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We have examined the properties of the forward charge of J/psi 

production. The rapidity distribution of the forward charge, the 

dependence of the forward charge as a function of J/psi Xf and as a 

function of the effective energy of the forward hadron system are 

presented. The forward charge of J/psi production is canpared with 

those of omega production and in the inclusive interactions. The 

forward charge is consistent with the prediction from sinple parton 

fusion roodel. 
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OIAP1'ER 1 INTRCDUCTION 

The data used for this thesis were d:>tained during experiment E673 

at Fecnilab, which ran fran January to April in 1982 in the Muon I.ab. 

The E673 collaborator consisted of about thirty physicists f ran 

University of Illinois, Fecnilab, University of Pennsylvania, Purdue 

University and Tufts University. The spokesman was Dr. John w. 
Cooper. 

The main purpose of the experinent was to study the charmonium 

production machanism in hadronic interaction through the detection of 

the chi states. Beams of 185 GeV/c 7t-, 200 GeV/c or 250 GeV/c protons 

were used to hit a beryllium target. The trigger selected high mass 

diIIuon pairs, a J/psi signal was extracted fran the collected data. 

Charged particles and photons were detected along with the nuon pairs. 

We have reconstructed the chi states by canbining the J/psi with the 

photons in the same event. The physics related with the chi states is 

already published[ref. l]. 

This thesis deals with the charged particles associated with the 

J/psi events, the differences of the forward-qoing charge flow in the 

J/psi events fran these in the inclusive interactions and Drell-Yan 

process are carpared with different production IOC>dels in the hope that 

we can understand 100re about charmonium production in the framework of 

QCD. 
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CHAPrER 2 'IHEORETICAL AND EXPERIMEN!'AL BACXGRCmD 

The discovery of the J/psi particle in 1974 opened a new era in 

high energy physics. Since then, a lot of exciting new discoveries 

have been made, the discoveries of the bottan(b) and top(t) quarks, the 

finding of the w and z particles, to name a few. But the J/psi 

particle and the other cc bound states are still very valuable subjects 

to study. we call these cc bound states charm:mium states. 

Qle of the interpretations of the J/psi particle upon its 

discovery was that it was a bound state of the charmed quark(c) and the 

charmed antiquark(c). The charm quark was proposed in sane theoretical 

IOOdels but had not been ci>served before. The heavy mass and the narrow 

decay width made it a very interesting and special subject to study. 

Since then, extensive work has been done on finding out the spectrum of 

the chaDIK>nium states and their properties, nDstly on electron-positron 

machines. SUbsequent discoveries confirmed the charm quark 

interpretation and uncovered the rich spectrum of the chaDIK>nium states 

shown in Figure 2.1. Because the charm quark is much heavier than the 

previously known quarks, namely up(u), down(d) and strange(s) quarks, 

the chaDIK>nium can be studied by non-relativistic method. Or in the 

terms of the strong interaction theory QCD, quantum chraoodynamics, 

because the coupling constant of the force between the c and c quarks 

in the chaDIK>nium states is small, the chaDIK>nium can be treated 

perturbatively. The calculated masses of the chaDIK>nium states and the 

decay rates are in very good agreement with the experimental 
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measurements[ref. 2-4). 

The production of charmonium states in electron-positron 

interactions is well understood and the calculated cross-sections of 

charmonium states are verified by experiments beautifully. The 

annihilation of electron and positron creates a virtual photon and 

which then turns into charmonium states with the photon quantum 

numbers, JPC-=1--. 

The picture of charnonium production in hadronic interactions is 

not as clear as in electron-positron interactions. Hadrons are 

CCJI1?0Sed of quarks and gluons. There are three generations of quarks 

in nature according to the current knowledge, they are (u,d), (c,s) and 

(b,t). Their quantum numbers are shown in table 2.1. F.ach quark has 

three colours, the colour quantum number only appears in strong 

interactions. The mediums of the strong force between quarks are 

gluons, they are spin one and massless particles, because the colour 

degree of freedom, the gluons can interact with each other. According 

to Q<D, the coupling is weak when the distance between partons in the 

hadrons is small, the coupling becomes stronger as the distance becomes 

larger. When the constituents in a hadron become too far apart, the 

colour flux between them will break and the original hadron will break 

up into several hadrons. The hadrons only show up in colour singlet 

states. This phenomena is called colour confinement. We would like to 

study the hadronic production mechanism of charmonium states in the 

framework of Q<D. 
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Flavor I Ii s c B T Ole 

u 1/2 1/2 e e e e 2/3 

d 1/2 -1/2 e e e e -1/3 

c e e e 1 e e 2/3 

s e e -1 0 e e -1/3 

t 0 0 0 0 0 1 2/3 

b 0 0 0 0 -1 0 -1/3 

Table 2-1 

Quark quantmn numbers 

I - total isospin 

Iz - z cooqx>nent of isospin 

s - strangeness quantmn number 

c - charm quantmn number 

B - bottom quantmn number 

T - top quantmn m.mt>er 

Ole - electric charge 
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The roodels proposed so far are all based on the Drell-Yan 

mechanism[ref. 5]. It states that one quark fran one hadron and one 

antiquark f ran the other hadron annihilate into a virtual photon, this 

virtual photon then turns into a lepton pair. This mechanism can 

explain high mass, non resonance lepton pair production in hadronic 

interactions quite well. To extend this notion to the charnK>nium 

production, the roodels proposed that one parton f ran one of the 

interacting hadrons and one parton f ran the other hadron would interact 

to create the charIOC>nium states, the partons could be quarks or gluons. 

An early JOOdel [ref. 6] proposed that J/psi might be produced by 

intrinsic charm quark fusion. But this JOOdel also predicted associate 

production of charmed particles with the J/psi. The experimental 

results[ref. 7-9] showed that no ioore than a few percent of the J/psi 

were produced in this way, so we will not discuss this mechanism 

further. Most other m::>dels use the light quark fusion or gluon fusion 

mechanism. The following is the discussion of different m::>dels and 

their predictions of experimentally measurable quantities. 

The main theoretical approach to this subject may be separated 

into two classes of m::>dels. cne is called "semi-local duality nodel", 

or SLDM, another is called "charIOC>nium-based model",or CBM. In SLDM 

models, the charm anti-charm quark pair is produced by G+G ... c+c and 

q+q .. c+C, the produced cc with invariant mass below open charm 

threshold is postulated to result in one of the charioonium bound states 

with sane fraction F~ being J/psi product. According to the lowest 

diagram, there are three possible ways to create charioonium states, 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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namely quark fusion (Figure 2.3(b) and 2.3(c)), gluon fusion (Figure 

2.2(a) and 2.2(b)) and color evaporation (Figure 2.2(c) and 2.3(a)). 

We can use the following fornulas to calculate the cross-section of the 

chaI'ICK)nium states. 

Here 

1. m,=1.55 GeV/c, the charm quark mass. 

2. m' =l.853 GeV/c, 2m' is the open charm production threshold. 

3. XJC1 p=0.5*C±ttJXt+4Q2ls>. 
4. q1( and qp are quark structure functions for 7C and p. 

5. Gll and Gp are gluon structure functions for Tr- and p. 

6. sli·u~Q~ and o~3"*'~Q~) can be calculated explicitly. 

7. X, is the Feynman X of a particle, it is the longitudinal 

momentum of a particle in the CM divided by its maxinum 

possible longitudinal nomentum. 

The fornulas used here do not care about quantum number 

conservation. .As the J/psi has the quantum number Jft =1- - , it can not 

be created by the interaction mediated by two gluons as in Figure 

__ 2.2_UlLand__]-l_(b) unless the final cc is in coloured state and emits 
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Charmonium production by gluons. 
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Figure 2-3 

Charmonuim production by quarks. 

9 



lr/J 

another soft gluon. The allowed two gluons process will produce the P 

wave chaaooniwn states, their quantum numbers are 0+'~ I++ and 2'+1 so 

a substantial portion of the J/psi would be produced through p wave 

chaaooniwn states, the X particles. To calculate the cross-section, 

the structure functions of the partons in the hadrons nust be known. 

The quark structure functions in the nucleon can be derived f ran the 

deep lepton-nucleon inelastic scattering data. The Drell-Yan process 

is another way to subtract quark structure functions[ref. 10]. The 

results in these two methods are similar, this fact convinces us that 

the drell-Yan process is a good way to learn the quark structure 

function. This method was used to subtract the quark structure 

functions in pions and other mesons in the meson-nucleon interactions. 

The ct>tained quark structure functions in the mesons are consistent 

with the results from other methods, for exanple, the inclusive meson 

productions in meson-nucleon interactions[ref. 11-12]. The gluon 

structure functions are on a less firm base, there were several 

attenpts to get these functions. SOme derived the gluon structure 

function in photon J/psi production by assuming that the J/psi was 

produced by the interaction between incident photon and gluons in the 

nucleon[ref. 13], sane fitted the J/psi cross-section as the function 

of Xf to get the gluon structure functions in the pion and the proton 

sinultaneously[ref. 14], also there was sane gluon structure function 

derived from neutrino deep inelastic data[ref. 15]. All the resulting 

structure functions are consistent with the structure functions 

obtained from the sinple "counting rules" considerations. Using some 



11 

of these structure functions, people[ref. 16-23] have successfully 

derived the cross-section of J/psi as the function of center of mass 

(CM) energy and the differential cross-section as the function of Xf. 

Because the gluon structure function is softer than the quark structure 

function, quark fusion contribution will becane IIOre inportant as the 

Xf of the produced J/psi becane large, IIOst Il'Odels predict that around 

Xf=0.6 the quark fusion contribution exceeds the gluon fusion 

contribution(Figure 2.4). But the absolute cross-sections for J/psi 

production are not calculated well. 

In the CBM Il'Odels[ref. 24-26] the J/psi is produced explicitly, so 

the spin parity and colour conservation are taken into account and the 

cross-sections are fixed in normalization by the J/psi wave function at 

the origin. The reactions are through the following processes. 

GtG ... ':J/~G at the order of tX/ 
q+Cj - J/~GG at the order of ot.f 
q+G - TN +q+G at the order of r:x.f 

J"' 
q+q - J/'f +q+qrg at the order of ~ s 

Here ()(5 is the strong coupling constant. The lowest order production 

anplitudes are related by crossing to the charIIOnium decay anplitude. 

The prediction of the cross-section in these Il'Odels depends on the 

coupling constant crucially. The author in reference 26 predicted that 

23% of the J/psi was produced through GtG and 24% was through q+G in 

proton nucleon interactions if they chose the coupling constant 

°'s=0.312. If about 40%-50% of the J/psi production from /(and 
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<{/(3685) were included, this nodel explained the J/psi cross-section 

reasonably well. According to this nodel, In 1(p interactions the 

quark fusion contributed substantially. This nodel could predict the 

cross-section as the function of Xf as well as the previous nodels. 

The authors claimed that they could predict the differential 

cross-section as the function of transverse II()Illentum better. 

Besides the cross-sections as a function of the CM energy and Xf 

as mentioned above, a lot of experimental data concerning the 

production mechanism exist. Ole class of experiments was the 

conparison of the J/psi cross-sections fran different incident 

particles. NA3 Collaboration [ref. 14] got the following ratios of 

J/psi production cross sections for various particles, with respect to 

7(- induced cross section at the same incident . II()Illentum. 

incident 

particle 

K-

p 

7(.,. 

Kt 

p 

K+ 

!> 

7(1' 

K+ 

p 

Manentum 

GeV/c 

150 

150 

150 

150 

150 

200 

200 

200 

200 

200 

H2 target 

0.89+0.05 

1.02+0.l 

0.95+0.03 

0.92+0.03 

0.81+0.10 

0.58+0.07 

pt target 

0.98+0.05 

0.90+0.06 

1.010+0.013 

1.02+0.10 

0.42+0.04 

1.09+0.12 

0.76+0.09 

1.016+0.006 

0.83+0.10 

0.53+0.05 
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From the above results, we can say that at lower CM energy, both 

quark fusion and gluon fusion contribute if valence antiquarks are 

present as in lfp and PP interactions. At higher energy the gluon 

fusion appears to contribute Ill>re. Fran our experiment and other 

experiments[ref. 1, 27-28], about 30% of J/psi are decay products of 

the 'X states in Tt-N interactions, The ratio of produced X1 and ,X-2 

states reveals that in the 7r-N interactions the .X production can be 

explained by a canbination of quark fusion and gluon fusion, but in the 

pN interation, the ,t production can be accounted for by gluon fusion 

only. 

Another way to explore the production mechanism is to study the 

associated charged particles in the J/psi events. So far there are 

only a few experiments[ref. 29-30] presenting such data. The following 

is a discussion of the simple IK>del about the forward charge flow in 

the J/psi events and the related data so far. 

