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Abstract 

Fermilab experiment E706 studies high PT interactions in pion-nucleon col

lisions using copper and beryllium targets at an incident energy of 0.5 TeV. The 

experiment uses a liquid argon calorimeter to detect and trigger on high PT electro

magnetic showers. We report on the fragmentation properties of jets with leading 

K2hort, A or A in high PT 7ro and direct photon triggered events. The strange par

ticles are reconstructed via the charged decay modes: K2hort --t 7r+ 7r-, A --t p 7r-, 

and A --t p 7r+. Proportional wire chambers and straw tube drift chambers are used 

to reconstruct strange particle decays upstream of the center of the dipole analysis 

magnet. 
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1 

Chapter 1 

Introduction and Theoretical 

Motivation 

1.1 The Data Set 

This thesis presents results from the 1990-91 run of the E706 fixed target 

experiment at Fermilab. E706 is a second generation direct photon experiment 

designed specifically to measure the production of high transverse momentum (PT) 

direct photons and neutral mesons in proton-nucleon and pion-nucleon interactions. 

This analysis concentrated on the 1990 data sample (see table 1.1.) 
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SUMMARY OF E706 DATA SETS 

Run Interaction Beam Momentum Number of Events Sensitivity 
(GeV /c) ( events/pb) 

7r-Be 0.5 
2xl06 

71"-cu 0.1 
1988 500 

(p,7r+)Be 0.75 
3xl06 

(p,7r+)cu 0.1 

7r-Be 8.6 
1990 515 30xl06 

71"-cu 1.4 

pBe 7.3 
pCu 800 23xl06 1.8 
pH 1.5 

(p,7r+)Be 6.4 
1991 (p,7r+)cu 530 14x 106 1.6 

(p,7r+)H 1.3 

71"-Be 1.4 
71"-cu 515 4xl06 0.3 
7r-H 0.3 

Table 1.1: Summary of data taken by the E706 experiment during the 1988 and 
1990-1991 fixed target runs at Fermilab. 
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1.2 Introduction 

The interactions of quarks and gluons are difficult to investigate due to con

finement and other properties of the strong interaction. Because of the confinement 

mechanism we can not examine the properties of partons directly. Instead we must 

rely on indirect measurements such as the study of hadron jets. 

According to Quantum Chromodynamics (QCD), quarks and gluons can only 

appear in colorless combinations. This means that they can appear in either a 

color-anticolor combination (meson) or a combination which includes all three colors 

(baryon) or all three anticolors (anti-baryon). States which contain gluons only (glue 

balls) are also predicted. When a quark or gluon scatters from the interaction with 

another quark or gluon, it begins to radiate gluons as it moves away from the site 

of the interaction. These gluons split into quark-antiquark pairs and radiate more 

gluons and finally form the colorless mesons and baryons which are detected in our 

spectrometer. In order to study QCD we must infer the properties of the original 

struck parton by reconstructing the final state particles of the hadron jet. What we 

want to study are quarks and gluons; what we get are jets of hadrons. 

1.3 Quarks, Gluons, And QCD 

Quantum Chromodynamics ( QCD) postulates that all hadronic matter is 

made of quarks. It describes the strong interaction with a local non-abelian gauge 
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theory[l]. The quarks are fundamental representations of SU(3) ® SU(n1)c. There 

are n1 flavors ® three colors of quarks [2]. The gauge bosons which mediate the 

strong force are called gluons. The gluons come in eight bicolored varieties each with 

a different color-anticolot combination. Quarks come in fractional electric charges 

of -1/31 e I or 2/31 e I while the anti-quarks have charges of 1/31 e I and -2/31 e 1-

The electric charges of the quarks, however, are not predicted by QCD but rather 

are input into the standard model. The various flavors and charges of the six known 

quarks along with their mass estimates are listed in table 1.2 [22]. 

QCD is modeled after the highly successful theory of electromagnetic interac-

tions, Quantum Electrodynamics (QED). The fine structure constant of QED, ya, 

is replaced by y'a; in QCD calculations. Like QED, the scattering amplitudes are 

represented by Feynman diagrams. The basic vertices are shown in :figure 1.1. As in 

QED, the various scattering amplitudes which are used in cross section calculations 

are expanded in a perturbation series. 

Quark Electric Mass Estimate 
Flavor Charge (e) (GeV /c2

) 

d (down) -1/3 0.0099±0.0011 
u (up) +2/3 0.0056±0.0011 

s (strange) -1/3 0.199±0.033 
c (charm) +2/3 1.35±0.05 

b (bottom) -1/3 "' 5 
t (top) +2/3 174±10 

Table 1.2: Physical properties of quarks. 
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quark ~luon 
roo OOOOOOl 

Figure 1.1: Elementary vertices of QCD. 

One problem that arises in QCD calculations is that of infrared and collinear 

divergences. Terms like EqEu(l - cosf)q9 ) can appear in denominators. These terms 

originate from the assumption that the quarks and gluons are massless. These terms 

vanish if the emitted gluon is soft (infrared) or the gluon is emitted collinear to the 

quark. This problem is handled by the process of regularization [3]. 

In QED the fine structure constant a is the parameter used for the expansion 

i.e. we have terms of order a, a 2
, a 3

, etc. The value of a is approximately equal to 

i!r Unlike QED where the value of a can be fixed directly by coulomb scattering, 

the determination of as is very difficult. It is conventional to write the following 

relation for as: 

l27r 
(1.1) 

(33 - 2f)ln(1~) 

This equation· is only valid for q2 ~ A 2 [2]. The value of A is typically chosen to be 
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between 0.2 and 0.4 GeV. as is referred to as a running coupling constant. In order 

for the perturbation series to converge the value of the momentum transfer, q2
, must 

be very large. This fact alludes to the situations known as asymptotic freedom and 

confinement. Asymptotic freedom refers to the situation that the quarks seem to 

be "free" at short distances. The quarks are confined within the hadron. 

1.4 Hadron Jets 

Hadron jets are one of the consequences of confinement. When a photon or 

gluon with a large q2 value interacts with a quark in a hadron, that quark will gain 

enough momentum to seperate from the other quark( s). As it seperates it will begin 

to radiate gluons. These gluons will split into quark-antiquark pairs which radiate 

more gluons until the energy drops below the threshold to create a quark-antiquark 

pair. These quarks will bind together in some complicated way to form mesons and 

baryons [15]. Perturbative QCD, because of the running coupling constant, is only a 

useful description of the quark-quark or quark-gluon interactions when the distances 

involved are small. Because the fragmentation of quarks into jets of hadrons is not 

a short range phenomena, it can not be explained by perturbative QCD. 

In order to study jet production it is necessary to use a phenomenological 

model. If we consider the reaction A + B ---+ C + X we can write down the following 

formula: 
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(1.2) 

~ (ab --+ cd) is the parton level hard scattering cross section, and s, i and u are the 

parton level Mandelstam variables defined by the following relations: 

(1.3) 

Where PA, PB, and pc are the hadron momenta and Pa = XaPA, Pb = xbPB, Pc 

= Pc/ Zc are the parton momenta. The G functions are called parton distribution 

functions. Ga/A is the probability of parton a having fraction Xa of the original 

hadron A's momentum. Similarly Gb/B is the corresponding probability for parton 

b. Dc;c is called the fragmentation function. Dc;c is the probability that, in the jet, 

the hadron C will have a fraction Zc of the original struck quark's momentum. The 

fragmentation. function is used as a tool for understanding jets. A schematic diagram 

of this formula is shown in figure 1.2. The parton distribution and fragmentation 

functions must be measured experimentally. It is assumed that they are invariant 

with respect to the type of process we use to measure their properties. In this way we 

can use results from deep inelastic scattering experiments for the quark distribution 

functions and fragmentation functions from e+e- annihilation[4]. 
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Figure 1.2: Top: A hadron hadron collision. Bottom: A hadron nucleus collision. 
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1.5 The HERWIG Monte Carlo 

The data presented in this thesis will be compared with the predictions of the 

HERWIG Monte Carlo event generator. HERWIG is an acronym for Hadron Emis

sion Reactions With Interfering Gluons. HERWIG is a general purpose particle 

physics event generator. It includes a simulation of hard lepton-lepton, lepton

hadron, and hadron-hadron scattering and soft hadron-hadron scattering in one 

package. It uses the parton shower approach for initial and final state QCD ra

diation. It includes color coherence effects and azimuthal correlations both within 

and between jets. Whereas other simulations sum the leading collinear singularities 

for initial and final state radiation and in some cases the leading infrared contribu

tions from ou~going partons, HERWIG is the first simulation to take into account 

both the infrared and collinear contributions to both the incoming and outgoing 

partons [7]. In this way the HERWIG Monte Carlo uses a complete description of 

the asymptotic behavior (order a 8 ) of the parton distributions. 

HERWIG uses a cluster hadronization model which is local in .color and 

independent of the hard process and the energy. The clusters are fragmented into 

hadrons [8]. 

1.6 Direct Photons 

As mentioned above, quarks have an electric charge as well as a color charge. 
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Compton qg---+ q/ 

Annihilation qq ---+ 91 

Figure 1.3: First Order Sub-Proceses of Direct Photon Production 
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This means that quarks interact with photons directly. This fact is very useful 

because it simplifies many areas of study. For example in the reaction A+B-+ 1+X 

we eliminate the fragmentation term Dc;c from equation 1.3 since photons do not 

fragment (considering only up to order aa., contributions) like quarks and gluons. 

To first order there are two processes contributing to direct photon production: (See 

figure 1.3.) 

• Compton gq -+ /q 

du comp 

di 

2 A A 

7raa8 eq [u s] --- x - x -+-
.52 3 s u (1.4) 

• annihilation qq -+ /g 

d<Tanni 

di 
(1.5) 

Direct photons are photons which come directly from the hard scatter, parton-

parton interaction. These are not to be confused with photons coming from other 

sources such as meson decays. Direct photons carry off the total momentum of the 

hard scatter. This is unlike the case in which a parton is the scattered particle. The 

scattered partons as discussed above, will fragment and in general many hadrons 

will share the momentum of the struck parton. 

