q) is the Fourier transform of this distribution. C(q) is the 

correlation function. The source point distribution, p(r ), is normalized 

so that C(q=O) = 2, that is Jd4rp(r) = 1. In principle the source 

distribution can then be determined by measuring this correlation 

function experimentally and inverting the transformation. 

These correlations between identical Bose particles have been used 
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.~ 

~ -- . a 
I 
i 

..._,, 
0 

~ i:: ..._,, 

+1.0 -0.5 Cosine a -0.5 -1.0 

Figure 1-5: Plots of the distribution of pion pairs as a function of opening angle for both 

like-sign pairs (square points) and unlike-sign pairs (circle points). Data taken from 

Reference 11. 

to extract the size of stellar sources. R. Hanbury-Brown and R. Q. 

Twiss, working with others, first developed the technique of relating 

identical particle correlations to source distributions in the early 

1950's8•9. Hanbury-Brown and Twiss were able to determine the 

-

.... 

-
.... 

-

angular size of stellar sources by measuring intensity correlations in -

phot.ons from those sources10. 

Bose-Einstein (B-E) correlations between like-sign pions were first 

studied by G. Goldhaber, S. Goldhaber, W. Lee, and A. Pais (GGLP) in 

195g11
. GGLP looked at N• events in data from 1.05 GeV/c antiprot.ons -

onto a bubble chamber target. In their analysis, they plotted the 

distribution of pion pairs as a function of the cosine of the angle 

between the pions (for both like-sign and unlike-sign pairs ) in the 

center of mass of the p - p system. These distributions are shown in 

figure 1-5. Note that for small opening angles, the like-sign 

distribution is enhanced relative t.o the unlike-sign distribution. GGLP 

found that they could account for this enhancement by treating the 

-14-
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like-sign pions as identical Bose particles and appropriately 

symmetrizing the like-sign pion pair wave function on interchange of 

the pions. 

1.4 Determining the Correlation Function. 

The enhancement of like-sign pion pairs as a function of q is given 

by Eq. 1-11 multipled by factors coming from phase space and 

production dynamics. The measured. like-sign pion distribution, then, 

does not directly give the correlation function. In early experiments, 

such as that analyzed by GGLpl.1 , these phase space and production 

dynamics factors could be estimated by several statistical models, 

allowing the enhancement to be extracted from the like-sign pion 

distribution. At higher energies, it is increasingly difficult to estimate 

the phase space and dynamical factors due to the lack of an exact 

theory of hadronization. Instead, the correlation function is extracted 

from the like-sign pion distribution by dividing this distribution by a 

'background' distribution that contains similar phase space and 

production dynamics factors, but not Bose-Einstein correlations: 

C(q) = A(q)/B(q) (Eq. 1-12) 

where A(q) is the like-sign pion distribution, and B(q) is the 

background distribution. The distributions, A(q) and B(q), are 

normalized to the total number of pion pairs so that at large q, C(q) -

1. 
Usually, the background distribution is formed from unlike-sign 

pion pairs as these pairs contain similar properties to those found in 

the like-sign pairs except the B-E enhancement12. The unlike-sign pair 

distribution also contains pion pairs from resonance decays (p, K, etc.). 

These resonance decays give rise to correlations in the unlike-sign pion 

distributions, which are not in the like-sign distribution. The ratio of 
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the like sign distribution to the unlike-sign distribution will then be 

reduced by these correlations between the unlike-sign pairs, which can 

obscure or confuse the B-E enhancement in the like-sign distribution. -

In an effort to minimize these resonance decay effects, the unlike-sign 

pion background distribution is sometimes constructed using pions 

taken from different events, by mixing p;, between the pions in an 

event, or by rotating the P;, vector around the collision axis13. By taking 

pions from different events, the pairs should have smaller correlations 

from resonance decays, however, in order to avoid violating momentum 

and energy conservation too severely, forming distributions 

representing unrealistic kinematics, the pions must be taken from 

similar events (such as events with similar W2
). Though this method 

may, to first order, give a measure of the background, subtle effects not 

covered by models may distort this background. In addition, these 

events may have similar structure and mixing tracks between the 

events may not fully remove the effects from resonances12
•
13

. Likewise, 

mixing or rotating il;.of the pions within an event doesn't completely 

remove momentum correlation effects from resonance decays which 

enter as well into p
1 

and E. 

A second method is to use like-sign pion pairs where the pions are 

taken from different events, and hopefully have no B-E correlations. 

This method avoids the resonance decay problems of the unlike-sign 

pair background13. Unfortunately, since the pions are again taken from 

similar events to avoid violating momentum and energy conservation 
too severely, the validity of this method is questionable, like that of the 

unlike-sign background method above. Also, since the event structure 

may be similar, mixing tracks may not fully remove the B-E correlation 

and the B-E effect in the like-sign distribution will then be reduced by 

the residual B-E effect in the background distribution. 

It is also possible to construct the background distribution out of 

like-sign pion pairs from the same event whose momentum difference 

-16-
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puts them outside the B-E enhancement region. This procedure also 

avoids the resonance decay problems of the unlike-sign distribution. In 

this method, cuts on the transverse and longitudinal momentum 

difference are used to separate the like-sign pion pairs into a B-E 

enhanced sample (containing pairs of small momentum difference) and 

an unenhanced sample (pairs with large momentum difference). Since 

the momentum difference range over which pion pairs show some B-E 

enhancement depends on the source size, care must be used in 

determining the cuts used to separate the pairs to ensure no B-E 

contamination of the background. 

1.5 Models for the Source Distribution. 

With infinite statistics, the measured correlation function could be 

Fourier transformed in to r space to yield directly the source 

distribution. However, full separation of the momentum and energy 

dependence (and likewise space and time) is not possible since these 

two are interrelated. Therefore, the space and time distribution of the 

source cannot be uniquely determined and the interpretation of the 

transformation must be tempered by this ambiguity. In current 

experiments, the high levels of statistics needed to directly transform 

the correlation function have not been obtained. Instead, a model for 

the source distribution is assumed to obtain Eq. 1-11. Free parameters 

in this model, such as the radius, can then be determined by fitting to 

the data. 

Much work has gone into these model parameterizations14•15•16•17. 

To allow for different time and space dependence, Eq. 1-11 is usually 

written as (using 3-veclors in momentum): 

(Eq. 1-13) 

Where F
1 

(.::ip) and F 2(.::iE) are, respectively, the Fourier transforms of 

the spatial and time dependence of the source distribution. The time 
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dependence is either taken as an exponential decay function (the usual 

methodf4.I.5.is, yielding: 

F2(~) = [1 + (~rfr1 (Eq.1-14) 

or as a Gaussian distribution13 which yields: 

F2(~) = exp[-(~rf] (Eq. 1-15) 

Note that the time constant, r, will have a different value in these two 

parameterizations. In general, since energy dependence cannot be fully 

separated in the data, the time dependence is ignored with the 

stipulation that an ambiguity exists in the interpretation13
. 

The first models used assumed spherical sources of pions14•15. 

Actually, to simplify the calculations involved, Gaussian distributions 

were used with p(r) typically given by: 

p(r)=exp[-(rf /2u J (Eq.1-16) 

where the width of the Gaussian, CT.is, was usually defined as 

proportional to the radius of the source. distribution. One should be 

aware that the actual source shape may not have such a simple 

description. Current statistics, however, do not provide enough detail 

to differentiate any shape difference from a Gaussian. The constant 

that relates the source radius to the Gaussian width is not determined, 

and in the absence of any motivating factors, such as comparison to 

some particular model, is usually taken as 1. GGLP, who used a 
Gaussian source distribution in their calculations11 , showed that this 

gives essentially the same result as that obtained by assuming a 

spherical source with r=2.15 uis. Taking the Fourier transform of Eq. 

1-16 and plugging into Eq.1-13 (ignoring the time dependence) gives: 

C(Ap) = 1 + exp[-(Apfu2] (Eq. 1-17) 

Fitting this function to the like-sign pion pair distribution as a function 

of Ap yields the radius with the caveat of the ambiguity introduced by 
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ignoring the energy (time) dependence. 

Note that since 3-vectors are not Lorentz invarient, Eqs. 1-13 and 

l-17 are not Lorentz invarient and any result in terms of source size 

depends on the frame used to calculate the momentum differences. The 

convention is to do the analysis in the center of mass frame of the 

excited hadron. To avoid ambiguities this frame dependence may 

cause, a Lorentz invarient form ofEq. 1-16 is used in Eq.1-1712•13: 

(Eq. 1-18) 

Where NI2=-(p1 -p2)
2 (4-vectors). Since M2=-(~-~2 (3-vectors) only 

when E1 -E
2
=0, R is interpreted as the rms of the source size in the 

center of mass of the excited hadron system, assuming the source has 

infinitely small life time, or as the rms of the source size as seen in the 

pion pair center of mass system where E
1
-E

2 
in necessarily zero13. An 

example of the use of this variable is shown in figure 1-6a which shows 

the ratio of like-sign pion pairs to unlike-sign pairs as a function of M2 

from reference 17. The enhancement at low M2 is clearly visible as are 

the dips caused by the K 0 and po resonances in the background 

distribution. It should also be pointed out that for high momentum 

pions, p
1 

=::.: E, where p
1 

is the pion momentum parallel to the collision 

axis defined by the direction of the exchanged photon. M2 can then be 

written as: 

(Eq. 1-19) 

and hence, the M2 distribution is dominated by the transverse spatial 

dimension, and any ..:1E dependence does not contribute much to the 

distribution1 7
. Figures 1-6a and 1-6b show the like-sign pair to 

unlike-sign pair ratios as a function ofM2 and (..:1pTf respectively. The 

similarity of these plots shows to what extent Eq. 1-19 is valid. From 

here on, any question of the dependence on energy is iqnored. 

Since the spatial production region need not be spherical, an 
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Figure 1-6: a)M2 distribution for like-sign pion pairs divided by the distribution for 

unlike-sign pion pairs. b) (~pT)2 distribution for like-sign pairs to unlike-sign pairs. From 

reference 1 7. Note that the maximum is less than 2. Solid curves are fits of the functions 

described in the text. The dips are due to the K0 (at -.2) and po (at -.5) resonances in the 

background sample. 
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ellipsoidal spatial distribution (again, Gaussian) with it axes aligned 

along and perpendicular t.o the collision axis can be used13·18: 

C = 1 + exp[-(.6p,/~ - (.6p1fR,2J (Eq.1-20) 

This is motivated, in lept.on-hadron and e+e- collisions, by the viewpoint 

of a color flux tube extending between the struck quark and the 

di-quark remnant or quark and antiquark. From this, one might 

naively expect the spatial distribution to be elongated along the 

collision axis. In nucleus-nucleus collisions, one might expect the 

transverse size to be larger than the longitudinal size and on the order 

of the radius of the nuclei involved18
. Again note that the longitudinal 

parameterization is not Lorentz-invariant. By convention, the analysis 

is performed in the center of mass of the photon-hadron, e+e-, or 

nucleus-nucleus system. 

The correlation function may also depend on the kinematic 

variables of the process (Q2
, W2

, etc.)12
•
14

•
17

•
18

. One might expect an "F 
dependence as pairs with pions at lower energy are thought of as being 

produced by shorter strings in the picture of figure 1-3 than higher 

energy pion pairs, and thus will give a smaller source size than pairs 

with higher energy pions19. In fact, since more particles are produced 

at lower energies than at higher energies, the experimental data is 

dominated by these lower energy pions and consequently may be 

underestimating the size of the hadroniza tion region19
. As 

experiments gather higher and higher statistics, fits of the correlation 

function in different kinematic regions will allow these effects to be 

studied. 

1 .5.1 The Coherence Parameter. 

Experimentally, the measured distributions do not r each the 

maximum value (2) of the correlation function at small values of 

momentum difference, see for example figure 1-6. This led to the 

-21-



introduction of a 'coherence' parameter, A, in Eq.1-18: 

(E!q. 1-21) 

While this may seem more like a 'fudge' factor on the part of the 

experimentors to fit the data, it is actually quite reasonable in light of 

the assumptions made in arriving at Eq. 1-11, namely that the pions 

are produced by independent , and hence incoherent, sources 

throughout the reaction volume. If the amplitude of pion production in 

time by a source point is given by f. (t), then the total a mplitude for 
I 

emitting a pion of momentum p
1 

is given by a sum over all source 

points, r ., is (using 4-vectors): 
I 

(Eq.1-22) 

and Eq. 1-10, the amplitude for observing a pion with momentum p
1 

at 

r
1 

and a pion with momentum p
2 

at r
2

, becomes20 (4-vectors used): 

A 2 = Ef.(t)exp[-ip
1
·r.]l:f.(t)exp[-ip2·r .] 

•l j I I j J J 
(Eq. 1-23) 

Note that Eq.1-23 is symmetric on interchange ofpions p
1 

and p
2

. The 

probability is then given by: 

P12=1fi(t)exp[-ip1·rinf~(t)exp[-ip2·ri] 

X 1 ~*(t)exp[ip1 ·rk)1~*(t)exp [ip2·r1J 
(Eq.1-24) 

If the sources are completely incoherent, then at each point in space, 

the amplitudes for pion emission fluctuate wildly and only those terms 

in Eq. 1-24 with i=k and j=l, or i=l and j=k contribute significantly and 

(replacing the sums by integrals) Eq. 1-24 becomes: 

P12 = J J p.p.d4:s:.d~. + J J p.p.exp[J\Ap·AI)]d4:s:.d~. 
lJ 1 J I) 1 J 

= 1 +I °Ptq)I 2 (assuming ff*=l) 
(Eq. 1-25) 

Which is the same as Eq. 1-11. Note that for unlike-sign pions, ifp
1 

is 

-

-

-

-

-
the momentum of the r+ and p

2 
is the momentum of the r- , then only -

the first term in Eq. 1-25 which has i=k and j=l, contributes as the -
-22-
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second term with i=l, j=k vanishes as it has both the pions being 

emitted by the same source (correlated emission), and the emission of a 

11" + is assumed to not be correlated with the emission of a 11"-. 

For the case of complete coherence, all the amplitudes are equal 

and Eq. 1-24 becomes: 

P12 = IJd~.p.exp[-ip1 ·x.JJJd4x.p.exp[-ip2·x.J 11 1 JJ J 

X JJd4x.p.exp[lj>
1
·x.JJJ d~.p.exp[ip2·x.] (Eq.1-26) 

11 1 JJ J 

= p(pl fp(_p2f 

which is just the product of the singles rate. For unlike-sign pions, the 

. result is the same and the ratio of like-sign pairs to unlike-sign pairs is 

flat (no enhancement). Partial coherence will give results between Eqs. 

1-25 and 1-26, that is, the maximum value will be less than 2. 

Similarly, if the source distribution contains NCoh coherent sources and 

Nlnc incoherent sources, then A. becomes12: 

(Eq. 1-27) 

Most classical models contain some sort of coherence in pion production 

in space or time12
•
17

. Unfortunately this coherence is not well enough 

defined in these models to utilize the above formalism to calculate the 

expected coherence, again crying out for experimental investigation. 

1.5.2 Physics Processes Contributing to >.. 

Decays of resonances (p, ,,, K, etc.) produced in these collisions can 

also affect the measured ratio17
•
19

•
21

•
22

. As already mentioned, 

resonance decays in the background sample can reduce the ratio of the 

like-sign pion distribution to the unlike-sign pion distribution, diluting 

the observed B-E effect and leading to a A. of less than 1. Resonance 

decays can also affect the like-sign distribution. IT one pion from the 

pair comes from the hadronization region and the other pion comes 

-23-



from the decay of some resonance produced in hadronization, then -
these pions will give a. B-E enhancement that measures the separation 

of the resonance at decay from the source. This separation can be 

estimated as follows, the mean path length for resonance decay is given 

by17: -

L = 8-yer = (p/M)cr = (p/Mr)ch = (p/Mr)(.197 GeV-fm) (Eq. 1-28) 

where pis the momentum, in the center of mass of the scatter, of a 

resonance of mass M, width r and lifetime r , where rr = -h has been 

used to simplify the equation. For the p resonance and using a 

momentum of 3 GeV/c (typical momentum for particles in E665), this 

length is about 5 fm, the other resonances (17, K, etc.) give a larger 

separation because of their long lifetimes. In momentum space, this 

source size would correspond to a momentum difference of less than .04 

GeV/c. This is much narrower than the enhancement seen in 

experiments which show enhancements out to 0.2 GeV/c, see figure 1-6 

for an example, and find a source - 1 fm. Clearly not all like-sign pairs 

contain one pion for a resonance decay, so_ the observed distribution will 

only be narrowed slightly by the contamination from these pairs. This 

contamination has been measured in one experiment to be less than 

30% of the pairs19
•
22

. Also, the enhancement effect from such pairs 

gives rise to momentum differences that are quite small and below the 

momentum resolution of most experiments, which causes any effect to 
be smeared out and diluted over a larger range in momentum 

difference, giving rise to an apparent value ofh < 1. 

Coulomb repulsion between like-sign pions will tend to reduce the 

-

.... 

-
-

number of such pairs at small momentum difference, while enhancing -

the number of unlike-sign pion pairs . This has been measured 

experimentaUy23 and is shown in figure 1-7 as the ratio of unlike-sign 1m1 

to like sign pairs as a function (p
1 
+p2)2 (4-vectors). Note that in terms 

of the M 2=(p
1
-p

2
)
2

, the variable used in Eq. 1-18, the observed 

enhancement only extends out to :M2 = 0.003 (GeV/c)2 • Recalling the 
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Figure 1-7: Ratio of unlike-sign hadron pairs to like-sign hadron pairs as a function ofM = 
[(p +p )2]1l (4-vectors) showing the Coulomb enhancement of unlike-sign pairs to like-s~ 

1 2 

pairs. From reference 23. 

range of the B-E enhancement as shown in figure 1-6, which extends 

out t.o M2 ~ 0.04 (GeV/c)2, the Coulomb repulsion is contained wholly in 

the lowest bins in M2
, and would not greatly affect the observed B-E 

enhancement. Also, as with the effect from resonances discussed above, 

the momentum resolution of the experiment, iflarger than the extent of 

the Coulomb enhancement, will tend t.o smear out and reduce its effect 

on the observed like-sign and unlike-sign distributions. 

Finally, the strong interaction between the pion pairs can also 

effect the observed value of>.. Though these effects are difficult to 

separate from those arising from production dynamics, estimates have 

been made12•21 showing that these "strong" final state interactions may 
reduce the true by as much as 20%. 

1.5.3 Non-Physics Contributions to ~-

Systematic effects in the measurement of the pion pair 

distributions also enter into >. . Since the B-E analysis depends on 
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taking momentum differences between tracks, the momentum 

resolution of the detector can affect the observed enhancement. With 
perfect resolution, the full enhancement will be seen, but with finite 

momentum resolution, the enhancement is reduced as the momentum 

difference of the pion pairs is smeared out by the resolution of the 
momentum measurement. Another source of reduction in the B-E 

effect comes from track resolution. Like-sign pairs at small momentum 

differences travel close t.ogether and depending on the resolution of the 

chamber, may be tagged at one track instead of two. This reduces the 

number of pion pairs at very low momentum differences relative t.o 

unlike-sign pairs which travel through more widely separated parts of 

the detect.or and are less likely t.o be considered one track. Coupled 

with this is the detector acceptance (ability t.o track particles). If the 

acceptance for the like-sign pairs is different than that for the 

background then the ratio will be distorted by this difference. It is also 

possible for the analysis package t.o generate duplicate tracks. This 

occurs when the track reconstruction program falsely constructs two 

tracks from the detector hits left by one track by using nearby extra 

hits from delta rays and noise. These duplicate tracks, then, have very 

small momentum differences and give a 'false' B-E effect, leading to 

-

-

values of X. greater than 1. Misidentification of the particles produced -

in hadronization also reduces the observed B-E effect. Electrons or 

kaons in the data sample give no enhancement when paired with pions 

as these are not identicle particles. Systematic errors are also 
introduced by the analysis technique (see the discussion on models -

earlier in this section). Because of these problems, extraction of useful 

information from the determination of X. is extremely difficult, though, 

as in the source distribution parameterizations, large statistics can 

allow study of and removal of these systematic effects and give a peek -

at the fragmentation dynamics that give rise t.o X.. 

-
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1.6.1 Source Size Results using :rl2. 

Results from e+-e-, lepton-hadron, hadron-hadron, and 

nucleus-nucleus experiments are given in tables 1-la, b, c, and d. In 

general, these experiments yield radii of -1 fm. The nucleus-nucleus 

experiments yield results that scale roughly with projectile size as 

illustrated in figure 1-8. 