Naively, if the J/psi is produced by quark fusion, then for 7(­

beam, the u quark will annihilate with the u quark in the nucleon to 

form the J/psi leaving the d valence quark in the forward direction as 

shown in Figure 2.5. The d quark continues its trajectory in the 

forward direction and fragments into hadrons. In the similar way a 

diquark f ran the nucleon fragments into hadrons in the backward 

direction. Because our acceptance in backward hemisphere was low, we 

were not able to study the target fragmentation region. Qlr target is 

not an hydrogen target, one may worry about the complication fran the 
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Forward charge for quark fusion 
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nuclear effect. Experimental results[ref. 31] showed that while in the 

backward direction one saw the nuclear effect, in the forward 

direction, the fragmentation could still be treated like in the 

elementary process. In recent years, people have learned the 

fragmentation :rrore than before, especially through the jets study in 

e+ e- colliding experinents. P. sOding in a surmnary talk [ref. 32] 

pointed out that, as the colour string between quarks or diquarks 

breaks, a quark anti-quark pair or diquark anti-diquark pair will be 

created fran the vacuum, the ratio of the probabilities of diquark pair 

creation over quark pair creation is about 10%. AnDng the quark pair 

creation, if we assume the chances of uu creation and dd creation are 

the same, the ratio of ss creation over uu or dd is about 0.3-0.4. 

This value is sanewhat smaller than the value in the standard 

Field-Feynman fragmentation IllXlel. In that IllXlel, it is assumed that 

the production of uii, dd and ss pairs is with the probability of 0.4, 

0.4 and 0.2. Fran this assurrption, the net charge of d quark 

fragmentation will be -0.4. There is good evidence that this is 

correct fran neutrino experiment[ref. 33]. The reason is the 

following, when the d quark fran n· and diquark from proton go apart, 

the colour string, or flux, will break into quark anti-quark or diquark 

and anti-diquark pair. For sirrplicity, we neglect the diquark 

anti-diquark pair creation here. Because the net charge of the quark 

antiquark pair created in the middle of the string is zero, in the 

forward hemisphere, only the original d quark and the last antiquark 

will contribute to the net charge. From the probability of different 
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quark antiquark pair creation mentioned above, the net charge of the d 

quark fragmentation will be -0.4, This value equals to 

q(d)+0.4q(u)+0.4q(d)+0.2q(s). If we use the ratio of uu, dd and ss 

pair creations as 1.0 to 1.0 to 0.3-0.4, the net charge of d quark 

fragmentation will be sanewhat nx:>re negative than -0.4. If the J/psi 

is produced by gluon fusion, then both TI and d valence quarks will 

fragment into hadrons having the net charge -1 in the forward 

direction(figure 2.6). But in our experimental energy region, the 

forward fragmentation fran beam particle is not separated fran the 

backward fragmentation perfectly, the overlap of the charges between 

forward hemisphere and backward hemisphere or leakage of the charge 

through y=0 plane depends on the CM energy. The experimental 

results[ref. 34-35] and sare nx:>del predictions are in figure 2.7. For 

normal ~-p interaction, the average forward charge should be -1 if the 

separation between forward hemisphere and backward hemisphere is 

perfect. From this figure, we can say that although at infinite CM 

energy, the forward charge is consistent with -1, but at our energy, 

the forward charge is only about -0.7. The beam fragmentation and the 

target fragmentation are far from separating one from the other 

completely. we will use this dependence of the forward charge as a 

function of the available energy in our analysis. 

As mentioned in the first part of this chapter, the J/psi could be 

produced through quark fusion and/or gluon fusion, also the quark 

structure function is harder than the gluon structure function. SO we 

expect to see nx:>re quark fusion contribution in higher Xf region of 
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I 

µ/psi particle than lower Xf region, therefore we expect that the net 

:forward charge will becane less negative in higher Xf region than lower 

1Xf region in Tr p interactions. 

Another way to learn the quark fragmentation is the study of 

charged particle nultiplicity. The charged multiplicity is a function 

of CM energy, roughly N =A+B ltts. Here ~ is the average nultiplicity 

and s is the squared CM energy. As the study[ref. 36] showed, if we 

subtract the leading particle effect, or if the effective energy 

available for particle production is used, the multiplicity as the 

function of energy is the same in hadronic interactions and in the ete-

interactions(Figure 2.8). So it is better to study the charged 

multiplicity using the available energy of the hadron system under 

1 study. But the charged multiplicity distributions in pp interactions 

are wider than those in et' e interactions. The dispersion Of the 

charged multiplicity in et e interactions is about 0.3-0.35 and the 

dispersion of the charged multiplicty in hadronic interactions is m::>re 

than 0.4[ref. 37]. 

The forward net charge in the Drell-Yan process should have -0.4 

net charge in forward direction, this is verified by one 

experiment[ref. 29]. This experiment collected J/psi events and high 

mass muon pairs. Its measured forward net charges for the Drell-Yan, 

the J/psi events and the normal interaction events are -0.36 +/- 0.05, 

-0.60 +/- 0.08 and -0.76 +/- 0.1 respectively. The authors in ref. 29 

concluded f ran the forward charge flow study that the J/psi production 
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in their experiment(l90 GeV/c l(beam particles hitting on a beryllium 

target) is through the quark fusion 40% of the time. By studying the 

forward charge in J/psi events as the function of Xf, e. Budd et 

al.[ref. 30] showed that their data were not consistent with the quark 

fusion plus gluon fusion mxlel. 

Fran the above, the study of the forward charge flow in the J/psi 

events can help us to understand the production mechanism. we want to 

know what we can learn from the data collected in E673. 
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ClIAPl'ER 3 APPARA'lUS 

experiment E673 was run at Fermilab in the nuon lab from January 

to April in 1982. Its setup is similar to the preceding experiment 

E610. A lot of detailed apparatus descriptions have been given by 

other students in their theses (Schoessow, Hahn, Budd, Graff, Lukens), 

I will refer to them accordingly. 

Figure 3.1 is a top view of the equii;ment in the muon lab. The 

laboratory coordinate system was referenced with respect to the Chicago 

Cyclotron Magnet (CCM). The origin of the coordinate system was at the 

center of the CCM, the z-axis was along the beam line, the y-axis 

pointed up, the x-axis was fran right to left as viewed fran upstream. 

The magnet has a gap of 129 cm and a pole radius of 216 cm. After 

E610, its old coil was replaced by a superconducting one to save 

electricity. During E673 a central field of 1.22 tesla was chosen 

giving a charged particle a IIK>mentum kick of 1.84 GeV/c in the x 

direction. 

The magnetic field was mapped using a Ferrnilab ziptrak system. A 

magnetic sensor mved on an aluminium track that was asserrbled along 

the beam direction, this track was put at several different x y 

positions to cover various regions in the magnet. Every 3 cm along the 

track the x y z components of the field were read simultaneously by the 

sensor into a canputer. The sensor read the relative field strength 

and the scale of the field was fixed by a nuclear magnetic resonance 

device. Figure 3.2 shows the vertical component of the field strength 
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along three central lines (x=0, along z-axis) at different y positions. 

The current in the magnet was toonitored throughout the experiment and 

it fluctuated no 100re than 0.2 percent, in the analysis we treated the 

magnet field to be invariant in this experiment. 

In the following, I am giving a brief description of the apparatus 

f ran upstream to downstream. The exact geanetric parameters used in 

the analysis were listed in Appendix B of Lukens' thesis[ref. 38]. 

3.1 Beam line 

A slow spill proton beam of 400 GeV was extracted fran the main 

ring of Fermilab accelerator. This beam hit a thick steel target and 

generated secondary particles of all kinds. Then a series of bending 

and focusing magnets selected charged particles of certain llK>lllentum and 

transported them to the nuon lab. The beam roomentum was centered at 

185 GeV for the negative pion beam. For proton beams we set the 

IOOmentum at 200 GeV for about one week and at 250 GeV for about two 

weeks. The average beam intensity was about three million particles 

per 0. 7 second spill. 

Figure 3.3 shows the beam line in x view. BHl to BH6' are six 

scintillation counter arrays, each array consists of eight 1.8 cm wide 

(2.5 an for BHl) , 20.3 cm long and 0.6 cm thick elements. BCl to BC6 

are six beam chan"bers each having 20 cm by 20 cm active area and an 

effective wire spacing of 0.2 cm. BHl, BH2, BH3, BHS, BCl, BC2, BC4 

and BC5 measured x-coordinates and the others measured y-coordinates as 
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shown in the figure. The beam hodoscopes and beam chant>ers were used 

to find beam particle tracks and to determine their nomenta with the 

help of a bending magnet 1E41. 

Three beam Cerencov counters cl, c2 and c3 were cdded to the beam 

line when we started to take proton data; they were used to 

differentiate pions f ran protons. The helium pressure in these 

counters was set at 4.62 psia for 200 GeV protons and at 2.96 psia for 

250 GeV protons. These values were well above kaon threshold and 0.6 

psia below proton threshold. In the analysis, a particle triggering 

two or rore Cerencov counters was regarded as a meson, otherwise a 

proton. 

The rotating dipole magnet was used only in the calibration of the 

lead glass system as a means to direct electron or position beams to 

various lead glass blocks. 

Several veto counter sets were in the beam line to prevent
1 

triggering on bad beam events. 

3.2 Target and trigger counters 

deep. 

The beryllium target was 13.18 cm wide, 7.62 cm high and 7.62 anl 

It corresponded to 0.22 radiation length and 0.14 or 0.23 1 

I 

nuclear interaction lengths for pion or proton beams respectively. 

______________ , 
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Signals from three scintillation counters Te, Tl and T2 were used 

to form an interaction trigger. The counters are shown in Figure 3.4 

along with the target. T0 was 5 cm high and 7.6 cm wide, Tl and T2 

were 12. 7 cm by 12. 7 cm; all of them lNere 0.16 cm thick. These 

counters were set to be 100% efficient for mininum ionizing particles. 

Two logic signals ULO and UHI were formed fran them. ULO was the 

logical and of the outputs of these counters, so ever:y particle going 

through them produced a ULO signal. UH! was similar except that the 

outputs from Tl and T2 lNere attenuated before going into the 

discriminators, the ideal setup of the attenuations should be that UHI 

fired only when an interaction occured in the target (one particle 

passed T0 and roore than one particle passed Tl and '1'2) • Because the 

pulses from these counters have a Landau distribution, it was still 

possible to generate a UHI signal without an interaction in the target. 

We adjusted the attenuations such that the ratio of UHI/UID was 7% when 

the target was not in place and 22% when the target was in place; the 

difference of 15% between the two cases corresponded to that expected 

due to the nuclear interaction length of the target. We required a 

signal from at least one H counter outside the beam area in the trigger 

logic to insure that there was an interaction in the target. 

3.3 Multi-Wire Proportional Chanbers (KiPC) 

Five KiPC called the 80 cm chanbers were placed downstream of the 

target. Each chanber had two perpendicular planes 12.6 cm apart, both 

having an 80 an by 80 cm active area with 0.16 cm wire spacing. Its 
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construction and operation were described by Hicks[ref. 39]. The first 

four chambers were oriented such that the upstream plane measured y 

position and the other measured x. The fifth 80 cm chanber was tilted 

45 degree from others to help matching x-view tracks with y-view tracks 

in pattern recognization. Tracks in these chanbers should form 

straight lines because they \Vere out of the magnetic field. In this 

experiment, these chanbers were nore than 90% efficient except that the 

y plane in the third chamber was turned off soon in the beginning 

because it sparked badly. 

Another five so called UI chanbers were put inside the magnet 

following the 80 cm chambers. Each chanber had three {u,y and v) 

planes {Figure 3 .5). The y-measuring plane had an 106 cm by 96 cm 

active area with 0.2 cm wire spacing. The u and v planes \Vere tilted 

about +/- 11 degrees from x-measuring position covering an area 126 cm 

wide and 96 cm high with 0.196 cm wire spacing. A detailed description 

of their construction was given in Budd's thesis[ref. 40]. In this 

experiment the UI chanbers had an efficiency of about 90%. 

3.4 Drift chanbers 

Four drift chant>ers were placed downstream of the magnet. Fa.ch 

chamber has 60 cells and each cell was 4 cm wide in x, so the active 

area was 240 cm in x and about 150 cm in y. These chanbers were 

designed to measure y position as well as x position of a hit, the 

anode wire measured x and the delay line measured y. The drift 

chanbers worked in a cannon start node, the UHI signal from upstream 
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logic served as a start signal. Figure 3.6 shows the cross section of 

a cell. E:ach cell had four signal outlets: anode left, anode right, 

delay line top and delay line bottan. These signals were registered in 

the 'IDC's as the time intervals between the mment when the start 

signal was created and the nanents when these signals were generated. 

The x position was recorded as the time needed for the initial 

ionization to drift to the anode wire, the drift velocity was checked 

to be nearly constant in the field having the value of e.ee52 an per 

nanosecond. The y position was recorded as times taken for the induced 

signal to reach top and bottan ends of the delay line. The resolution 

of the x position was about 0.03 an and the anode efficiencies were 

about 0.8. Because the induced signals on the delay lines were quite 

weak, the delay line efficiencies were rather poor (0.6-0.7) and the y 

resolution was more than 1.5 an. Due to the fact that we had better y 

information from the UI charrbers, we did not use the y information fran 

the drift chambers in the analysis. 