The main source of background to the direct photon signal comes from the 

decay 7ro -+ t'I in which one of the photons is not reconstructed. A 7ro can fail to 

be reconstructed for several reasons: 
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• One of the photons goes out of the geometrical acceptance. 

• A highly asymmetric 11'"
0 decay occurs. One photon has a small enough energy 

that it is not reconstructed in the calorimeter. 

• The two photons have a very small separation and they coalesce in the calorime-

ter. 

The relationship between the angle between the two photons from a symmetric 11'"0 

d ·e ,....,2m ecay 1s 'Y'Y = E1r1r • 

One way of looking at the contribution that the 7r
0 decays make to the recon-

structed photon sample is to plot the; vs. PT distribution (see figure 1.4). Because 

the direct photon will carry the total transverse momentum of the interaction while 

I 
the 11'"

0 will share this momentum with other particles in the jet, a signature for 

direct photons is that the J'. will increase with PT. 
7r 

1. 7 Advantages Of Studying Direct Photon Trig-

gered Events 

Naively, since momentum is conserved, one should be able to calculate the 

momentum of the outgoing quark by summing the momenta of the hadrons in 

the reconstructed jet. In practice, due to rapidity holes in the coverage of the 

detectors, inefficiencies, finite resolution, etc. it is extremely difficult to reconstruct 
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Figure 1.4: 1/7r0 for data (solid) and HERWIG Monte Carlo. The Monte Carlo 
generates no direct photons so that all single photons in the ;:0 are decay photons 
from misreconstructed 7r0 's. 
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all of the hadrons. Other things we would like to know include what the parton 

level subprocess was that produced the jets. Unfortunately, for 7ro production for 

example, there are many subprocesses that can contribute[5]. 

Direct photon events give us a handle on some of these difficulties. As men

tioned previously, to first order there are only two subprocess which can contribute 

to direct photon production. Another advantage mentioned above is that, to order 

aa .. , the direct photon does not fragment: It goes straight from the interaction into 

our spectrometer. This gives us a direct probe into the dynamics of the hard scatter. 

Direct photons give us information about the recoil side opposite the photon. Since 

momentum must be conserved we know the momentum of the recoil jet (neglecting 

effects due to the intrinsic transverse momentum of the scattered partons, kT ). 

Different beam particles give us different relative contributions of the Comp

ton and annihilation subprocesses. For example, using a 71'- beam on a nuclear 

target introduces a ijq at the valence level. This increases the likelihood of an an

nihilation subprocess. The relative contributions are PT dependent (see figures 1.5 

and 1.6.) This can be understood by considering the x distributions of the valence 

quarks, gluons, and sea quarks. The valence quarks have the hardest distributiop.s 

followed by the gluons and finally the sea quarks. In 7r-p interactions, for example, 

with increasing PT we would expect a larger contribution of the annihilation with 

respect to the Compton subprocess. This is because in the Compton diagram we 

need an initial state gluon in the interaction. This gluon will on average carry a 
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Figure 1.5: ~elative contributions of Compton and annihilation sub-processes in 
direct photon events vs PT of the direct photon. The figure shows that at high 
values of direct photon PT the annihilation subprocess dominates in 7r-p--+ 1+X. 
These results are HERWIG Predictions 
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Figure 1.6: Relative contributions of Compton and annihilation sub-processes in 
direct photon events vs PT of the direct photon. The figure shows that for pp-+ 1+ X 
the Compton diagram dominates. These results are HERWIG predictions. 
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smaller amount of momentum than the valence anti-quark of the 7r-. At higher PT 

we expect a iJ.q interaction to be more likely. This situation is reversed in pp inter

actions. In this case there are no valence anti-quarks available. Since gluons have a 

harder distribution than sea quarks it is more likely that a gluon will participate in 

a high PT event than a sea anti-quark. 

We can use this information to study quark and gluon jets. With a 7r- beam 

incident on a nucleon target, we expect an increasingly larger percentage of gluon 

recoil jets at larger values of direct photon PT. 

1.8 High Pr ?To And Direct "Y Triggered Events 

Although the concept of a direct photon is simple enough, experimentally 

there are certain difficulties which much be addressed. First of all we must be able 

to show some differences between direct photon events and events triggered by a 

7ro ---+ II decay. We can use some intuitive concepts to guide us. 

For reasons mentioned above, a direct photon will come out of the interaction 

alone. In a 7ro triggered event we expect that since the 7ro is one of many hadrons in 

the trigger jet it will be accompanied by other particles. To look for differences in this 

area we can make a plot of the f),.<f> distribution between the high PT trigger particle 

and the rest of the particles in the event [20]. As we increase the minimum required 

PT for the trigger particle we begin to observe a qualitative difference between the 
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7ro and single photon triggered events. The direct photons in the sample cause the 

values near 1:1.<f> = 0 to be enhanced relative to larger angles. 

In proton-proton interactions, due to the e~ term in the cross section for

mula, we expect the recoil jet to have a more positive net charge in direct photon 

production than in high PT events with a hadron trigger[5]. 

Comparisons can be made between the CosB* distributions of 7ro and direct 

photon triggered events. 0* is defined as the angle that the awayside jet makes 

with respect to the boost axis in the center of momentum frame. Because both 

of the first order diagrams responsible for direct photon production contain quark 

(fermion) propagators, we expect a 1/(1 ± cosB*) dependence. On the other hand 

most of the Feynman graphs responsible for 7ro production contain gluon (boson) 

propagators. In this case we expect a 1/(1 ± cos8*)2 dependence. As a result 

the cosB* distribution for direct photon triggered events should be flatter than the 

distribution f~r 7ro triggered events. 

1.9 Recent Strange Particle Experimental Re

sults 

The study of strange particles can provide theoretical insight into many of 

the currently open questions in high energy physics. This section is meant to serve 

as a summary of some of the most recent investigations. 
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1.9.l Strange Particle Multiplicities 

One of the important outstanding questions in the Standard Model is .!: 
'U 

the strange quark suppression with respect to the lighter up and down quarks. 

Many Monte Carlo generators have this ratio as an input parameter. Multiplicity 

distributions are often plotted as a function of XBj, W 2
, E, Q2

, x,, etc. These 

plots are compared to Monte Carlo predictions with different ~ values. There is 

remarkable agreement between experiments with different incident particles [11, 13, 

12, 9, 15]. The consensus is that an .! of between 0.2-0.3 produces good agreement 
• 'U 

between Monte Carlo and data. The variation is due to a possible beam energy 

dependence. 

Another parameter of interest is the relative strange diquark suppress10n 

(:~ )( ~). This parameterizes the suppression associated with the production of a 

strange diquark in contrast to the production of a diquark composed of lighter 

quarks. Typical values of this parameter range from 0.4 to 0.59 [11, 13, 12, 9, 15]. 

It is currently believed that A baryons are produced by a combination of 

the target spectator quarks ( diquark) and strange quarks from the sea. Multiplicity 

distributions plotted as a function of Xt = ~ indicate that A's are peaked more 

backward than K 0 's or A's which are peaked in the central region [12, 13, 11]. In 

fact experiment E665 (a muon-nucleon experiment) shows that the ratio ~:~~ is 

consistent with unity for X1 > 0. 
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1. 9.2 A Polarization 

Since the A and A are spin ~ objects [22], it is possible that under certain 

conditions, that they may be produced polarized. 

Convenient axes are chosen to measure this polarization. For example, a 

typical convention for A's produced via the strong interaction is the following: The 

y axis is chosen in the P,,eam ® fA direction. The beamline is the z axis and the x axis 

is perpendicular to y and z. An angle 0 is defined as the angle between the decay 

proton and the relevant axis. The fraction of A's as a function of 0 is given by [11] 

d(c'!e) oc {1 + aPcos0), where a = 0.642 is the weak decay parameter [11] of the 

A. The polarization, P, is extracted as the slope in a plot of d(c'!e) vs. cos0. The 

observed values of the A polarization are strongly connected to the details of the 

production process. For example, in accordance with parity conservation in strong 

interactions, any non-vanishing polarization must be transverse to the production 

plane constructed from the beam and A momenta [14, 10], np-rod = kbeam ® kA. On 

the other hand, a neutrino scattering experiment[ll] finds polarization along the 

direction opposite the W boson but no polarization perpendicular to the production 

plane. An analysis by Bigi [11], which postulates that A polarization originates from 

a polarized diquark, suggests that polarization would be especially apparent for A's 

in the target fragmentation region, X1 < 0. Experiment E632 had found that if 

they restrict A's to this region then the polarization in the direction opposite to the 
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W boson was modestly enhanced [11). 

Meanwhile a 71"--Cu experiment [19) found evidence of A polarization in the 

nprod direction only in the region X1 > 0, PT > 1.0 GeV. They report the possibility 

of a A polarization in an intermediate PT range (0.5-1.0 GeV). Interestingly enough, 

most experiments have reported no polarization for the A. 

Finally, experiment WA89 (using a~- beam) reports no significant X1 de

pendence of the A polarization [10). 

1.9.3 Quark-Gluon Plasma 

A new state of hadronic matter, called quark-gluon plasma, has been hy

pothesized to form under conditions of extreme heating and/ or compression. In 

the collisions of large nuclei at high energies, it is possible that conditions may be 

reached in which this new state of hadronic matter may form. Enhanced production 

of strange particles has been suggested as a possible indicator of QGP formation in 

relativistic nucleus-nucleus collisions [16, 17, 18). 

1.9.4 s -· -s Correlations 

Studies of correlations between A-A and A-A production give insight into 

baryon production. Events containing multiple strange particles can be used to 

determine what correlations exist between strange particles produced in the same 

event. Whether or not strange particles with opposite strangeness are more likely to 
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be in the same jet than in opposite jets is a question whose answer relates directly to 

the production process. There is considerable interest in how baryons in general are 

produced in the fragmentation process. The baryons most accessible for study are 

the proton and the A. Strange particles have the advantage that the combinatorics 

are much less and they are heavy enough that they are more likely to come from 

the initial hard scatter rather from the decay of some heavier particle. 

1.9.5 Properties Of p+N ---+ 'Y + K 0 or A Events 

The data presented here are among the first on the production of strange 

particles in high PT 7ro or direct photon triggered events (21]. 