1-la) e+e- scattering int.o quarks : 

Coherence Parameter 
Experiment Energy (GeV) R(fm) 

). 

CLEO 10 0.8 +/- 0.2 0.4 +/- 0.1 

SPEAR 3.1 0. 79 +/- 0.03 0.77 +/- 0.02 

SPEAR 4.7 0. 71 +/- 0.10 0.47 +/- 0.04 

PEP 29 0. 79 +/- 0.10 0.93 +/- 0.08 

TASSO 34 0.9 +/- 0.4 0.27 +/- 0.03 

AMY 57.2 1.18 +/- 0.17 +/- 0.10 0.60 +I- 0.13 +/- 0.08 

Table 1-la) e+e- results are reviewed in reference 17. The AMY results are taken from 

reference 24. 

1-lb) p, - p scattering: 

Experiment 

EMC: 

Like/Unlike 

Energy (GeV) 

280 

Like/Unlike (random Prrl 

Like/Like (mixed p) 

R (fm) 

0.84 +/- 0.03 

0.66 +I- 0.01 

0.46 +/- 0.03 

Coherence Parameter 

1.08 +/- 0.10 

0.66 +I- 0.06 

0.73 +/- 0.06 

Table 1-lb) Results are taken from reference 13. Note the smallness of the Like/Like (mixed 

p) radius compared to the other methods, this may be due to residual B-E effects in the 

background sample. 
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1-lc) Hadron-hadron scattering: -
Energy per Coherence Parameter 

Reaction 
Nucleon (GeV) 

R (fm) 
~ .... 

.. -p 11.2 0.9 +/- 0.1 

"'P 4 - 25 0.87 + 0.35 - 0.1 7 

I(°p 8.25 - 1 

PP 0- .7 1.20 +/- 0.09 

.. -p 40 1.50 +/- 0.03 

4 - 25 1.60 +/- 0.13 -,..+p -0.45 

K-p 4 - 25 1.60 +/- 0.13 - 0.45 

PP 4- 25 1.60 +/- 0.13 -- 1. 

I(°p 32 0.8 +/- 0.1 0.3 - 0.6 -pp 28.5 0.6 +I- 0.1 

PP 22.4 2.60 +I- 0.04 -pp 53 1.1 +/- 0.3 

"1> 4-25 -1.2 0.8 -K°p 4 - 25 - 1.2 0.8 

PP 4 - 25 - 1.2 0.8 

QIQ' 31 1.3 +/- 0.1 0.30 +/- 0.7 

Table 1-lc) Hadron-hadron data is reviewed in references 12 and 26, from which these -
results were taken. Coherence parameter only given when reported by experiment. 

-
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1-ld) Nucleus-Nucleus scattering: 

Energy per Coherence Parameter 
Reaction 

Nucleon (GeV) 
R(fm) 

l. 

Ar +BaF2 
2.57 3.74 +/- 1.35 

Ar+Pb304 2.57 4.04 +/- 1 .14 

Ar+ Pb
3

0 
4 

(central) 2.57 4.87 +/- 0.96 

Ar+KCI 2.25 6.04 +/- 0.54 1.21 +/- 0.22 

Ar + KCI (central) 1.92 4.65 +/- 0.61 0.74 +/- 0.17 

d+Ta 4.24 2.2 +/- 0.5 

a+ Ta 4.24 2.9 +/- 0.4 

C +Ta 4.24 3.4 +/- 0.3 

C+ C 4.24 2.75 +/- 0.76 

C + C (central) 4.24 3. 76 +/- 0.88 

Kr+ RbBr 2.45 6.6 +/- 1 .5 0.8 +/- 0.3 

p+Xe 200 1 .33 +/- 0.11 1.27 +/- 0.11 

p +Xe 
200 1 .27 +/- 0.10 1 .34 +/- 0.08 

Ar + KCI - 211'- + X 
2.57 3 .52 + 0.6 -1.1 0.63 +/- 0.04 

Ar + KCI - 2_... + X 2.57 5.14 + 0.5 - 0.6 0.69 +/- 0.09 

Ne + NaF - 211'- + X 2.57 2.24 + 1.0 • 2.0 0.59 +/- 0.06 

Fe + Fe - 211"- + X 2.47 4.9 +/- 0.6 0.66 +/- 0.05 

Nb + Nb - 211"- + x 2.4 5.3 +/-1.2 0.78 +/- 0.06 

Table 1-ld) For a review of Nucleus-Nucleus scattering see references 12 and 26, from which 

the results in this tabe are taken. 
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Figure 1-8: Dependence of pion source radius on projectile size in Nucleus-Nucleus 

scattering, from reference 12. 

- -1.6.2 Source Size Separating Ap
1 

and A:Pr. 

Results from e + -e-, lepton-hadron, hadron-hadron, and 

nucleus-nucleus experiments are given in table 1-2. In general, except 

for the nucleus-nucleus experiments, these yield a longitudinal radius 

only slightly larger than the transverse radius (only about 50% larger). 

The nucleus-nucleus experiments yield transverse dimensions that 

scale with projectile size, and longitudinal dimensions that are roughly 

constant. The results from the nucleus-nucleus experiment are also 

given with different cuts on rapidity t.o look for kinematic dependence of 

the source size. 
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Energy per 
Coherence Parameter 

Experiment 
Nucleon (GeV) Rr (fm) R

1
(fm) ~ 

TPC e•e· 29 0.56 +I- 0.08 1.12 + 0.73 - 0.45 

EMC µp 280 R.r• R, R.r • R, 

AFS pp 63 0.72 +/- 0.04 1.29 +/- 0.12 

AFSpp 63 o. 72 +/- 0.04 1.29 +/- 0.12 

AFSoo 126 R.r ii R1 R.r ii R1 
NA35 0 +Au 200 4.1 +/- 0.4 3.1 + 0.7 - 0.4 0.31 + 0.07 - 0.03 

1 <Y < 2 4.3 +/- 0.6 2.5 +/- 0.6 0.34 + 0.09- 0.06 

2<y<3 8.1 +/-1 .6 5.6 + 1.2 - 0.8 0. 77 +/- 0.19 

NA35 S +S 200 5.6 +I- 0.8 0.4 7 +/- 0.15 3.1 +/- 0.3 
1.5 < y < 2.5 

6.2 +/- 1.2 1.7 +/- 0.8 0.57 +/- 0.1 7 
2.5 < y < 3.5 

8.1 +/- 1.6 3.6 +/- 2.0 0.68 +/- 0.25 

Table 1-2: TPC results from reference 27, EMC from reference 13, AFS from reference 28, 

and NA35 from reference 29. 

1 .7 E665 and B-E Enhancements. 

E665 is very similar to the experiment in reference 13 (EMC), 

which used muons at roughly 280 GeV/c. The detector used at EMC 

was very similar in design to that used at E665 (in fact many of the 

components of the E665 apparatus came from EMC). The analysis was 
done on data from the streamer chamber located around the target. 

Particle identification from Cherenkov detectors downstream of the 

target was used to remove kaons from the data sample. In the :M2 

analysis, they used three different background methods: unlike-sign 

pion pairs, unlike-sign pion pairs with pT mixed between events, and 

like-sign pion pairs taken from different events. Using each 
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background method, different results for the source size were obtained 

(see table 1-lb). However, after correcting the ratios with Monte Carlo 

calculations, all three methods give essentially the same result as 

shown in figure 1-8. Note that at small :M2
, the corrections for the 

unlike mixed pT and like mixed tracks backgrounds are very large. 

EMC also looked for a directional dependence on the source 

distribution, but did not observe a significant difference in Rt and Rr· 
The same analysis techniques used by EMC will be used in this 

thesis. However, except for the unlike-sign pion pair distribution, 

different background distributions will be used here: like-sign pion 

pairs taken from the same event but outside the enhancement region 

and like-sign pion pairs from Monte Carlo calculations. Because the 

experience from EMC shows that after normalizing by Monte Carlo 

distributions, the unlike-sign distribution gives essentially the same 

results as their other backgound methods, and because of the 

uncertainties involved in constructing the unlike mixed pT and like 

mixed p samples (see Sec. 1-2), these methods will not be used here. 

At E665, the muon beam is tuned to an energy of 490 GeV. This is 

at a higher energy than the 280 GeV beam used by EMC, and puts 

E665 in a different kinematic region, with an average W of roughly 

twice that of EMC. The average xF of the pion pairs in the EMC 

analysis (and in fact most previous studies) is ~O. Thi.sis because most 

of the pions are produced at low energy and hence low xF. E665, with 

its higher statistics at higher energy will allow pion pairs to be studied 
at higher average xF where they are Jess copious. E665 also has very 

good momentum resolution and, with its two powerful magnets and 

track position resolution (small wire separation in the tracking wire 

chambers), provides good track resolution down to very small 
momentum differences. 

All of this makes the analysis at E665 interesting. In addition, one 

model19 which yields a spherical source at EMC's average Wand xF, 

predicts that the source seen at E665 will be ellipsoidal, with a 
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Figure 1-8: a) Data rat ios from EMC (ref. 13) using their three different backgrou nd 

methods, Lines are fits to the data and the results are given in table 1-1 b. b) Monte Carlo 

corrections to the ratios. c) Data ratios/Monte Carlo ratios. 
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longitudinal extent of roughly 4 fm ( four times that of the transverse 

dimension), see figure 1-9. 

.8 

.6 

.4 

.2 

m2 
Ll p ( i/2) qo 

. 1 .2 

X = ~I~ max ~ XF 

Figure 1-9: Prediction oflongitudinal source size as function of average x of the pion pairs 
P' 

used in the analysis. From reference 19, m is a parameter of the model and is set to .2 to 

reproduce the 'seagull' effect. Ap(l/2) is the value of Ap at the half width of the 

enhancement. Using and average W of20 and an average x of .1 (reasonable for E665) gives 
P' 

Ap(l/2) of 0.047 GeV/c or a longitudinal extension of 4.3 fin. EMC with a W of 10 and x of -0 
P' 

gives a substantially smaller longitudinal extension. 
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2.0 The E665 Collaboration. 

This analysis uses data taken by the E665 collaboration at the 

muon beam facility at Fermi National Accelerator Laboratory 
(Fermilab) during the 1987-88 fixed target run. As is typical of high 

energy physics, this large collaboration consists of 13 institutes and 

some 80 personnel (see appendix A). An overview of Fermilab is shown 

in figure 2-1, with the E665 detector shown in figure 2-2. Table 2-1 

gives a summary of the detector parameters. The beamline and 

experimental apparatus has been described in detail in a previous 

publication (see reference 30) and many of the figures and data in this 

chapter are obtained from that publication. The following sections will 

briefly describe the components of the E665 apparatus, data acquisition 

system, and event reconstruction software. Special attention and detail 

will be given to the apparatus components constructed by the MIT 

group: the scattered muon detector and the wide angle wire chambers. 

The scattered muon reconstruction software, which was the 

responsibility of this author, will also be covered in some detail. 

2.1 Accelerator and Muon Beam. 

The Fermilab proton accelerator consists of a linear accelerator and 

main ring. The main ring is actually two accelerators, one top of the 

other. The first ring is the original proton ring and uses standard 

water cooled magnets to bring protons from the linear accelerator up to 
intermediate energies. The second ring uses super-conducting magnets 

to bring protons to an energy of 800 GeV. In colliding beam mode, 

anti-protons are accelerated in the opposite direction in the main ring 

to give p-p collisions of nearly 2 TeV. In fixed target mode, the proton 

beam is extracted and divided among the various experimental areas. 

The muon beam used in this experiment is actually a tertiary 
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Figure 2-1: Overview of Fermi National Accelerator Laboratory 
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Figure 2-2: Top and cutaway views of the E665 Experimental 

Apparatus (excluding Beam Spectrometer). 
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Chamber deYioes Det.ectof Detector Active region 

oame type h X w(X /) 

[ml 

PBT prop. wire 0.lJX0.13 

SC streamer ch. 0.7 x 1.2 x2.o 

PCV prop. wire 1.0 x2.8 

PTA prop. tube 2.0 X2.0 

PC prop. wire 2.0 X2.0 
PCF prop. wire 1.0 X2.0 
DCl-4 drift ch. 2.0 X4.0 
DCS-8 drift ch. 2.0 X6.0 
PSA prop. wire 0.13 x0.13 

PSB prop. wire 0.lJX0.13 
PTM prop. tube 3.6 x7.2 

Scintillation hodoscopes Detector Matmal Thick.Dess 

Cherenkov detectors 

name 

SBT 
SVJ 
SVW 
TOF 

SPM 

SMS 

Detector 

name 

co 
Cl 
RJCH 

NEllO 
NEllO 

NEllO 
NEllO 
NE104 
GS2030 

NEllO 

Index of 
refraction 

1.00141 

1.00052 
1.00033 

(cm l 

0.3 
1.0 
2.5 
l.S, 2.0, 4.0 

1.0 
2.5 

1.3 

Radiator 

length [ml 

0 .9 
1.S 
6.0 

Number Wire Active Total 
of planes spacing or gas•) materil.I 

raoluuon {mg/cm2J [g/cm2J 

4x(U; Z; Y; V; Z'; Y') Imm 0.7 

8SO "'m 
Y; U; U'; V; V'; Y 2 mm 2.2 0.49 
Y; Z ; V; U 12.7 mm 5.1 
3X(Y; Z; V; U) 3mm 1.4 0.33 
5X(U: V; Z ) 2 nun 1.3 2.5 
4Z; 2U; 2V < 400 "'m 1.0 0.05 
4Z; 2U: 2V < 400 "'m 1.0 0.05 
Z; Y; Z '; Y'; U; V; U'; V' I nun 0.7 
Z; Y; Z '; Y' I nun 0.7 
4 X(Y; Zl 12.7mm S.I 

Array size Number of Photomultiplier 
hXw(ml elements 

0.18X0.14 4x (26, 13Y; 13ZI bl Rl398 
0.5 x0.5 3X2 [with hole! RCA665S 
3.0 x7.0 28 [14X2 &JTayl RCA8575 
1.6 x4.2 2X38 XP2020, XP2230. XP22S2 
0.2 x0.2 S [rad.i&IJ XP22S2 

3.0 x7.0 4 X 30 [IS X2 arrays! R..329 

0.2 x0.2 4 X 32 [16Y. 16ZI Rll66 

Number Dctccwr/ Thresholds [~V /c l 
of cells pbotomultiplier ,, K p 

144 RCA88S-4Q. EMl9t!29QA 2.6 9.3 17.6 
58 RCA88S-4Q 4.3 15.3 31.0 

10800 wire ch.amber S.4 19.2 36.S 

Electromagnetic worimeter Detector Detector Active Number Number Wire Tot.a.I thickness 
name type area [ml of planes of cathode spactng {radiation lengths! 

towers 

CAL gas sampling 3.0x3.0 10x(Y; Z) 1188 

" Active gas t.hiclcncss per wi.re chamber plane. 
• 1 SBT plil.lle 2 l\as no Z clements. 

Table 2-1: Summary of Detector Parameters. 
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Figure 2-3: Schematic of the Muon Beamline (including the Beam 

Spectrometer). 

beam. The elements of the beamline are shown in figure 2-3. The 800 

Gev prot.on beam is brought ont.o a beryllium target. Prot.ons that pass 

through the target are separated from the secondary hadrons (mostly 

"''s and K's) and dumped. The resulting "''s and K's are transported 

down a 1.1 km decay line. For an 800 GeV prot.on beam, approximately 

5% of the secondary hadrons will decay int.o muons. Magnets along the 

decay line provide for continuous focusing of the produced muons. At 

the end of the decay line is a beryllium absorber t.o remove remaining 

hadrons and provide a nearly pure muon beam. The next section of the 

beamline contains special thickwalled, magnetized steel pipe segments, 
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called µ-pipe, to remove muons not contained within the bore of the 

pipe (halo muons). These halo muons are deflected radially outward. 

During the 1987-88 data run, these halo muons, which were as 

numerous as the beam muons with the µ-pipe turned off, were reduced 

to levels of 20-30% of the main beam. Scintillators situated around the 

beam (veto jaws) and across the experimental aperture (veto wall) 

guard against false triggers caused by these halo muons. 

The final segment of the muon beamline contains the beam 

spectrometer and tagging magnet. This provides the muon momentum 

and signal to the trigger logic that a potentially useful muon has 

entered the apparatus. 

An important feature of the beamline is that it preserves the RF 

structure of the initial proton beam generated by the radio frequency 

system of the accelerator. This 53 MHz signal gives RF buckets spaced 

at 19 ns intervals. The muons in the beam are then 19 ns apart (with a 

jitter of less than 1 ns). 

During the 1987-88 data run, the machine cycle time was 57 

seconds with protons extracted over a 20 second interval (spill length). 

Typical beam intensities were 10-15x 106 muons per spill. The 

maximum muon beam intensity was 2x 10 7 muons per spill. 

2.2 The E665 Apparatus. 

Figure 2-2 shows the main components of the E665 detector for the 

1987-88 run, with detector parameters given in table 2-1. Not shown in 

this figure is the Beam Spectrometer which is situated in the muon 

beamline just before the beam enters the experimental hall housing the 

main detector. The Beam Spectrometer is represented schematically in 

figure 2-3. E665 conventions will be used in discussing the detector, 

with X measured along the nominal beamline, Y the horizontal axis, Z 

the vertical axis with positive up (this is a right handed system with 
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positive X downstream and positive Y to the left when facing 

downstream). The origin is taken at the center of the Chicago 

Cyclotron Magnet (the nominal beam line is 8 feet above the floor). 

Detector planes are labeled in terms of the variable they measure, for 

example, Y-plane wire chambers have vertical wires. Some chambers 

have wires oriented at a angle with respect to the Yaxis (but still in the 

Y-Z plane), depending on the angle, these chambers are described as U 

or V chambers (U rotated at a positive angle away from the + Y axis, V 

rotated at a negative angle from the +Y axis). These rotated chambers 

are necessary in charged track reconstruction. With only two views, it 

would not be clear how to match up the particle tracks seen in one of 

these views with the tracks seen in the other view. The addition of a 

third, rotated, view eliminates this ambiguity and allows the tracks in 

each view to be combined into a 3-dimensional space track. In some of 

the chamber packages, the Y, Zand rotated chambers are used define 

3-dimensional space points through which the particle passed, with 

such space points from several chamber packages used to define the 

particle path. 

This complex detector is best addressed in terms of its various 

functional components: The Beam Spectrometer to tag the momentum 

of the muon. The Scattered Muon Detector, located behind the hadron 

absorber which detects the scatter muon and triggers data acquisition. 

The Vertex Spectrometer consisting of the Cem Vertex Magnet (CVM) 

and streamer chamber to record all charged particles produced in the 

muon-hadron collision. The Forward Spectrometer which constitutes 

the bulk of the apparatus to track and, using the large Chicago 
Cyclotron Magnet (CCM), momentum analyze the charged hadrons 

emitted into the forward hemisphere (xF > 0). The Wide Angle 

Spectrometer to track charged particles that do not enter the aperture 

of the CCM. The Electromagnetic Calorimeter for electromagnetic 

particle detection (photons from neutral particle decays and 

electron-hadron separation). The Particle Identification System 
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consisting of several Cherenkov counters in the Forward Spectrometer 

and a Time Of Flight counter in the Wide Angle Spectrometer. And 

finally, the Muon Halo Detection System to signal the presence of a 

halo (non-beam) muon in the detector. 

2.2.1 The Beam Spectrometer. 

As can be seen in Figure 2-3, the Beam Spectrometer consists of 

four beam tagging stations, two on either side of a dipole bending 

magnet. Each station consists of six multiwire proportional chamber 

planes - measuring U (+30.), Z, Y, V (-30"), 'C, and Y, with 1 mm wire 

spacing - and two scintillation counter hodoscope planes CY and Zin 

stations 1, 3, and 4, Y only for station 2). The multiwire proportional 

chambers give precise position measurements of the muon before and 

after the dipole magnet giving a momentum resolution of about 0.5%. 

The hodoscope planes provide the timing information to allow the 

tracks and hits in the wire chambers to be associated with the RF 

bucket containing the muon. These hodQscope planes are also part of 

the trigger logic, signaling the presence of a beam muon. The system is 

capable of reconstructing multiple beam particles in the same RF 

bucket. In the 1987-88 run, muons were reconstructed with an 

efficiency of greater than 99%. 