3.5 Cerencov counters 

Between second and third drift charrbers there were 18 Cerencov 

cells. They were inclosed in a light tight plastic house filled with 

dry air (Figure 3.7). They were meant to separate kaons and protons 

from pions in the mmentlUI'l region of 8-29 GeV/c. Because its bad 

performance during the experiment, they were not used in the data 

analysis. So we had to treat all the charged particles as pions in our 

analysis besides muons. 
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3.6 Hadron counters 

An array of sixty scintillation counters was placed right behind 

the Cerencov oouse (Figure 3.8). Its preliminary use was to assist the 

Cerencov detector in particle identification. we tried to get y 

position of the tracks in these counters by feeding their pulses to TDC 

and ADC, but to our disappointment, the y resolution of a few an was 

not mch a help in pattern recognization so this information was not 

used. 

3.7 Photon detector 

The photon detector was essential in chi physics and a lot of 

effort was devoted to its construction and its performance. But 

because its data was not used in this paper, I will sinply mention its 

characteristics and leave detailed information to be found in Hahn's 

and Lukens' theses[ref.38 and 41]. Its side view is shown in Figure 

3.9. The overall detection efficiency of the photon detector including 

geometric acceptance was about 0.2. The energy resolution could be 

represented by delta(E)/E=0.0011+0.085/E (Eis the photon energy). The 

position resolution was about 0.6 cm. Actually the efficiency, the 

energy resolution and the position resolution were complicated 

functions of photon energies, their positions and the photon numbers in 

each event. The given numbers above just roughly indicate where they 

are. 
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3.8 Muon counters 

Behind the photon detector there was a 4.5 meter steel wall 

stopping xoost of the hadrons. Right after the steel, there were two 

scintillation counter arrays called M and N counters (Figure 3.10 and 

3.11). The M counter array had a bow-tie shape to bias the trigger to 

higher mass of two oppositely charged muon pair. There was another 

scintillation counter array called P counters (Figure 3.12) about eight 

meters downstream of the N array; originally it was put up in the hope 

that it would help the muon pattern recognization, but its acceptance 

was too snall to be included in the nuon identification. 

3.9 logic and the data acquisition system 

The trigger logic diagram is shown in Figures 3.13-3.15. All the 

logic signals were at standard NIM levels. The main trigger used in 

the entire experiment was so called dinuon trigger. The requirements 

of the trigger are following: 

A. Clean beam - each beam hodoscope has at least one hit in it 

and no xoore than one hit in BH5 and BH6, also no veto counter should 

light. 

B. Interaction in the target - the UHI logic signal is triggered 

and there is one or xoore H counters having particles going through. 

Further UHI signals are blocked after one UHI signal has sent to main 

logic until it is reset by the main logic again. 
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c. Two oppositely charged muons - the M counters and N counters 

were divided into four quadrants geanetrically, so there are two 

diagonally opposite quadrants pairs, if in one such pair, one or two 

(but not rrcre than two) N counter in each quadrant is hit and there are 

hits in coresponding M counter quadrants, the trigger is satisfied. In 

order to avoid triggering on beam punch through, we vetoed the 

coincidence aioong four central M counters (Mll, Ml2, M33 and M34). 

Besides the above requirement, the trigger was disabled when the 

canputer was logging data f ran the CAMAC system. 

The data in all the detectors were locked in their readout 

electronics by the main trigger except that the UI chant>ers and the 

drift chanbers were initiated by the upstream trigger signal. 

standard CAMAC system was used as the bridge between the detectors 

and the PDPll-45 canputer. Every time the trigger condition was 

satisfied, the canputer sent a signal to block any further triggering 

until it read in all the data and was ready for another event; 

meanwhile it issued a canmand to transfer all the data to the 

corresponding CAMAC IOOdules. The data stored in CAMAC modules were 

read into the computer in sequence. These data were tenporarily stored 

in the disk area up to 20 events, at the time the canputer was not busy 

it wrote the events to a magnetic tape and made roan for new events. 

The corrputer also had the ability to analyse the event on line, making 

one event display and collecting statistics; people on shift checked 

them to make sure the equi:pnent was working properly. 
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CHAP1'ER 4 ANALYSIS 

Over two millions pion induced triggers and about one million 

proton induced triggers were recorded on magnetic tapes. We had to 

process all the events to extract useful information, mainly the J/psi 

signal and the tracks of charged particles produced in J/psi events. 

'lb achieve this goal, several steps were taken. First, the positions 

of chanbers and hodoscopes were determined with respect to each other 

and related to the magnetic field of CCM. second, the J/psi signal was 

extracted from the data, that is, we had to find those events which had 

one or Ill)re oppositely charged muon pairs with the invariant mass of 

these nuon pairs in the J/psi region. Third, all the tracks of charged 

particles in each event of the J/psi sanple were foum. The analysis 

will be discussed below step by step. 

4.1 Alignment 

All the equiµnent had to be aligned with respect to the Muon lab 

coordinate system accurately before anything could be done. Using the 

procedure described below, we achieved the alignment accuracy to the 

level such that: the positions of the wire planes in the direction 

they were measuring were known to a few hundred microns relative to 

each other, the relative position between the entire chanber system and 

the CCMwas known to a few millimeters, and hodoscope positions were 

known to within a few millimeters. 
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For the purpose of alignment, three sets of data were taken during 

the experiment at low beam intensities with the CCM off, they were 

called UI.D, UHI and HOLO. The UI.D data was taken when the interaction 

target was out of beam line; only a single beam track went through the 

equipment. The HOID data was triggered by a coincidence between one of 

the beam veto jaw counters and one of the N counters; one track 

parallel to the beam line but out of the beam area was present. The 

UHI data was triggered by the interaction in the target; several 

straight-line tracks from the interaction vertex in the target were 

registered in the equipment. 

To start with, the positions of the chanbers which were measured 

by tapes were used in the aligrunent program. '!be z position of each 

chanber was measured against the survey targets whose relative 

positions to the CCM were known, the x position was measured against 

the beam line marks on the lab floor, the y position was measured by 

survey instrument against the beam survey marks on the magnet. At this 

point, the naninal tilt angles (0 degree for x planes and 90 degrees 

for y planes, etc) were used. 

To determine the relative positions of the r+lPC, the ULO data was 

used. In each event, one straight-line track was reconstructed using 

the hits in beam chambers 5 and 6, the 80 an chanber planes and UI 

chanber planes. Because the planes had not been aligned properly, the 

straight-line track finding used very loose requirement on track 

quality. Both x and y views of the straight-line were found, then an 
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alignment program minimizing the following .t:a. for each wire plane was 

used. 

'X...,, = ~ [ (UMi-Xi *cose-Yi *sin8-D) /cri]"' 
" 

where UMi is the hit position measured by the plane; 

Xi and Yi are the x and y positions of the track at that plane; 

e is the angle of the wires in the x, y plane measured counter 

clockwise from the +y axis as seen from downstream; 

D if the offset of the plane in the wire measuring direction; 

0 i is the resolution of the wire plane (wire spacing over /!2). 

The Slllll is over many tracks. 

By plotting chi-squared as a function of D, we found the best 

value of D which minimized chi-squared, at this value of D the residual 

distribution of the plane should be peaked at 0, where the residual was 

defined as UMi-Xi*coS8-Yi*sin8-D. The angles were determined by the 

similar method but using the HOID data because it covered larger region 

of the planes, so the x:a. was roore sensitive to the changes of the 

angles. The overall offset of the MWPC related to the lab coordinated 

system was determined by checking the positions of several hodoscope 

elements. By canparing their positions determined from tracks found in 

the t<l'JPC system with the positions measured by survey instruments, the 

whole chanber system was aligned along the beam line. The overall tilt 

angle of the l+JPC system related to the lab coordinated system was 

determined by using the data taken when the magnetic field of the CCM 

was turned on. If the y axis was not aligned to be parallel to the 

magnetic field, the tracks found in the y view would have a small x 
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100mentum canponent in the field and subject sane bending. The tilt 

angle was cbtained when the y tracks had rnininum chi-squared values as 

they were fitted to a straight line. 

The relative positions of hodoscope elements in one array were 

determined to within 0.1 an with a tape measure. ()lly the positions of 

a few elements in each hodoscope array were determined related to the 

charrber system f ran the data. By finding the edges of these elements, 

the hodoscope positions were determined typically to the accuracy of a 

few millimeters relative to the beam line. 

The drift charcber alignment was done by using UHI data, because 

the signal fran counters '1'0, Tl and T2 was needed as a start time to 

record the drift time. The alignment of the drift chanbers was 100re 

cacplicated than other devices. For exanple, extracting a track 

position fran an anode time in a drift cell involved the anode wire 

offset, the tilt angle of the anode wire, the anode time, the drift 

velocity and the start time of each cell. Deriving a delay line 

position involved start time in each signal channel, propagation time 

for the signal to reach the end of the delay line and the propagation 

velocity. A lot of effort was made by Tom Graff in aligning the drift 

charcbers, the detailed description of the procedure could be found in 

appendix B in Tom Graff's thesis[ref. 41]. Two points are \VOrth 

mentioning here: 
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A. In principle, the drift chanber had to be aligned cell by cell 

for the start times and the drift velocities, and the study showed that 

cell by cell alignment did inprove the position resolution in x and y 

views. But in our data, because the relatively poorer x resolution of 

upstream track measurement, the cell by cell alignment could not 

improve the J/psi mass resolution much, so it was not used in the 

analysis. A corruron drift velocity was used for all the cells and the 

nominal start tines were used. 

B. By treating each drift chanber as a whole, the overall offset 

and the tilt angle were detennined using the method similar to that for 

l4VPC chambers. To adjust the drift velocity, a two dim:nsional plot 

was made. The x coordinate of each point in the plot was the anode 

time, the y coordinate was the difference of the anode time from a 

calculated time, which was the ratio of the predicted position of a hit 

in a cell over the drift velocity. A straight line was drawn through 

the points in this plot, the real drift velocity corresponded to zero 

slope of this line. 

4. 2 Upstream track finding 

Particles corning out of the target in an interaction followed 

straight-line paths as they passed through the field free region 

upstream of the CCM. The goal of the upstream track finding program 

was to reconstruct these straight trajectories. The detailed 

description of the upstream track finding is in James Bellinger's 

thesis[ref. 42]. Below is its short description. 
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This program dealt with the tracks in x and y views separately. 

It began with a beam track finding routine, which found the energy of 

the beam particle and its hit position in the target using beam charrber 

and beam hodoscope informations. Based on this, a vertex finding 

routine was called to get a better vertex position. In this part of 

the program, The four x-measuring planes and the three working 

y-rneasuring planes of the 80 cm charrbers and the y-measuring plane of 

the first UI chamber were used. In either view, the program found all 

the tracks having hit in each plane. Fran these tracks a nore accurate 

vertex position was found by extrapolating the tracks back to a plane 

which was at the target center along z direction. 

Linked with this new vertex position, a line was formed for each 

point in the chanbers, the angle between this line and the beam line 

was recorded. In this stage, all eight y-measuring planes were used 

instead of four. Ideally all the points belong to a track should have 

the same angle. The program stored all the angles and cacpared them to 

find the tracks. It started from the smallest angle, this angle was 

cacpared with the angles in the other planes. If two angles from 

different x planes or three angles f ran different y planes were close 

to each other within certain limit, a line was formed using 

coresponding points. If these points fitted to a line reasonably well, 

a track was found and the angles used in this track were excluded fran 

the remaining program. If no track was found, the smallest angle was 

excluded f ran the remaining program. The same process repeated with a 

new smallest angle until all the angles were tried. The found tracks 
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were projected into the target center plane in z direction, these 

projections and the previous vertex position were averaged to a new 

vertex x or y position. If the new vertex position was within 0.4 cm 

of the previous one, it proved that the original vertex position was 

determined reasonably well, the program passed to the mon track 

finding. Otherwise the angle method had to go through again with the 

new vertex until the 0.4 cm requirement was met or until this method 

repeated three times and finally gave up. 

4.3 Muon track finding 

The purpose of this program was to find only those tracks that 

pointed to the hit M and N counters, preslllllably they were IIUons, and to 

leave other tracks untouched. In this way we were able to run the 

program in a relatively short time and still find all the dillllon 

events. 

The program started in the y view looking for the upstream y 

tracks pointing to the hit N counters. Due to sane vertical focusing 

by the magnet, tracks in the y view were not exactly straight lines. 

Some low roomentum tracks were bent roore than 15 cm when they hit the M 

and N counters. For this reason, a window of 15 cm was set around each 

hit N counter. If the extrapolation of a y track was within this 

window, this y track was considered as a muon candidate. ~ we had to 

find this muon candidate in the x view. There were two constraints in 

finding the track in x view: in the downstream, the M counters 

overlaped with that N counter under consideration were used; in the 
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upstream, the upstream x tracks that matched with the above y track 

were used. 