Perturbative Quantum Chromodynamics is useful only when a 8 is small 

enough that the perturbation series converges. This happens during events in which 

the Q2 exchanged between the two scattering partons is large (see equation 1.1.) In 

a hadron-hadron experiment, where we can not calculate the value of Q2 directly, 

we rely on the transverse momentum, PT, to identify a hard scatter event. A high 

PT value indicates a hard collision has taken place. 

Comparisons of strange particle fragmentation in 7ro and direct photon trig

gered events can give insight into strange particle production. As mentioned above, 

in 7r- -p interactions, we expect more high PT direct photons from the annihilation 

subprocess than the Compton subprocess. This means that as the PT of the direct 

photon (and a.wayside jet) increases so do the number of gluon initiated a wayside 
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jets. We will search for differences in strange particle production between jets op

posite high PT 7ro or direct photon triggers. In addition, the question as to whether 

strange mesons or baryons separately show any differences in their production be

tween the two types of jets will be investigated. 



24 

Chapter 2 

The Meson West Spectrometer 

Because cross sections at large PT are small, direct photon experiments must 

have a spectrometer with large acceptance that has the capability to run at high 

intensities [6]. Good acceptance is also needed to identify and remove photons from 

?ro and 1J meson decays. A highly segmented calorimeter is necessary in order to 

distinguish between single photons and two overlapping photons from the decay of 

a high energy ?r
0

• The calorimeter must have a large energy range, needed to detect 

high energy photons as well as soft photons from an asymmetric decay of a ?ro or 1J 

meson. To resolve two photons from a high energy ?ro decay the spectrometer must 

be as long as possible. However, the farther away the detector is from the target, the 

larger it must be to cover the same solid angle. A high-resolution charged particle 

tracking system is necessary in order to identify and reject electrons as direct photon 

candidates. Charged particle detection is also necessary for study of the awayside 



CHAPTER 2. THE MESON WEST SPECTROMETER 25 

jet accompanying the direct photon. 

The Meson West spectrometer was designed with all of these considerations 

in mind. It also included included the following elements: 

• a cerenkov detector, for beam particle identification. This is important for 

making probabilistic statements, for example, about which subprocess (Comp

ton or annihilation) was involved in the interaction (see figures 1.5 and 1.6.) 

• A muon veto system for rejecting events triggered by a bremsstrahlung photon 

from a muon in the beam halo. 

• A hadronic calorimeter for hadron identification. 

• A forward calorimeter for total energy measurement of the beam and target 

jets. 

2.1 The Spectrometer 

The main goals of E706 were measurements of the direct photon cross section 

and the associated awayside jet. The accuracy of our measurements were limited 

by how well we understood the sources of background. For example, a 7ro decays 

into two photons with a 99% probability: These photons could emerge with a very 

small separation. If we are unable to separate and identify these two photons as 
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decay products of the 7ro, then we are likely to treat the resulting shower as a direct 

photon candidate. 

Our main tool for these measurements was the Electromagnetic Liquid Argon 

calorimeter (EMLAC.) The EMLAC was specially designed to measure high trans

verse momentum electro-magnetic showers. It was also designed with the ability to 

resolve two nearby photons from a 7ro or T/ decay. 

Electrons, which shower in the EMLAC in a manner very similar to photons, 

were another source of background. To address this, we designed a tracking system 

capable of reconstructing the trajectories of charged particles so that they could 

be removed from the direct photon sample. The tracking system provided this 

protection in addition to many other benefits including the reconstruction of jets on 

the awayside and vertex location. 

Neutral hadrons also presented a source of background. The hadron calorime

ter (HALAC) was created for this purpose. Since hadronic showers tend to develop 

later than electro-magnetic ones, the HALAC was placed downstream of the EM-

LAC. 

Because of the high beam rates, another source of background was due to 

muon bremsstrahlung. A muon in the beam halo could interact with some mate

rial in the spectrometer and emit a photon which would mimic a high PT electro

magnetic object in the EMLAC. 

Veto Walls were installed along the beam direction to combat this type of 
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pollution in our direct photon sample. 

A brief explanation of how each component operated will be given in the 

following sections. 

2.2 The Meson West Beamline 

Experiment E706 operated in the FN AL Meson West beamline. The MW 

beamline extep.ded north, tangent to the main ring, to the MW9 experimental hall. 

The Tevatron provided a beam of 800 Ge V protons which could be used in either 

of two modes: primary mode or secondary mode. In primary beam mode, approxi

mately 1 % of the Tevatron protons were directed down the primary beam line [28]. 

In secondary beam mode, in which 800 GeV protons were used to produce 515 GeV 

beams of primarily negative pions or protons, up to 30% of the total Tevatron beam 

was delivered to the production target [28]. E706 ran in both modes. The 1990 run 

used the negative secondary beam almost exclusively while the 1991 run used both 

the primary and the secondary beams. 

The primary beam from the tevatron had a 19.1 nanosecond bucket struc

ture [24], (meaning that the length of time between each proton was 19.1 ns.) Ap

proximately 1-2xl013 protons were extracted during a 23 second spill[28] out of which 

approximately 5x1012 protons were directed down to the MWest primary target in 

negative secondary mode. The spills were separated by a 35 second period [24] which 
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was used by the tevatron to accelerate the next batch of protons to the required 

energy. 



CHAPTER 2. THE MESON WEST SPECTROMETER 30 

In secondary mode, the proton beam interacted with a beryllium primary 

target producing many particles with various momenta. Using momentum selecting· 

magnets, the secondary particles of interest were directed into the secondary beam. 

The magnets were tuned to select a reference secondary beam momentum of 530 

GeV. This was a convenient momentum since comparisons were made with 800 GeV 

protons which had an average momentum per quark of 800/3 GeV = 267 GeV. Then 

the negative secondary beam, which was mostly pions, had an average momentum 

per quark of 530/2 = 265 GeV. The mean momentum of the secondary pion beam 

for the 1990 run turned out to be 515 GeV when a study was done [23] 

The secondary beam intensity on the MW9 target was ~ 2x108 per spill. 

The positively charged secondary beam mainly consisted of protons but in

cluded about 1% positively charged K+ and 3% 71"+ [31]. The protons in the sec

ondary beam were useful for comparisons with the 800 Ge V proton results and the 

results from the negatively charged 71"- beam used during most of the 1990 run. 

The negatively charged secondary beam consisted mainly of 71"- but also 

contained a non-negligible fraction of negatively charged K- and anti-protons. 

2.2.1 Cerenkov Detector 

The beam was transported down the secondary beam line through a cerenkov 

detector which identified the particles in the beam. According to the laws of elec

trodynamics, as the velocity of a particle traversing a medium exceeds the speed 
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of light in that medium a cone of coherent radiation is emitted at an angle which 

depends on the velocity of the particle and the index of refraction of the medium. 

1 
cos(8) = n/3 (2.1) 

By filling the cerenkov detector with helium gas and adjusting the pressure, 

the index of refraction of the medium was adjusted. The momentum of the beam 

was fixed upstream by the selection magnets. Lenses used to focus the cerenkov 

light into photo multiplier tubes were placed at fixed angles in the detector. By 

varying the pressure of the gas, to select a particular index of refraction, and with 

the beam momentum measured upstream, the mass of the particle traversing the 

cerenkov detector was deduced. The angles of the cerenkov radiation were typically 

very small so that in order to resolve radiation at different angles it was necessary to 

use a very long detector in order to get enough separation. The cerenkov detector 

was located 98 meters upstream of the target and was 42 meters long. A mirror 

was placed on the downstream end of the detector to reflect the light back to the 

upstream end where the various lenses were located. This effectively doubled the 

leng~h of the detector. At the upstream end three concentric rings consisting of six 

phototubes each were placed to collect the radiated photons. The geometry and 

spacing of the rings was such that at the optimum pressure, all three of the major 

components of the beam could be resolved at once. Helium gas, kept at a pressure 

between 4-8 psia, was used as the medium. 



CHAPTER 2. THE MESON WEST SPECTROMETER 32 

2.2.2 Hadron Shield 

The hadron shield sat at the end of the beamline, just inside the MW9 

experimental hall. It was 4.3 m wide, 4.7 m long and 3.7 m high [24]. The function 

of this pile of steel was to absorb hadrons from the beam halo so that they would 

not impinge upon the spectrometer. This was important since any interactions 

in addition to that of the beam particle with the target could confuse our event 

reconstruction. The beam halo was created far upstream during the interaction of 

the proton beam from the tevatron with the primary target. The beam halo traveled 

parallel with the beam but was displaced transversely. The beam particles passed 

through a tunnel in the hadrom shield. 

Just downstream of the hadron shield there was a tank of distilled water used 

to absorb neutrons which might make it this far downstream. 

2.2.3 Muon Identification 

The first line of defense against muons in the beam halo were the spoiler 

magnets positioned upstream near the primary target. The purpose of these magnets 

was to redirect particles in the beam halo out of the beamline. Muons in the beam 

halo which made it past the spoiler magnets were not stopped by the hadron shield 

so it was necessary to identify them as they passed through the spectrometer. To 

this end three veto walls made of scintillators were placed, one just before the hadron 
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shield and two after. This would enable us to distinguish the bremsstrahlung photon 

of a muon from a high PT photon characteristic of a direct photon event. It was 

possible for an event to veto itself if a particle passed through the downstream veto 

wall after back scattering off of the calorimeter. We decrease the probability of 

this self vetoing by requiring a hit in the upstream veto wall in coincidence with a 

downstream veto wall hit. 

2.2.4 Beam Particle and Interaction Identification 

The beam hodoscope was downstream of the veto walls. The hodoscope 

consisted of three scintillators in three different views: horizontal(X), vertical(Y), 

and rotated(U). A signal from the beam hodoscope was the first indication that a 

beam particle was approaching the target region. 

Finally there were four scintillator counters placed around the beamline to 

detect interactions in our target region. 

2.3 Calorimetry 

The Meson West spectrometer contained three separate calorimeters. Each 

calorimeter was designed with a specific purpose in mind. 