2.2.2 The Scattered Muon Detector. 

The Scattered Muon Detector is located behind the Hadron 

Absorber (three meters of iron). The detector consist.a of 4 stations with 
one meter of concrete between each station (see figure 2-4). As it.a name 

implies, the hadron absorber (- 18 nuclear interaction lengths) stops all 

particles produced in the deep inelastic scatter, except high energy 

muons, from entering the muon detector. The concrete between each 
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Concrete Absorber 

SPM Scintallator Plane 
PTMZPlane 

Iron Hadron Absorber SMS Scintallator Planes (Y and Z) 

Figure 2-4: Detail of the Scattered Muon Detector (not to scale). 

station of the detector prevent soft electromagnetic showers, which may 

be generated as the muon passes through one station, from creating 

spurious hits in the next station. This provides a very clean muon 

signal with minimal noise. Each station consists of a combination of 

multiwire proportional chambers, the PTMs, and scintillation counter 

hodoscopes, the SPMs and SMSs. The SPM hodoscope planes consist of 

two rows (above and below the beamline) of large scintillation 

hodoscopes and provide the fast scattered muon trigger to the 

experiment. The PTM multiwire proportional chambers provide the Y 

and Z coordinate for the muon track. The PTM chambers are designed 
to provide this information t;o the muon trigger, allowing the trigger to 

select muons scattered into pre·defined roads in the PTMs.. To avoid 
non-scattered beam muons from triggering the experiment, the SPM 

counters do not cover an approximately 8 inch square region around the 

beam. The PTM chambers are deadened in the beam region for this 

same reason. The beam region is covered by the SMS Y and Z 
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hodoscope planes, which form part of the small angle trigger logic. 

2.2.3 PTM Construction and Commissioning. -

The PTM chambers were constructed by the MIT group and consist 

of extruded aluminum modules. Each module has 151-inch square 

tubes arranged in two rows with half cell overlap between front and 

back rows (see figure 2-5), providing an effective wire spacing of 0.5 

inches. For the Y planes (vertical wires) the modules are 12 feet long -

with 38 modules used to provide -12 ft to +12 ft coverage in Y. The Z 

plane modules are 24 feet long and 19 modules are used to cover -6 ft to 

+ 6 ft in z. Aluminum endcaps are glued into each end with nylon bolts 

protruding though the endcaps at each tube. The 2 mil gold plated 

tungston wires are soldered to brass tubes fixed through the center of 

the nylon bolts. Before soldering, the wires were stretched to a tension 

of 250 grams. 

Each plane has one module centered on the muon beam. This 

module was deadened in the beam region to prevent detection of beam 

muons. This deadening was achieved by milling out the webbing 

separating adjacent cells (leaving the inner wall between the front row 

r 
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Figure 2-5: Cross section of PTM module. 
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and back row of cells, the outer wall on each side was also cut away) 

over an 8 inch long region in the center of the module. Both sides of the 

inner wall were then covered with an insulator (Kapton tape). Cover 

plates were than glued over the holes in the outer wall on each side of 

the module (the inner surface of this cover plate was meant to be 

covered with Kapton tape as well, but this step was forgotten; 

fortunately, the glue insulated the cover plates from the grounded 

chamber walls, which created the same effect). As it turned out, this 

deadening was not necessary as the trigger logic using the PTM 

chambers was not available for the 1987-88 run. 

Before filling with the flammable active gas mixture, the PTM 

chambers were made gas tight. This was accomplished by sealing all 

joints with epoxy (endcap to module, and nylon bolt to endcap) and, 

later, RTV (used because it remains flexible and is not as prone to crack 

and leak under stress as epoxy is). The gluing process was done under 

vacuum to draw the glue into the joints and provide a stronger seal. 

The planes were pressure tested at 10 PSI gauge and the leak rates 

measured. The planes were considered "gas-tight" when the leak rate 

was less than .006 PSI/min. Since the chamber volume is 47.5 cu. ft., 

this leak rate extrapolates to a leak rate of less than .001 cu. ft./min at 

0.1 PSI over atmospheric (the normal chamber pressure during use). 

The active gas is a 50%/50% mixture of argon and ethane, which 

provides a maximum drift time of - 250 nsec31
•
32

. The ethane 

component of the gas absorbs the UV emission from argon de ionization 

and thus serves to prevent, or quench, secondary avalanches31
. This 

gas mixture is first passed through an ethanol alcohol bubbler at o· C. 

This is done to add a small percent of ethanol to the gas mixture (-1 % ) 

to help prevent polymerization of the ethane component of the active 

gas31
• This polymerization process can lead t.o the formation of deposits 

on the walls or wires that can distort the electric field and lead to 
continuous discharge. The presence of the alcohol helps to prevent such 

deposits from forming by neutralizing the ionized ethane molecules 
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before they come into contact with the chamber walls. The gas flow is 

set t.o about 48 cu. ft. per day (one volume change), and under normal 

operating voltage without alcohol, the chambers quickly start drawing 
in excess of 1 mA per plane due to deposit formation. The alcohol 

allows running these chambers with typical currents of less than 10 p.A. 

per plane at normal operating voltages. Details of the system providing 

the flammable gas for the PI'M (and PI'A) chambers can be found in 

appendix B. 

The PrM chambers are operated with the chamber walls at grormd 

and the wires held at positive high voltage. This voltage is provided by 

supplies that have excessive current draw protection. For the 1987-88 -

run, the supplies were set t.o trip off if the current exceeded 1 mA per 

plane. The voltage is distributed t.o all wires on a plane in parallel. -

This system is shown schematically in figure 2-6 . The wires are 

coupled through a capacit.or to the readout system. A charged particle 

passing through the gas in a cell creates electron-ion pairs. The ions 

are attracted t.o the walls, with the electrons attracted to the central 

wire. Because the electric field intensity increases rapidly near the 

wire, the electrons are accelerated t.o velocities where they ionize other 

High Voltage to PI'M plane 

-----------"I-<> 
---------iJ-o 
----------1J-o 
, _______ ____.1-o 

lOMo 
PI'M Chamber wire 4700pF 

Figure 2-6: Schematic of PTM wires including high voltage and 

coupling to readout system. 
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gas molecules, resulting in an avalanche of electrons deposited on the 

wire creating a pulse which travels along the wire and through the 

capacitor to the the readout system. This avalanche of electrons 

initiated by the passage of the muon through the cell is called a 'hit' on 

the wire. 

The readout system amplifies and discriminates the signals from 

the wires and sends these signals to the E665 data acquisition. The 

electronics for this system were designed by the collaboration members 

from the University of California at San Diego. The heart of this 

readout system consist of an amplifier card attached to the wires in 

each module33 (see figure 2-7). This 16 channel card (one channel for 

each of the 15 wires in the module, with one channel unused) amplifies 

and discriminates the signal from a PrM wire and stores the signal for 

later read out as well as sending it to Fast Out system for use in the 

trigger logic. The signals from the wires are brought on to the readout 

card where they are first amplified and the discriminated (to remove 

intrinsic electronic noise). After discrimination, the signal is sent to a 

'one-shot' latch. The one-shot is set by a hit on the wire (charge particle 

passing through cell) and remains on until a clear signal is sent. The 

time before the one-shot is cleared, the one-shot width, is adjustable by 

means of the one-shot voltage. Because each plane is actually a double 

plane (see figure 2-5) with the 'back plane' offset by half a cell from the 

'front plane', the muon passes through two cells when it traverses a 

plane. The signal from each cell will reach the readout electronics at 

different times depending on how close to the wire the muon passes. 

The one-shot width is adjusted to ensure overlap of the one-shot signals 
from each cell. The output of the one-shots are then stored in a memory 

bank on each card. This memory is partitioned into 32 segments. The 

53 MHz signal that drives the proton accelerator is used to control the 

storage of the one-shot signals into this memory. This 53 MHz e1ignal is 

divided in half, producing a signal 36 nsec wide. Every 36 naec, the 

state of the one-shots on the card is stored into one of the memory bank 
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Figure 2-7: Layout of Readout Card. Signals from wires enter card through channels on 

bottom edge. The signals are amplified, then discriminated, then shaped by the one-shot 

latches. The output of the pulse shapers is stored in the RAM and sent to the Fast Out for 

u.se in the trigger logic. 
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segments, looping through successive segments (these segments are 

filled in a circular fashion, jumping back to the first segment after 

storing to the 32nd segment). At any given time, the memory bank 

contains a record of the one-shot states for the past 1152 nsec, st.ored in 

thirty-two 36 nsec time slices. When the experiment is triggered, 

storing to the memory is stopped and one memory location, or time 

slice, is read out. The particular time slice read out is determined by 

the relative timing between the passage of a muon through the PI'Ms 

and the trigger. The same time slice is read from each card on a plane 

and stored in a scanner located in a CAMAC crate for readout by the 

E665 data acquisition system. 

The original conception of the triggering system used the PTM 

planes in the triggering logic34•35. For the 1987-88 run, the necessary 

electronics for the trigger logic was not available, but the PrM readout 

cards provided the necessary signals though the Fast Out. This system 

sends the amplified and discriminated signal from each wire directly t.o 

a 1 7 channel cable t.o the trigger logic. The 17th channel contains the 

OR of all 15 wires in the modules. The plan was to define roads in the 

PTM chambers that roughly define different Q2 regions to give the 

experiment a cf trigger. The Fast Out is designed t.o feed int.o a trigger 

matrix containing the road definitions which uses a minimum of 3 out 

of 4 hits in both Y and Zin the four stations t.o trigger the experiment 

when the hits occur in a defined road. 

The efficiency of detecting a muon in the PI'M chambers can be 

affected by many different parameters. The high voltage sett ing (V HV), 

threshold voltage setting for the discriminat.or (V Threshold), the one-shot 

width (V One-Shot), and the time slice (memory location) read out were all 
adjusted t.o optimize detection of the muon. The procedure used was t.o 

take a beam trigger defined by a muon in the beam spectrometer and 
no muon in the SPMs and look for hits (signals on wires) in the PTMs. 

For this study, the PTM Y chamber in station one was used. This 

chamber was moved west to place a fully live region in the beam. The 
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ratio of hits seen in the chamber to number of triggers was used as a 
measure of the chamber efficiency. 

The first step was to establish the timing of the PTMs {liength of 

time between passage of the muon through the PTMs and the 

experiment trigger). This timing is determined by looking through the 

memory locations on the readout card (and thus backward in thne in 36 

nsec steps) to find the time slice that maximizes the ratio of the number 

of signals in the PTM to the number of muons passing through the 

chamber. To do this, reasonable values were taken for the other 

parameters with the high voltage set to 2.3 kV, V One-Shot le.ft at its 
default setting of -1.55 V which gives a one-shot width~ 187 n;sec, and 

the threshold voltage, VThreshold' set to 140 mV. Data from the PrM Y 
plane was then collected over 1000 triggers for each time slice. For 

each setting of the time slice, the ratio of the number of hit.a seen in the 

five PTM modules around the beamline to the number of trit~gers is 

plotted in figure 2-8. This plot peaks at memory location #18, 

establishing the timing for the PI'Ms. 

With the timing determined, the effect on chamber efficiency of the 

high voltage and threshold voltage setting was investigated. Fi~~e 2-9 

shows the ratio of hits to triggers as a function of threshold voltage for 

a high voltage setting of 2.3 kV. The ratio is plotted for the full plane 

and for the 5 modules around the beam region, the difference between 

these curves is due to noisy channels on the readout cards. These 

channels generate signals independent of the threshold voltage setting 

and do not depend on what wire is connect to that channel (move the 

card, the noisy channel moves with the card). Since there was not time 
to determine the problem with the readout cards, cards with noisy 

channels were moved to the wings (outer regions) of the PrMs. To keep 

these noisy channels from affecting this study, only the celrltral 5 
modules around the beamline were used in the following plot.a, unless 

noted otherwise. Figure 2-10 shows the ratio of hits to triggers as a 

function of high voltage for several threshold voltage settings. This plot 
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shows the characteristic plateau region where the chamber reHponse is 

independent of the high volt.age setting. In figure 2-11 the ree1ponse of 

the PrM plane over a larger range of the high voltage is shown.. Since a 

muon should fire two adjacent wires when traversing the plane, 2-hit 

clusters associated with the beam trigger are more likely caused by a 

muon than by noise. Figure 2-10 is repeated for these two hit clusters 

in figure 2-12. Note that except for the expected shift to higher high 

voltage values of the plateau region, the chamber response does not 

depend strongly on the threshold voltage setting. Figure 2-13 shows 

response of the wing regions for the plane as a function of high voltage 

for three threshold voltage settings. This plot shows that the noise in 

independent of high voltage until the chamber goes into streamer mode 

at - 3 kV. The noise level is also independent of the threshold volt.age 

setting for values above 140 mV (the curves for VThreshold=140 mV is 

nearly identicale to that for VThreshold=280 mV). This confirrns what 

was already evident in figure 2-9, that the electronic noise can be 

eliminated with a threshold voltage of -140 mV. It was decidE~d t.o set 

the high voltage for the chambers t.o 2. 7 kV, a value in the midd]e of the 

high voltage plateau region in figure 2-12, and use a threshold voltage 

of145 mV. 

Finally, the efficiency of the plane as a function of one-shot width 

was studied. It was decided t.o set the one-shot width to maximize the 

2-hit cluster to trigger ratio to give t.o best chance of finding El muon. 

Figure 2-14 gives the dependence of one-shot width as a fun(t!tion of 

one-shot voltage. Figure 2-15 shows the efficiency of the plane as a 

function of one-shot voltage for 2-hit clusters and all hits. In this plot, 

the two hit cluster efficiency plateaus for one-shot voltages greater than 

-1.5 volts. Figure 2-16 repeats the time slice study for two values of the 

one-shot voltage. A setting of -1.4 V was taken for the run. 

Since all the PTM planes are essentially identical, all plan1es were 

set to the same high voltage, threshold voltage, and one-shot volltage as 

the PTM plane studied above. Figures 2-1 7 and 2-18 show timing 
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studies for all the PTM planes. The values used in the 1987-88 run are -

shown in table 2-2. For halo muons away from the beam region (which 

is deadened), the efficiency of finding at least one PT~. wire hit per 

plane in one view was measured t.o be - 95% for the 1987-88 run. 

Since the trigger logic t.o use the Fast Out signals will be ready for 

the next run (1990-91 ), the efficiency of the PTM dead regions was 

studied. Again using the beam trigger, the muon track was found in 

the SMS chambers. PTM hits within 2 wires of this muon track were 

assumed to be caused by the muon. The efficiency was defined as the -

number of hits on a wire divided by the number of times a muon track 

was found near that wire (within 2 wires == 1 inch). Figures 2-20 

through 2-27 show the efficiency of the dead regions for the PTM 

chambers. The results are summarized in table 2-3. The slightly 

higher efficiency of the Z chambers was found to be due to these 

chambers not being centered on the beam, consequently the beam 

overlapped slightly int.o the live region of the Z planes. The edge wires 

of all chambers are more efficient (or less dead) than the central wires 

because the inner surface of the side walls in the dead region was not 

T1 Mln9 Studies PTM1Y CREEAM> Central Re91on Onl~ 
0.6!5 

--o-" H 1 ts / " Tr 199ers 

~ 
0.52 

~ 
I- 0.39 >---' .,., 0.26 ...... 
:r - 0.1.3 

0.0 
0 . 0 6.0 1. 20::1 1.80E1 2.'+0E1 3.00E1 3.60E1 

TlMe Sl ice Cl. slice - 36 nsec > 

Figure 2-8: Initial Timing Study, showing the ratio of number of wires with signal to the 

number of triggers. Note that in this and subsequent plots, the vertical a.xis is not the true 

chamber efficiency, but needs to be multiplied by the trigger efficiency. Since this factor is 

the same for all plots, this scale provides a relative measure of chamber efficiency to 

determine optimum settings for the various parameters. 
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Plane HV(kV) v 
Threshold 

v 
One-Shot TOn&-Shot Time Slice 

PI'Ml.Y 2.7 kV 145mV -1.4 v 270 nsec 17 
PI'MlZ 2.7kV 145mV -1.4 v 270nsec 17 
PTM2Y 2.7kV 145mV -1.4 v 270 nsec 17 
PTM2Z 2.7kV 145mV -1.4 v 270 nsec 17 
PI'M3Y 2.7kV 145mV -1.4 v 270 nsec 17 
PI'M3Z 2.7kV 145mV -1.4 v 270 nsec 17 
PrM4Y 2.7kV 145mV -1.4 v 270nsec 17 

PI'AEY 2.7kV 370mV -1.4 v 270 nsec 21 
PI'AEZ 2.7kV 370mV -1.4 v 270 nsec 21 
PI'AEV 2.7kV 800mV -1.4 v 270 nsec 21 
PI'AEU 2.7kV 800mV -1.4 v 270 nsec 21 
PrAWY 2.7kV 370mV -1.4 v 270 nsec 21 

PrAWZ 2.7kV 370mV -1.4 v 270 nsec 21 
PrAWU 2.7kV 800mV -1.4 v 270 nsec 21 
PrAWV 2.7kV 800mV -1.4 v 270nsec 21 

Table 2-2: PrM/PTA Parameters 

covered with insulation (see figure 2-19). The overall efficiency of the 

dead regions was higher than hoped, so after the 1987-88 run, the dead 

regions were opened and the wires were painted with an insulating 

material (corona dope). Portions of the module walls that were not 

covered by tape were also painted over to ensure that the dead region 

would be free of electric fields. Initial studies from the 1990-91 run 

show that these efforts have reduced the efficiency of the dead region t.o 

0% (no measurable efficiency). 

During the 1987-88 data run, the efficiency for finding at least one 

PTM wire hit in each station in a single view (Y or Z) was 95%. In a 

small area just to the east (negative) side of the dead region, the 

efficiency was reduced to about 80% due to radiation damage from the 
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Electric Field Configuration 
In PTM module (croaa MCtlonal view) 

·DEADENED· MODULE 

ELECTRIC FIELD BETWEEN END WIRE AND SIDE WALL 

COVER PLATE 

• • • • • 

• 

INSULATION 

Figure 2-19: Cross-section of PTM module showing schematic of electric field lines in a 

normal module and in dead region. 

East edge Central West edge 

Plane efficiency efficiency efficiency 

(3 wires) (9 wires) (3wires) 

Pl'MlY 15% 3% (18%) 

PTM2Y 5% 2.3% (11%) 

PTM3Y 3% 1.6% ( 9o/o) 

PTM4Y 12% 3% (24%) 

Bot. edge Central Top edge 

Plane efficiency efficiency efficiency 

(3 wires) (9 wires) (3wires) 

Pl'MlZ (24%) 12% (14%) 

PTM2Z (21%) 11% (16%) 

PTM3Z (14%) 9.4% ( 9o/o) 

Pl'M4Z (44%) 10% (23%) 

Table 2-3: Summary of PTM Dead Region Efficiencies for 1987-88 Run. 

Values in ()have very low statistics. 
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low energy tail of the muon beam which extended 3 t:o 6 inches int:o the -

live region of the PfMs. 

2.2.4 The Vertex Spectrometer. 

The vertex spectrometer consists of the Cem Vertex Magnet (CVM), 

with the Streamer Chamber (SC) located between the pole faces of the 

magnet. The target vessel is located inside the SC. Both the CVM and 

Streamer Chamber were used by the NA9 experiment at CERN13. 

During the 1987-88 run three targets were used: liquid deuterium, 

liquid hydrogen, and gaseous xenon. 

Both the deuterium and hydrogen targets used the same 1.1 m long 

by 9 cm in diameter cryogenic liquid target vessel, with end-walls of 1 

mm of Kapt:on (2% of the thickness in grams of the hydrogen target). 

The xenon target used a 1.12 m long by 7 .2 cm in diameter vessel 

pressurized t:o 14 atm (at this pressure, the xenon thickness is about 9.5 

g/cm2
, which is comparable t:o the thickness of the hydrogen target and 

half that of the deuterium target). The end-walls of the xenon vessel 

were also 1 mm thick. To measure the spurious event rate from the 

target vessel, data was taken with the cryogenic target filled with 

helium t:o atmospheric pressure (giving - 0.02 g/cm2 of target thickness, 

about l/l.Oth of the thickness presented by the end-walls). 