The match of an upstream x track with a y track was determined by 

the following procedure. In the first four tilted f.tlPC planes (last 

two 80 cm planes and u and v planes of first UI chanber), the tracks 

experienced very little bending unless the track momentum was very low, 

in which case they could not reach the M and N counters to be 

identified as a muon. The hit positions in these four planes were 

predicted using the upstream x and y tracks, and if two or nore hits 

were found in these planes, the x and y tracks were matched. 

From one pair of such matched x and y tracks and one of the 

overlaped M counters, a road was formed in the x view as shown in the 

shadowed area in Figure 4.1. The nuon track should be within this 

area. Here a nomentum value was calculated using the upstream x slope 

and the x position at the middle of the M counter. With this estimated 

roomentum the predicted hit position at the N counter was corrected for 

the vertical focusing. A sane what narrower window around the N 

counter was set to see if the track still passed the N counter, this 

window depended on the value of the estimated roomentum and it was 10 an 

for 10 GeV tracks. The window around the M counter was also set to be 

quite wide. It was chosen as 5+75/ap, ap was the absolute value of the 

estimated :rromentum. The drift chamber hits in the shadowed area were 

used as seed points, starting from drift chamber four then drift 

chambers three, two and one. Fran the matched upstream x and y tracks 
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and one of the seed point, an tentative track was formed and its cross 

points in the other chant>er planes were predicted (the predicting 

scheme will be discussed later). Then the program searched through the 

planes to see if there were real hits near the predicted positions 

within a window (0 .6 en) • After all the planes were searched, we 

counted the total number of planes in which hits were found and the 

total number of planes through which the tentative track passed. The 

maxim.ml m.mt>er of planes a track passed was 21, including two planes of 

the last 80 an chanber, 15 UI chant>er planes and 4 drift chant>ers. If 

the ratio of the first number over the second number was more than 60%, 

this track was considered as a muon in this stage of the analysis. The 

60% requirement was a loose cut to insure that not too many useful 

events were thrown away. 

Using this procedure, the upstream x slope of the track had to be 

found accurately, otherwise the predictions in drift chant>er one and 

two would be off a little when the seed· point was in drift chanber 

three or four. Some upstream track slopes were found with small 

errors, that degraded the predicting accuracy. In attenpting ~o 

inprove this, the upstream slope was adjusted slightly using the 

interaction vertex, the seed point and the hits found in drift chanber 

one and two, for three points could uniquely determine a track. The 

change of the upstream x slope was limited to 0.001. Some additional 

tracks \Vere found in this way and the chi-squared of found tracks were 

reduced. 
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For each muon candidate in the y view, several upstream x tracks 

and roore than one M counters could be used, and f ran each matched pair 

of x and y tracks several nuon tracks could be found. A preliminary 

weeding was used to limit the total number of found muon tracks to six 

for a particular y-view nuon candidate. Here the word "weeding" meant 

to get rid of the tracks that had the least chance to be real. If two 

found muon tracks shared a hit in the drift chanbers or in u, v planes 

of UI chanber four and five, these two muon tracks were treated as one. 

Among them, the one which had roore hits associated with it, or the one 

that had the least chi-squared when these two tracks had same number of 

hits, was saved. If rrore than six different muon tracks were found, 

only six of them were kept by the same criterion mentioned above using 

their associated hit numbers and the chi-squared. 

After we had processed all the y-view nuon candidates, muon pairs 

were formed. O'le positively charged muon and one negatively charged 

muon formed a dinuon pair. If there were one or roore dimuon pairs in a 

event, this event was written to a dimuon tape (type 1) , if the highest 

mass of the nuon pairs was above 2.5 GeV, the event was written to a 

high mass tape (type 2). More complicated and time-consllllling programS 

were applied to these reduced data sanples. 

Now going back to the predicting scheme, the basic ingredient was 

standard track technique, that is, the bending of the track from the 

straight line at each plane is proportional to the reciprocal of the 

track roomentlllll. So from the bending of a standard track, we could 
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predict the bending of other tracks. But this sinple idea was not good 

enough to be used directly, The magnetic field was not totally uniform 

and the tracks with different rrornenta and different incident angles 

passed different regions of the magnet, so the bending of these tracks 

were different. For exanple, if we predicted the hit position in drift 

chamber two fran the seed point in drift chant>er four, for certain 

tracks the predicted position was 2 cm away f ran the point where the 

track actually hit the chanber if the track was swum through the 

magnet. Here the word "swum" meant to trace the charged particles with 

known track parameters through the magnetic field according to the 

Maxwell's equations. The standard track method was not accurate enough 

to be used in the predicting program. It needed to be corrected. 

In this analysis, a 15 GeV standard track parallel to the beam 

line was swum through the measured magnetic field, a set of bending at 

each plane was obtained as standard values, then tracks with a chosen 

set of different mJmenta and different incident angles were swum 

through the field, the differences of the bending between this method 

and the standard track method were obtained. These differences were 

fitted as polynanial functions of the nomenta, the upstream x slopes 

and upstream y slopes of the tracks. The parameters in the fitting 

were used in the predicting scheme described below. 

A rrodif ied predicting scheme could be expressed in the following 

fornY.lla: 

P=-PMS'IK(IDC)*XCX>(IDC,PREC,SLX,SLY)*YFAC(SLY)/DEF(IDC) 
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Here P is the predicted track llK>Illentum; 

IDC runs fran 1 to 4 indicating which drift chanber is involved; 

PMS'IK is the deviation of standard track at drift chanber IDC; 

PREC is the reciprocal of the absolute track momentum, it is 

calculated by standard track method; 

SLX and SLY are the upstream x and y slopes; 

DEF is the deviation of the predicted track at drift chanber 

!DC; 

XCO and YFAC are correcting factors. 

XCO and YFAC can be expressed as below: 

YFAO=A(l)+A(2)*AY+A(3)*AY*AY+A(4)*AY*AY*AY+l 

XCO(IDC)=l+P(l)+P(2)*XI+P(3)*XI*XI+P(4)*XI*XI*XI 

P(J)=B(l)+B(2)*PREC+B(3)*PREC*PREC+B(4)*PREC*PREC*PREC 

B(I,J, IDC) =F( I,J, IDC) 

Here F(I,J,K) are fitting parameters mentioned above, I, J, IDC are 

fran 1 to 4; 

A(l) TO A(4) are fitting parameters also; 

AY is the absolute value of SLY; 

XI is SLX*Q, Q is the charge of the track; 

Fran the sign of the track deviation at the seed point, we got the 

charge of the track. Using the standard track method, an estimated 

roomentum was derived, PREC used in the above formula was the reciprocal 

of it. It was straight forward to calculate the positions of predicted 

hits in other drift chanbers using the fornulas above. For the 

predicting of hit positions in the UI chanber planes the standard track 
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method was used. At these chant>ers, the bending of the tracks was not 

as big as at the drift chant>ers, the deviation of the track position 

from the standard track prediction was not big enough to be corrected 

in the program. 

Several things were checked to make sure that this predicting 

scheme was correct: 

1. The tracks with nomenta and slopes which were different frorn 

these used in determinating the polynornial parameters were SWlDll through 

the magnetic field, their hit positions in the planes were coopared 

with the positions predicted by the above scheme. The differences were 

typically less than flJ.l cm, the rnaxiilllIIl values were about flJ.3 cm. The 

prediction scheme worked quite well for tracks with either charges. 

2. We applied this prediction scheme to the real data, the 

deviations of the positions of found hits from the predicted positions 

in each plane were histogramed, the peak value of the deviations was 

near flJ and the half width of the peak was typically flJ.2 cm, no cbvious 

difference was detected between positively charged track and negatively 

charged track. That was a reassurance that the magnetic field was 

measured quite well (except that the scale of the magnetic field could 

not be checked by this), also the result meant that the alignment 

program did the right thing. The deviation distributions were used to 

determine the window in each plane. the window was chosen to be f/J.6 cm 

for all the UI planes and drift chanbers. If a hit was found within 

f/J.6 cm from the predicted position, the hit for a tentative track in 
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this plane was regarded as found. 

4.4 Muon track fitting and weeding 

When we wrote out the high mass dim.Ion tape, we made very loose 

cuts in the program. In this sanple, the signal to background ratio in 

J/psi region was not very good. In order to get rid of sane faked 

nuons and therefore to enhance the J/psi signal, nuon tracks were 

fitted and a weeding was applied to the nuon tracks in these events. 

A brief description is given below about the fitting and weeding 

program, a nore detailed version is presented in the appendix. 

A track was uniquely determined by five track parameters. They 

were the upstream x and y slopes, the intercepts of these two upstream 

tracks at z=0 plane and the track nornentum. Using all the hits 

associated with this track, these track parameters could be adjusted to 

values closer to the actual ones. A track with certain five parameters 

was swum through the magnetic field, at each plane the position at 

which the swum track passed was canpared with the position of the 

associated hit of the track in this plane, a chi-squared was formed 

fran these differences. The fitting minimized this chi-squared by 

adjusting five track parameters. 

After the fitting, we were rrore sure about where the track passed 

in the apparatus. Based on this, several cuts were made to weed out 

the bogus muon tracks and as a result, the J/psi signal was enhanced. 

Qie cut was to tighten the window around the M and N counters to 2.5 
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cm. Another was to require nore hits in each tracks. More than 70% of 

the predicted hits in the planes should be found. Now for nost events 

only one pair of two owasitely charged muons existed. In the final 

dinuon mass plot, only one positively charged muon track and one 

negatively charged muon track of the best qualities were used to form 

the dinuon pair. The result will be shown in the next chapter. 

To study the forward charge of the J/psi events, a program finding 

all the tracks of charged particles was developed (Appendix A). It was 

applied to all the events in which the dinuon mass was above 2.5 GeV. 

If the invariant mass of the dinuon pair was between 3.B GeV and 3.2 

GeV, this event was considered as a J/psi event. '!he events having the 

dinuon mass out of the J/psi region were treated as the background. 

U:NT nomentum tracks were swept out of the charcber regions earlier than 

high nomentum tracks, less planes could be used to find these tracks. 

That made the program less efficient for them. To correct the 

inefficiency of this trackfinding, a nonte carlo program was run to 

find the trackf inding efficiencies for tracks with different nomenta 

and different upstream incident angles (Appendix B). Figure 4.2 shows 

the efficiency of finding a track as a function of the rapidity and the 

transverse nomentum of the track. These efficiency values were kept in 

a lookup table to be used in the forward charge calculation. The 

related results will be given in the next chapter also. 
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ClIAPrER 5 RESULTS AND DI&DSSION 

The purpose of this analysis is to try to Wlderst:aOO the hadronic 

production of the J/psi through the study of the associated forward 

charge flow. In this chapter, first the J/psi signals fran J(N and pN 

interactions will be presented. Then the foll<Ming properties of the 

associated charged particles will be discussed: their rapidity 

distributions, the dependence of the forward charge on the Xf of J/psi 

particles, the charged multiplicity and the forward charge as functions 

of the effective energy of the forward hadron system. 

The J/psi events will be carq;>ared with the events in inclusive 

hadronic interactions and with the events in the control region of the 

dinuon mass spectrum. The control region contained those events having 

the dinuon mass near the mass of J/psi but excluding the J/psi events. 

The anega signal and the properties of the associated forward charged 

particles will also be discussed. The forward charge properties of 

anega production will be canpared with those of the inclusive 

interactions and of the J/psi production. I.astly I will discuss how 

this study could tell us about the irechanism of J/psi and anega 

production. 

5.1 '!be J/psi signal 

Figure 5.1 and Figure 5.2 show the resulting dinuon mass spectra 

for It- and proton data respectively. We fitted each dinuon spectnnn in 

the region of the dinuon mass above 2.5 GeV with a gaussian J/psi peak 
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and an exponentially dropping background. The fitted parameters are as 

follows: the masses of the J/psi peak are 3.102+/-9.001 and 

3.105+/-B.002 GeV/c", the standard deviations of the mass value (sigma) 

are 22.3+/-e. 7 and 21.0+/-l.6 l"eV/c"', and the event nurrt>ers in the peak 

are 901+/-41 and 153+/-17. The background is nostly cooposed of the 

events having faked muons, which are the results of hadron punching 

through the absorbing steel, and of the events in which the muons are 

decay products of pions and kaons. Because there are nore events in 

pion data, in the following we will mainly discuss the T(N interactions 

and mention the pN interactions briefly. 

Figure 5.3 is the Xf distribution of the J/psi signal in the CM 

system. ftt>st of the J/psi were in the Xf region fran 0.2 to 0.7, the 

drop of the signal at higher Xf was due to the small production 

cross-section, and the drop at low Xf was due to the snall acceptance 

of our apparatus in this region. A nonte-carlo study showed that our 

acceptance was very small near Xf=0.0, it rose to about 0.3 at Xf= 0.4, 

then slowly leveled off (Figure 5.4). If we assumed that the J/psi were 

produced by the fusion of one parton f ran the beam and one parton from 

the target, then we could calculate the Xf 's of these two partons. As 

shown in Figure 5.5, the beam partons had large Xf values and the 

target partons had a very soft Xf distribution. 