The electromagnetic calorimeter was used to measure the energy deposition 
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of electrons and photons. Due to their small masses, electrons and photons with en

ergies above 100 Me V tend to lose energy through the mechanisms of bremsstrahlung 

and pair production, respectively. It was this fact among others which motivated 

the division of the EMLAC into a front and a back section. The front section pro

vided 10 radiation lengths of material while the back section provided an additional 

20 radiation lengths. Electrons and photons with energies less than 100 GeV, de

posited most of their energy in the front section of the EMLAC. A typical electron 

had energy of a few GeV. This division also helped us resolve two closely spaced 

photons, since the showers in the front section would have a narrower profile than 

those in the back section [24]. 

We also defined an offiine muon bremsstrahlung cut using position informa

tion from the front and back sections separately. 

The hadronic calorimeter (HALAC) was placed immediately downstream 

of the electromagnetic calorimeter in the cryostat (See figure 2.3.) The physical 

processes that cause the propagation of a hadronic shower are not the same as for 

electro-magnetic showers. About half of the incident hadron energy is passed on 

to secondary particles in collisions [33]. Hadronic showers tend to be more spread 

out and take longer to develop than electromagnetic showers. Therefore the hadron 

calorimeter had to be thicker than the electro magnetic calorimeter. The HALAC 

was 8 interaction lengths deep plus the 2 interaction lengths represented by the 

EMLAC. 
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Finally, the forward calorimeter was placed downstream of the hadron calorime-

ter outside of the cryostat. The forward calorimeter was designed to measure the 

total energy of the beam and target jets. 

2.3.1 The Electro-Magnetic Liquid Argon Calorimeter 

When a ?r0 decays symmetrically, the separation angle of the two photons 

are proportional to M7ro / E7ro. It was necessary, in order to separate the showers of 

two closely spaced photons, to have a very fine segmentation for the EMLAC. The 

position resolution of the EMLAC is a function of energy: 

1.53 ( ) 
Um,y = 0.024 + E cm (2.2) 

where E is in GeV [30]. A ?r
0 can also decay asymmetrically. Since the ?ro 

is a spin zero meson, there is no preferred angle for a decay photon in the ?r0 rest 

frame. The two-photon asymmetry is defined as A = f3 *Gos( 8) where {} is the angle 

of a photon in the ?r
0 rest frame. This means that in the lab frame the asymmetry 

distribution, defined in terms of photon energies as A= (E1 - E2 )/(E1 + E2 ), is fl.at. 

Therefore the EMLAC must be able to resolve both high and low energy photons 

or we risk having our direct photon sample contaminated. The intrinsic energy 

resolution of the EMLAC was 14%/VE for photons and 21%/VE for electrons[30]. 

The transverse segmentation of the EMLAC was designed so that a trigger 
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based on the deposition of electro-magnetic PT was easily formed. The EMLAC 

used an alternating r - </> geometry. The first plane consisted of concentric circles 

of increasing radius (for measuring the radial distance of the shower) while the next 

plane consisted of radial strips (for measuring the azimuthal angle). There were 256 

R-strips. The R-strips were focused on the target so that the strip width increased 

with depth into the calorimeter. The depth dependence of the strip width is given 

by the following equation: 

( ) 0.5466 ( (. )) w cm = 
900 

900 + 1.56 i - 1 (2.3) 

where i represents the ith r-b.oard, 1.56 cm is the distance between two consecutive R 

boards and 0.5466 cm is the strip width of the first R-board [25]. The widths of the 

R-strips on successive R boards were adjusted such that a particle which originated 

in the target would pass through the same sequential r-strip in each successive cell. 

The </>boards were composed of inner and outer sections. The number of</> 

strips were doubled at a distance of r=40.2 cm. The outer section had twice as many 

</> strips as the inner section. This improved the position and energy resolution in 

the EMLAC. The inner section consisted of 96 strips, each covering an azimuthal 

angle of 7r /192 while the outer section consisted of 192 strips each subtending an 

angle of 7r /384. 

The r-</> geometry was a convenient choice of coordinate system since we were 

interested in high PT events. For trigger purposes, PT was defined as ERsin() where 
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() is the angle subtended from the target to the r position of the energy deposition 

(See Trigger description 3). 

The EMLAC was divided into front and back sections. There were 22 layers 

in the front section and 44 layers in the back section of the EMLAC. 

Each layer consisted of a 0.2 cm lead absorber sheet followed by 0.25 cm of 

liquid argon, followed by a G-10 copper clad anode (either of r or <P orientation), 

followed by another 0.25 cm argon gap. The lead sheets also functioned as high 

voltage cathodes, while the showers ionized the liquid argon and the electrons were 

collected on the copper anode strips [24]. 

2.3.2 The Hadronic Liquid Argon Calorimeter 

As mentioned earlier, one of the reasons for splitting the EMLAC into front 

and back sections was to distinguish between electromagnetic showers and the show

ers due to hadrons. The HALAC was constructed to further identify charged and 

neutral hadrons. 

The HALAC was constructed of 53 layers with each layer consisting of a 1 

inch thick steel absorber plate followed by a 1/8 inch thick liquid Argon gap, and a 

sampling module called a cookie. Like the EMLAC the, HALAC was longitudinally 

segmented into a front and a back section. The front section had 14 layers while 

the back section had 39 layers [29]. 

Since hadronic showers were typically broader than electromagnetic ones, a 



CHAPTER 2. THE MESON WEST SPECTROMETER 

Ejector/Fastener Ears 

Figure 2.5: Structure of a HALAC cell 

2.5cm Thick 
Steel Plate 

Card Edge 
Connector 

40 



CHAPTER 2. THE MESON WEST SPECTROMETER 

v 

Typically 93% of a hadron's energy 
is contained in a 6-cell hexagon. 

Figure 2.6: Geometry of the HALAC readout pads 

41 



CHAPTER 2. THE MESON WEST SPECTROMETER 42 

coarse pad geometry was chosen for the readout of the HALAC. The HALAC had a 

focused geometry like the EMLAC. The pads grew larger as one moved downstream 

of the target. The height of the pads ranged from 10 to 14 cm [29]. The geometry 

of the HALAC readout pads is shown in figure 2.6 

Figure 2.5 shows an exploded view of a single cookie. In the center of the 

cookie, two copper clad anode planes are placed back to back. The copper was 

scribed into rows of electrically isolated triangles with every other triangle inverted 

to its neighbor. The copper anode planes faced the high voltage planes. 

2.3.3 The Forward Calorimeter 

The forward calorimeter was located approximately 15 m downstream of the 

target. The FCAL measured the energy and PT of the forward beam jet. It was 114 

cm in diameter and its geometrical acceptance covered the region of the beam hole 

in the center of the EMLAC and HALAC except for a 1.5 cm hole in the center of 

the FCAL that provided passage for noninteracting beam particles. The FCAL was 

a sampling calorimeter with 1.9 cm thick steel absorber plates and 0.46 cm acrylic 

scintillator plates as a sampling medium [29]. (see figure 2.7). 
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2.4 The E706 Tracking System 

Although the main goal of E706 was the measurement of the direct photon 

cross section, a good tracking system was useful in order to identify electrons which 

could mimic the response of a photon in the calorimeter and to essential reconstruct 

the primary vertex as well as the awayside jet. The E706 tracking system consisted 

of several sections (see figure 2.1). The beam tracking system consisted of six beam 

silicon strip detectors (ssds) which were placed upstream of the target. Following 

the target were 10 vertex ssds: 5 x-view and 5 y-view. Next we had the analysis 

magnet which was used to help determine the particle momentum in the x-z plane. 

The first straw tube drift cham~er was downstream of the analysis magnet and 

contained four x-view followed by four y-view planes. Following the straw tubes 

were four pwc modules. In each module there were x,y,u,v-view planes that enabled 

us to reconstruct 3-dimensional space tracks. Finally following the last pwc module 

was the second straw tube drift chamber. Straw tube drift chamber 2 contained 

four x planes followed by four y planes. Each component of the tracking system will 

be discussed in turn, going from upstream to downstream .. 

2.4.1 The Silicon Strip Detectors 

The Beam Chambers 
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To precisely measure the direction of the incoming beam, it was necessary 

to supplement the information available from the beam hodoscopes with a device 

of much finer resolution. To this end three modules of silicon strip detectors were 

placed downstream of the beam hodoscope (see figure 2.8). Each module contained 

two ssd planes. The first plane had the individual strips placed horizontally. This 

plane was used to measure the horizontal displacement of a given particle from the 

beam (z) axis. The next plane had the individual strips placed vertically. This plane 

was used to measure the vertical displacement of a give particle. The beam planes 

were 3cm x 3em x 300 microns thick. They had a 50 micron pitch i.e. 50 microns 

from strip center to strip center. These planes gave us a theoretical resolution of 50 

microns/v'12 per strip. 
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The vertex silicon strip detectors were used to measure the primary vertex 

position with -high precision. These were five modules located just after the target 

and before the analysis magnet (see figure 2.9.) Like the beam SSDs, each module 

contained both an x-view and a y-view plane. In order to increase our resolution in 

the forward rapidity region, the first two planes were hybrids of 25 and 50 micron 
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spacings (pitch) between successive silicon strips. These planes had strips spaced 

25 microns apart in the central region of the planes and 50 microns in the outer 

regions. In the forward region the tracks are very dense and it was likely that two 

adjacent tracks had a separation of less than 50 microns. The rest of the planes 

had a 50 micron pitch throughout the entire plane. The vertex resolution was 10 

microns in the transverse (x-y) plane and about 350 microns in the longitudinal (z) 

direction [32]. 

A charged particle passing through a silicon strip detector will knock off 

electrons from the silicon atoms creating an electron-hole pair. The e-h pairs then 

drift in opposite directions when an electric field was applied. The charge was 

collected at the electrodes to give a signal proportional to the deposited energy. A 

minimum ion~zing particle passing through the SSD would produce about 25,000 

electron-hole pairs [27]. The collection time for the total charge depended on the 

electric field strength and the mobility of the charge carriers and the thickness of 

the SSD. The collection time at E706 is about 25 nano-seconds [27]. 