The SC is viewed from above by three cameras with small stereo 

angles. These cameras are located above the CVM and view the SC 

through a hole in the t:op pole face. The two track resolution is - 3 mm 

in space. The position of single tracks are measured t:o - 850 µm which 

gives a momentum resolution of tJp/p = p x 10-2 (pin GeV/c). Because of 

the time needed by the high voltage pulse generation system, the 
chamber could only be triggered at a rate of about 1.5 s-1 and as such, 

only a fraction of the data taken has corresponding SC pictures. A 

typical SC picture is shown in figure 2-28. 
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The CVM is a super-conducting dipole magnet. It (along with the 

Chicago Cyclotron Magnet) provides for high resolution momentum 

measurements (from 100 MeV/c to 500GeV/c). The field integral of the 

CVM is 4.315 Tm (the field of the CCM is in the opposite direction, with 

an integral of -6.734 Tm, to focus unscattered muons to the same 

pouition at PTM station 1 that the muons hit when both magnets are 

ofl). Particles with momentum less than - 500 Me Vic do not leave the 

field of the CVM (unless traveling upward on downward, but these still 

won't enter into the forward or wide-angle spectrometer and are lost to 

the experiment). 

2.2.5 The Forward Spectrometer. 

The Forward Spectrometer consists of five sets of charged particle 

x x x 
x 

' .·· 

>< ··"'· ... 

• ••• 
"'·· ..... 

·. 

x: x x 

I · ~I nn L..L..n 

Figure 2-28: Typical Streamer Chamber picture from the 1987-88 run. 
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tracking detectors and the Chicago Cyclotron Magnet (CCM). The 

CCM, converted to a super-conducting magnet for its current 

incarnation at E665, is located 11 m downstream of tl').e CVM and 

provides for high resolution momentum measurements. The field 

integral is -6. 734 Tm (the sign is defined by direction positive particles 

are bent, with a positive field integral bending particles t.o the positive 

Y, west, direction; negative field integral bending to negative Y). 

Oriented in the opposite direction as the CVM field, the CCM field 

serves to 'focus' the unscattered muon beam to the same location at 

PrM station 1 that the beam hits when both CVM and CCM are off. 

This focusing means that the impact position of a scattered muon at 

PrM station 1 roughly depends only on the scattering angle and not the 

muon energy. 

The first of the tracking detectors, the PCV, is located at the 

downstream edge of the CMV aperture(see figure 2-2). This detector 

contains six multiwire proportional chambers, measuring Y, U (+45"), 

U' (+18.5"), V (-18.5"), V' (-45"), and Y with 2 mm wire spacing. The 

PCV can resolve two tracks down t.o a horizontal separation of 4 mm 

and a vertical separation of12 mm. During the 1987-88 run, the single 

plane efficiency for detecting halo muons away from the beam region in 

low intensity running was - 90%. Just upstream of the CCM (between 

the CVM and CCM) is the PC detector. This multiwire proportional 

chamber detector contains 3 packages of chambers, each package 

measuring Y, Z, U (+28"), and V (-28") with 3 mm wire spacing. The 

average efficiency for detection of halo muons away from the beam 

region was - 85% per plane for the 1987-88 run. The PCF detect.or is 
located between the pole faces of the CCM magnet and tracks charged 

particles as they bend through the CCM field. This detect.or consists of 

5 sets of multiwire proportional chambers, each measuring U (+1 5"), V 

(-15"), and Z with a wire spacing of 2 mm. These chambers had a per 

plane efficiency for detection of halo muons away from the beam region 

of - 95%. Drift Chambers (DC) are located in two groups, the first 
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located at the downstream aperture of the CCM and the second group 

at the upstream edge of the Electromagnetc Calorimeter (CAL) (see 

figure 2-2). Each group of the DCs contains 4 Z planes, two U (+5.758•) 

planes, and two V (-5.758•) planes. These chambers have a spatial 

resolution of -400 µ.m. The Des are able to resolve two hits (pulse pair 

resolution) down to - 5 mm. This resolution is poorer than the single 

hit resolution and is due to limitation in the readout electronics 

(namely deadtime). The DCs are deadened in the beam region and the 

average per plane efficiency for detection of halo muons away from the 

beam region was - 95% for the 1987-88 run. The PSA chamber 

chamber is located between the final DC chamber and the CAL. This 

chamber is designed to cover the beam region and overlaps with the 

live regions of the DCs. This chamber is identical to the u1ultiwire 

proportional chambers used in the beam spectrometer. The efficiency of 

this chamber was in excess of 98% during the 1987-88 run. 

With these five sets of detectors, the forward spectrometer provides 

detailed charged track detection from the edge of the CVM, through the 

CCM and to the upstream face of the CAL. This allows for momentum 

measurements from below 10 GeV/c to over 500 GeV/c (below 8 GeV/c, 

the particles do not enter the aperture of the CCM). 

2.2.6 The Wide Angle Spectrometer. 

Low momentum particles that make it out of the CVM but do not 

enter the aperture of the CCM are detected by the Wide Angle 

Spectrometer. This spectrometer consists of the PI'A chambers. These 

chambers are located in two groups on either side of the bean1line. The 

PTA chambers were constructed by the MIT group and each group 

consist of a Z, Y, U ( +45•), and V (-45•) with .5 inch wire spacilrig. 

The PTA chambers are identical to the PTM chambers (except for 

size) and use the same readout electronics. The high voltage and 

one-shot voltage settings for the PTMs are used for the PTAs. The 
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small size of the PTAs created a capacitance mismatch with the readout 
cards leading to a high noise level with the high voltage off. The 

threshold voltage was turned up until this noise was eliminated, and is 

set much higher than that used for the PTMs. The smaller end 

modules of the PTA U and V planes required a higher voltage to 
eliminate this noise than the Y and Z chambers. The final threshold 

voltage setting are listed in table 2-2. Timing the chambers was not as 

easy with the PTMs as there is no trigger for particles going through 

-
-
.... 

the Pl'As. The method adopted was to set the readout at the time slice -

giving the most number of hits in the PTA chambers. A check was 

made by comparing the number of hits in the PTA Y chambers with the 

number of hits in that part of the Time of Flight detector which 

overlaps the PTA chambers. At the time slice that maximized the -
number of hits in the PTA Y planes, the number of hits was twice that 

seen in the Time of Flight region overlapping the PTAs (because each -

particle traverses two cells in a PTA plane, two hits are generated for 

each particle). The timing curves are shown in figures 2-29 and 2-30 

with the final parameters listed in table ~-2. 

2.2.7 The Electromagnetic Calorimeter. 

The Electromagnetic Calorimeter (CAL) provides detection of 

photons and electrons from neutral particle decays. It consists of 20 
planes of lead (each 1 radiation length thick) interspersed with twenty 
wire chamber planes (giving a total thickness of about 20 radiation 
lengths). The CAL has a spatial resolution for isolated particles of -5 

mm and can resolve two photons down to a separation of -12 cm. The 

energy resolution is -7% t 45%/[E without corrections for gas-gain and 

position dependent efficiencies. 
One of the main uses of the CAL is to distinguish between hadrons 

and electrons found in the tracking chambers of the forward 
spectrometer. This separation is accomplished by means of the 
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fractional energy loss in the CAL. Figure 2-31 shows the distribution of 

the ratio of energy deposited in the CAL t.o momentum of the particle 

for both hadrons and electrons. Figure 2-32 show the distribution of 

the distance between forward spectrometer track at the front of the 

CAL and the cluster in the CAL. · The electrons were identified as such 

by selectingµ - 'Y event.a, while the hadrons come from reconstructed p 

decays. As expected, the ratio for electrons in figure 2-31 peaks near 1. 

Cuts on these two distributions can be made t.o remove electron tracks. 

By restricting the distance to cluster t.o be less than 10 cm (to avoid 

combining unassociated clusters and tracks), and cutting tracks with 

an energy to momentum ration of greater than .6, all electrons hitting 

the CAL are removed, while less than 3% of the hadron tracks are 

cut34
. 

2.2.8 The Particle Identification System. 

-

-

Particle identification of the charged tracks was to be provided by ...J 

means of several Cherenkov counters and, in the wide angle region, a 

Time of Flight CT<?F) counter. Between the CVM and CCM are two 

threshold Cherenkov counters (see figure 2-2). These chambers work 

on the principle that charged particles traveling faster than the speed 

of light in a medium radiate photons. The threshold velocity (speed of 

light in the medium) depends on the index of refraction: 

v Threshold = cln (Eq. 2-1) 

where c is the speed of light in a vacuum and n is the index of refraction 

of the medium. Particles with a larger velocity than that given by eq. 

2-1 will emit photons. For particles at a given momentum, those with 

large mass will have a smaller velocity than those with small mass, and 

knowledge of whether or not they emit Cherenkov radiation can be 

used to determine the mass and identify the particle. The first 
threshold Cherenkov counter, CO, uses C
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pressure for the medium. This medium has a refractive index of n = 
1.00141. This gives a threshold momentum for ws, Ks, and prot.ons 1;o 

radiate of 2.6 GeV/c, 9.3 GeV/c, and 17.6 GeV/c respectiv·ely. The 

second threshold Cherenkov counter uses a medium composE!d of 70% 

nitrogen and 30% CC12F2 at atmospheric pressure, giving an index of 

refraction of n = 1.00052. The threshold momenta for rs, Ks, and 

protons of 4.3 GeV/c, 15.3 GeV/c, and 31.0 GeV/c resp4~ctively. 

Downstream of the CCM is located a ring imaging Cherenkov 

Counter (RICH). This counter uses the relationship between angle of 

phot.on emission and velocity for Cherenkov radiation 1;o determine the 

velocity of charged particles passing through37
•
38

: 

cos e =Cl/8)n <Eq. 2-2) 

where e is the angle of emission, 8 is the particle velocity divide by c, 

and n is the index of refraction. Charged particles traversing the RICH 

emit a cone of light which is focused int.o a ring on a phot.on detector by 

a spherical mirror on the back wall (see figure 2-33). The diameter of 

this ring is proportional t.o the angle of emission and gives the particle 

velocity. Knowing the momentum, then, allows the particle mass t.o be 

determined. Unfortunately, throughout much of the 87-88 :run, the 

RICH was not fully operational. 

In the wide-angle region, a Time of F1ight (TOF) detector iE1 used t.o 

provide particle identification (see figure 2-2). This detector is 

composed of overlapping scintillat.or paddles. A hodoscope array is also 

located in the beam t.o provide a precise measurement of the incident 
muon time. The TOF system gives the time difference between incident 
muon and particles hitting the TOF, which give the velocity of these 

particles. Knowing the particle momentum, either from streamer 

chamber pictures or reconstructed PCV-PrA tracks, and the velocity 

from the TOF system gives the particle mass. 

Figure 2-34 shows operational momentum ranges for the various 

particle identification chambers and which particles are identified in 
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Figure 2-33: Schematic of light cone focusing in the RICH. 

each momentum range - e.g. the TOF separates 1"8, Ks, and protons 

from 0.3 GeV/c to about 2 GeV/c with only proton separation between 2 

and 2.5 Ge V /c. 

2.2.9 The Halo Muon Detection System. 

In order to prevent halo muons associated with the beam from 

triggering the experiment, the front of the E665 spectrometer is 
'shadowed' by a large scintillation counter wall, the SVW. This wall of 

scintillator panels covers the active aperture the detector (7 m x 3 m), 

and has an opening at the beamline. Signals from halo muons passing 

through the SVW are sent to the trigger logic to provide a halo veto. 

Halo muons close to the beam are detected by thin scintillator strips 

placed close to the beam phase space at beam stations 2, 3 and 4 (see 

figure 2-3) in the beam spectrometer. Signals from these counters, the 
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veto jaws, are fed to the trigger logic which vetos halo muons 

masquerading as beam. 

2.3 Triggering the E665 Detector. 

As has been mentioned, various components of the apparatus 

provide information used t.o form the trigger (detector readout) for an 

event: the beam spectrometer provides the signal that a potentially 

useful muon has entered the apparatus; the scatteredl muon 

spectrometer provides information on whether or not thE~ muon 

scattered, and the halo muon detection system which allows events · 

contaminated by halo muons to be skipped (vetoed). For the 1.987-88 

run, the major physics triggers were the Large Angle Trigger (LAT), 

defined by a scatter of a beam muon out of the beam phase space and 

detected by the SPMs, and the Small Angle Trigger (SAT) which 

triggered small angle scatters where the muon did not leave the beam 

phase space. In addition to these triggers, several special triggers were 

also defined: random beam triggers t.o allow absolute normalization of 

the cross section; a special trigger t.o select calorimeter events CFCAL); 

and a streamer chamber trigger designed to maximize the physics 

content of the streamer chamber events. 

The presence of a potentially useful muon in the apparatus is 

defined by the BEAM signal. This definition requires that there be a 

signal in all seven hodoscope planes in the 4 beam stations. These 

signals must all be within the same RF bucket to keep muions in 
adjacent RF buckets from the satisfying the BEAM definition . This 

beam signal must also be in coincidence with no halo muon, defined as 

no hit in the veto jaws or in the veto wall. A hit in the vet.o w:all will 

veto three RF buckets, the one containing the muon that hit the wall 
and the RF bucket on either side. This BEAM signal becomes part of 

the physics triggers. 
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The LAT trigger is defined as a coincidence of the BEA:M signal 

with hits in three out of four of the SPM planes behind th•~ hadron 

absober, and also required no hit in the SMS Yand Z planes in. stations 
1 or 4 behind the hadron absorber (refer to figure 2-4). Requiring no hit 

in the SMS planes helps eliminate events where the beam mlllon does 

not scatter, and is seen in the SMSs, while an unvetoed halo muon 

satisfies the SPM requirement. For muons centered on the SMS 

counters, this trigger gives an angular cut of 3.3 to 4.7 mr which, for 

500 GeV/c muons, corresponds to a minimum Q2 of2.7 - 5.5 (GeV!cf. 

The acceptance of the LAT trigger as a function of <;j- and ~ its shown 

in figure 2-35a. 

The SAT trigger provides acceptance for smaller angle EJcatters, 

down to ~ 1 mr. Since at these small angles, the scattered muon does 

not leave the beam phase space and a special beam trigger is 1required 

to either measure or restrict the incident direction so that the 

scattering can be detected. To achieve this, roads are defined within 

the hodoscopes in the beam spectrometer. These roads are projected to 

the SMSs and define veto regions in the SMSs. In order to satisfy the 

SAT trigger, a beam muon must satisfy the one of the defined roads in 

the beam spectrometer and have no hits in the SMS veto region defined 

by that road's projection to the SMSs39• The kinematic acceptance of 

the SAT trigger is shown in figure 2-35b. Note that this trigger:, since it 

makes no requirement where the scattered muon goes outsidle of the 

veto region, has some overlap with the LAT trigger for thost~ events 

where the muon scatters into the SPMs. 

In order to obtain an absolute normalization of the µ.-N cross 

section, it is necessary to have a measure of the number of muons 

passing through the detector livetime. The 'random beam' miethod40 

was used to achieve this. RF buckets were selected at random and if 

the muon in that bucket satisfied the muon BEAM definition, an 

RBEAM trigger was generated. If the muon satisfied the SAT 

definition of beam, an SATRBEAM trigger was generated. These 
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triggers are independently generated and generated concurrently with 

the other experiment triggers to correctly sample the spectrometer 

livetime. 

In addition to the scattered muon triggers, a calorimeter (FCAL) 

trigger was also defined. This trigger selected events based on the 

amount of energy deposited in the electromagnetic calorimeter. If more 

than 60 GeV was recorded in the calorimeter in coincidence with a 

BEAM signal (the BEAM signal was prescaled so that only a small 

fraction of the BEAM signals are used in this signal) an FCAJL trigger 

was generated. 

Since the streamer chamber (SC) can only take data at about 

1 /50th of the rate of the forward spectrometer, a special trigger was 

constructed with a rate compatible with the SC and (hopefully) an 

enhanced fraction of physics events. Using the Z planes of the PC 
detector, a multiplicity requirement of at least two wires hit. in these 

planes (excluding a region around the beam) in coincidence with the 

LAT or SAT triggers defined the SC trigger. In addition to this 

multiplicity requirement, prescaled LAT and SAT triggers were also 

used to help understand any biases introduced by the PC requirement. 
The final trigger used by the experiment was a halo muon trigger 

(HALO). This trigger is defined as a hit in the veto wall or veto jaws in 

coincidence with a hit in 3 out of 4 of the SPM planes and in coincidence 

with an RF bucket. This trigger, which was prescaled to reduce its 

rate, provided events where the muon traverses the entire 

spectrometer. These events are useful in alignment and calibration 

studies. 
Note that the streamer chamber LAT triggers are a subset of the 

LAT trigger and the streamer chamber SAT triggers are a subset t.o the 
SAT trigger. Because of this, in actual running with 50% LAT and 50% 

SAT triggers, the SC triggers are automatically included. A small 

percent of the trigger rate was due to the random beam triggers and 

FCAL trigger (which all have a small overlap with the LAT and SAT 
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triggers since they all incorporate the BEAM signal) and the HALO 

trigger. The detector readout requires - 3 msec, and with a total 

trigger rate of - 80 per second gave a deadtime of - 20%. 

2.4 Data Acquisition and Detector Monitoring. 

Once a trigger has been given, the awesome task of reading out the 

detector must be performed. The readout system is shown schematicly 

in figure 2-36. A CAMAC system is used as the main readout interface 

with three Digital Equipment Corp. (DEC) PDP 11/34s collection the 

data from CAMAC41
• The electromagnetic calorimeter is read out using 

a FASTBUS data acquisition system42
. A DEC µ.VAX II computer, 

working asynchronously from the PDP 11/34s and FASTBUS, read the 

data from these four sources and concatenated it into a single event and 

wrote this information on 6250 bpi tapes. 

The µVAX also sent a sample of the events to a DEC VAX 111780 

for online monitoring of detector perfo;rmance. Several monitoring 

-
-
-

-
-
-

-
programs running on this VAX checked various parameters, such as -

number of data words re.ad from each detector component, and provided 

warning messages broadcast on the various monitors in the experiment -

control room if these parameters were outside of acceptable ranges. 

During the time between muon spills, the PDP 11/34/s and various 

stand alone computers ran monitoring and calibration programs. These 

tasks monitored such things as chamber high voltage, CAMAC and -
NIM crate voltages, hodoscope response to LED flashes, and wire 

chamber response to pulses on the wires. Information from these tasks -

were sent to the µ.VAX as 'interspill' events and recorded to tape to 

allow offiine monitoring of detector performance concurrent with data 

analysis. These events were also sent to the VAX 111780 and formed 

another part of the online monitoring system. Again, if problem were 

detected by the software, warning messages were broadcast to the 
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control room monitors. 

In addition to these self-diagnosing software packages, visual 

inspection of detector high voltage, gas flow rates, low voltage, and data 
output (such as wire maps from the wire chambers) were made to 

confirm proper detector performance during data acquisition. Three 

times a day, a walkthrough of the experiment was made to check 
detector hardware settings. Programs on the VAX 11/780 were run 
regularly to collect and analyze data from the various detector 

components and produce, for example, wire maps from the the wire 

chambers. This output was compared against a 'standard' output to 

-

check for variance in detector performance (appearance of dead. -

channels, excess noise, etc). 

During the 1987-88 run, all chambers remained operation and few 
problems developed. Several of the wire chambers suffered broken 
wires which required removal and repair, but these problems did not 

cause much loss of data as they were quickly detected by the 

monitoring procedures and usually fixed during accelerator down times 

(which seemed to occur every week). In particular, the PTA detectors 

experienced no problems during the 1987-88 run, while the PTMs 

suffered only from a low voltage supply that shorted out and required 
replacement on PrM 3Y (the problem was detected in the wire map fro 

that plane and quickly corrected). 
A total of 3000 data tapes were written during the 1987-88 run, 

with an average oflOOOO events per tape. 

2.5 Event Reconstruction. 

With detector data written to tape and streamer chamber pictures 

on file, the next task is event reconstruction. For the streamer 

chamber, tracks were measured and digitized for later merging with 
forward spectrometer data from that event43• For data from the 
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forward spectrometer, the event must be reconstructed using software. 

Hits in the detector components must be pattern recognized into 

particle tracks. These tracks must then be momentum fitted using 

their bend through the magnetic field of the CCM. The scatterE!d muon 

identified in the forward spectrometer by matching to the muon track 

behind the hadron absorber. And finally, the µ-hadron vertex, along 

with the secondary hadrons produced in the scatter, must be 

reconstructed and the kinematic variables for the scatter determined. 

To accomplish this, the PrMV (Pattern recognition, Track fitting, muon 

Match, and Vertex fitting) software package was developed44
• 

2.5.1 Pattern Recognition. 

The pattern recognition program is divided into four parts: beam 

reconstruction in the beam spectrometer; scattered muon 

reconstruction behind the hadron absorber; and two passes on the 

forward spectormeter hits to first reconstruct the scattered muon, and 

then all remaining charged tracks. ~s order is used to allow skipping 

the event, and consequently reducing the computer time needed to 

analyze all events, when no beam muon is reconstructed, or no 

scattered muon behind the absorber is found. The two loops on the 

forward spectrometer allows for a quick search for the scattered muon 

using stricter tolerances and limited to a small area around the 
projection of the scattered muon behind the absorber to be made, and 

then on the second pass, to search the full spectrometer for all tracks. 