In the dinuon spectrtm1, we chose the events with the mass between 

3.0 GeV/ci. and 3.2 GeV/c.,,. as the J/psi, and the other events with the 

mass above 2.6 GeV/c"' as the control region. When the track finding 
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program for all the charged tracks was developed, I found by looking at 

the graphics that certain events were very messy. The track finding 

program was not reliable for these messy events, it either missed sane 

tracks or found false tracks. I excluded those events f ran the forward 

charge calculation if their total number of upstream x and y tracks 

exceeded 40. I also excluded those events in which apparently not all 

upstream x tracks were found. In the program, the m.mber of upstream 

tracks found in x view was carpared with the miniDllm nurrber of hits in 

one plane out of four x-measuring planes. If the found track number 

was less than this miniDllm minus 2, the event was excluded fran further 

analysis. I lost about 20% of the events by applying these cuts, but I 

felt that the result would be more believable. The same cuts were used 

in the monte-carlo program for deriving the trackfinding efficiency. 

5.2 The rapidity distribution of the forward charge 

To each remaining event, the program for finding all the tracks 

was applied, a detailed description of the program is in Appendix A. 

The forward charged multiplicity in each event was defined as the 

number of charged particles found in the forward hemisphere in the CM 

system, the two muons forming the J/psi or the background were not 

included. The average charged multiplicity was found to be about 3.4. 

This number was not corrected for the track finding efficiency. 
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Using the efficiency values in the lookup table in Appendix c, the 

finding efficiency for each track was determined by a extrapolation 

method after the track nanentum and its upstream slopes were found. 

The efficiency values in the lookup table of those tracks, whose track 

parameters were neighbors of the ones of the track under study, were 

used in the extrapolation. F.ach track was assigned a weight factor, 

which was the reciprocal of the efficiency for this track. A weighted 

charge was defined as the nultiplication of the track charge and this 

weight factor, the weighted charge had the charge sign of the track. 

This weighted charge was used in the forward charge calculation. It 

was not very meaningful for individual event to have a fractional 

charge, but for many events it could be used to correct the track 

finding efficiency statistically. Below the word 'charge' will always 

refer to this weighted charge unless its meaning is pointed out 

explicitly. 

The quantity we were interested in was the forward charge sum of 

all the particles in the forward hemisphere in the CM. The particles 

were in the forward hemisphere if their rapidities in the CM were 

larger than 0. To calculate the rapidities in the CM, the particle 

masses were needed. In our experiment, we did not have good particle 

identification besides muons. Instead all the charged particles were 

treated as pions except the two muons in each event. This 

sinplif ication would shift the rapidity of a particle to a higher value 

if it was actually a kaon or a baryon. Some particles actually in the 

backward hemisphere would appear as in the forward hemisphere. The 
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forward charged nul.tiplicity would be higher. Ql the other hand, llDSt 

particles in the small rapidity region were pions[ref. 421, tale 

systematic error of treating all the charged particles as pions should 

not be very big. In addition, when the forward charge flows in 

different processes were carpared, this systematic error would be 

canceled out at sane level. 

The distribution of the forward charge sum for J/psi sanple is 

sh<M'l in Figure 5.6. In this picture, the average forward charge is 

-8.46+/-0.85. The error is statistical only, it equals to the standard 

deviation of the distribution over the square root of the event llllli>er 

in this picture. For the J/psi sanple here, the standard deviation of 

the distribution is 1.34, the nunber of events is 886, so the error of 

the forward charge is about 0.05. The value of the forward charge in 

each event varies a lot from one event to the other. So there is no 

hope that we can learn nuch f ram the forward charge in each event. I 

tried to find out why for sane events the absolute value of th9 forward 

charge ex>uld exceed four, but no sure answer. It is nDre meaningful to 

deal with the average forward charge for many events. 

The rapidities of charged particles in all events were put into 

two histograms acex>rding to the charge sign. Figure 5.7 (a) and (b) 

shCM the normalized rapidity distributions of positively charged 

particles and negatively charged particles. The drop of the 

distributions in the negative rapidity region was due to the poor 

acceptance of our apparatus. IDOking at these pictures, the associated 
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charged particles were populated in the snal.l rapidity region (y<3). 

The charge density near y=B was quite flat. '!be net charge rapidity 

distribution is shown in Figure 5.8, it is the subtraction of the two 

distributions in Figure 5.7. Figure 5.9 shows the integrated charge 

rapidity distribution starting fran y=0. The total forward charge per 

event was about -0.46 as ootained before. 

The same process was applied to the events in control region and 

to the events in inclusive interactions. Figure 5.10 and Figure 5.11 

are the integrated charge rapidity distributions for these two kinds of 

data. '!be total forward charges for them ~re -0.60+/-0.05 and 

-0.654+/-0.023 respectively. The statistic error was calculated as in 

the J/psi case. If ~ canpare these distributions closely, ~ can see 

that the slopes of the last two distributions are alIIi>st the same, but 

the slope for J/psi events is not as steep as the other two. '!bis 

means that the absolute value of the net charge density in J/psi events 

is snal.ler than those in the other two processes. 

We did not have clean Drell-Yan events so we could not find out 

what was the forward charge of Drell-Yan production. We had to rely on 

other experiments for this information. WAll experiment found that the 

integrated forward charge was -.36+/-0.05, -e.6e+/-0.ea and -0.76+/-0.l 

for the Drell-Yan process, the J/psi production and in the inclusive 

interactions. They assumed that the charge leakage between the forward 

and backward hemispheres was proportional to the forward charge, after 

L _!.hey __!!Ormalized _J:he forward Charge for 1(-Be interactions to -1. 0 1 the 
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forward charge was -0.47+/-0.05 and -e.79+/-0.08 for Drell-Yan and 

J/psi production. By assuming a sinple nodel that J/psi was produced 

by quark fusion and gluon fusion, and that the forward charge in quark 

fusion was the same as in the Drell-Yan process and the forward charge 

in gluon fusion was the same as in inclusive interactions, they 

concluded that the fraction of J/psi produced through quark fusion was 

about 40% in their data. If we follow their assunptions, after we have 

normalized the forward charge in the inclusive interactions to -1.0, 

the forward charge for J/psi production is -0.71+/-0.08. If we asslltle 

that the forward charge for Drell-Yan production is -0.4 as the 

Field-Feynman fragmentation nx:>del predicted, the fraction of the J/psi 

production through quark fusion would be about 48%. This conclusion 

may be too naive, but the forward charge is sanewhat different between 

the J/psi production events and the events in the inclusive 

interations. 

5.3 forward charge as a function of J/psi Xf 

The above discussion treated the forward charge on a global basis • 

.As argued in Chapter 2, the forward charge as a function of J/psi Xf 

may tell us ioore about the production mechanism. 

The Xf distribution of the J/psi in our data was shown in Figure 

5.1, we divided the whole sanple into four subsets acco~ding to the Xf 

value. The means of Xf and the forward charge for the events in each 

subset were calculated. Figure 5.12 shows the forward charge as a 

function of Xf of J/psi particles. It is different fran a similar plot 
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for the events in the control region as shawn in Figure 5.13. '!bat is 

the evidence that the curve in Figure 5.12 is not just due to kinematic 

effects. In these two and the similar figures that will be shawn 

later, the statistical error of the forward charge for each point is 

calculated in the same way as the one for calculatin] the forward 

charge error in Figure 5.6. Basically the larger error of a point 

means there are fewer events included in this point. This Xf 

distribution is consistent with the prediction of the sinple parton 

fusion rrodel to sane degree. The prediction of the IOOdel was that the 

forward charge would becane less negative as the Xf value of the J/psi 

increased. our data is 100re or less consistent with the prediction 

except that the third point f ran the left in the plot is a little above 

the fourth point. Because of our poor statistics, we could not make 

the conclusion that our data agrees with the sinple n¥>del very \!ilell. 

Ole 100tivation for this forward charge study came fran H. Budd's 

result[ref. 30] in the study of associated forward charge of J/psi 

production. He claimed that the forward charge as a function of Xf was 

not consistent with the parton fusion IOOdel. we quote his result in 

Figure 5.14 along with the data points of this analysis. The shadowed 

area in the plot represents the region in which the predicted forward 

charge f ran naive fusion IOOdel should be. Three curves in the plot 

correspond to his three different assunptions for the forward charge in 

the pion valence quark fusion. Two of his data points at low Xf 

differed f ran the prediction by about two standard deviations. The 

difference between the data points of this analysis and the prediction 



o.o 

w 
~ -0.2 
er:: 
< 
I 
u -0.4 

0 
er:: -0.6 < 
3 
er: 
0 -0.8 
LL 

-1.0 

I 
I I 

0 0.2 0.4 0.6 0.8 

BACKGROUND XF 

Figure 5.13 

Forward charge as a function of Xf of the events 

in the control region 

84 



2:: 
=:i 
(j) 

w 
~ 

er:: 
<C 
I 
u 
0 
er:: 
<C 
3 
er:: 
0 
LL 

z 
0 
er:: 
0 
<C 
:::r:: 

0.0 

-0.2 

-0.4 

-0.6 

-0.8 
0 

1//1//// 

0.2 0.4 0.6 
XF oF the J /PSI 

Figure 5.14 

I 

I I 
I 

I 

0.8 

COrrparison of forward charge as a function of Xf of the J/psi 
the shadowed region is predicted using the roodel in reference 30 

the x's are data points fran reference 39 
the dots are data points in this analysis 

85 



86 

is much smaller. Olr result is consistent with his naive IOOdel. 

Because both data had large statistic errors, it is hard to judge if 

the difference between these two data sets was just statistical 

fluctuation or was because that sane systematic error in one data 

analysis was not taken into account. 

5.4 Dependence of fragmentation on effective energy 

Now we discuss how the fragmentation of the forward hadron system 

depends on its effective energy. Here we focuss our attention on the 

forward charged multiplicity and the forward charge as functions of the 

effective energy of the forward hadron system. 'ttle effective energy 

was defined as .{S/2-E~, here [S is the total energy in the CM of the 

interactions. In 185 GeV/c l(N interactions, fS is 18.65 GeV. E 'f is 

the energy of produced J/psi or background dimuon pair. It may make 

100re sense if we define the effective energy as [S{l-xl)/2, which 

equals to the energy carried by the beam parton spectator. 'ttlis 

spectator fragments into the forward hadron system if the interacting 

parton and the spectating partons are acting independently in the 

interactions. But the difference between the above two definitions is 

not ver:y big because 100st of the J/psi energy canes from the beam 

parton. 

'ttle data were divided into several subsets according to the 

effective energy. For the events in each subset, we calculated the 

means of the charged multiplicity and the effective energy. Figure 

5.15 shows the charged multiplicity as a function of the effective 
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energy for J/psi events. If we draw a curve through the data points in 

the picture, the shape of this curve agrees with the shape of the curve 

in Figure 2.8. For forward charged multiplicity, the curve in figure 

2.8 should divided by two. This supports our assumption that the 

fragmentation of forward quark or diquark depends on the effective 

energy of that system. Most of the points in Figure 5.15 are above the 

curve in Figure 2.8 divided by 2, this may be nosily because our 

trigger was slightly biased toward accepting high nultiplicity events. 

Figure 5.16 shows the ratio of the dispersion of the multiplicity 

distribution over the average number of charged particles in each 

subset, or D/N as used in sane papers, as a function of the effective 

energy. Looking at this picture, we can say that at high effective 

energy the D/N values agree with that in inclusive hadronic 

interactions, i.e, about 0.5, but at low effective energy the 

dispersion is sanewhat larger than that in inclusive hadronic 

interactions. This may hint that the fragmentation is a little 

different at low effective energy than at higher effective energy, 

because not enough energy is available for fragmentation when the 

effective energy is small. When we look at the forward charge as a 

function of effective energy, the points at small effective energy may 

not be very neaningful. Figure 5.17 shows the forward charge as a 

function of the effective energy, nost of the points are above the 

curve for inclusive interactions, including the points having large 

effective energy. Large effective energy corresponds to small CM 

energy of the J/psi particles, or small value of Xf. Most sinple 
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fusion mxlels predict that gluon fusion would daninate the production, 

here f ran our data the quark fusion seems to contribute Jl()re than 

expected at high effective energy. unfortunately we did not have large 

number of events especially we did not have enough events at high 

effective energy, otherwise we might be able to tell if the difference 

persists a.t higher effective energy and to assess the difference in a 

JIK)re quantitatively manner. 

We have a good sanple of anega events, it is worth while to see 

what is the result if we apply the same analysis to this anega data 

sanple. 