2.4.2 The Proportional Wire Chambers 

The proportional wire chambers (PWC) were located downstream of the 

dipole analysis magnet. The purpose of the PWCs was to track the particles as 

they exited the aperture of the dipole magnet. The PWC system was the only 

system which could do independent space tracking. Each module contained four 
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planes: The first two planes, the x plane and the y plane were orthogonal to each 

other. The next two planes were also orthogonal to each other but rotated with 

respect to the coordinate system defined by the x and y planes. The relationship 

was given by the following expressions [26]: 

u 
4 3 
-x+-y 
5 5 

(2.4) 

-3 4 
v -x+-y 

5 5 

The x view and y view were approximately 90 degrees apart while the u view and v 

view was at 37 and -53 degrees respectively with respect to the vertical dimension 

(see figure 2.10). This second rotated coordinate system gave us enough constraints 

to match x hits with y hits and thus form space tracks. The SSD's and the STD's 

used the space tracking information of the PWC's to match there own x and y views. 

E706 used four separate PWC modules for a total of four planes in each view. Each 

module contained 4 anode planes each in one of the four views for a total of 16 planes. 

The PWC's used a wire spacing of 0.1 inches. Each anode plane was sandwiched 

between two cathode planes for a total of twelve planes per module. The cathodes 

were held at a voltage of -2900 V while the anode planes were grounded [26]. When 

a charged particle passed through the 'plane it ionized the electrons in the gas. The 

resulting electrons drifted toward the wire. As the electrons got close to the wire 

they acquired enough kinetic energy to further ionize the gas until an avalanche of 

electrons occurred. 
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2.4.3 The Straw Tube Drift Chambers 

The E706 tracking system employed high resolution straw tube drift cham

bers (STD). The enhancement in resolution provided by the straw chambers allowed 

us to greatly improve the linking of downstream space tracks (PWC) with upstream 

SSD tracks. Because of the higher resolution of the STD's we were able to cut the 
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size of our linking window thus reducing the number of multiple links and there

fore giving us more confidence in our linked track and therefore better momentum 

resolution. 

There were two straw tube drift chamber modules: The first one, henceforth 

called "straw one", was located approximately 450 cm downstream of the target. It 

was placed between the first and second PWC module. It contained four x-planes 

(tubes running vertically) followed by four y-planes (tubes running horizontally). 

The diameter of the tubes in straw one was 1.034 cm. Every two planes were placed 

in a clos.e-packed formation meaning that the tubes from one plane fit into the gaps 

of the tubes of the second plane and vice versa (see figure 2.11). The next two 

planes were a repeat of the first two, except that the planes were staggered by half 

a wire space. This gave us better coverage and eliminated uninstrumented regions 

for a particle to slip through undetected. Straw one was made up of 160 vertical 

tubes per plane in the x view and 128 horizontal tubes in they-view. 

The second straw tube drift chamber (henceforth called "straw two") was 

located downstream of the fourth PWC module and was attached to the LAC gantry. 

This chamber also contained four x planes and four y planes with every two planes 

in the close packed formation as described above. The tube diameter of the straw 

tubes in straw two was 1.626 cm. Straw 2 had 168 tubes per plane in both of the 

views. 

The straw tubes were made of mylar coated with aluminum on the inside. 
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A gold-platted tungsten wire was threaded down the middle of the straw tubes. A 

high voltage of about 1.7-1.8 kilovolts was placed on the wire. The tube was filled 

with a standard gas mixture of argon and ethane. The charged particle would pass 

through the tube and ionize the gas. The free electrons would migrate toward the 

wire while the positive ions would migrate to the inner walls of the tube. This 

would create a voltage drop across the tube which would be read out through the 

electronics. Information about which wire was hit as well as timing information 

from the charge collection was used to find the hit position with a resolution of 

approximately 250 microns per tube. The centers of the central four tubes of each 

plane were deadened so that the electronics were not swamped by the interactions 

due to the beam particle. 

2.4.4 The Analysis Magnet 

In order to measure the momentum of the charged particles created in the 

interaction it was necessary to use a large dipole magnet. The magnetic field created 

by this magnet approximated a square field. When a charged particle passed through 

the magnet field its path would be curved in the x-z plane. Using standard methods 

the momentum of the particle could then be determined. The center of the magnet 

was located at approximately 198 cm downstream of the target. The magnetic field 

imparted a 45.Q MeV transverse momentum impulse to any charged particles [26]. 
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Chapter 3 

The E706 Trigger and Data 

Acquisition 

3.1 The E706 Data Acquisition System 

The data acquisition system was an important aspect of E706. We had many 

components t? our spectrometer and the information from each one had to be read 

out and concatenated into a single event. A block diagram of the DA is shown in 

figure 3.1. 

The central unit was a DEC µVax which ran VAXONLINE, Fermilab's data 

acquisition software. The readout of the various pieces of the spectrometer were 

accomplished by four separate subsystems. These subsystems are listed in table 3.1. 

The LAC and straw tube drift chambers were read out by the FASTBUS system 
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System Device to be read out 
FAS TB US LAC AND STD 
PDP NEU SSD's,PWC's,TRIGGER 

PDP ROCH FOAL 
PDP MU E672 Muon Chambers 

Table 3.1: Subsystems and their responsibilities 

Component Purpose 
Event Builder Concatenated individual pieces into one record 

Output Wrote the events to 8 mm cassette tape 
Run control managed processes and initiated begin run tasks 
Global menu User interface for all VAXONLINE processes 

Table 3.2: VAXONLINE SUBSYSTEMS 

while the SSD's, PWC's, trigger, FOAL were read out by the various PDP-ll's [24]. 

Data read out by the slave components were concatenated into a single event 

by the µVax and written to 8 mm magnetic tape. All these processes were super-

vised by VAXONLINE. The four major components of VAXONLINE are shown in 

table 3.2 [28] 

Triggered events were written to tape in sets called runs. Approximately 

65000 events was the maximum that one run could contain. Two tape drives were 

used during run~ing. 
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3.2 The E706 Trigger 

One of the primary physics goals of experiment E706 was a measurement 

of the direct photon cross section. Since the major source of background to this 

measurement was photons from misreconstructed 7r0 's, it was necessary to measure 

the 7ro cross section to high precision. Furthermore, we wanted a sample of direct 

photons over as large a PT range as possible. Photons with a large PT are desirable 

since the gamma to 7ro ratio increases at large PT. However, the number distribution 

of direct photons and 7r
0 's are steeply falling functions of PT (Pi 6

) [6]. Therefore, 

the set of events containing high PT 7r0 's and photons was a very small fraction 

of the total number of interactions in the target. In order to preferentially select 

events of inter.est to us it was necessary to design a trigger system with the following 

properties: 

• The trigger had to select high PT events. 

• The trigger had to decide quickly whether to save an event. 

• The trigger had to be smart enough to reject "faked" high PT events. 

• Sufficient trigger information had to be recorded so that correlations could be 

checked offi.ine and trigger efficiencies and biases could be studied. 

The trigger was designed with all of the above criteria in mind. It made 

decisions at several stages as to whether an event should be written out or not. 
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The criteria were simple in the early stages. The later stages of the trigger became 

progressivly more selective. In this way we could reject an event early if it was not 

likely to be of interest for our physics goals. In the following paragraphs the various 

decision stages of the trigger are described. The event in question could be rejected 

anywhere in the decision making process. 

3.2.1 Identifying Beam Particles 

The first step in deciding whether an event was to be selected was to decide 

whether there was the potential for an interaction with the target. To accomplish 

this we needed to know when we had a beam particle passing through the target 

reg10n. 

Upstream of the experimental target, there were three planes of scintillation 

counters set up in X,Y, and U views. The X and Y views were orthogonal to each 

other while the U view was rotated by 7r / 4 radians with respect to the Y axis. Each 

plane consisted of 12 elements that were 2mm thick and 35 mm long. The eight 

central elements were lmm wide so that each element would receive only a small 

fraction of the beam. On the outside of the central elements there were 2mm wide 

elements followed by 5mm wide elements on the outside. We required that at least 

two of the planes registered a hit to satisfy the beam definition. [34]. 

In order to avoid triggering on beam particles which missed the target and/ or 

passed outside the acceptance of the Silicon Strip Detectors (SSD), we installed a 
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beam hole counter. The beam hole counter was 4 by 4 by 1/8 inches thick. It was 

made of a plastic scintillator with a 3/8 inch hole in the center through which the 

valid beam particle( s) could pass. By rejecting events which registered a signal in 

this counter, we eliminated events generated by incident beam which did not pass 

through the target. 

3.2.2 Identifying Interactions 

Approximately 15% of the beam particles that pass through the target interact[34]. 

Therefore the next step in the triggering process was to identify interactions. To 

do this four scintillations counters were installed. Two of the scintillation counters 

were placed between the SSD/target box and the MW9AN analysis magnet (See 

figure 3.2.) Each of these counters was 6 by 3 by 1/16 inches thick with a semicir

cular hole of diameter 3/4 inches. The other pair of counters was installed on the 

downstream end of the analysis magnet. These counters were 8 by 4 by 1/16 inches 

thick with a semicircular hole of diameter 11/2 inches. The counters were designed 

to intercept most of the charge particles from an interaction while minimizing in

teractions due to particles in the beam halo. The interaction definition required a 

valid beam definition in coincidence with 2 or more interaction counters firing [34]. 
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Figure 3.2: Configuration of beam and interaction counters used by the trigger 
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3.2.3 Identifying High PT Depositions 

Once it was decided that we had an interaction in the target, we had to decide 

whether the event contained the high PT scattering signature that we were interested 

in. To do this we had to sample the energy deposition in the electro-magnetic liquid 

argon calorimeter (EMLAC) and give it the proper weight. 

Signals from the EMLAC were fed into a custom designed RABBIT amplifier 

(LACAMP) cards. These cards produced a fast estimate of the energy deposited 

into a given strip in the EMLAC. The energy measurements from the LACAMPS for 

the R-view strips were then fed into RABBIT PT Attenuator cards that attenuated 

each strip energy by approximately 2*Sin(O) (see figure 3.3) where 8 is the angle 

between the beam line axis and the Ith strip subtended from the target. With this 

information the various trigger definitions could be constructed [34]. 