For the beam spectrometer, wire hits in each of the 6-plane wire 

chamber packages were combined into space points (with this point 

defined by the intersection of the Y, Z, U, and/or V views). A x2 test 

was made on the combinations to help select between space point 

combinations with shared hits. This procedure gives space :points in 

each of the four stations that make up the beam spectrometer. Since 
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the tagging dipole magnet bends the muons only in the Y view, a 

straight line x2 fit between the space points in the Z view was made. A 

check on these space lines was made by requiring the 2-s~ace point line 

segments before and after the dipole magnet in the Y view meet in the 

middle of the magnet. This check allowed separation of lines with 

shared hits in the Z view. Finally, the hodoscopes in each station were 

used t.o give the timing of the space points and lines. Only those tracks 

with a corresponding signal in all seven hodoscope planes were in-time 

with the trigger RF bucket, and give the beam track. Beam 

reconstruction efficiency was greater than 99%. 

Given one in-time beam track, hits in the PrM and SMS detect.ors 

behind the hadron absorber were reconstructed int.o scattered muon 

tracks. Since both of these chamber have only Y and Z views, separated 

straight line fits were made in each view. Reconstruction of the PTM 

hits was done first. In each view, using one hit from each plane, all 4 

hit and 3 hit combinations where subjected t.o a straight line fit. A x2 

cut was made on these fits. The remaining tracks were checked for 

shared hits, with tracks sharing two or more hits with another track 

dropped (the longer track was kept, in the case of same length tracks, 

the first one encountered in the search procedure was kept). Surviving 

tracks were then st.ored and the hits used remoYed. This procedure was 

then repeated on the SMS hits. Unused hits from the PrM and SMS 

detectors are then combined to · search for muon tracks that pass 

through both detect.ors (remember that the SMS chambers cover the 
deaden region of the PrM chambers). Figure 2-37 shows the hits and 

reconstructed muon Y and Z projections in the PrM/SMS detect.ors for a 

typical event. Muon reconstruction efficiency in the PrMs and SMSs 

was greater than 98%. 

Given one in-time beam muon and at least one Y and one Z 

projection in the scattered muon detector, the pattern recognition 

program then reconstructs tracks in the forward spectrometer. On the 

first loop, the scattered muon projections in the PrMs and SMSs were 
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used to define regions (or roads) in the drift chambers and other wire 

chambers t.o search for the scattered muon. Tight cuts were also made 

in the fits to find 'stiff tracks in these regions which were presumably 

muon tracks (though actually both muon and hadron tracks are 
reconstructed in this loop). The second loop had looser track fit cuts -

and no road cuts. The algorithm used in track reconstruction is 

essentially the same in both loops. This algorithm first formed straight 
line segments in the drift chambers. Next straight line segments were 

formed in the PC chambers between the two magnets. These PC line 

segments were then matched (or tried t.o match) to the DC segments 

using the wire hits in the PCF chambers through the magnetic field of 

the CCM. Space points were then formed in the PSA chamber. PC 

segments that were not linked t.o DC segments were linked t.o unused 

PCF hits using knowledge of the CCM field, and these PC-PCF line 

segments were projected t.o the PSA chamber for possible matching t.o 

PSA space points. These PC-PCF segments were also projected int.o the 

DCs to match t.o any unused DC hits. Unused PCF hits were used t.o 

form space points which were joined into line segments using 

knowledge of the magnetic field in the CCM, with these segments 

projected int.o the PCs, PSA, and DCs t.o pick up any unused wire hits 

or space points. Finally, straight line segments were formed in the 

PCV chamber and project line segments that include a PC plane int.o 

the PCV to match to the PCV line segments. All tracks were then 

stored. Various space point and projection methods were used t.o 

construct the line segments in the various chambers, these methods are 
similar to those described for the beam and scattered muon detectors. 

Reconstruction of beam muons was greater than 94%. A typical 

reconstructed event is shown in figure 2-38. Critical to this 
reconstruction is knowledge the relative alignment of the various 

detector components. This was determined by surveys, with corrections 

determined from reconstruction of the muon in HALO events. These 

halo muon events have few tracks and give unambiguous matching of 
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track segments in the various detector components. 

2.5.2 Track Fitting. 

The next step was to determine the momentum of all tracks from 

the beam spectrometer and the forward spectrometer. The track fitting 
algorithm used a Quintic Spline method to fit the tracks as they bend 

through the magnetic fields of the dipole tagging magnet for beam 

tracks, and the CCM for forward spectrometer tracks. After the fit, the 

Y and Z coordinated and the slope of the tracks, Y' and Z', were 
reported at an X position near the target. The momentum, 1/p, of the 

track was also given at this location. 

The goodness of the fit was determined by evaluating the x2 

probability of the fitted track segments. A 'rescue' attempt was made 

on tracks with a bad x2
. This procedure allowed the point contribution 

the most to the poor x2 fit to be dropped and the fit remade. This was 

repeated until the fit passed the x2 cut, the maximum number of points, 

six, had been dropped, or there were no more degrees of freedom left. 

In the last two cased, the track was not fitted, and l/p reported as zero. 

During this procedure, if an entire line segment from a detector 

package, usually the PCV, was responsible for the poor x2, it was 

dropped and the remaining segments refit. 

2.5.3 Duplicate Track Removal. 

The pattern recognition algorithm in the forward spectrometer can 

give rise to duplicate tracks. This occurs when the same hits are used 

to form a track in different steps of the algorithm, or when noise hits on 

neighboring wires allow the processors to form two particle tracks from 
one. After track fitting, these duplicate tracks have identical momenta 
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and give rise to a delta function spike at zero in a plot of the 

distribution of the momentum differences of found tracks. Duplicate 

tracks were removed by dropping one of the tracks in a pair that share 

10 or more wire chamber hits from the PCs and PCFs with each other, 

or share all hits in the DCs (the longer track was kept). Monte Carlo 

studies showed that this cut removed essentially all duplicate tracks 

without cutting real tracks. The clean separation of tracks in the E665 

spectrometer is not unexpected given the high magnetic fields of the 

analyzing magnets and the small wire spacing of the wire chambers. In 

the PCFs which measure the tracks as they bend through the CCM, the 

wire spacing is 2 mm, and the DCs have a resolution of less than 5 mm. 

For two pions with a transverse momentum difference of - .1 GeV/c 

(corresponding to a transverse source size of - 1 fm) and a (lab) 

momentum of -10 GeV/c (typical for E665), their separation at the 

PCFs, which are - 11 meters downstream of the target, will be - 11 cm. 

Similarly, two pions with a longitudinal momentum difference of - .02 

GeV/c in the center of mass of the muon-hadron (corresponding to a 

source size larger than - 3 fm) and an average xF - .05 (again, typical 

for E665), will have a separation of - 2 cm at the DCs. These 

separations are much larger than the resolution of the chambers and 

should present no problem of being considered duplicate tracks. 

2.5.4 Muon Identification (Matching). 

Having determined the momentum of the tracks in the forward 

spectrometer, the track corresponding to the scattered muon was 

determined by matching to the muon projections behind the absorber. 

The first step in this match was to project to the back of the hadron 

absorber all tracks in the forward spectrometer with a non-zero 

momentum and a hit in at least the first set of DC planes. The 

requirement on a DC hit gives a starting point for the projection that is 

-89-



outside of the field of the CCM, allowing a straight line projection to be 

made (see figure 2-39). Since the electromagnetic calorimeter and the 

hadron absorber present a substantial amount of matter, multiple 

scattering was taken into account in the error on the position and slope 

of the projected line at the back of the absorber. For each view (Y and 

Z), this error is given approximately, by45
: 

M°!:e = ((0.0141 GeV/c)/p~Xl +~log(~)) 

oPositionP1ane = (U3)(oeplane) 
rms rm.s 

(Eq. 2-3) 

where p is the track momentum, L is the length of material, and LR is 

the radiation length of the material. The muon tracks found in the 

PTM/SMS chambers were also projected to the back of the absorber, 

with the errors on position and slope coming from the error matrix of 

the line fit during pattern recognition. In each view, a match was made 

Hadron Absorber 

Projected track position 

Actual track position. Deviation 

from projected position and slope 

due to multiple scattering. 

Figure 2-39: Projection (in one view) of forward spectrometer track to back of hadron 
absorber for matching to scattered muon track. Multiple scattering contribution to the error 
on this project shown. 
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between the forward spectrometer track projection and the muon track 

with a x2 for this match defined by: 

x.2 = cc~8 - c"!d)!CCoC~8>2 - coc"!d'f ), i=l ,2 CEq. 2-4) 
l l l 1 1 

where C
1 

is the position (in one view, Y or Z) for the forward 

spectrometer track (FS) or the muon track (M) and C
2 

is the 

corresponding slope. oC. is the error on the position or slope, calculated 
1 

using eq. 2-3 for forward spectrometer projections and, for muon tracks, 

taken from the error matrix of the line fit. A cut, at 20, was made on 

eq. 2-4 t.o discard bad matches. Only one forward spectrometEir track 

was allowed t.o match t.o a given pair ofYand Z muon track projections, 

with the best match determined by the smallest x.2• 
1 

Ifno muon is matched using this procedure, then a check is made 

for large angle scatters in the calorimeter or absorber by looking for 

intersections between the forward spectrometer tracks and the muon 

projections. If an intersection was found in both views between a 

forward spectrometer track and a pair of muon tracks, with the X 

coordinates of the intersections in each view less than 10 cm different 

and within the X range covered by the calorimeter and the absorber, 

the forward spectrometer track was declared a muon. If more than one 

forward spectrometer track was matched with a pair of muon tracks, 

the one giving the smallest angle of scatter is selected as the best 

match. 

All forward spectrometer tracks matched t.o both a Y and Z muon 

track were flagged as muons. Studies with Monte Carlo simulation of 

the E665 spectrometer showed that the muon match efficiency was in 
excess of 99% for those events where the muon had been properly 

pattern recognized in the forward spectrometer . 
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2.5.5 Vertex Finding. 

With the muon track in the forward spectrometer identified, the 

next step in the analysis chain was to reconstruct the beam 

muon-scattered muon vertex (primary vertex). The vertex processor 

used knowledge of the magnetic field of the CVM to swim tracks from 

the forward spectrometer and beam spectrometer through the magnetic 

field and search for vertices. The algorithm first formed vertices using 

the beam muon track and all identified forward spectrometer muon 

tracks, with acceptable vertices kept on the basis of the x2 of the fit. If 

there was more than one forward spectrometer muon forming a good 

vertex with the beam muon, the highest momentum muon was selected 

as the scattered muon and defined the primary vertex. 

After the primary vertex was found, all remaining forward 

spectrometer tracks were fitted, one at a time, to this vertex, flagging 

tracks as being associated with the primary vertex on the basis of a x2 

cut. After all forward spectrometer had been tested, the vertex was 

refit using all flagged tracks. If the x2 of this fit was acceptable, the 

vertex was stored with all flagged tracks (the unflagged tracks were 

stored as not fitted, but with the ratio of their distance of closest 

approach to the primary vertex divided by the error on their position 

calculated and stored). If the x2 was unacceptable, then flagged tracks 

were dropped one at a time, starting with the track with the largest x2 

from the previous test, until the vertex passed the x2 cut. After the 

primary vertex was fit, the event kinematics were calculated using the 

4-vectors of the beam muon and the scattered muon. 

The vertex processor then searched for secondary verticies: neutral 

and charged decays, secondary interactions, and photon conversions. A 

similar algorithm as was used to fit the primary vertex was used to fit 

secondary vertices, storing the found vertices and their associated 
tracks. 
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2.6 E665 Monte Carlo. 

In order to tune and test the reconstruction software, and 

determine detector acceptance, a Monte Carlo analysis was done. The 

Lund Monte Carlo46
, which uses a classical string fragmentation model, 

was used for this. The hadronization process of the Lund modlel, after 

adjusting its many parameters, correctly reproduces many of the 

observed distribution of particles produced in deep-inelastic scattering. 

The parameters of this model were tuned using data from the NA9 

(EMC) experiment at CERN47
. After hadronization, each event was 

fully simulated in the E665 apparatus. Multiple scattering effects and 

secondary interactions were taken into account, as well as noise in the 

detectors and detect.or inefficiencies. Wrre chamber hits were digitized 

and stored in the same format as real data, and the Monte Carlo data 

was run through the E665 analysis chain. This analysis shows that the 

reconstruction efficiency in the forward spectrometer to be 65-80%, and 

'ghost' tracks, false tracks constructed from noise hits and other extra 

hits, to be less than - 2%. 
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3.0 Analysis of the E665 Data. 

Fermilab started providing protons to the muon beam line in July 

1987, with data acquisition commencing in October 1987 after several 

months of beam line tuning and commissioning of the muon 

spectrometer. Data acquisition continued through February 1988 with 

3.0X107 triggers recorded to tape. The muon beam was tuned to an 

average energy of 490GeV and provided an average flux of 5X105 

muons per second. Deuterium data was taken from October to 

December 1987, hydrogen data collected during Janurary 1988, and 

xenon data during February 1988. 

Before analysis, the events on tape were split into separate data 

sets based on trigger type (LAT, SAT, RBEAM, interspill, etc., see 

section 2. 7 for an explanation of trigger types). After the split, each 

data set was run through the main event reconstruction package, 

Pl'MV, as described in section 2.8. This process was completed for the 

deuterium and hydrogen LAT and SAT samples in the fall of 1989. 

Table 3-1 list the event totals for these data sets. 

As detailed in chapter 2, the E665 apparatus consisted of three 

main components to record hadrons produced in deep-inelastic muon 

scattering, the vertex spectrometer, the wide angle spectrometer, and 

the forward spectrometer. At the time of this analysis there were only 

~3000 streamer chamber available (with only a few thousand more 
expected when the analysis of the streamer chamber film was 

completed). This provided too small a statistical sample for analysis. 

The wide angle spectrometer consisted of only the Pl'A chambers to 

provide track position information in the wide angle region. 

Unfortunately, the Pl'A chambers suffered severely from oscillations 

associated with its nearness to the streamer chamber and consequently 

much of its data was not usable. Because of these problems, this 

analysis uses only data from the forward spectrometer. The restriction 
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to forward spectrometer tracks limits the minimum momentum of the 

tracks used, since tracks with momenta less than - 6 GeV/c don't enter 

the CCM and are not track fitted. This causes the average x
1 
.. of pion 

pairs t.o be - .10 which is higher than in past experiments which were 

dominated by lower momentum tracks. This put the E665 analysis in 

a new kinematic region, where results different from past analyses are 

not unexpected. 

3.1 Event Selection. 

A large fraction of the data written t.o tape (-90%) consista of false 

triggers due to unvetoed halo muons or cosmic ray showers which 

generate hits in the SPM planes that satisfy the LAT trigger Hagie. In 

addition, muon scatters in the iron absorber and other non-target 

material in the detector contribute to the recorded triggers. To 

eliminate these events from the data sample, the reconstructed events 

were run through a data reduction (DR) program that checked for a 

reconstructed vertex in the target region. Events without a vertex near 

the target region (defined as an X-coordinate for the vertex in the range 

-13 t.o -10 meters for the LAT data set and -14 t.o -9 meters for the SAT 

data set, the target extended from - -12.5 to -11.5 mete1·s) were 

removed. Minimum kinematic cuts were also made (for LAT: v greater 

than 10, ~greater than 0.003; for SAT: v greater than 0., ~r greater 

than 0) to remove events where event reconstruction returned 

kinematic values obviously outside the acceptance of the muon 
spectrometer (due to problems finding the sea ttered muon or 

reconstructing the primary vertex in PrMV). These simple cuts result 

in a substantial reduction in the number of events for each trigger type 

as shown in table 3-1. 

The output of the DR program forms the input data samplf~ for this 

Bose-Einstein analysis. Two further event selection cuts were made 
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during the initial analysis. Because misidentification of the scattered 

muon leads to unrealistic kinematic values for the scatter, tests on YBJ 

and~ were made to ensure that these values were between 0. and 1. 

This cut eliminated approximately 2% of the DR events. The second 

event cut arises from the necessity of having at least two tracks in the 

forward spectrometer for each event to form momentum differences for 
the B-E analysis. Since the scattered muon was not used in the 

analysis, this requires at least three charged tracks in the forward 

spectrometer (one track being the muon) for the event to be used in the 

analysis . These tracks must pass some rather modest track cuts: 

momentum resolution, ap/p, less than 10%; and the track must project 

to within a meter of the primary vertex. The momentum resolution cut 

removes tracks that were poorly reconstructed, while the distance to 
vertex cut removes tracks that have nothing to do with the primary 

-

-

vertex. This minimum three track cut removes about half of the DR -

events. Table 3-1 lists the number of remaining events after these cuts. 

Note that there is some overlap between the SAT and LAT trigger, so 

events satisfying both triggers are included only in the LAT data set. 

The YBJ distribution for events satisfying these cuts is shown in 

figure 3-1. Note the sharp rise in the number of events at Y BJ = 1. 
Muon-electron (muon scattering off an electron) and muon-gamma 

(muon bremsstrahlung) events dominate the trigger rate in the high 

YBJ region, and this rise is due to these events. The three track cut -

removes virtually all the muon-electron events, though some may still 
enter into the sample because of extra background tracks in the event. 

Muon-gamma events where the gamma converts into e+e- pairs 

upstream of the CCM will satisfy the three track cut. A maximum YBJ 

cut of .9 was made to remove the bulk of the muon-gamma and 

remaining muon-electron even ts. Q2 , 11 , and other kinematic 

distributions for these remaining events are shown in figures 3-2 

through 3-5. 
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Raw LAT~ Triggers: 2.8x106 

Raw LAT D
2 

Triggers: 4.8x106 

Raw SAT ~ Triggers: 2.4x106 

Raw SAT D
2 

Triggers: 3.3x106 

After running DR: 

Tot.al LAT and SAT: 330244 

After Event Cuts and Y.BJ<l. : 

Tot.al LAT and SAT: 112687 

After Event Cuts and Y .BJ<.9: 

Tot.al LAT and SAT: 104780 

Table 3-1 : Number of events taken by E665 for th e LAT and SAT trigger, and number of 

events surviving the various event cuts (see text). 
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1.Z 1.4 

YSJ DISTRBUTION 

Figure 3-1: YBJ distribution of events passing event cuts. Note the rise at YBJ ofl which is 

due to muon bremsstrahlung and muon electron scatt.ering (see text), event,, with YBJ greater 

than .9 were cut from the analysis. 
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Figure 3-2: VfJ distribution after all event cuts have been applied. 
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Figure 3-3: ~ distribution of events after event cuts. 
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Figure 3-4: ct distribution of events surviving event cuts. The spike at small ct comes from 

the SAT events, while the LAT events are all greater than -1. 
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Figure 3-5: v distribution of even~ after event cu~. 

3.2 Track Selection. 

1000 

The events entering into the analysis contain tracks from the 

primary vertex, resonance decays, and secondary interactions. These 

charged tracks are made up mainly of pions, kaons, electrons, and 

prot.ons. Since B-E correlations exist only between identical particles, it 

is desirable to cut out tracks associated with kaons, electrons, and 
protons. Also, t.o avoid contamination of the samples with tracks from 
resonance decays, these will also be removed by cutting on the vertex. 