5.5 Forward charge analysis for anegas 

James Bellinger worked on the Xf and pt distribution of anega 

particles. His analysis concluded that a range of e.60 to e.se of 

anegas were produced through gluon fusion depending on different parton 

distribution functions used as input and the rest of anegas through 

quark fusion in the sirrple parton fusion roodel[ref. 43]. I used his 

data sanple with the dinuon mass below 1 GeV, which was subtracted fran 

about two thirds of the rt-N dinuon data. The spectrtnn of the dimuon 

mass below 1 GeV is shown in FiguJ:"e 5.18. A clear anega signal could 

be seen. I applied the same analysis to this data sanple as to the 

J/psi data. Some carplications arose for the anega data, the ratio of 

the signal to the background is less than 1:1 which is much smaller 

than the ratio for J/psi events. A broader rho peak is below the anega 

peak, that makes the background subtraction 100re difficult. We had to 
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treat the background with care. Because the full width of the rho peak 

is nore than 150 MeV, we chose a narrow mass window as the anega signal. 

to minimize the rho contribution. Here we define the region of the 

dinuon mass between 0.765 to 0.805 GeV as omega bin. In this anega 

region, we assume the background linear. By counting the events in the 

anega bin and the events in the neighboring mass regions, we derived 

the nunber of omega as 1040, the number of background events under 

anega peak was 1439. The error of these two numbers is estimated to be 

less than 100. The events above 0. 6 GeV and below 0. 9 GeV in the 

spectrum except the anega region were chosen as background sanple. 

To subtract the background contribution, a physical quantity for 

anega is calculated using the following formula. 

A~)= (A(IVB) *NUM(~)-A(BACl<) *NUM(BACl<)) I (NUM(WB)-NUM(BACl<)) 

Here NUM(wB) is the total number of events in the anega bin(2479). 

NUM(BACX) is the estimated number of background events in the 

omega bin(l439). 

A(W), A(iJB) and A(BACX) are the same physical quantities for 

anega, omega bin and background events. 

The following are the results of the forward charge study for the 

anega data. Figure 5.19 shows the integrated forward charge as a 

function of the rapidity. The total forward charge equals to 

-0.66+/-0.04, and is quite close to the forward charge -0.654 in the 

inclusive interactions. The slope of the curve is alnost equal to that 
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in the inclusive interactions. SOme conclusions could be drawn fran 

this. The mechanism for the anega production may be different fran 

that for the J/psi production. It is consistent with ioost of the 

anegas being produced through gluon fusion in the sinple parton fusion 

JOOdel. 

Figure 5.20 shows the forward charge as a function of the anega 

Xf. The forward charge becomes less negative as the Xf of anega 

increases, as the sinple fusion JOOdel predicted. It is not quite the 

same as the one for the J/psi events. The points of anega production 

are ioore negative than the ones of the J/psi production. 

Figure 5.21 and Figure 5.22 show the nultiplicity and the forward 

charge as functions of the effective energy of the forward hadron 

system in anega production. The curve of the forward charge as a 

function of the effective energy is consistent with the one for 

interaction events. 

5.6 Proton data 

Because the limited number of J/psi events in the pBe 

interactions, we will show the integrated forward charge distribution 

only. Figure 5.23 is this distribution for J/psi events. As a 

ccxrparison, Figure 5.24 is the integrated forward charge in inclusive 

pBe interactions. The forward charge for these two cases is 

0.73+/-0.03 and 0.71+/-0.11 respectively. The slopes of the curves in 

these two distributions are consistent with being equal. The naive 
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interpretation of these results is that the J/psi production in pBe 

interactions is consistent with being produced by gluon fusion. 

5.7 Discussion of the results 

There are a lot things that could affect our results of forward 

charge study. Here I am going to discuss sane of the effects 

qualitatively or quantitatively. 

First of all, we consider the target effect. Because ours was a 

beryllium target, it was canposed of 58% proton and 58% neutron. The 

forward charge was different in n.·n fran that in rr-p interactions. In 

the lf n inclusive interactions, then fragmentation in the backward 

hemisphere would not dilute the charge in the forward hemisphere as in 

the Tt-P interactions, this would increase the absolute value of the 

forward charge. Ql the other hand, the hadrons caning out of an 

interaction could have secondary interactions in the target, especially 

for the pions in the central rapidity region, their nanenta were quite 

low in the lab system. This would reduce the absolute value of the 

forward charge. According to the curve in figure 2. 7 (note that the 

data points in the curve had quite large errors too), the forward 

charge would be about -0.72 at our energy. Instead we found -0.654 for 

the forward charge in our inclusive interaction data. My explanation 

for this difference between -0.654 and -e.72 is that it is caused 

100stly by the target effect. In the case of pp interactions, because 

the forward backward synmetry the forward charge should be one; in the 

case of pn interactions, the forward charge would be diluted by the 
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leakage of the charge f ran forward hemisphere to backward hemisphere. 

So in the pBe interactions the forward charge would be less than one. 

Here the effect of secondary interactions in the target was more severe 

because there were mre low-:roomentum particles in the central rapidity 

region. The target effect could partially account for the reason why 

the forward charge in pBe inclusive interactions was only e.73 instead 

of one. Another effect making the forward charge small in pBe 

interactions was that the track finding efficiency used in the program 

was too high for pBe interactions, so the efficiency effect was 

under-corrected. The multiplicity was higher in pBe interactions than 

in 7(Be, the program was mre difficult to find the tracks correctly in 

our pBe data. 

An att~t was made to estimate the contributions f ran quark 

fusion and gluon fusion for J/psi and anega production using the 

forward charge as a function of Xf, in the assmrption that the J/psi or 

anega were produced by sinple quark fusion plus gluon fusion. At 

certain Xf, the forward charge could be expressed by the following 

formula. 

n =So lF"!·~·Ftf{Xt>t F0J·f11txt>): Fct·I-P1i(Xf)-fFc1.J:X,t~"f}rr.I} 
c oo t J · F&-s (X'f > t F9a (x.f ') 1 · Ff.i(~f) t fJJ-f Xf) 

Here Fct or Fc8 is forward charge in qq or gg fusion. 

0o =47(,.Gq/M~ is the elementary cross section of the process gg .. A, 

M is the mass of A. 

J =G1t/G35 
F~j (Xf) = 1: [~(xl) *Tq(x2) +Bq(xl) *Tq(x2) ]/ (xl+x2) 
oo f=uJs,rJ.. 



F3!(Xf)=[Bg(xl)*Tg(x2)]/(xl+x2) 

xl,x2=8.5*[JXf +4M1/s +/- Xf ] 

Bq and Bg are the structure functions of quarks and gluons in 

the beam particle. 

Tq and Tg are the same as above but for the target particle. 
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We chose the structure functions for J/psi production as these 
1. "L 

used by NA3 group [ref. 14] for Q =Mj/~· In the anega case, we chose 

the structure function used by ACCMJR group [ref. 44] 
'I. 'J,. 

for Q =Mt· 

These structure functions are listed in Table 5 .1. To have sane idea 

how the structure function of the parton will affect the relative 

contributions from quark fusion and gluon fusion, we define a quantity 

called product structure function for each fusion process. In quark 

fusion, it equals Bq(xl)Tq(x2)+Bq(xl)*Tq(x2). In gluon fusion, it 

equals Bg(xl)*Tg(x2). In Figure 5.25 product structure functions are 

plotted as a function of Xf of J/psi. For quark fusion the uii, ad, ss 

and the total of these three are plotted separately. The ss curve is 

too low to be seen. The absolute scale is arbitrarily defined. The 

gluon product structure function is much bigger than that for quark 

fusion at low Xf region, but it falls faster than that for quark fusion 

as the Xf of J/psi increases. 

We tried to get J, the ratio of effective coupling of quark fusion 

over gluon fusion to J/psi or anega production, by fitting the above 

fornula to our forward charge as a function of Xf as in Figure 5.12 and 

5.28. Here the Xf acceptance of our apparatus appears both in the 
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Table 5.1 parton structure functions 

particle parton 

pion xu(x)= 

valence xd(x) 

pion xS(x) 

sea 

pion xg(x) 

proton xu(x) 

valence xd(x) 

proton xS(x) 

sea 

proton xg(x) 

structure function 

NA3 ACCM)R 

0.52 x**0.4 (l-x)**0.78 0.55 x**0.4 (l-x)**0.9 

0.238 (1-x)**B.7 0.09 (l-x)**4.4 

1.66 (l-x)**2.38 2.e (l-x)**3.0 

2.48 x**0.56 (l-x)**2.61 2.18 x**0.5 (l-x)**3.0 

1.43 x**0.56 (l-x)**3.61 1.23 x**0.5 (l-x)**4.0 

0.2 (l-x)**8.7 0.17 (l-x)**6.0 

3.22 (l-x)**5.16 2.5 (l-x)**4.0 

a. the sea quark structure functions have su(3) symmetry 

b. the sea quark structure functions are S(x)=u(x)=d(x)=2s(x) 

I 
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numerator and denaninator in equation 5.1, so the acceptance is not 

needed in the fit. A few assumptions were necessary before fitting. 

First, the forward charge for gluon fusion and quark fusion was 

assumed to be -1.0 and -e.4 in T[-P interactions if the forward and 

backward fragmentations were separated fran each other perfectly. 

Second, the target effect was assumed to be proportional to the 

forward charge, this included the effect caused by the existence of 

neutrons in the target and the effect of second interactions. 

Third, the dependence of forward charge on the effective energy 

was assumed to follow the one in Figure 2.7. Because the forward 

charge in our inclusive interactions was -0.654 instead of -0.72 in 

Figure 2.7, we scaled the curve in figure 2.7 by the ratio of 

-0.654/-0.72 to be used in the fitting. 

In quark fusion, besides the main contribution f ran valence ii 

quark in 1C, the d quark had smaller contribution. If d quark fran !(­

annihilated with d sea quark in proton, the forward u quark would 

fragment into hadrons whose average forward charge would be -0.6. In 

the following calculation, three values of forward charge r, -e.4, 

-0.45 and -e.s, were used for quark fusion in an ideal situation. Then 

the target effect and the effective energy dependences were scaled 

accordingly. By allowing the forward charge in quark fusion to vary, 

the uncertainty in assumptions one and two might be conpmsated. The 

third assumption could be the one that deviates f ran the i;:hysical 
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reality most. To really understand the energy dependence of forward 

cha.rge in different processes, we need to know the dynamics of the 

fragmentation pretty well. 

The fitting was done by plotting the chi-squared as a function of 

the parameter J • Three different forward charge values for quark 

fusion were used. Figure 5.26 is the plot of chi-squared as a function 

of } for J/psi. Figure 5.27 is a similar plot for anega. The mininun 

chi-squared is a.t different I for J/psi and anega. In J/psi case, the 

J is between 0.7 to 1.05 for different r values. In anega case, it is 

0. unfortunately the chi-squared is not very sensitive to the J. The 

uncertainty for J is big. The J value for rniniIIllill chi-squared varies 

when the ratio of -0.654/-0.72 changes. SO this is not a best way to 

determine I . Very accurate data and better understanding of the 

fragmentation are needed to do so. Figure 5.28 plots the forward 

charge of J/psi production for five different I values. Because our 

poor statistics, it is hard to determine the value]. But fran Figure 

5.26 and 5.27 we could say that there is more gluon contribution in 

anega production than in J/psi production. 

()le point is worth mentioning here. D. W. Duke and M. J. Teper 

pointed out [ref. 45] that the Drell-Yan mechanism fails if the 

following relation is true. 

,.,.,.. ~ M iN { x ( s <.))12- ') y). ~ /tU) x J 
Here M is the mass of produced particle • 

.J,(,l is the transverse mass of partons in the interaction, 
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it was chosen to be l GeV/c in reference 44. 

Fran the above formula, for J/psi production this condition was 

satisfied above Xf=rlJ.5. If a snaller value for parton transverse mass 

was chosen, the Drell-Yan mechanism should not fail at our energy for 

J/psi production. In our experiment the above condition was easily 

satisfied for anega production, the Drell-Yan mechanism should fail 

badly. According to D. W. Duke and M. J. Teper in reference 44, the 

anega should mostly be produced by fusion of two partons within the 

beam particle at our energy region. If their argument is correct, the 

above fitting for anega is not valid. The forward going hadron system 

will be the beam fragmentation most of the time. 