3.2.4 The Pretrigger 

During the time the trigger was busy, it was unable to respond to subsequent 

events. Therefore it was necessary to make quick decisions. The pretrigger was 

designed to reject the bulk of the very low PT events which were not interesting. 

The pretrigger rejected about 99% of events (34]. The pretrigger also rejected an 

event if a muon was identified or if we had energy in the EMLAC from a previous 

event. 
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The Pretrigger Timing 

One of the tasks of the pretrigger was to decide quickly whether to tem

porarily store the information from the LAC and the tracking system while a final 

trigger .decision was being made. The zero crossing discriminators were used in this 

decision. They provided a stable timing requirement which enabled us to make fast 

calculations on the amount of PT in the event. The pretrigger cut was about 2 GeV. 

The pretrigger requirement depended on the 2: PT in an octant. 

Identifying Muons 

Along with the particles of interest that were transported down the beam line, 

there were many particles from the debris of the primary interaction that traveled 

parallel to but outside of the beamline. This beam halo could have caused a large 

number of false triggers because the halo particles would hit the LAC at large radii 

and mimic a high PT particle. Several precautions were taken to avoid this kind 

background (see chapter 2.) 

Veto walls which were used to tag muons in the beam halo were placed 

downstream and upstream of the hadron shield. These were scintillation counters 

placed in such a way as to cover an area around the beamline. A hole in the center 

of the array allowed the beam to pass through. 
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The Early PT System 

An early PT system was included to prevent us from triggering on pile-up 

events in the EMLAC. If an interaction produced a signal in the EMLAC it could 

take as long as several micro seconds for that signal to drop to a negligible level. If 

another deposition of energy was deposited in the same octant it would be added 

to whatever is left from the previous deposition. This could produce a fake high 

energy/ PT shower. 

To prevent this kind of shower from firing the trigger, the global PT signals 

were discriminated, delayed, and used as vetos on the pretriger high signals. 

3.2.5 Trigger Level 

The types of triggers and their respective thresholds were chosen to provide 

useful numbers of events across the accessible PT range. They were also useful 

as cross checks on different kinds of triggers. Because of the steeply falling cross 

section vs PT curve it was necessary to prescale events of lower PT in order not 

to be swamped by them. By combining different selection topologies and multiple 

thresholds we were able to cover a large fraction of the physics signals that can be 

measured by the EMLAC. 
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The Local Triggers 

The local triggers used the local discriminators to provide their primary 

threshold requirements. These were designed specifically to look at direct photons. 

They also provided good coverage for 7ro events. This is because high PT 7r0 s as 

well as direct photons distribute their energy over a small region in the LAC. Most 

of their signals were confined within the 8 cm (16 strips) covered by a given local 

trigger (see figure 3.4). 

The Global Triggers 

The Global triggers were designed to trigger on 7r
0

, 17, and w particles with

out having the inherent limitations of the local triggers. The global triggers were 

concerned with the integrated PT over an octant. There was also a minimum PT 

shower requirement to avoid pure noise events. 

The Two Gamma Trigger 

The two gamma trigger required a PT deposition in an octant plus another in 

the octant diametrically opposed or adjacent to a diametrically opposed octant. The 

purpose of the two gamma trigger was to investigate double direct photon events 

and perhaps trigger on J / ,,P ---+ e+ e- decays. 
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The Prescaled Triggers 

In order to study our trigger biases, we defined several low bias triggers. 

There were three prescaled triggers: 

• The prescaled beam trigger 

• The prescaled interaction trigger. 

• The prescaled pretrigger. 
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Chapter 4 

Event Reconstruction 

4.1 Structure Of The E706 Reconstruction 

Experiment E706 divided the data reconstruction into six distinct parts: 

• DLREC(Discrete Logic REConstructor) was used for the trigger logic and 

cerenkov detector reconstruction. 

• PLREC(PLanes REConstructor) was used for reconstructing the tracks of 

charged particles in our tracking system. 

• EMREC(Electro-Magnetic REConstructor) was used to reconstruct electro

magnetic showers in the EMLAC. 

• HCREC(Hadron Calorimeter REConstructor) was used for the reconstruction 

of hadronic showers in the HALAC. 
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• FCREC(Forward Calorimeter REConstructor) was used for the reconstruction 

of energy in the FCAL. 

• MUREC(MUon REConstructor) was used by E672 for the reconstruction of 

charged tracks in the downstream muon spectrometer. 

MAGIC was the interface between the raw data written to tape and the 

various reconstruction packages. It was responsible for unpacking raw information 

from the various detector components, file handling, reading in the run constants, 

and other job initialization procedures. It then called the the reconstructors listed 

above. 

MAGIC was written in FORTRAN 77. It used PATCHY for code manage

ment as well as ZEBRA for dynamic memory allocation. MAGIC was used for 

studies on its own and also wrote out ZEBRA banks with reconstructed data called 

DST's (Data Summary Tapes). These DST's were very convenient when used for 

physics studies. They allowed one to process high statistics in a short period of 

time. For the 1990 run approximately 700 raw data tapes were used to produce 100 

DST's. 

In the following sections a brief summary of the various reconstructors called 

by MAGIC to produce the DST's is given. 
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4.2 Reconstruction Of The Trigger Logic 

DLREC had two basic purposes: First, DLREC checked the consistency of 

information read out by the trigger logic. If inconsistencies were found then various 

bits were set in the trigger quality words. These words were used during the analysis 

and during data acquisition to monitor the trigger logic units. 

Second, DLREC produced the DL summary bank. This bank contained the 

status of the various triggers for each octant of the LAC. This gave us information 

offi.ine about which of the triggers were satisfied for a given event. 

4.3 Reconstruction Of Charged Tracks 

The trajectories of charged particles were reconstructed using the upstream 

silicon beam and vertex chambers and the downstream proportional wire and straw 

tube drift chambers. The particle momentum was determined by measuring the 

bend of the reconstructed track in the dipole magnetic field. The routine used for 

the track reconstruction was called PLREC. 

PLREC itself was divided into several routines corresponding to the steps of 

track reconstruction: 

• PWC track finding 

• SSD track finding 
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• PWC - SSD linking 

• Primary vertex finding 

• Beam track finding 

• Straw track finding 

4.3.1 PWC Tracking 

The first step in track reconstruction was making PWC tracks downstream 

of the analysis magnet. The PWC's were constructed with four planes or views: the 

XZ and YZ planes were orthogonal to each other and the UZ and VZ planes were 

orthogonal. The UZ and VZ planes were rotated about the Z axis by the arctangent 

of ~ with respect to the Y axis. Using the two coordinate systems we were able to 

correlate the x-view tracks with they-view tracks and reconstruct 3-d space tracks. 

View track finding was done in the following way: 

• Using alternate sets of trial "seed" planes, all possible track candidates were 

made by connecting the hits of the first plane with the hits of the second. 

These track candidates are called "roads". 

• Each road was projected into the remaining planes. A hit was searched for 

within 1.5 wire spacings of the road. 
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• The least squares method was use to create the most probable track given the 

hits along the "road". 

After ~he view tracks were found an attempt was made to correlate them 

into 3-d space tracks. Each space track had to have at least 13 hits associated with 

it in order to be reconstructed in the first stage. In addition a thirteen hit space 

track must have a xiioF of 2.0 or less while 14, 15, and 16 hit tracks must have a 

XboF of less that 3.0. 

After reconstructing all space tracks with thirteen or more hits, hits used by 

these tracks were removed and the remaining hits were used in the second and third 

stage tracking. These stages endeavored to reconstruct tracks which were outside of 

the acceptance of PWC 3 and/or PWC 4. These tracks could have a maximum of 

12 hits and so were not reconstructed in the first stage. 

4.3.2 The Straw Tracking 

The PWC tracks were projected into the straw chambers and a search was 

made for straw hits in the closest tube. The straw tubes had much finer resolution 

than the PWC's due to their use of timing information. Because of this high resolu

tion we were forced to reduce other systematic errors such as those due to alignment 

uncertainty to much smaller levels than we would with the PWC's alone. Because 

of the improved resolution, we had to know the transverse position of each tube to 
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better than 200 microns. 

As mentioned earlier, the straw tube drift chambers employed timing mea

surements to improve hit resolution. Relations between the distance of the hit from 

the wire and the tdc time had to be derived from the data. As a first approximation, 

PWC tracks were used. The distance between the track projection and the wire was 

plotted vs. the recorded tdc time. Then this relation was applied to reconstruct 

straw hits. These hits were then used to fit a new track and the process was repeated 

in an iterative method. A typical distance vs. time curve is shown in figure 4.1. 

The distance versus time curve is fit to a quadratic form. The range of the distance 

plotted represents the distance from the central wire to the tube wall. The fl.atening 

out of the curve near the wire is an artifact of the profile plot. For each value of tdc 

time, there is a range of corresponding distances which form a band about a mean 

value. However, Since time can never be negative, the average values are skewed at 

small distances. The quadratic shape of the curve is expected since the E field of 

the wire is inversely proportional to radial distance from the wire. 

When hits were used to fit a track it had to be decided if the hit belonged 

on the track or was a noise hit or belonged to another track. To make this decision 

we had to have some idea of the error or resolution of the hit. It turned out that 

the resolution depended on the distance of the hit from the wire. Another way to 

parameterize this dependence was to use the tdc time. Residual plots were made 

of the reconstructed straw track and the hit for time bins of 7 ns. The plots were 
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fit to a gaussian and the widths of the gaussian were fit as a function of tdc time. 

Figure 4.2 shows a representative hit error vs. tdc time. In this figure the uncertainty 

minimum is approximately midway between the wire and the tube wall. At short 

times (hit very near the wire) an uncertainty exits due to the relatively few electrons 

that avalanch toward the wire. At large times (hit very near the tube walls) the 

electric field may be distorted contributing to a relatively large uncertainty in the 

timing. The straw tracking routine used weights based on the parameterization of 

this curve for the least squares track fitting. 