Finally, poorly reconstructed tracks will be removed by cutting on the 

momentum resolution of the track. 
As described in section 2.5.5, the vertex processor associates tracks 

with the primary vertex (scattered muon vertex), secondary vertices 

(particle decays and secondary interactions), or leaves the track not 
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connected with any vertex. For this analysis, all tracks associated with 

a secondary vertex were discarded, keeping only those tracks asEK>Ciated 

with the primary vertex (fitted tracks) and tracks not associated with 

any vertex (close tracks), some of these close tracks could bE! due to 

tracks from a secondary vertex that was not found by the vertex 

processor. Figure 3-6 shows the distribution of the ratio of [distance of 

closest approach to the primary vertex]![ the error on the track position], 

or (distance/error) for all tracks surviving the vertex cut. The 

distributions for fitted and close tracks are shown separately in 

figures 3-7 and 3-8. Since the vertex processor may not fit tracks to the 

primary vertex that should be associated, this analysis kept close tracks 

with a distance/error ratio less than 15. Indeed, Monte Carlo studies 

show that while virtually all fitted tracks are primary vertex tracks 

(>99%) some primary vertex tracks generated by the Monte Catrlo and 

reconstructed by PrMV are not associated to the primary vertex by the 

vertex processor (see figure 3-9). This non-matching of primary tracks 

to the vertex is due, in large part, to problems in projecting the track 

10 

10 

10 

10 

40 80 

OCSl/l:RROR ALL T'RACKS 

Figure 3-6: Distribution of distance/error for all tracb. 
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Figure 3-7: Distribution of distance/error for fitted tracks. 
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-Figure 3-8: Distribution of distance/error for close tracks. 
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Figure 3-9 : Distribution of distance/error for Monte Carlo primary vertE!X tracks 

reconstructed as close tracks .. 

through the CVM field to the vertex position. Tracks without a hit in 

the PCV detect.or at the aperture of the CVM must be projected from a 

considerable distance. Imprecise knowledge of the CVM magnetic field 

can also lead to non-matching of tracks to the primary vertex. The 

distance/error cut keeps such tracks (see figure 3-9) while th.rowing 

away tracks not associated with the primary vertex. With this cut, only 

14% of the surviving tracks are close tracks. The effect of including 

close tracks on the analysis will be studied by varying the 

distance/error cut. 
An electron cut is made to the remaining tracks that have a 

calorimeter response. Figures 3-10 and 3-11 show the ratio of the 

energy deposited in the calorimeter to the particle momentum and the 

distance between the particle track at the calorimeter and the cluster in 

the calorimeter. Using the calorimeter response plots in section 2.2.7 

for identified electrons and hadrons (see figures 2-31 and. 2-32), 
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Figure 3-10: Distribution of the energy to momentum ratio in CAL. -
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Figure 3-11 : Distance of forward spectrometer track to CAL cluster. 
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electrons are removed by cutting all tracks with a energy to momentum 

ratio greater than 60% that have a distance between track and cluster 

less than 10 centimeters. As can be seen in figure 2-31, this cut 

removes less than 3% of the hadrons that give a calorimeter response, 

while removing essentially all electrons hitting the calorimeter. Monte 

Carlo studies estimate a remaining electron contamination oflE!SS than 

1%. 

At the time of this analysis, particle identification using the 

cherekov counters (see section 2.2.8) was not available. Contarnination 

of the data sample by kaons was found to be less than 7% in EMC48, for 

E665 this has been estimated, using the Lund Monte Carlo, to be less 

than 16%. This contamination will reduce the observed B-:~ effect 

(entering into the).. parameter as described in section 1.5.2). Tracks 

giving xF greater than 1.0 are removed. Protons are removed by 

calculating xF using the proton mass and removing tracks with 

xF(proton) greater than -0.9 and with ~(pion) less than 0. Lund Monte 

Carlo studies show 45% of the hadrons in this region are protons from 

the target remnant while less than 1 % of the tracks surviving this cut 

are protons. For this analysis, ~ was calculated using: 

~:::: 2p,fW (Eq .. 3-1) 

where p
1 

is in the center of mass of the photon-hadron system and Wis 

the total available energy. For all remaining tracks, then, x-Feynman 

is calculated assumin.g the pion mass. 

For all remaining tracks, the momentum resolution, Ap/p, is shown 

in figure 3-12. The bulk of the tracks have a momentum resolution of 
less than 0.4%. To remove the long tail, a cut at 2% was ue1ed. All 

tracks surviving these cuts then enter into the B-E analysis. Figures 

3-13 through 3-1 7 give the lab and center of mass mon(lentum 

distributions for the remaining tracks, the xF of all tracks, and the 

average xF of all like and unlike pion pairs. The final sample contains 

1 78301 tracks of which >86% are associated with the primary vertex, 
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Figure 3-12: Distribution of the momentum resolution of all tracks. 
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Figure 3-13: Distribution of the Laboratory Momentum (in GeV/c) for all tracks 

after cuts. 
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Figure 3-14: Distribution of the Center of Mass momentum distribution (in GeV/c) for all 

tracks after cuts. 
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Figure 3-15: Xp distribution for all tracks after cuts. 
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Figure 3-16: Average Xp for all like-sign pion pairs after cuts. 
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Figure 3-17: Average Xy for all unlike-sign pion pairs after 

cuts. 
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Figure 3.-18: Feynman diagram for deep-inelastic scattering. 

and -16% are kaons (and a slight, <1 %, number of electrons and 

prot.ons). While all remaining tracks are not pions, they will bEl refered 

to as pion tracks (or hadron tracks) in what follows, with the caveat 

that there is small contamination of non-pion (and hence non-identicle) 

tracks in the sample. 

3.3 The Bose-Einstein Analysis. 

As detailed in section 1, this analysis concerns itst~lf with 

measuring the momentum correlations between hadrons resulting from 

deep-inelastic scattering of muons on hydrogen and deuterium targets. 

Figure 3-18 gives the basic Feynman diagram for th.is event and defines 
the momentum vect.ors of interest in the scatter. The analysin is done 

using both the spherical source parameterization, using the co1Telation 

function given in Eq. 1-18; and the ellipsoidal parameterization, using 

the correlation function in Eq. 1-20. The procedure usedl in this 

analysis is essentially the same as that used in EMC (ref. 13). For the 

:M2 analysis, the like-sign pair distribution will be normalized by the 
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unlike-sign pair distribution. This ratio will then be fit (using the x2 

method49) using a Gaussian form similar to Eq. 1-18. The experience of 

EMC shows that except for the region around the resonances, the 

Monte Carlo corrections to the ratio are virtually flat. Using this 

information, the :M2 fit will made on the M:2 region below these 

resonances. This will alleviate the need to normalize this ratio with the 

Monte Carlo. The effect of the Y BJ and distance/error cuts on the 

analysis will then be checked. 

The t Ap( and I ApTI 2 analysis will the be carried out following the 

prescription used by EMC. Fits using both a Gaussian form and a 

wrentzian form will be made to the ratio (as mentioned in section 1 .5, 

the data provides no guidance as the the shape of the hadronization 

region and the Lorentzian form is used to compare to the model in 

reference 19). The effect of various backgrounds on these ratios will be 

-
-

-

examined (not done by EMC) as well as the effects of the cuts used. -

Monte Carlo distributions will be used to normalize the data 

distributions to remove effects not associated with B-E correlations. 

Finally an examination of the detector :r:esolution (using Monte Carlo 

events) and the kinematic distributions of tracks (and the events they 

come from) to ensure no spurious effects are contributing to the 

observed enhancements. 

3.3.1 1\12 Analysis. 

The M2 analysis was carried out first to establish the presence of 

B-E correlations in the data sample. Using the parameterization in Eq. 

1-18, the variable of interest is: 

(Eq. 3-2) 

The hadron pair distributions as a function of :M2 are plotted for 
like-sign pairs in figure 3-l 9a and for unlike-sign pairs in figure 3-19b. 
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These pairs are formed from hadrons within the same event and plotted 

for all such pairs from all events. The correlation function is extracted 

by dividing the like-sign distribution by the unlike-sign distribution. 

Before dividing, the individual distributions are normalized by dividing 

each distribution by the number of pairs (entries) in that distribution. 

This normalization will ensure that the ratio - 1 at large M2 . The 

divided distribution, with statistical errors only, is shown in figure 

3-20. This ratio has several features of interest. The first is the 

enhancement of the ratio above 1. at small ?a2 (small mornentum 

differences). This enhancement, an excess of like-sign pion :pairs at 

small momentum differences, is due t.o the B-E correlations and is given 

by the correlation function. The other feature of interest are where the 

ratio drops (has a dip) below the background level centered at .5 GeV2 

and a possible dip at ~.22 GeV2
. This drops in the ratio is due to an 

excess of unlike-sign pion pairs from the p• (and possibly K•) resonance 

decay. These :M2 plots are related to the typical mass-squared plots 

traditionally used t.o study resonances as follows: 

:M2 = (pl - P2f = (pl + P2)2 - 4m"2 

= M2 -4m 2 
resonance r 

(Eq. 3-3) 

Plugging in the masses of the p0 

( and K") and 11" mesons, the observed 

dip in the ratio of like-sign to unlike-sign pairs occurs at the E!xpected 

value for the resonance. This dip gives a measure of how much the 

track sample is contaminated by pions from the decay of this resonance. 

Remember also, as discussed in Sec.1.5.2, pions from the p• decay enter 

into the like-sign distribution and contribute to the value of A. In order 

to avoid having to make Monte Carlo corrections for this resonance 

decay dip, the :M2 ratio is restriced to values of less than 0.15 GeV2
, 

below the region where the resonance affects the ratio. This i.s shown 

in figure 3-21. Here the enhancement at low :M2 is clearly visable and 

the ratio - t.o -1. at large :M2 as expected. 
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Figure 3-19: a) M2 distribution for like-sign pion pairs., b) M2 distribution for unlike-sign 

pion pairs. 
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Figure 3-20: Like-sign/unlike-sign :Qll distribution. 
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Figure 3-21: Like-sign distribution/unlike-sign distribution for :Qll<.15 (GeV/cf. Solid line is 

fit with function destribed in the text, x2/(Degrees Of Freedom)= 0.74. 
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Th.is ratio is then fit by the function: -
C = A + >-.exp[-log(2)M2R2] (Eq. 3-4) 

This form of Eq. 1-18 gives the source size, R, such that when M2=R-2, 

the correlation function drops to half its maximum value. The -

motivation for using this form rather that Eq. 1-18 directly, comes from 

the desire to compare to source size predictions from the model in ref. 8 

which has the longitudinal extension given by a LJ>rentzian form which 

does not have a finite rms value, unlike Gaussian forms, and hence 

uses the full-width-at-half-max to give the source size. To compare the 

the values of R listed in table 1-1, R obtained in this analysis need only 

be multiplied by the factor of [log(2)]~. Note that in Eq. 3-4 above, the 

background level is also a free parameter, and gives a measure of how 

well the background sample approximates the phase space and 

dynamical factors that enter into the like-sign distribution (that is, 

outside the B-E enhancement region, the ratio should be flat and have a 

value ofl). Fitting Eq. 3-4 to the ratio in figure 3-21 yields: 

A = 0.91 +/- 0.02 

>-. = 0.55 +/- 0.07 

R = 1.42 +/- 0.13 fin 

where the errors are statistical only. Note that the value of R obtained 

from this fit is consistent with results from previous experiments. 

Because of the lack of particle identification, it is not possible to do a 

detailed analysis of the coherence parameter, A., in Eq. 3-4. It is not 

possible to determine how much of the reduction from the maximum 

value of the correlation function is due to kaon contamination, or 

electrons still in the data sample (though these effects are, at most, 

small, -16%). 

A study of the possible effects of muon-electron scattering, radiative 

effects, and association of tracks from resonance decays and secondary 

interactions to the primary vertex is made. Muon-electron scattering 
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and muon-gamma events, which dominate the trigger rate at high YBJ 

have mostly been removed by requiring three charged tracks in the 

forward spectrometer and requiring Y BJ t.o be less than .9. The effects 

of remaining contamination by these events are studied by n1aking a 

series of maximum Y BJ cuts on the data and repeating the B-E 

analysis. The results are given in table 3-2. This study shows that, 

within statistical errors, the result of the fit does not depend on the Y BJ 

cut. The effect of including close tracks which may not be associated 

with the primary vertex is studied by making a series of cuts on 

distance/error (see figure 3-8) for close tracks. The result is given in 

table 3-3. Again, within statistical errors, the results are independent 

of this cut. Both of these studies show that any contamination from 

muon-gamma and muon-electrons events or inclusion of close tracks not 

associated with the primary vertex do not contribute t.o the observed 

enhancement 

3 3 2 - - 2 An I . . . 4p
1 

, 4pT a ys1s. 

In order to look for a possible ellipsoidal source, the pion 

momentum vect.ors are first Lorentz boosted to the center of mass 

frame of the exchanged phot.on-hadron system. Using a unit vect.or in 

the direction of the exchanged phot.on, the pion momentum vect.ors are 

resolved int.o components along this unit vect.or and perpendicular t.o 

this unit vect.or. For like-sign and unlike-sign pion pairs within the 

same event, I Ap
1

1 and I ApTI 2 are calculated. The number of such pairs 

as a function of I Ap11 and I ApTI 2 for all events is given in figur·es 3-22a 
for like-sign pairs and 3-22b for unlike-sign pairs, the bin size is 0.01 

(GeV/c)2 in I ApTI 2 and 0.015 GeV/c in I Ap11. Note that this is a plot in 

phase space and should be, to first order, flat. However in 

hadronization, because of the drop in pT at large xF, there is a gradual 
drop throughout. 
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YBJ Cut R(fm) ~ A (background) 

< 1.0 1.36 +/- 0.13 0.51 +/- 0.06 0.91 +/- 0.02 

< 0.9 1.42 +/- 0.13 0.55 +/- 0.07 0.91 +/- 0.02 

< 0.8 1.34 +/- 0.13 0.53 +/- 0.07 0.90 +I- 0.02 

< 0.7 1.34 +/- 0.14 0.54 +/- 0.07 0.89 +/- 0.02 

< 0.6 1.32 +/- 0.16 0.55 +/- 0.08 0.89 +/- 0.02 

Table 3-2: Results of:M2 fits for various cuts on the maximum YBJ. 

Dist/error Cut R(fm ) ~ A (background) 

< 20. 1.43 +/- 0.13 0.55 +I- 0.07 0.91 +/- 0.02 

< 18. 1.41 +/- 0.13 0.54 +I- 0.07 0.91 +/- 0.02 

< 15. 1.42 +/- 0.13 0.55 +I- 0.07 0.91 +/- 0.02 

< 10. 1.34 +/- 0.13 0.52 +I- 0.07 0.90 +I- 0.02 

< 5. 1.37 +/- 0.15 0.51 +I- 0.07 0.91 +/- 0.02 

Table 3-3 : Results ofM2 fits for various cuts on the distance/error of 

close tracks. 
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By comparing the like and unlike distributions in figure H-22, an 

enhancement in the number of like pairs is clearly visible in the small 

1 Ap
1
1 and small I ApTI 2 region. These plots show an enhancement in 

1 Ap
1
1 extending~ 6 bins, and an enhancement in I ApTI 2 extending~ 8 

bins. Because of the low statistics and fluctuations in the background, 

a simultaneous two dimensional fit in both I Ap
1

1 and I ApTI 2 was not 

possible. Instead, as was done by EMC, the enhancement in I Ap
1
1 is fit 

with a cut on I ApTI 2 , restricting the transverse momentum difference 

to be less than 0.02 (GeV/c)2
, which is well within the range of the 

enhancement in I ApTI 2
. Likewise, the enhancement in I Ap'l'I 2 is fit 

with a cut on I Ap
1
1, restricting the the longitudinal momentum 

difference to be less than 0.03 GeV/c, again, within the rang:e of the 

enhancement in 1 Ap
1
1. These cuts are shown in figure 3-22. 

The like-sign and unlike-sign distributions for I ApTI 2 with the 

above cut in I Ap
1

1 are plotted in figures 3-23a and 3-23b, with the ratio 

shown in figure 3-24. This ratio is fit using: 

(Eq. 3-5) 

(again the factor oflog(2) is used to return the radius at the futll width 

at half maximum of the momentum distribution), with the resuJlts: 

A = 0.86 +/- 0.07 

>.. = 1.52 +/- 0.34 

Rr = 1.33 +/- 0.20 fm 

Note that the value of Rr is consistent with the value of R determined 

from the M 2 analysis as expected since ApT dominates in the M 2 

distribution (see Eq. 1-19). 

The like-sign and unlike-sign distributions for I Ap
1
1 with the above 

cut in I ApTI 2 are plotted in figures 3-25a and 3-25b, with the ratio 

shown in figure 3-26. This ratio is fit using: 
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Figure 3-22: a) Number of like-sign pion pairs aa a function oflongitudinal momentum 

difference and the square of the transverse momentum difference. b) Number of unlike-sign 

pion pairs as a function of longitudinal momentum difference and the square of the 

transverse momentum difference. 
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Figure 3-23: a) Distribution of like-sign pion pairs as a function of the square of the 

transverse momentum difference for t:..p
1 

< .03. b) Distribution of unlike-sign pion pairs as a 

function of the square of the transverse momentum difference for t:..p
1 

< .03. 
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Figure 3-24: Ratio of like-sign/unlike-sign pion pairs as a function of the square of the 

transverse momentum difference. Solid line is fit with function in text, x21(Degrees of 

Freedom)= 1.02. 

(again the fact.or oflog(2) is used the return the radius at the full width 

at half maximum of the momentum distribution), with the results: 

A = 1.03 +/- 0.03 

). = 1.27 +/- 0.29 

R
1 

= 4.73 +/- 0.93 fm 

Fitting with a L-Orentzian form as used in ref. 19: 

yields: 

C =A+ >./[1 +I Ap
1
1 2R

1
2] 

A =0.99 +/- 0.03 

). = 1.35 +/- 0.34 

R1 = 4.88 +/- 1.42 fm 

which is essentially the same as that obtained with the Gaussian form. 
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Figure 3-25: a) Distribution of like-sign pion pairs as a function oflongitudina.l momentum 

difference for t.p 2 < .02. b) Distribution of unlike-sign pion pairs as a function of the 
T 

longitudinal momentum difference for t.p 2 < .02. 
T 

-121-



J .2 

2.8 

2.4 

2 

1.2 

0.8 

0.4 

{UKE/U~KE) OPL OPP .. 2 LT .02) 

Figure 3-26: Ratio of like-sign/unlike-sign pion pairs as a function of the longitudinal 

momentum difference. Dotted line is fit with the Gaussian function described in the text, 

x 2 
/(Degrees of Freedom) = 1.40. Solid line is fit with the Lorentz function described in the 

text, x 2 
/(Degrees of Freedom) = 1.33. 

Since the data does not differentiate between these two forms, the 

Lorentzian form will be used in all the following fits to the I Ap , 1 

distribution. This radius is much larger than that seen in the 

transverse direction or in the NI2 analysis, and larger than that seen in 

the few electron-electron and lepton-hadron experiments that have 

attempted to measure the longitudinal extension (see table 1-2). Since 

the measurement of the width is sensitive t.o the background, a larger 
background sample is formed to reduce effects from the statistical 

fluctuations. A cut of I ApTI 2 < .08 is used for the I Ap
1
1 distribution 

which is plotted in figure 3-29a, and I Ap
1
1 < .12 for the I ApTI 2 

distribution which is plotted in figure 3-29b. These cuts are shown in 

figure 3-22. Note that the number unlike-sign pairs in the bins in these 
regions are relatively constant (see figure 3-22b) and ,except for 

statistics, the distributions in figures 3-29a and bare similar t.o those in 

figures 3-23b and 3-25b. 
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Figure 3-27: a) New unlike-sign I Ap11 distribution with I ApT 2 
< .08. b) New unlike-sign 

I ApT 
2 

distribution with I AP( < .12. 
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The B-E analysis is then repeated using these background 

distributions with the result for I Ap 
1
1 plotted in figure 3-28a and for 

I Ap I 2 in 3-38b. The results of the fits are: 
T -I Ap 

1
1 : 

A = 1.06 +/- 0.04 

A = 0.89 +/- 0.19 

R
1 
= 3.04 +/- 1.05 fm 

IAp-1 2• T . 

A = 0.94 +/- 0.06 

A = 1.12 +/- 0.21 

RT = 1.30 +/- 0.20 fm 

The value of R,. is consistent with the previous value, while R
1 

is 

smaller, but not statistically different, than that obtained using the 

narrow background strip, as expected, but still significantly larger than 

that for R,.· These new unlike-sign background distributions will be 

used in all following like/unlike ratios. 