5.8 SUmmary and conclusions 

In this chapter, we have ma.inly discussed the resulting forward 

charge flow of the J/psi and anega productions in 7(N interactions. If 

we make the assurrptions that in different processes the charge leakage 

through the y=rlJ plane is proportional to the forward charge, and that 

for Drell-Yan production (d fragmentation) the forward charge is -rlJ.4, 

then when we normalize the forward charge in inclusive ~-N interactions 

to be -1.9, the forward charge for J/psi and anega production is 

-9.71+/-rlJ.08 and -1.01+/-e.es respectively. If the sinple quark fusion 

plus gluon fusion model is true, very naively, the J/psi production is 

through quark fusion 48+/-14% of the time and the anega is through 

gluon fusion alnost all of the time. 
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As the study showed, the dependence of the forward charge as a 

function of the effective energy must be included in the forward charge 

study. Because on the average the effective energy in anega events is 

larger than that in J/psi events, the difference between their average 

associated forward charge is less dramatic. The large difference which 

appeared in the energy independent analysis discussed in the first 

paragraph is partially due to a kinernatical effect. This is evident 

when the data points for anega and J/psi prcxluction and the curve for 

inclusive interactions are put into the same plot of Figure 5.29. we 

can now see that the forward charge of anega prcxluction is consistent 

with that of inclusive interactions and that the forward charge of the 

J/psi prcxluction is sanewhat less negative than those in the above two 

processes. The difference for most data points is one standard 

deviation. A certain fraction of the J/psi is prcxluced through quark 

fusion, but not as large a fraction as appeared in the first paragraph. 

r-tich more data and better experimental design are needed to really 

assess the difference. 
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Forward charge as a function of effective energy 

The curve is for inclusive interaction from Figure 2.7 
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APPEIDIX A TRACK FINDIK; FOR OIAR;ED PARl'ICLES 

This is the program used to find all tracks of charged particles, 

not just muon tracks. The muon trackf inding has been described in 

chapter 3. The beam trackf inding, vertex finding and upstream 

trackf inding are the same for both programs. This program was awlied 

to the final J/psi sanple only. For this relatively small sanple, the 

consideration of saving carputing time was not a big concern, a roore 

carplicated predicting scheme and trackf inding algorithn than nuon 

trackf inding were developed. 

1. Predicting scheme 

In the analysis, we calculated the forward going charge using all 

tracks in the forward hemisphere in the CM (center of mass system) • A 

pion at rest in the CM has a nanentum of about 1.5 GeV/c in the lab. 

The program should be able to find the tracks with nanenta down to 1.5 

GeV/c. 

The predicting scheme was based on swinming a lot of standard 

tracks through the magnetic field and getting the corresponding 

deviations of these tracks fran straight lines at each plane. A very 

large n1.llllber of tracks was needed to cover the whole acceptance range 

and to get the desired accuracy. Because the magnetic field was highly 

synmetric, the n1.llllber of standard tracks needed could be reduced 

dramatically by the following reason: two tracks with same mJmentum 

but opposite charges and opposite upstream x, y slopes would have 
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trajectories symmetric to the z-axis, the deviations of these two 

tracks at each plane were the same except that they had opposite signs 

in both x and y directions; two tracks with same nanentum, charge and 

upstream x slope but opposite upstream y slopes have trajectories which 

are mirror images to each other against the y=O plane, the deviations 

of these two tracks at each plane in x direction were the same and the 

deviations in y direction had the same magnitude and opposite signs. 

For the above reasons, only the positively charged tracks with upstream 

y slope equal to or larger than zero were chosen as standard tracks. 

In the convention of this analysis, tracks bending towards the 

direction opposite to the x-axis were positively charged particles. 

With such considerations in mind that the position predictions of the 

tracks passing through the planes should be accurate to the level of 

wire spacing, about 0.2 an, and that as less standard tracks as 

possible should be used, a following sets of :roomenta, upstream x slopes 

and upstream y slopes were chosen: 

l/p=k, k=l, 2, 3,,, so. 
slx=0.01, 0.04, 0.07, 0.1. 

sly=0., 0.03, 0.06. 

p is the track manentum 

slx is the upstream slope in the x view 

sly is the upstream slope in the y view 

Every carbination of each rranentum, upstream x slope and upstream y 

slope values was used, the total number of standard tracks was 600. 

For each standard track, the deviations in x and y views at each plane 

from straight line were obtained by swinming the track through the 

magnetic field. The deviations of all these tracks were written to a 

file and were used in the track finding program. 
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The prcicedure of finding. tracks is almst the same as llllon 

trackf inding. After the upstream x and y tracks were found, they were 

matched to form pairs, this time only one hit was required among the 

first four tilted planes. The hits in four drift chant>ers and the hits 

in u and v planes of third, fourth and fifth UI chant>ers were used as 

seed points. 

From a matched pair of upstream x and y tracks with x slope slxB 

and y slope slyB and a seed point in one of the planes, the x-view 

deviation xseedB of the point from the straight line was calculated, 

the particle charge q of this track was determined by the value of this 

deviation. If the xseedB was positive, the charge q was negative; if 

the xseede was negative, the charge q was positive. Because the 

predicting scheme was for positively charged particles with upstream y 

slopes larger or equal to zero, if the charge or upstream y slope of a 

track under consideration did not satisfy the above conditions, we made 

the predictions for a positively charged track with slx=slxB*q, 

sly=fslyB/ and xseed=-lxseed0l, then got the predictions for the origin 

track using the symnetry property mentioned above. For exanple, a 

matched x and y upstream tracks had x slope -0.44 and y slope -0.15, 

for one seed point the x-view deviation xseede was larger than e, then 

the particle charge of this track would be negative. In this case, 

first we made the predictions for a positively charged particle with 

slx=0.44, sly=B.15 and the xseed=-xseed0, if the x-view and y-view 

deviations were dx and dy, the corresponding deviations for the origin 

track were -dx and -dy. Now the proolem is how to get dx and dy. 
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For tracks that passed through enough planes to be hopefully 

found, the slx could have any value between -0.1 and 0.1, the sly could 

have any value between -0.08 to e.08, the predictions for a particular 

pair of slx and sly values were made by extrapolating one parameter at 

a time. In the x view, for tracks of positively charged particles with 

upstream x slopes less than 0.01, the deviations at all the planes were 

not very big, the tracks with large nanenta had small bending and the 

tracks with snall IOC>menta went out of the active areas of the planes 

early in its trajectory so the visible deviations are still small. If 

slx was less than e.el, we used the standard tracks with slx = 0.01 to 

make predictions, if slx was between two fixed slx values that were 

used as x slopes of standard tracks, the deviations for this slx was 

derived by treating the deviations between these two fixed slx values 

as lying on a line draw through the two boundary points. we got the 

deviations at points A, B, c, D, E and F as shown in Figure A.l. In 

the y view, we had three standard sly values(0., 0.03, 0.06), we fit 

the deviations at these three points as a curve of second order 

polynanial and assumed that the deviations of the tracks with sly other 

than these three values were very close to the values determined by 

this curve. We got the deviations at points G and H in Figure A.l. 

From the method mentioned above, the program searched the x-view 

deviations of the standard tracks with this pair of slx and sly values 

at the plane where the seed point came f ran, it could be found that the 

deviation of the seed point was between the deviations of two standard 

tracks, both had th~ same slx and sly and their nomenta had the values 
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of two neighboring standard tracks. The ~ntum of this track was 

determined by straight-line extrapolation fran these two standard track 

roomenta by knowing all the three deviation values. 

After the nanentum of the track was determined, the deviations of 

the track at all other planes were calculated by extrapolation method 

using the deviations of several standard tracks, the nanenta, upstream 

x slopes and y slopes values of these tracks were closest neighbors to 

the corresponding parameters of the track under study in three 

dimension grid of IOOlllentum, upstream x slope and y slope. 

Two tests were made to see how the predicting scheme worked. 'lbe 

first one was to canpare the deviations of tracks at each plane derived 

by two different methods, one method got the deviations by swimning the 

tracks through the magnetic field, the other one got the deviations by 

using the predicting scheme. The track parameters used here were 

randanly chosen in certain ranges. The upstream x slopes of the tracks 

were between -0.1 to 0.1, the upstream y slopes of the tracks were 

between -.08 and 0.08 and the Jl¥)ffienta of the tracks had the magnitudes 

between 1.5 GeV/c and 200 GeV/c. Both charge signs of the tracks were 

tested. ?tt>st of the time the differences between these two deviations 

were very close to zero. A few percent of them were a little IIX)re than 

e.2 cm. This result was good enough for predicting tracks if the 

tracks in the real data followed the same paths as the ones when the 

tracks were swum through the magnetic field. 
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The second test was to histogram the differences of the real hit 

positions in each plane fran the predicting ones for the real data, the 

entries to the histogram were chosen for the tracks with high quality, 

or these tracks, for which in more than 80 percent of the planes they 

passed a hit was found. The differences were sanewhat larger than 

these in the first test, the typical sigma value was about 0.2 an. 

From this a window of 0.6 an was chosen to determine if a predicted hit 

was found or not in each plane for a track under study. 

2. Trackfinding 

Except for the predicting scheme described in part 1, the 

trackf inding program was not much different fran the nuon trackf inding 

described in chapter 3. For each upstream x track, all the upstream y 

tracks were tried to match it. Here one upstream x track and one 

upstream y track were matched when in at least one of the first four 

tilted planes a hit predicted f ran these two tracks was found. For the 

seed points, the program started f ran the roost downstream plane (fourth 

drift chanber), each hit in this plane was tried as the seed point to 

predict a track trajectory. The hits in the plane upstream next to the 

above plane were used as seed points afterwards. The program worked 

all the way upstream till the u and v planes of the third UI chanber. 

Fran a pair of matched x and y tracks and one seed point, an 

imaginary track was formed. By checking if this track went out of the 

plane bounds, we got the total number of planes through which the track 

passed. By searching through the planes for hits near the predicted 
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points in the planes, we got the total number of planes in which hits 

were found. The above two numbers were ootained f ran the planes f ran 

the first tilted 80 an plane downstream to the plane having seed point 

in it. If the predicted track went out of half or 100re plane bounds, 

the program gave up to find it. The ratio of the second number over 

the first number was called the hit percentage of the track, if this 

ratio was equal or above 60%, this track was saved for later 

consideration. 

It was possible that a lot of tracks would be saved f ran a single 

upstream x track by passing the requirements mentioned above. ~st of 

these tracks were the same track but seeded fran different planes. To 

make the weeding sinpler later on, a preliminary weeding procedure was 

applied in this stage. Fran one upstream x track, these predicted 

tracks were considered as the same track if they shared one or 100re hit 

in drift charrbers or two or 100re hits in u and v planes of the third, 

fourth and fifth UI charrbers. We only saved the track that hit 100st 

planes among these tracks or the one that had least chi-squared if sane 

of the tracks had same number of hit planes. The other tracks were 

omitted. If two predicted tracks fran the same upstream x track did 

not meet the above conditions, they were possibly different tracks. 

The program limited the rnaxinum number of saved tracks f ran the same 

upstream x track to be three. This was done by canparing the tracks 

f ran the same upstream x track and picking up the m:>st qualified 

tracks. The comparison was as follows: Tracks which had most found 

hits were saved, if two tracks had same number of hits, the one which 
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had least chi-squared value was saved. 

The tracks predicted from all the upstream x tracks were saved and 

were canpared later to weed out the duplicated tracks and those bogus 

tracks that shared too many hits with the other tracks. 

3. Weeding 

By looking at the graphics displays of the events with the hits of 

the planes and the trajectories of the tracks saved so far, the 

trackf inding had found al:roost every track seen by the eye but there 

were sane bogus tracks and duplicated tracks. To clear it up, the 

following weeding program was applied. 

The program lined the tracks in the order of the number of hits 

found for each track and the chi-squared of each track, fran the track 

with :roost number of hits to the track with least number of hits, and 

from minillllill chi-squared to maxim.un chi-squared if the tracks had same 

number of hits. The first track was autanatically accepted, fran the 

second track on, every track was canpared with the tracks already 

accepted before. If the track under study shared hits in u and v 

planes of UI third, fourth and fifth chanbers with one of the accepted 

tracks, the shared hits were subtracted from the total number of hits 

of the track, if the new hit percentage of the track was less than 65%, 

this track was considered as a false track. Also the total number of 

shared hits with all the tracks having better qualities in all the 

_ chambers__Was subtracted __Jrom the total number of hits found, if the new 
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ratio of the number of hit planes over the nunber of passed planes was 

less than 60%, this track was not saved. 

At last each track was carpared with all other accepted tracks, if 

there were m:>re than three hits not shared with other tracks in u and v 

planes of the third, fourth and fifth UI charrbers -and in the drift 

charcbers, and if the hit percentage after subtracting the shared hits 

was m:>re than 50%, this track was considered as a real track. This 

procedure was repeated twice because sane tracks were changed f ran real 

track to false track or vise verse in the first iteration. 

Two hundred events were examined graphically by eye in the process 

of developing the weeding program, all the cuts were finely tuned, the 

result was quite good in the sense that m:>st of the tracks seen by eye 

were found and there were not many duplicated tracks and bogus tracks. 

The trackf inding efficiency was obtained by the m:>nte carlo method 

discussed in Appendix B. 
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APPE?DIX B TRACKFINDTI{; EFFICIEOCY 

To calculate the average forward charge of the particles produced 

in J/psi events besides the two nuons fran J/psi decay, the result had 

to be corrected by the trackf inding efficiencies including the 

geanetric acceptances. The efficiencies 'tlll'ere found by using nonte 

carlo method. 