4.3.3 . PWC And STD Alignment 

The precision alignment of the downstream chambers turned out to be a 

long and challenging task. The resolution of the PWCs was about 700 microns but 

the 250 micron resolution of the straws required that the alignment be known to 

200 microns or better. Since I worked on the straw tube alignment I will limit my 

discussion to the straws. The PWC alignment will be discussed elsewhere (36]. 

The straw chambers were aligned with respect to the PWC coordinate sys

tem. PWC tracks where projected into the straw chambers and the residual, defined 

as the difference of the projected track and the nearest hit in the straw plane, was 

calculated. It was assumed that random processes might smear a hit to either side 

of a track and that the hit distribution would be gaussian, centered on the true 

trajectory of the particle. If the chamber was shifted to the right and we did not 
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account for this shift in the track reconstruction program, we would see that the 

residual gaussian would not lie on zero but would be shifted by an amount equal to 

the shift of the chamber. Making a residual plot for each straw plane gave us the 

transverse alignment for that plane. 

We were also sensitive to shifts along the beam (longitudinal) direction. The 

signature of a longitudinal shift is a slope-dependent mean residual. If we plot 

the mean residual of the downstream track vs its slope, then a chamber shifted 

longitudinally will show a slope in this variable. A simple geometrical calculation 

showed that the slope of this plot is equal in magnitude to the shift of the chamber. 

Often times the chambers were rotated about one or more of the three axes. 

For rotations about the z-axis, a plot of mean residual vs. transverse coordinate was 

made. To first order (i.e., small angles) the slope of this plot was equal in magnitude 

to the angle that the chamber was rotated. To get the other angles (about the x 

and y axes) we had to rely on surveyor measurements. These measurements were 

usually good to 1/128th of an inch. 

It turned out that due to the unique construction of the first straw chamber, 

each bundle had to be adjusted for the transverse spacing between its neighbors 

and rotations about its center. These corrections were made for both straw cham-

hers. We stopped short of aligning each tube individually. The results of the straw 

chamber alignment speak for themselves. 

Figures 4.3 and 4.4 show the dramatic improvement obtained by using the 
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straw chambers. These figures show the window that is used to determine whether to 

link and upst~eam and downstream track. The window is made as small as possible 

in order to avoid multiple links between upstream and sownstream tracks. The high 

resolution of the straw chambers allow for a smaller window and more certainty in 

the link. Since any uncertainties in linking are propagated as uncertainties in the 

bend angle of the track at the center of the magnet, this improvement in linking 

shows up clearly in the momentum resolution. 

4.3.4 Upstream Tracking 

E706 employed a silicon strip detector, placed in the target box, to recon

struct the primary vertex. The upstream silicon tracking was done in a way similar 

to the downstream PWC tracking. Unlike the downstream tracking, the ssd's had 

.only two views, xz and yz. We were thus forced to rely on the downstream tracking 

to associate upstream xz and yz tracks. 

The SSD tracking was also done in two stages. The 4 and 5 hit tracks were 

reconstructed first, followed by the three hit tracks. 

4.3.5 Upstream-Downstream Track Linking 

In order to precisly determine the particles momentum, it was necessary to 

link tracks from the upstream and downstream systems. Tracks from each system 

were projected to the center of the magnet and matches were determined within 



CHAPTER 4. EVENT RECONSTRUCTION 

E' o.6 
9 

..!:;.. ~ 
b 0.4 ' ,__' 

Q 

f = 0.1262+0. 7911 •exp(-0.6315x+0.03433x2-o.ooos436x') 

0.2 ,__ ~-{)-~----E}-----------E>-------~-------------E)----~------
0 

0 

......... 0.6 
E \ 
~ r.. 
b 0.4 * . 

' 

I 

10 

. 

I I I I 

20 30 40 50 60 

rr .. vs P 
P (GeV/c) 

f = 0.1251+0.7659•exp(-0,6337x+0.03049x2 -0.0005304x3) 

0.2 
6 

~"(7-e=Ef••••()-~~~--€}---------••••••••••••E)------------
0 0 

-:;;- 3 
0 

l 2 

0 
0 

b 
~ 

10 20 30 40 50 60 

rr,,,. vs P 
P (GeV/c) 

f = 0.4143+5.691•exp(-0.7863x+0.05793x2-0.001927x') 

~--0---6---0----------e--------------·~--~1 
10 20 30 40 50 60 

rr.,., vs P 
P (GeV/c) 

78 

Figure 4.3: Momentum dependent linking window for PWC tracks. This plot shows 
the window used to determine whether or not to link an upstream and with a 
downstream track. Both track segments are projected to the center of the magnet 
and must each lie within a momentum dependent window determined by the above 
curve. 
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Figure 4.4: Momentum dependent linking window for STD tracks. This plot shows 
the advantages of including straw hit information in the reconstruction of the down
stream track. Using the higher precision of the straw chambers translates to a 
smaller uncertainty in the track parameters. This in turn leads to a smaller projec
tion uncertainty at the center of the magnet and therefore better linking resolution. 
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a momentum dependent linking window (see figure 4.3). A rough estimate of the 

momentum was needed, before the actual linking was done, to determine the size 

of this window. The estimated momentum was determined by assuming that the 

downstream track had originated from the primary vertex. In addition to the win-

dow requirement, the slopes of the upstream and downstream tracks in the non-bend 

(y-view) had to be consistant within a momentum dependent uncertainty. When the 

linking was completed, tracks could be catagorized as unlinked, linked in one view, 

linked in both views, or having multiple links in one or both views. The existance of 

a straw track aided in reducing the number of tracks with multiple links. Because 

of the much finer resolution of the straw tracks, a narrower linking window was used 

(see figure 4 .4). 

4.3.6 Momentum Determination 

The momentum was determined after the the tracks were linked. The bend 

angle of the tracks in the x-view were used to measure the momentum using a square 

field approximation: 

q 

p,kick 
T 

P:e 

Pz 

sign( 81 - 82 ) * sign( B0 ) ( 4.1) 

eBoLo ( 4.2) 

(4.3) 

( 4.4) 
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(4.5) 

The sign of the charged track, q, is calculated in equation 4.1. The magnitude of the 

effective magnetic field, B0 , and the effective magnetic field length, L0 , were used to 

calculate the PT kick, in the thin lens approximation, in equation 4.2. The entrance 

and exit angles of the track in the xz plane, (Ji and 92 , and the PT kick were used to 

calculate the three components of momentum, Pre, py, and Pz in equations 4.3, 4.4, 

4.5. Tanere and tan9y are the upstream x and y slopes, respectively. 

4.4 The Electromagnetic Shower Reconstruction 

Showers in the EMLAC were reconstructed by EMREC. EMREC used a 

two parameter shower shape function to find the energy and position of the shower. 

Since the total deposited energy was split evenly between the r and </> views, because 

the r and </> boards were alternated in the ENLAC, r and </> showers with similar 

energies were defined as one shower. 

4.4.1 Shower Reconstruction: The EMREC Algorithm 

As mentioned in chapter 2, the front and back sections of the EMLAC were 

read out independently. The summed section was created by adding corresponding 

strip contributions from these two sections. The summed section was searched for 

groups of adjacent strips whose energies exceeded 80 MeV (95 MeV for the outer</> 
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view) [28]. This was a potential electromagnetic shower. 

The next step was a further refinement. A search was made for peaks and 

valleys within· the groups. Each group was scanned from the left edge of the group 

to the right edge for local maxima and minima. A maximum bounded on either 

side by a minimum was defined as a peak. In chapter 2, it was mentioned that the 

separation of the EMLAC into a front and a back section was useful in resolving two 

closely spaced showers. To do this, a search for peaks was made in the front section 

only. Since showers tend to spread out laterally as they pass through the EMLAC, 

by looking in the front section at two closely spaced showers, we could often resolve 

both of them. This was very important later when we tried to reconstruct a 7ro with 

a small opening angle. 

After finding the peaks and roughly estimating their positions and energies, 

the next step was to precisely determine these values. To this end, a shower shape 

function was fit to each of the peaks. The shower shape function was a parame-

terization of the average electromagnetic shower as determined by the E706 Monte 

Carlo. These fitted peaks were called gammas in the EMREC jargon. The energy, 

E, of the shower was determined by minimizing the following x2 equation [28]: 

(4.6) 

The sum was over all of the strips in the group. Ei is the energy of the i-th strip, 

Xi is the shower shape estimate of the fraction of the shower energy contained in 
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the i-th strip, and <Ti approximates the energy dependence of the resolution of the 

Emlac [28]: 

uJ = (0.22)2 + (0.16)2 E + (0.01)2 E 2 (4.7) 

At this point, the energy and position of the shower had been estimated in the 

particular view only. Correlating the showers from the r and <P views was the next 

step. The segmentation of the EMLAC into left and right r as well as inner and 

outer <P made correlation easier. R view and <P view gammas were matched if they 

had similar energies. 

4.4.2 The Hadron Reconstructor: HCREC 

The hadron reconstruction code was less complex than the electromagnetic 

reconstructor. Since the hadron calorimeter was built with a pad geometry it was 

unnecessary to correlate different views. The intrinsic resolution of the hadronic 

calorimeter was coarse in comparison with the resolution of the EMLAC. This meant 

that less effort was needed in designing a reconstructor. A simple reconstruction 

algorithm would do the trick. 

Like EMREC, HCREC searched for groups of adjacent pads with energies 

above a threshold. Each group had to contain two or more pads with energies 

above 7.5 GeV [29]. Also like EMREC, a group might be resolved into more than 

one hadron. But the conditions were much simpler. There was no shower shape 
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function used in the HCREC algorithm. 
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Chapter 5 

Event Selection 

The data used in this analysis are from the 1990-91 data sample. Studies of 

strange particles in recoil jets opposite 7ro or single photon triggers were undertaken. 

In order to extract a clean sample of high PT ?ro and direct photon triggers, it was 

necessary to apply cuts to the data at the event level. These cuts were based on our 

understanding of our detectors, the beamline and interactions in our target. The 

following paragraphs describe the cuts used in this analysis. Further information 

can be found in other documents [35, 20, 24, 25, 28] 

The study of events containing strange mesons and baryons first required 

identification of the strange decays. To accomplish this, certain assumptions were 

made with respect to the decay tracks of the particles of interest. Invariant mass 

plots were made using the K 0 
:::} 7r+7r-, or A :::} p7r- or A :::} p7r+ hypotheses. 