As noted in section 1-5, past experiments have used pions with 

average xF of zero, while the acceptance of the forward spectrometer at 

E665 falls rapidly for xF near zero and has virtually no acceptance for 

particles at negative "F· This restricts the E665 data t.o pions at higher 

xF (and thus energy) than past experiments. The model in ref. 19 

predicts that at higher "F, one should measure a larger R
1 

than at lower 

"F and, in fact, gives for E665's average "F a R1 of: 

R,C"F = .10) = 4.3 fm (Eq. 3-7) 

As with the M2 analysis, the analysis in 1 Ap 
1
1 and I ApTI 

2
, using the 

wide background strips, is repeated for various cuts in Y BJ and the 
(distance/error) cut for close tracks. The results are listed in table 3-4 

and table 3-5. The t Ap
1
1 analysis is most sensitive to these cuts, 

excluding non-primary tracks with the distance/error cut increases the 

measured radius as one might expect since the excluded tracks would 

not have any B-E correlations and would only serve to dilute the 

enhanced sample. 
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Figure 3-28: a) Ratio oflike-sign/(new unlike-sign) I f1P( distributions, solid line is fit with 

function in text, x2/(Deg:rees of Freedom) = 1.24. b) Ratio of like-sign/(new unlike-sign) 

I APT' 
2 

distributions, solid line is tit with function in text, lt(Deg:rees of Freedom) = 0.87. 
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YBJ Cut R
1 

(fm) R,. (fm) 

<1.0 3. 72 +/- 1.39 1.32 +/- 0.20 

< 0.9 3.04 +/- 1.05 1.30 +/- 0.20 

< 0.8 2.54 +/- 1.56 1.27 +/- 0.19 

<0.7 fit failed 1.25 +/- 0.21 

< 0.6 fit failed 1.20 +/- 0.20 

Table 3-4: Effect of Y BJ cut on R.r and R1. The smallness of the 

statistics and fluctuations in the ratio at large Ap
1 

prevented fitting 

for R1 at the last two Y BJ cuts. 

Dist/error Cut R1 (fm) R,. (fm) 

< 20. 2.20 +/- 0.87 1.29 +/- 0.20 

< 18. 2.52 +l-1.16 1.29 +/- 0.20 

< 15. 3.04 +/- 1.05 1.30 +/- 0.20 

< 10. 2.47 +l- 1.00 1.27 +/- 0.21 

< 5. 2.80 +I- 1.30 1.1 7 +/- 0.27 

Table 3-5: Effect of (distance/error) cut on R.r and Rf 
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3.3.3 Stability of the Observed Enhancement. 

To check the effect of the cut in I ApTI 
2 on the I Ap11 analysis, and 

the cut in 1 .Ap,1 on the I ApTI 2 analysis, these analyses are repeated for 

various cuts, with the results in table 3-6 for the I Ap1t analysis, and 

table 3-7 for the I ApTI 2 analysis. For small cut values (well within the 

range of the B-E effect in the cut variable), the fit does not depend on 

the cut, but as the value is increased, the observed radiuE1 in both 

dimensions decreases. This behavior is expected as larger values of the 

cuts bring in tracks with larger momentum differences in the cut 

variable, and hence exhibit no B-E enhancement or only a small 
enhancement, and dilute the B-E effect in the plotted dimension. 

The effect of the background is checked by using a different method 

in constructing the background sample. Instead of using unlike-sign 

pion pairs, the background is constructed using like-sign pion pairs 

from outside the B-E enhancement region. In figure 3-28b, the 

enhancement in I ApTI 2 extends out to pion pairs with transverse 

momentum differences of -0.08 (GeV/c)2 . Pion pairs with larger 

transverse momentum difference do not show a B-E enhancement. 

Therefore, for the I Ap11 analysis, the background sample is taken from 

pion pairs with transverse momentum differences in the range: 0.08 < 

I ApTI 2 < 0.2. Likewise, for the 1 ApTI 2 analysis, the background sample 

is taken form like-sign pion pairs with longitudinal momentum 

differences in the range: 0.3 <I Ap
1
1 < 0.9, which is outsid•e the B-E 

enhancement in I Ap ,1 . These cuts are shown in figure 3-22. Before 

taking the ratio of the enhanced sample t.o the background sample, the 

distributions are normalized by dividing each distribution by the 

number of pairs in that distribution. 

For the 1 Ap
1

1 analysis, the background distribution and the ratio 

are given in figures 3-29a and 3-30a. While the plots for the I ApTI 2 

analysis are given in figures 3-29b and 3-30b. Note th&.t for this 
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-
-
-

I Ap'f'
2 Cut R

1 
(fm) A (background) -

< 0.01 fit failed 

< 0.015 2.52 +I- 0.95 0.69 +/- 0.13 0.98 +/- 0.05 

< 0.02 3.04 +/- 1.05 0.89 +/- 0.19 1.06 +/- 0.04 

< 0.025 2.01 +I- 0.70 0.70 +/- 0.13 1.05 +/- 0.04 

<0.03 2.47 +/- 0.81 0.72 +/- 0.14 1.07 +/- 0.03 -< 0.035 2.16 +I- 0.72 0.64 +/- 0.12 1.06 +I- 0.03 

-
Table 3-6: Effect of cut in I llpT 

2 
on the fit to the I ilP( distribution. 

-

-
IAPJ Cut R.r (fm) A (background) 

< 0.015 1.31 +/- 0.22 1.27 +/- 0.29 0.87 +I 0.08 -
< 0.03 1.30 +/- 0.20 1 .12 +/- 0.20 0.93 +/- 0.0'1 

< 0.045 1.14 +/- 0.18 0.91 +/- 0.15 0.92 +/- 0.06 

< 0.06 1.14 +/- 0.1 7 0.87 +/- 0.14 0.92 +/- 0.06 

< 0.057 1.08 +I- 0.16 0.83 +I- 0.16 0.90 +I- 0.06 -
< 0.09 1.00 +I- 0.15 0.81 +I- 0.15 0.87 +/- 0.06 

Table 3-7: Effect of cut in I flp ( on the fit to the 1 llpT 
2 

distribution. 
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Figure 3-29: a) New I llP( background distribution using like-sign pairs with .OH< I !!pi 2 < 

.2. b) New 1 llp'f' 
2 

background distribution using like-sign pairs with .3<1 llp( < .9. 
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Figure 3-30: a) Ratio of like-sign/(like-sign background) I Ap
1
1 distributions. b) Ratio of 

like-sign/(like-sign background) I ApT 
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distributions. 
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analysis, the ratios at large momentum differences are not flat but 

slope down. This effect is not unexpected as, for example, in the I ApTI 
2 

analysis the background sample is constructed from pion .pairs at large 

transverse momentum differences. For pairs with large tramsverse 
momentum difference, one or more will have a large transverse 

momentum. Likewise, pairs with large I Ap 11 have one or more 

members at large p
1
, and hence are at larger average xF. The 

downward slope in the ratio implies that for increasing xF, there are 

more pairs with large transverse momentum difference, and hence 

more pions at large transverse momentum, than in the enhanced 

sample where the transverse momentum difference is restricted to be 
small. This is just a result of the well know 'seagull' effect, where more 

hadrons are produced with large transverse momentum than with 

small transverse momentum for increasing "F (the average transverse 
momentum increases with increasing xF). In order to fit these 

distributions, Monte Carlo distributions will be used to norrrialize the 

ratios, to remove this seagull effect. 

3.3.4 Monte Carlo Normalization of the ]Data. 

For the Monte Carlo analysis, 200,000 events were generated 

including full detector simulation. These events were then run through 

the PTMV analysis package. The B-E analysis was then run on these 

events. Like-sign pairs and unlike-sign pairs were formed in each 

event and their momentum difference in the center of mass of the 
muon-nucleon system calculated. Figures 3-31a and 3-31b show the 

number of like-sign pairs and unlike-sign pairs as a function of 1 Ap
1

1 

and I ApTI 2. The bin size is the same as for the data plots in figure 

3-22, namely .01 in I ApTI 2 and .015 in I .t!lp
1
1 . A cursory examination of 

the plots shows no enhancement in the like-sign sample relative to the 
unlike-sign sample as expected since the Lund Monte Carlo n1odel does 
not incorporate B-E correlations. This is further illustrated by taking 
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Figure 3-31: a) Number of Monte Carlo like-sign pairs as a function of I Apl a:nd I ApT' 
2

. b) 

Number of Monte Carlo unlike-sign pairs as a function of I Ap; and I APT' . 
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the ratio of like-sign pairs to unlike-sign pairs. In I Ap11 , the like-sign 

sample is formed with I ApTI 2 < .08 and plotted in figure 3-3:2a. The 

unlike-sign sample is plotted in figure 3-32b. In I ApTI 2 , the like-sign 

sample is formed with I Ap
1

1 < .12 and plotted in figure 3-33a, ·with the 

unlike-sign distribution plotted in figure 3-33b. These cuts ar·e shown 

in figure 3-31. The ratio of like-sign to unlike-sign distributions for 

1 Ap
1

1 and I ApTI 2 are plotted in figure 3-34. These ratios show no 

enhancement at small momentum differences. 

The main purpose for constructing the Monte Carlo sample is to 

normalize the data plots with the background sample constructed from 

like-sign pairs outside of the B-E enhancement region. To do this, 

Monte Carlo distributions for I Ap11 with .08< I ApTI 2 <.2 and I ApTI 2 

with .3< I Ap11 <.9 are plotted in figure 3-35. These cuts are :shown in 

figure 3-31. The ratios of the Monte Carlo like-sign distributions at 

small momentum differences (figures 3-32a and 3-33a) to the like-sign 

pair distributions at large momentum differences are plotted in figure 

3-36. As with the data samples, these are not flat, but have a 

downward slope at large momentum difference. 

The data ratios in figure 3-30 are then divided by the corrusponding 

Monte Carlo ratios in figure 3-36. The results are plotted in figure 

3-37. The plots now level at large momentum difference and are fitted 

used Eq. 3-7 for the I Ap11 ratio and Eq. 3-5 for the I ApTI 2 ratio. The 

results are: 

-I Ap 
1
1: 

A = 0.86 +/- 0.03 

>. = 0.41 +/- 0.13 

R
1 
= 2.91 +/-1.14 fm 

IAp 12: 
T 

A = 0.87 +/- 0.0!5 

>. = 0.53 +/- 0.20 

Rr = 1.53 +/- 0.43 fm 

The values or R
1 

and Rr obtained with this background are 1oonsistent 

with the values obtained using the data unlike-sign background. 
As a final check on the effect of the background used, the data 
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Figure 3-32: a) Mone Carlo like-sign I t:.p11 distribution. b) Monte Carol unlike-sign I !:.pt' 

distribution. 
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Figure 3-33: a) Mone Carlo lik.~sign I ApT 2 distribution. b) Monte Carol unlik~sign I ApT 
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distribution. 

-135-



a) 

0.4 

-0 .2 

0 . 
0 0 .1 0 .2 0.3 0.4 o.s 0 .6 0.7 0.8 0.9 

(LIKE/UNLIKE) OPL OPP .. 2 LT .08 

b) ,,-------------. 
1.4 

0 .8 + ++ -l ~ 
0.6 

O. • -
0.2 

0 . 
0 0.025 0.05 0.075 0. I 0.125 0. 15 0. 175 0.2 

(LIKE/UNLIKE) OPP .. 2 DPL LT . 12 
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distributions. -
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Figure 3-35: a) Monte Carlo I t..p( background distribution using like-sign pairs with .08 < 

I t..pT 2 
< .2. b) Monte Carlo I t..pT 2 background distribution using like-sign pairs with 

.3<1 t..p; < .9. 
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Figure 3-37: a) For Data/Monte Carlo, ratio of like-sign/(like-sign background) I Ap
1
1 

distributions, solid line is fit with function in text, x2t(Degrees of Freedom)= 1.28. b) For 

Data/Monte Carlo, ratio oflike-sign/(like-sign background) I ApT 
2 distributions, solid line is 

fit with function in text, x 2 
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like-sign distributions at small momentum differences (enhanced 

distributions in figures 3-23a and 3-25a) are divided by the 

corresponding Monte Carlo like-sign distributions (figures 3-32a and 

3-33a) with the results plotted in figure 3-38. Fitting these ratios 

yields: 

-I 6p ,1: 

A = 1.01 +/- 0.03 

A = 0.60 +/- 0.14 

R
1

=2.74 +/-1.04 fm 

16p 12: 
T 

A = 0.99 +/- 0.05 

A= 0.71 +/- 0.24 

RT = 1.68 +/- 0.39 fm 

Again, these results are consistent with the previous values of R
1 

and. 

RT obtained using the data unlike-sign background and the data 

like-sign background. The results are summarized in table 3-8 for R
1 

and 3-9 for R.r· 
The Monte Carlo events are also used t.o get a measurement of the 

resolution of the E665 spectrometer. This is done by taking the 

difference between the Monte Carlo (truth) values used in the B-E 

analysis CM2 , etc) and the values from the event reconstruction 

software. This difference is shown for like-sign pairs and unlike-sign 

pairs for NI2, I 6p 
1

1 , and I 6p Tl 2 in figures 3-39 through 3-41 (these plots 

are restricted to small values of the variable where the B-E 

enhancement is observed). Multiple scattering effects are included in 

the Monte Carlo tracks. In general, the spread of the difference in the 

variables is smaller than the bin width used in the various analyses. 

The unlike-sign spreads are slightly larger than the like-sign spreads, 

this is not unexpected, since the like-sign pairs track through the same 

portion of the apparatus, while the unlike-sign pairs are widely 
separated, and the difference in momentum includes errors from 

pattern recognition inefficiencies in different regions, and wire by wire 

alignment differences in different regions. 
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Background Method 

Unlike-sign pairs: 

Like-sign pairs (normalized by the Monte Carlo): 

Monte Carlo like-sign pairs: 

Average: 

R
1

(fm) 

3.04 +/- 1 .05 

2.91 +/-1 .14 

2. 74 +/- 1.04 

2.90 +/- 1.23 

Table 3-8: Values of R
1 

obtained using Data like/unlike background, [Data likenike 

background]J[Monte Carlo like/like background], and [Data likeM:Monte Carlo like]. The 

error on the average value is the average of the errors plus the spread in the values obtained 

with the different background methods as an attempt to approximate the error from 

systematic effects. 

Background Method 

Unlike-sign pairs: 

Like-sign pairs (normalized by the Monte Carlo): 

Monte Carlo like-sign pairs: 

Average: 

R,. (fm) 

1.30 +/- 0.20 

1 .53 +/- 0.43 

1.68 +/- 0.30 

1.50 +/- 0.50 

Table 3-9: Values of R.r obtained using Data like/unlike background, [Data like/like 

background]l(Monte Carlo like/like background], and [Data like}l[Monte Carlo like]. The 

error on the average value is the average of the errors plus the spread in the values obtained 

with the different background methods as an attempt to approximate the error from 

systematic effects. 
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Figure 3-39: a) Resolution of the M:2 measurement (truth - reconstructed) for like pairs (in 

Gev2). b) Resolution fo the if' measurement for unlike pairs (in Gev2). 
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Figure 3-40: a) Longitudinal momentum difference resolution for like-sign pairs (truth -

reconstructed, in GeV/c). b) Longitudinal momentum difference resolution of unlike-sign 

pairs (in GeV/c). 
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Figure 3-41: a) Tran verse momentum difference squared resolution for like-sign pairs (truth 

- reconstructed, in [GeV/c]2
). b ) Tranverse momentum difference square<l resolution of 

unlike-sign pairs ([GeVlcf). 
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3.3.5 Kinematic and Track Distributions in 
Enhancement Region. 

The result in I ap1t is new, therefore it behooves one to check for 

sources from which this might happen (other than B-E correlations). 

One worry is that some strange event structure or duplicate track 
generation might be giving rise to the observed B-E enhancement. To 

check for this, kinematic and track distributions of events which 

contribute at least one like-sign pair or one unlike-sign pair with the 

small momentum difference, I ap11 < .03 and I ~pTI 2 < .02, are plotted in 

figures 3-45 through 3-54. These distributions are very similar to those 

of all events in figures 3-1 though 3-18, showing that these events are 

not coming from some select subset of the kinematic distributions. The 

average of the Y BJ and W2 distributions is slightly higher for events 

contributing pairs to the enhancement region, but may be because 

events at higher Y BJ or W2 generally have higher multiplicity, and 

0.6 0.8 1.Z 1.4 

Y&J OISTReUTION 

Figure 3-42: YBJ distribution of events in enhanced region. 
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Figure 3-43: w2 distribution for events in enhancement region. 
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Figure 3-44: ~distribution for events in enhancement region. 
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Figure 3-45: f;f distribution for events in enhancement region. 
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Figure 3-46: v distribution fur events in enhancement region. 
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Figure 3-47: Distribution of distance/error for tracks 

from events in the enhancement region. 
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Figure 3-48: Distribution of the momentum resolution for tracks 

from events in enhancement region. 
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Figure 3-49: Distribution of the Laboratory Momentum for tracks from events in 

enhancement region. 
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Figure 3-50: Distribution of the Center of Mass momentum for tracks from events in 

enhancement region. 
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Figure 3-51: Xp distribution for tracks from events in enhancement region. 
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Figure 3-52: Fraction of shared hits between like-sign pair·s in 

enhancement region 
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Figure 3-53: Fraction of shared hits between like-sign pairs outside 

enhancement region 

hence are more likely t.o contain pairs close in momentum. To check for 

duplicate tracks, the fraction of shared hits for like-sign pairs with 

I Ap
1
1 < .03 and I ApTI 2 < .02 are plotted in figure 3-55. Most of the 

pairs share no hits. For like-pairs with I Ap
1
1 > .03 and I ApTI 2 > .02 the 

number of shared hits is plotted in 3-56. Clearly, the observed 

enhancement is not due t.o duplicate tracks. 

3.4 Conclusions. 

Bose-Einstein correlations between like-sign pion pairs have been 

observed in 490 GeV muon-nucleon deep-inelastic scattering. This 

effect has been used t.o measure the source size of pions produced in the 

muon-nucleon scattering. Using the M2 = (p
1 
-p

2
)2 parameterization 
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and dividing the like-sign pair distribution by the unlike-sign pair 

distribution, a spherical source size of 1.42 +/- 0.13 fm is mieasured. 

This is consistent with past experiments using this paramete:rization. 

If the transverse and longitudinal extent of the source are studied 
separately, the transverse source size was found t.o be 1.50 +/- 0.50 fm, 

which is consistent with previous experiments. The longitudinal extent 

was found t.o be 2.90 +/- 1.23 fm. These results are the avera1~e of the 

results obtained with the three different background methods used in 

this analysis. This gives a source which is substantially elongated 

along the collision axis, but not unreasonable for the model of ref. 19. 

The consistency of the results from the three background rnethods 

shows that this value of R
1 

is not an artifact of some structu1·e in the 

background. The 1 llp e' ratio has also be studied as a function of the 

cuts used to select events, tracks and hadron pairs in this analysis, and 

has been shown to be essentially independent of these cuts. Past 

experiments have not measured such a large extension, but this might 

be due t.o the dominance of pion pairs at small energies (average "F ~ 0) 

in these experiments. At E665, the average "F of the pion pairs is ~ .1 

and hence the pairs contain pions at larger energies than past 
experiments. Pions at large energies are thought of as coming from 

longer strings than pions at small energies and the result for 11:
1 

in this 

experiment may be an indication of this. Clearly this requires more 

study, unfortunately the statistics and acceptance of the E665 

spectrometer for the 1987-88 run do not allow such an energy 

dependence study. 
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Appendix B The PTM/PTA Gas System Safety 

Documentation. 

PTM/PTA Gas System 

The muon proportional tubes (PTM) and wide angle proportional tubes (PTA) use 

Argon/Ethane in a 50/50 mixture as the ionizing gas. The argon and ethane gases 

are taken from the E665 gas supply system (source located in the Muon Lab gas 

room in the northwest comer of the lab with supply pipes running down the east 

side of the detector) and mixed in Rack 85, located on the east side of the steel 

absorber. The 50/50 mixture is sent through an alcohol bubbler located in the 

freezer to the right of Rack 85 and then sent to both the PTM gas supply panel, 

located on muon spectrometer catwalk, and the PTA gas supply panel in Hack 88,. 

located to the east of the wide angle spectrometer. At both Rack 85 and Rack 88 

nitrogen and argon can be put into the proportional tubes for flushing the ch.ambers. 

The chambers are exhausted into the E665 flammable gas exhausted system. 

Gas Mixing Rack 85 

Copper tubing brings argon and ethane from the E665 gas supply linei1 to the 

mixing rack. Cutoff valves for the argon and ethane are located at the top, inside of 

the mixing rack. Regulators for the argon and ethane are located on the ritP1t side 

of the rack and are set to provide gas at 30 psi to the rack. F1ow meters on the front 

panel regulate the gas flow to provide equal amounts of argon and ethane d the 30 

psi input pressure (argon flow at 64 on scale, ethane flow at 53 on scale). The argon 

and ethane then flow into the mixing/storage cylinder. A pressure sensor controls 

the flow into the cylinder, with the flow turned on when the pressure oft.ht~ gas in 

the cylinder drops below 20 psi, and off the the pressure reaches 26 psi. An 

overpressure vent is located on the cylinder and connected to the E665 exhaust 

system. The output from the cylinder passes through a filter to remove moisture 
and oil. After the filter, two output lines are provided. The first flows to the 
Calorimeter gas storage tank located outside the lab next to the loading dook door. 
This flow is controlled by a valve located in the center oft.he front panel on tlh.e rack 

and by pressure and mass flow regulators located on the bottom of the front panel 
(see calorimeter gas documentation for more information). The second output goes 
to the PTM/PTA gas supply regulator located at the right side of the rack and set to 

provide 5 psi input pressure for the PTM/PI' A gas distribution system. Aft.er the 

regulator, the gas flows through an alcohol bubbler in the freezer to the right of rack 
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85. The freezer is set too· C. The gas mixture then flows through a flow meter 
located on the right of the front panel of the rack. This flow meter is used to 

monitor the gas flow to the PrM/PTA system, not control it. The flow meter can 

also be used to stop the flow to the PrMIPTA system if closed. After the flow meter, 
the gas splits into the separate PTM and PfA gas supply systems. Valves located 

on the upper right of the rack can be used to cut off flow to each system. For both 
systems copper tubing is used to bring the gas mixture to the distributions panels 
(rack 88 for the Pf As, catwalk for the PI'Ms). 