To cover the whole acceptance region of the apparatus, a two 

dimensional array of track manenta and incident angles was chosen. For 

each track with a nx>rnentum and an angle of chosen values, about 200 

tracks 'tlll'ere embedded into 200 events in the J/psi sanple, one track in 

each event. The upstream parts of These 200 tracks 'tlll'ere evenly 

distributed on a cone surface, the cone axis was on the beam line and 

the half angle of the cone was the angle chosen above. The track was 

swum through the equipnent in the magnetic field and the predicted hit 

in each plane was embedded into the real hits of that plane, the chance 

of enbedding the hit into the real data for each plane was determined 

randomly according to the efficiency of that plane (the method used to 

find the plane efficiencies will be described in Appendix D}. In the 

ftWPC planes, the position of the wire nearest to the predicted point 

was embedded into the data. For the drift chamber planes, the 

predicted position was converted to the drift time, and this time was 

digitized according to the resolution of drift time '!'DC. The H 

hodoscope elements were treated the same way, because of the high 

efficiencies of the H hodoscope, the element would be turned on aloost 
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every time if a track passed through it. 'lhe eni:ledded track was forced 

to pass the interaction vertex in the target, the vertex was found by 

the vertex finding program before the mntEH:arlo track was enbedded. 

'!hen the trackf inding program was applied to this mnte carlo 

embedded data. '!he tracks found were canpared with the ent>edded track, 

rrost of the time a track was found that its nanentllll and upstream 

1 slopes were very close to these of the ent>edded track. 'Ibe differences 

between the upstream x and y slo}?es of the found tracks with these of 

embedded tracks were less than 0.001, the IIDmelltum differences were 

less than one ~rcent. In these cases, we can certainly say that the 

rronte carlo eni:ledded tracks were found. But for sane of the events, a 

track found had upstream x and y slopes very close to these of the 

errbedded track, but the rranentum was a few percent off. For the 

physics we are concerned with, the snall differences of found nanenta 

f rorn the embedded rocmenta would not affect the forward charge 

calculation, so we made the requirement of finding the ent>edded track 

quite loose, the allowed difference of upstream x slopes or y slopes 

was 0.002, the allCMed nanentum difference was set at 10%. 

The resulting trackfinding efficiencies are in the table at the 

end of this appendix, the statistical error and the systematic error 

were at the level of a few ~rcent. We chose the grid size in the two 

dimension grid of irornentum and incident angle such that the efficiency 

extrapolation for any found track of other rranentllil and angle values 

would have error less than the statistical and systematic errors. 
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It was checked that the efficiency of a positively charged track 

was the same as a negatively charged track with the same nanentum 

magnitude and incident angle within the statistical error. 'Ibis 

feature that the equipnent was not biased to one charge than the other 

was also verified by histograming the nuon nanenta of the J/psi events 

according to the charge of the nuons, the average of the nuon nanenta 

of both charges were very close to each other. 

In the efficiency table, the drops of the efficiencies in the 

region of zero incident angle were due nv:>stly to that the inplanted 

upstream tracks were not found by the upstream trackf inding or the 

found track parameters were not accurate enough, because there were a 

lot of hits in this region; the drops of the efficiencies for the 

tracks with large incident angles and tracks with small nanenta were 

due to the fact that these tracks went out of the plane bounds early so 

not many planes hits could be used to find these tracks. 

To follow the convention, in Figure 4.2, the efficiency was 

converted to as a function of the rapidity of a track in the CM and its 

transverse IllXIlentum. 
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TABLE TRACICFINDIN:J EFFICIEOCIES 

rranentum 100 50 20 10 5 3.33 2.5 2 1.67 1.43 

(Gev) 

angle efficiencies ( % ) 

(radian) 

0. 92.0 93.0 95.0 95.6 94.5 87 .5 73.6 59.0 53.0 56.2 

0.015 92.5 93.2 95.7 95.8 94.5 89.0 78.0 70.0 67.0 72.0 

0.0225 92.7 93.3 96.0 95.9 94.5 89.5 82.0 75.5 73.0 65.0 

0.03 93.0 93.5 96 .5 96.0 94.5 90.0 86.0 82.0 79.0 61.0 

0.0375 94.0 94.5 97 .0 96.0 94.3 92.0 90.5 84.0 73.0 58.0 

0.045 95.0 96 .0 97.5 96.0 94.3 92.5 91.0 77.0 68.0 55.5 

0.0525 96.0 96.5 96.5 96.0 94.0 92.5 88.5 73.0 67.0 56.0 

0.06 97 .0 97.0 96.0 95.5 94.0 93.0 83.0 70.0 66.0 56.0 

0.0675 96.0 96.0 95.0 95.0 92.0 86 .0 79.0 68.0 65.0 57.0 

0.075 88.0 94.0 93.5 93.0 88.0 02.0 75.5 67.0 64.0 58.0 

0.0825 82.0 88.0 89.0 89.0 83.0 77.0 72.5 65.5 63.0 57.5 

0.09 73.0 83 .0 84.0 85.0 76.0 72.0 69.0 64.0 62.0 56.8 
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.APPEN:>IX C TRAO< FI'ITIN; 

For high mass dinuon events, in order to narrow down the width of 

J/psi signal, the track parameters of the mon particles had to be 

adjusted by fitting the tracks using the hits associated with them. 

The five track parameters are the upstream x .and y slopes, the 

intercepts of these upstream tracks at z=e and the track manentum. 

The fitting started by swinming the track with the parameters 

found in the muon trackf inding program through the ~uipnent. The 

exact location of the swum track at each plane was canpared with the 

associated hit of the track at that plane, if one plane did not have a 

hit associated with that track, that plane was not used in the fitting. 

For the sinplicity of the language, we define several terms as below: 

Zi's are the z positions of the planes; 

SLX and SLY are slopes of upstream x and y tracks; 

XINT and YIN!' are intercepts of upstream x and y tracks at z=e; 

PRE = l/P with the charge sign in it, P is the nanentum of the track; 

PST is the nanentum of a standard track; 

UX.i's and UYi's are cosin's and sin's of plane angles; 

i's are relative weights of the planes; 

DSTi are deviations f ran straight line at each plane by swimming a 15 

GeV standard track of zero incident angle through the magnetic field. 
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The fitting was actually to minimize the chi-squared defined in 

the following fornula: 

X1=~ [ (UPi-UHit /6 iJ 
l. 

UPi=USX*UXi+USY*UYi 

USX=Fix(SLX,XINI',SLY,YINI',P) 

USY=Fiy(SLX,XINI',SLY,YINI',P) 

The expansions of these two term were: 

USX=XINI'+SLX*Zi+DSI'i*PSI'/P+DXi(SLX,SLY,P) 

USY=YINl'+SLY*Zi+DYi(SLX,SLY,P) 

Here DXi and DYi were second order terms, they could be neglected 

when we made differentiations of J!kjJSLX, <fXicfxINI' and so on. By 

differentiating ~.,,to SLX, XINI', SLY, YIN!' and PRE, we get five 

equations: 

f cf.t/[ SLX=f<UPi-UHi) *<fUPi/dSLX/oi'" =fUXi*Zi*(UPi-UHi)/6i2-=0 

fJ"f'"/dXINl'=l:(UPi-UHi).<fUPi/dXINI'/6i2.::.i'UXi*(UPi-UHi)/6i1 =0 
L t 

.;.J X/d" SLY=l:(UPi-UHi) *dUPi/dSLY/6i 1=s;.UYi*Zi*(UPi-UHi)/6i'l.=0 ,.. L l 

~d~fdYINl'=J;{UPi-UHi) *J°UPi/dYINI'/6il.~i*(UPi-UHi)/5i'"=0 
,,.. l. ~ 

fdtjdPRE=ftUPi-UHi) *dUPi/dPRE/6i-a.=fUXi(UPi-UHi) *DSI'i*PST/6il--=0 

and 

UPi-UHi=UPio-UHi+UXi(DXINl'+Zi*DSLX+DSI'I*PST*DPRE)+UYi*(DYINT+Zi*DSLY) 

Here UPio-UHi is the zero order deviation and UPio is the 

predicted point by swimming the track (SLX, XINI' ,SLY, YIN!', P) through 

the magnetic field. from the above five equations we could obtain five 

unknown values of DSLX, DXINI', DSLY, DYINT, DPRE by solving matrix 
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equations. 

The five new track parameters were SLX+DSLX, SLY=SLY+DSLY and so 

on. Compared with the previous track parameters, these values were 

closer to the final ones. In the second iteration, the procedure was 

similar but the track with the new parameters was swum through the 

equipnent. This time the program searched the hits near the places 

where the swum track went through. In sane planes, new hits were 

found, increasing the ntnnber of hits associated with the track; in sane 

planes, the hits originally associated with the track were too far fran 

the new track trajectory that they were no longer regarded as belonging 

to this track. But nost of the hits were not changed. Using this new 

set of hits, another five new track parameters were calculated using 

the same procedure as in the first iteration. The resulting track 

parameters after the second iteration were quite close to these after 

first iteration, no nore iteration was executed. As mentioned in 

chapter 4, after fitting the muon tracks, several cuts were applied to 

the data. Ole cut was to tighten the windows around M and N counters, 

another cut was that nore than 70% of the predicted hits in the related 

chambers should be found for each track. These cuts were determined by 

the consideration to keep the balance between obtaining the best signal 

to background ratio and getting the nost number of J/psi events. 

Another fitting was done for J/psi events in searching for the chi 

signal. In obtaining the chi states, we treated the dimuon pair with 

its invariant mass between 3.05 GeV and 3.15 GeV as J/psi. When the 
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J/psi was canbined with each gamma found in the same event, the dinllon 

mass was forced to be the exact mass of J/psi (3. fJ97 GeV) • This was 

done by constraint-fitting the track :parameters of the two muons, the 

two constraints were that the invariant dinuon mass of the J/psi events 

was fixed at 3.fJ97 GeV and these two muon tracks came fran the same 

vertex. The ten :parameters of two muon tracks were adjusted to make 

the chi-squared mininum. The procedure was similar to that in the nuon 

track fitting. Ten equations were obtained by differentiating the 

chi-squared to each track :parameter, these equations and the two 

constraint equations were used in the matrix conversion to get the 

first order corrections for these :parameters. Because the chi-squared 

was not the linear function of sane of the track :parameters, the 

approximation of first order expansion of Taylor series was used. 

After the first iteration of the fitting, the dinuon mass of the new 

muon tracks was very close to the 3 .fJ97 GeV value, ioost of them were 

within 1 MeV, the maximum deviation was about 6 MeV. This result was 

good enough for chi thysics. 
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APPENDIX D t+lPC AND DRIFl' ClWBER EFFICIEK:IES 

In order to know how well the t+lPC and drift chani:>ers performed 

during the experiment, we derived the efficiencies for the t+lPC and 

drift chani:>ers. These efficiencies were used in the m:>nte carlo 

program to calculate the trackf inding efficiency described in J\I:pendix 

B. 

Basically we used high quality tracks to derive the efficiencies 

of these chambers. For t+lPC planes, we found these tracks by seeding 

in drift charrber three, a good track was found if drift chani:>er one, 

two and three and more than five of ten u v planes of UI chant>ers had 

hits in them within cuts (0.6 an}. The tracks should have chi-squared 

less than sane limit. A subset of tracks were used in determining the 

efficiency for each plane. The tracks used for determining the 

efficiency for one u or v plane of UI chanbers were those that had hits 

in more than five planes among other nine u and v UI chanber planes; 

the tracks used for determining the efficiency for one x-measuring/ 

plane of 80 cm chambers were those that had hits in all three other1 
I 

x-rneasuring 80 cm planes; the tracks used for determining the1 
I 

efficiency for one y-rneasuring plane \Vere those that had hits in m:>re 1 
I 

than 4 planes among other 7 y-measuring planes. The efficiency for 1 

each plane was the percentage of these tracks that had hits in this1 

plane too. 
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Sane hits found in the plane umer study 'Nere belonging to other 

tracks but accidently fell into the window around the predicted point, 

this made the found efficiency higher than it should be. To correct 

this background effect, the program looked for hits 2 an CMaY fran the 

predicted point, the total window width for both sides was the same as 

the window around the predicted point. '!he real efficiency was 

obtained by subtracting fran the efficiency derived in the last 

paragraph the rate of finding such hits. The correction was at one 

percent level. The program was applied to several different kinds of 

data, one was the low intensity interaction data, another one was the 

electron calibration data and the third one was the dim.Jon data. 'llle 

efficiencies of the planes were lower in dinuon data than in the other 

two, I thought this was due to the intensity effect, the chanber 

efficiencies draped as the beam intensity 'I.lent up. 

In studying the drift chantier efficiencies, the good tracks were 

found by seeding in one drift chantier which was not under current study 

and requiring that all tilted planes of UI chantiers had hits in them. 

The drift chant>er efficiency was the percentage of the time that these 

tracks had a hit in this drift chamber also. We first got the anode 

(or x view) efficiencies, and looked for delay line efficiencies when 

the anode signal was found for the track in the x viei. A y hit was 

found if it was within the window of the predicted hit, the windows in 

x and y views were ~.6 an and 7.5 an respectively. 
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