PTM Gas Distribution Panel, Planes, and Exhaust System 

The PTM gas distribution panel is located on the muon spectrometer catwalk. At 
the panel, a solenoid valve, regulator and flow meter is provided for each PrM 
plane. The solenoid valve can be used to turn off the gas flow to the plane. The 
regulators are used to provide flow at a few inches over atmospheric. In typical use, 
they are opened witil the flow meter just tops out (both balls at top of meter). The 

flow meter is then used to cut back the flow to about one half plane volume per day, 
from 90 to 110 on scale using the stainless steel ball (which gives 22 to 29 cu. 
ft./day). The gas is routed to each plane using copper tubing with the actual 

connection to the plane made with a two foot length of half inch polyflow tubing. 

The PfM planes are made of extruded aluminum tubing with aluminum endcaps 
(see separate PTM construction documentation for details). Each PI'M plane has a 

volume of 47.5 cu. ft., making the total volume of the PTM system 380 cu. ft. The 
endcaps are sealed with epoxy and RTV (working on the module ends to install 

electronics tended to cause the epoxy seal to crack and leak, so RTV was added, its 
ability to flex allowing the tubes to be worked on without causing leaks in the seals). 
Because of the complicated nature of the endcaps, it was not possible to perfectly 
seal the tubes. The planes were considered sealed when the leak rate at 10 psi over 
atmospheric was less than .006 psi/min. Since each plane has a volume of 47.5 cu. 
ft. , this leak rate translates to less than .011 cu. ft.Im.in at 10 psi over atmospheric, 
which extrapolates to approximately .001 cu. ft.Im.in at 0.1 psi over atmospheric 
(about 1 .64 cu. ft. per day per plane). The actual leaks rates at 10 psi over 
atmospheric in psi/min and the extrapolated leak rate in cu. ftlday at the running 
pressure are listed below (tested June-,July 1987): 
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PLANE LEAK RATE @10 PSI LEAK RATE@ 0.1 PSI 

OVER ATMOSPHERIC OVER ATMOSPHERIC 

PTMlY .001 psi/min 0.27 cu. ftJday 
PrMlZ .006 psi/min 1.64 cu. ftJday 
PrM2Y .004 psi/min 1.09 cu. ftJday 

PrM2Z .00'2 psi/min 0.55 cu. ftJday 
PI'M3Y . 006 psi/min 1.64 cu. ftJday 
PI'M3Z .00'2 psi/min 0.55 cu. ftJday 
PTM4Y .00'2 psi/min 0.55 cu. ftJday 
PTM4Z . 00'2 psi/min 0.55 cu. ft./day 

During the summer of 1989, extensive work was done on the PrMs and they were 
leak checked again with the following results (tested July 1989): 

PLANE LEAK RATE @ 10 PSI LEAK RATE@ 0.1 PSI 

OVER ATMOSPHERIC OVER ATMOSPHERIC 

PTMlY - . 001 psi/min - 0.27 cu. f\Jday 
PTMlZ not done 
PTM2Y - .005 psi/min -~ .37 cu. f\Jday 
PrM2Z - . 006 psi/min - 1 .64 cu. ft../day 
PTM3Y -.006 psi/min - 1.64 cu. f\Jday 
PI'M3Z -.006 psi/min - 1.64 cu. ftJday 

PI'M4Y not done 
PTM4Z -.008 psi/min - 2.19 cu. f\Jday 

The PrM plane modules are fed in parallel with the exhausts from each module 
collected together and connected to the E665 exhaust via the exhaust manifoRd on 
the floor on the east side on the muon spectrometer. Solenoid valves can be used to 
switch each plane from the standard exhaust manifold to a manifold connecu:!d to 
the exhaust system via an "explosive gas safe" vacuum pump (the pump uses 
nitrogen gas flowing around it for cooling and isolation from oxygen) to allow planes 
t.o be quickly evacuated and flushed with inert gases when needed. 
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PTA Gas Distribution Panel, Planes, and Exhaust System 

The PTA gas distribution panel is located in Rack 88 to the east of the wide angle 
spectrometer. This panel is operated in the same manner as the PTM gas 
distribution panel described above with the flow rate set to 3 on scale using the 
stainless steel ball, which corresponds to about 3.6 cu. ft. per day, or about one half 
of the plane volume per day (Y and Z planes have a volume of 6.8 cu. ft., U and V 
planes have a volume of 8.4 cu. ft.). Copper tubing is used to bring the gas to the 
planes with the connection to the plane made with 2 feet of half inch polyflow 

tubing. 

The PTA planes were constructed and sealed in the same manner as the PTM. 
Each Y and Z plane has a volume of 6.8 cu. ft. and each U and V plane has a volume 
of 8.4 cu. ft., giving the PTA system a total volume of 60.8 cu. ft. The planes have 
the following final leak rates (tested September 1987): 

PLANE LEAK RATE@ 10 PSI LEAK RATE @ 0.1 PSI 

OVER ATMOSPHERIC OVER ATMOSPHERIC 

PTA WY <.000'2 psi/min <0.055 cu. ft./day 
PTAWZ <.000'2 psi/min <0.055 cu. ftJday 
PTA WU Tested and sealed at 2 psi over atmospheric (no leaks 
PTA WV found using argon gas and argon detector) 

PTAEY <.000'2 psi/min <0.055 cu. ftJday 

PTAEZ <.000'2 psi/min <0.055 cu. ftJday 

PTAEU <.0000 psi/min <0.055 cu. ftlday 
PI'AEV <.0000 psi/min <0.055 cu. ftlday 

The PTA modules are fed in series with the exhaust brought back to rack 88 using 
copper tubing and connected to the E665 exhaust system. 
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Overpressure senerios 

The PTM and PTA planes do not have overpressure relief valves on them. The 
planes are pressure tested to 10 psi and are being run at 0.1 psi. Becam1e the 

planes are being supplied gas in parallel, should the exhaust on one plane hE!COme 
blocked, the increase in pressure in that plane would decrease the gas flow to that 
plane, with the flows to the other planes increasing. Eventually the gas flow tc1 that 
plane will be zero. Since the gas flows are checked three times a day as part of the 
standard operator checklist, any problems would be noticed quickly. Given a total 

failure of the exhaust system that fails to trigger the exhaust system alarm, the 3 
psi pressure relief valve in the alcohol bubble would keep pressures in the PTA and 
PrM planes well below there maximum test pressures. Also, at the flow rates used, 
it would take several days to bring the planes up to 3 psi. Again, the flow :rates 
would fall as pressure builds and would be noticed during the operator check. 
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Overview of PT AIPTM Gas System 

PTM Planes 

To E665 exhaust system. 

Copper tubing trom Rack 85 

PTM Gas 
Distribution Panel 

Rack 85: Gas 
mixing station. Alcohol Bubbler 

Optional argon from E665 gas system 

To E665 exhaust sy11em. 

Ethane lrom E665 Argon from E665 
gas system. gas system. 

t 

To Calorlmeter. 

Nitrogen from 
E665 gas system. 



l ' l 

PT A/PTM Gas Mixing Station, Rack 85 

Ethane Input at 35 PSI 
from E665 gu supply . 

Pressure Regulators . 
30 PSI Into rack . 

Pressure Gauge. 

Cutoff Valves. Moisture sensors. Solenoid Valve. 

Continued below ... 

Argon Input al 35 PSI 
from E665 gas supply. 

Solenoid Valve. 
Pressure Regulators . I 
30 PSI into rack . 

Vent 10 E66S Exhaust Syslem. 

From above . . . 

Pre11ure Regulator 
controlling storage 
tank lllllng P181SU1e. 

Storage/Mixing 
container. 

30PSI 
Relief Valve 

Pressure Gauge. 

-----..--.-..Pressure Sensor . 
controls solenoid 
valves , on at 20 PSI , 
oft al 26 PSI. 

Nitrogen Input from E665 
gaa supply, tor purging 
PT A/PTt.A system. 

Pressure regulator. 

Nole: All tubing la 1 /4 Inch copper . 

Vent to E665 
Exhaust System. 

Alcohol Bubbler, 
---...... See diagram tor 

details. 

Pressure Regulator, 
5 PSI to alcohol 
bubbler. 

To PTA Gas 
distribution panal 
In Rack 88 . 

Flow meter to 
monitor gas flow 
lo PTA/PH..4 
SY$1em. 

To PTt.A Gas 
dlslrlbullon panel 
on catwalk . 

l , 



PT A/PTM Alcohol Bubbler 
Input trom gas rack. 

Vent to E665 Exhaust system. 

I 1 /3 PSI check 
.. valve. 3 PSI pressure 

relief valve. 

Output to gas rack. 
Three-way 
Valve. Alcohol 1111 port. 

Note: Betore lilllng reserve vessel, release 
pressure by setting ttvee-way valve to vent. 
After tilling, set three-way valve to 
pressurize reserve vessel. 

Reaerve alcohol v••••I. 

Note: Main vessel Is filled by opening 1111 
valve between reserve and main vessels. 
Close fill valve when done. 

Main alcohol veaael. 

Note : All tubing I• 114 Inch copper. 
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PTM Gas Distribution Panel 

From gas rack. 

1 /2 inch copper tubing 10 PTM Plane. 

Flow maier lo control flow to 
PTM planes. usually set to 90· 
110 using the slainle11 steel ball. 

Pressure regulator .. 1 PSI lo plane. 

Solenoid valve. closed when 
ene<glzed. 

1 inch copper manllold with eight laps tor the eight 
PTM planes. only one tap Is shown hete. 

Gas control Input tor one PTM plane shown, 
lhere are eight of these on the panel. Note, 
unless noted otherw ise, tubing is 1/-4 Inch 
black polytlow. 
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PTM Plane Gas Distribution 

114 Inch black 
polyflow tubing. 

112 Inch copper tubing. 

114 Inch black 
polyflow tubing. --+ 

112 Inch copper tubing. 

1. 

Input from gas distribution panel (two feet ol 112 inch 
black polyflow between culofl valve on plane and copper 
tubing from panel). 

Output to E665 exhaust system (two feet of 112 Inch 
black polyllow between cutoff valve on plane and copper 
tubing lo exhaust system). 

[ l 
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PTM Exhaust System 

From PTM plane exhaust ( 114 black 
polyllow tubing). 

PVC tubing to ESSS exhaust system. 

Flammable gas 
high vacuum pump 
(will not run 
unless nitrogen 
gas flow to pump 
is on). 

Copper tubing 

Three-way solenold 
valve. when en•glzed, 
switches to vacUl.fn 
exhaust line. 

Stainless Steel 
exhaust llries. 

Nitrogen from E665 gas system to isolate vacuum punp. 

Exhaust from PTM planes, only connections for one plane shown. 
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PT A Gas Distribution/Exhaust Rack 88 

PVC tubing to E665 exhaust 
system (only one PTA plane 
connection shown). 

112 inch copper tubing to PT A plane. 

Flow meter to PT A 
plane, 3 on scale using 
stalnless steel ball. 

112 Inch copper tubing 
from PT A plane. 

Copper tubing from mixing rack 85 

[ 

Pressure regular, . 1 PSI lo PT A plane. 

~ 

Gas supply to east PT A planes. 

Solenoid valves to each PT A gas flow control, closed 
when energized. 

Gas supply to west PT A planes. 

¥ ¥ 
Solenoid valves lo each PT A gas flow control, closed 
when energized. 

Only one of eight complete PT A plane gas llow controls shown. 

f 

Argon from E665 gas system 
tor purging PT A planes. 

L 
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PT A Plane Gas Distribution System 

1 /4 Inch black 
polyllow tubing 
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Input lrom rack 88. two feet of ~lack 
polyflow tubing between copper tubing 
from rack 88 and cutoll valve or1 plane. 

' 1 /4 inch black 
polyllow lubing 

Output to exhaust In rack 88, two feet of 
black polyflow tubing between copper 
tubing to rack 88 and cutoll valve on 
plane. 



PTAJPTM Gas System Procedures 

I Preparation of the PTAIPTM chambers. 
Before putting flammable gas into the Pl'A/PTM chambers, they need to be 

flushed with either nitrogen or argon to remove oxygen. The nitrogen supply is 
located on the top right side of Rack 85 (the Argon/Ethane mixing station) the 
argon supply is located on the top left side of Rack 88 (the PTA gas distrib ion 
rack). Follow the procedure below to start flushing the chambers. 

1) Close off flowmeter to PTAIPTM system on the right front panel of 
Rack 85. 

2) Check that input and output valves on the PrM and PTA planes 
are open. 

3) Open the two valves on top right side of Rack 85 to allow flow to 
the PrM and PTA gas distribution panels. 

4) Open the nitrogen supply on the right side of Rack 85, setting the 
pressure gauge to about 5 - 10 psi. 

At the Pl'M gas distribution panel on the muon spectrometer 
catwalk: 

5) With all eight regulators closed, fully open the eight flowmeters. 
Then open each regulator until the float in the flowmeter reaches 
maximum on scale. Note, since the planes are fed in parallel, 
opening one regulator will reduce the flow in all already opened 
lines. It is beat to use a cyclic method to adjust all planes (i.e., 
start on left and open all eight, then return to left and readjust, 
etc.) 

At the PTA gas panel in Rack 88: 

6) With all eight regulators closed, fully open the eight flowmeters. 
Then open each regulator until the float in the flowmeter reaches 
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maximum on scale. Note, since the planes are fed in parallel, 

opening one regulator will reduce the flow in all already opened 

lines. It is best t.o use a cyclic method t.o adjust all planes (i.e., 

start on left. and open all eight, then return to left. and readjust, 
et.c.) 

7) Purge chambers for 2 t.o 3 days before using flammable gas. 

8) Aft.er purging with nitrogen, close off nitrogen supply in Rack 85 

and open the flow meter on the right front panel on Rack 85 t.o 
start flowing Argon/Ethane int.o planes (see below on how to set 
up the Argon/Ethane mixing rack). 

9) After one day of flowing Argon/Ethane at the flush rate, reduce 
the flow to the PrM and Pl'A chambers t.o 100 and 3 respectively 
on the flowmeter scale using the stainless steel float (check 
documentation on the gas distribution panels for any variation 
from these standard flow rates). Again, a cyclic procedure will 
have t.o be used to get all flowmeters t.o the correct flow rate. 

10) Tum on high voltage and Pl'AIPrM readout system. 

Notes: 

Before purging please make arrangements to ensure that the 
nitrogen supply in the E665 gas house will not be depleted. 

The PTA chambers can be purged separately from the PTM 

chambers by using the argon supply in Rack 88. The PTA 
chambers need only to be flushed 1 to 2 days because of their 
smaller volume. 

n Setting up ArgonJEthane mixing station in Rack 85. 

The Argon/Ethane mixing station in Rack 85 is set up using the following 
procedure: 

1) Put the RunNent three-way valve on the right side of Rack 85 in 
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2) 

3) 

4) 

5) 

6) 

the "Vent" position. 

Open the argon and ethane shut-off valves at the top of Rack 85 to 

allow gas from the E665 gas system to flow into the rack. 

Note: 

The following steps can only be done while the solenoid valves 

controlling input are open, will have to wait for rack to cycle on to 

adjust gas flow. 

Adjust the argon and ethane regulators on the right side of Rack 

85 to provide gas at 30 psi into the rack. 

Adjust argon flowmeter to 64 on scale and ethane flowmeter to 53 

on scale. Lockoff flowmeter control knobs aft.er setting to prevent 

accidental changes. 

Check that regulator to PTAIPTM system on right side of Rack 85 
is closed. 

Put RunNent three-wave valve on right side of Rack 85 in the 

"Run" position. Argon/Ethane at a 50/50 mix can now be sent to 

the calorimeter gas system. 

Fill alcohol bubbler with alcohol as follows: 

7) Check alcohol level in meter on left. side of freezer, adding alcohol 

from reservoir by opening valve above meter to fill bubbler 

(remember tD close valve after filling). If reservoir is empty, open 
freezer and place run/vent valve in freezer in vent position to 

release pressure in reservoir chamber. Open top of reservoir 
chamber and add alcohol, close reservoir. Place run/vent valve 

back in run position and close free7.er. 

8) With the P'l'AIPTM planes ready to receive Argon/Ethane gas, 

-170-

-
-

-

-
.... 

-
-

-



-
.... 

-

-

9) 

fully open the flowmeter to the PT.AIPI'M system on the right of 

the front panel of Rack 85. 

Adjust to regulator on the right side of Rack 85 to provide gas to 

the PTA/PrM system at 5 psf. 

m Alcohol bubbler maintenance during run. 

During st.andard running, the alcohol bubbler is checked three times a day as 
part of the st.andard operating shift check list. The following procedures are used to 
check and fill alcohol bubbler: 

Check alcohol level in meter on left side of freezer, adding alcohol 
from reservoir by opening valve above meter to fill bubbler 
(remember to close valve after filling). If reservoir is empty, open 
freezer and place run/vent valve in freezer in vent position to 
release pressure in reservoir chamber. Open top of reservoir 

chamber and add alcohol, close reservoir. Place run/vent valve 
back in run position and close freezer. 

IV Shutting down the PTAIPTM ayatem. 
To shut down the PTA/PrM system, do the following: 

1 ) Turn off high voltage. 

2) Follow steps 1 through 4 under Preparation of the PT A/PTM 

chambers. 

3) Adjust flowmeters on PTM distribution panel and PTA 

distribution panel to maximum flow rate. 

4) After 2 to 3 days of purging, close off input and output valves on 
PrM and Pl'A chambers. 

5) Close off nitrogen supply on right side of Rack 85. 

6) Close regulator to PTA/PrM system on right side of Rack 85. 
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7) Release pressure in alcohol bubbler by setting run/vent valve in 
freezer to vent position. 

8) If Calorimeter does not need Argon/Ethane, close off ethane 
supply at the top of Rack 85. 
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LOCATION OF VALVES, FLOWMETERS, AND GAUGES 
ON FRONT PANEL OF THE GAS MIXING STATION IN 
RACK 85. 

LEFT 

® 
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I NPU T 
VALVE 

® 
ETHANE 
I NPUT 
VALV E 

THESE V A LVES 
LOC ATE D BEHI N D 
FRO NT PA N EL 
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- - G AUG E SHO W I N G 

0 OUTPUT 
P PRESSURE 
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M IXI NG TANK D 
® 

FL OWM ETE R 
S HOWING GAS 
FLOW TO P T A / P TM 
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- -INPUT FLO WM ETERS 

CO NTRO L 
VALVE TO 
CALOR I M ETER 
GAS SVSTEM 

00 
0 0 

GAUGES SHOWI N G 
I NPU T PRESS UR ES 

M OISTU RE 
INDIC A TORS 

Calorimeter a•• control• . 
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LOCATION OF VALVES AND REGULATORS ON RIGHT 
SIDE OF RACK 85. THE NORMAL POSITIONS OF THE 
VALVES (SINGLE CIRCLES> ARE SHOWN. AND THE 
NORMAL PRESSURE SETTINGS OF THE 
REGULA TORS (DOUBLE CIRCLES) ARE NOTED. 

® ® ® ()0 
V ALVE V A LVE N I T ROGE N 
T O PTA T O PTM SUPPLY N ITROGE N 
GA S G A S VALVE REGULA TOR , 
P AN EL P AN EL 10 PSI MA X. 

PRESSURE T O 

8 
PTA/P TM . SPSI 

F 
I 
L 
T 

FRONT E BACK 
R 

BYP A SS 

VE N T 

CJ) 
RU N 

ET H AN E ARGON 
PRESSURE TO PR ESSURE TO 
R A C K . 30 PSI R A CK. 30PSI 

()0 ()0 
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