Cuts were applied to increase the signal to background ratios. Care was taken that 
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a kinematic region was not excluded when these cuts were applied. Corrections 

to the data due to these cuts were determined from a Monte Carlo program when 

necessary. 

In this section the strange particle selection process is discussed as well as 

the various relevant algorithms used for particle identification. 

5.1 Pre-Selection Of Events 

The search for strange particle decays primarily used the tracking system. 

Before startin.g the search, the quality of the event with respect to the upstream 

and downstream tracking systems was investigated. The event was cut if any of the 

following occurred: 

• Too many hits in the beam or vertex silicon strip detectors 

• Too many hits in the proportional wire chambers 

• Limits were reached in upstream or downstream tracking 

• There was no matched vertex in the event 

• There w_as no beam track within 50 µm of the primary vertex 



CHAPTER 5. EVENT SELECTION 87 

5.2 Reconstruction Of The Strange Particle Can

didate 

The following steps were taken in order to reconstruct the decays of the 

strange particle candidates: 

• Find the x, y, and z coordinates of the decay vertex 

• Determine the momentum of each of the decay tracks 

• Using the hypothesis that the secondary vee was due to either a K 0 =? 7r+7r

decay, or a A ::::} p7r- decay, or a A ::::} p7r+ reconstruct the candidate strange 

particles invariant mass. 

5.2.1 Reconstruction Of The Decay Vertex 

In order to reconstruct the location of the strange particle decay, it was 

necessary to cycle through all tracks in the event which met the following conditions: 

• The track did not share too many of its hits with other tracks in the event. 

1. This helped to eliminate fake tracks constructed by the PLREC algo

rithm. 

• The track was consistent with not coming from the primary vertex. 
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1. Since most tracks come from the primary interaction vertex this cut 

greatly reduces the number of track combinations used to make the sec-

ondary vees and thus increases the signal to background ratio. 

The z coordinate of the intersection of pairs of tracks satisfying the above 

criteria was calculated using the slopes and intercepts of the downstream tracks in 

the yz plane. For the initial selection process, the z coordinate of the intersection was 

required to be between the downstream edge of the last beryllium target piece and 

the center of the dipole analysis magnet. The reconstruction of secondary vertices in 

the target was compromised due to the density of tracks in that region. Many track 

combinations were, however, already eliminated by the impact parameter cut. If a 

candidate neutral strange particle decayed downstream of the center of the analysis 

magnet there was not enough magnetic field length to get a reliable measurement 

of the momentum of the decay tracks. In both of these excluded regions the signal 

resolution was very poor. 

Since to first approximation tracks were only bent in the x-z view, it was a 

simple matter to calculate the y position of the candidate vee.1 The x coordinate 

of the vee, because of the magnetic field, required a more clever method. 

1 We often refer to a secondary vertex with only two decay tracks as a vee. We call it a vertex 
if it has three or more decay tracks. While the PLREC reconstructor gives us the slopes and 
intercepts of the two candidate tracks, it doesn't know where the tracks originate. We calculate 
the crossing point of the two tracks and assume that this "vee" is the origin of the tracks. Thus, 
by now calling it a vee instead of a crossing we have made a deduction that PLREC is unable to 
duplicate. 



CHAPTER 5. EVENT SELECTION 89 

During the course of this analysis two methods were used. Both methods 

relied on the assumption that transverse momentum was conserved during the de

cay. We assumed that the decay particles had an equal and opposite momentum 

transverse to the strange particle's momentum vector. The first algorithm involved 

looping over x coordinate candidates, determining the momentum of the decay tracks 

based on the x,y, and z coordinates of the vee, (momentum determination will be 

discussed shortly) and calculating a normalized transverse momentum difference be

tween the two tracks. These steps were repeated for a range of x coordinates based 

on our charged track acceptance. The x value which gave the minimum transverse 

momentum difference between the two tracks was taken to be the true vee x coor-

dinate. This method was used to select events with candidate strange particles and 

write them to the strange selection tapes. All further analysis was done using these 

tapes. 

The second method [38] involved the calculation of the momentum of the 

decay tracks as if they originated from the primary vertex. The sum of the momenta 

calculated in this manner was proportional to the actual K 0 momentum, i.e. this 

momentum vector lied along the line connecting the primary and secondary vertices. 

(See equation 4.1thru4.5). Using this information with the z coordinate of the decay 

vertex obtained from the non-bend view and some simple geometry, the x coordinate 

of the secondary vee was determined (See figure 5.1). 
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Vee Finding in the Bend View 

'IT+ 

------
z P1z + P2z 

Figure 5.1: Reconstruction of the X-coordinate of the vee. The coordinates of the 
primary vertex ,Zprim and Xprim, are used with the downstream track parameters 
in the momentum calculation. The momentum reconstructed in this manner (A. + 
P2 ) is proprotional to the true momentum of the K 0

• This information, combined 
with the value of Zsec calculated from the non-bend view, can be used to determine 
the value of the x coordinate of the decay vertex, Xsec· 
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Although both methods gave similar results, the second method had the 

additional advantage that no looping was involved. This cut the running time of 

the selection code in half. Therefore the second method was chosen for this thesis. 

With all three coordinates of the vee computed the momenta of the two 

decay tracks were recalculated assuming that the tracks originated from the vee. For 

the momentum determination, the square field approximation was used, assuming 

that the tracks were bent at the center of the magnet. The momentum algorithm 

first decided where the effective center of the magnet was located. If the particle 

decayed upstream of the pole piece of the dipole magnet then the decay tracks 

would have experienced the whole magnetic field length. Otherwise, if it decayed 

inside the magnet, they would have experienced only a fraction of the field length 

so that the effective center of the magnet would be shifted downstream relative 

to the geometric center. The slopes and intercepts of the downstream tracks were 

calculated by PLREC. To reproduce the upstream trajectories, it was assumed that 

the decay tracks came from the vee and that they connected with their downstream 

counter parts at the center of the magnet. The J ii· dl was divided by the difference 

between the sine of the entrance angle (upstream track) and the sine of the exit 

angle (downstream track). 

Since we were interested in the decay of neutral strange particles into two 

oppositely charged decay products, we also demanded that the electric charge of the 

two tracks be opposite in sign. 
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Figure 5.2: Normalized .6.PT for reconstructed secondary vees. PT is with respect 
to the candidate neutral strange particle. 
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Figure 5.3: Normalized D..Px for reconstructed secondary vees. Px is with respect 
to the candidate neutral strange particle. 
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Figure 5.4: Normalized jj.py for reconstructed secondary vees. Py is with respect 
to the candidate neutral strange particle. 
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After the momenta of the two decay tracks was determined, we checked the 

PT of the tracks with respect to the strange particle trajectory to see how well they 

balanced. We used the following normalized variable: 

D,_ Normalized pT 11ft;+ + ft;-11 
llfi;+ II+ 11ft;-11 

(5.1) 

This variable gave us an indication of how well our algorithm did in the reconstruc-

tion of a strange particle vee (see figure 5.2.) ft;+ consists of two components, e.g. 

(Px+ , p.y+ ), which are taken with the z-a:xis along the momentum vector of the 

candidate strange particle. 

With the momentum information we could now test the hypotheses of our 

vee being due to the decay of a strange particle (either a K 0
, A or A ). The 

K 0 hypothesi~ involved assuming that the decay tracks were due to charged pions 

and used this assumption to calculate the 7r+7r- invariant mass. Similarly, the A 

hypothesis assumed that the positively charged track was due to a proton and the 

negatively charged track was due to a 7r-, while the A hypothesis assumed a p and 

5.3 Cuts On Strange Particle Candidates 

In order to enhance the signal to background ratio in our strange particle 

sample, we subjected the data to various cuts. These cuts were motivated by exten-

sive use of the Monte Carlo and by our assumptions of the properties of the strange 
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particles. 

The various cuts are listed below: 

• For the K 0
, A and A hypothesis each track w~s required to have b/u > 1.0, 

where b is the impact parameter of the track at the primary vertex and <r is 

the uncertainty in the track projection at the primary vertex. 

• The z coordinate of the decay had to be between 12 cm from the downstream 

end of the last piece of beryllium and the center of the magnet. 

• The normalized D..PT between the two decay tracks in the rest frame of the 

strange particle had to be less than 0.6. 

• The decay tracks had to be oppositely charged 

• The PT of the strange particle, relative to the beamline, had to be greater 

than 0.25 GeV. 

• K 0-A Ambiguity 

1. The K 0 candidates had to have a value of llcos(0*)11 > 0.75 

2. The p7r- pair which made a A candidate had to have a 7!'+7!'- invariant 

mass < 0.477 GeV. 

3. The p7r+pair which made a A candidate had to have a 7!'+7!'- invariant 

mass < 0.477 GeV. 
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• mass cut 

1. In order to satisfy the K 0 hypothesis the 7r+ 7r- invariant mass had to be 

between 0.35 and 0.65 GeV. 

2. In order to satisfy the A hypothesis the p7r- invariant mass had 'o be 

between 1.055 and 1.175 GeV 

3. In order to satisfy the A hypothesis the p7r+ invariant mass had to be 

between 1.055 and 1.175 GeV 

each of these cuts will be discussed in turn in the following sections. 

5.3.1 The Impact Parameter/a cut 

Since we were looking for the decay tracks of a strange particle which had 

been created in the primary hard scatter and subsequently decayed at a later time, 

we expected this secondary vertex to be displaced from the primary vertex. There

fore, in order to avoid making spurious combinations with tracks that come from the 

primary vertex, we eliminated these at the start by imposing the requirement that 

the impact parameter (b) of the downstream y-view tracks at the primary vertex 

be sufficiently large. To calculate the impact parameter we used the downstream 

slope and intercept in the yz view (the non-bend view) to project the track back 

to the primary vertex. Then we looked at the difference between the y coordinate 

of the primary vertex and the y coordinate of the projection at the z coordinate 
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Figure 5.5: (a) Impact parameter and (b) impact parameter/projection uncertainty 
for all charged tracks. 
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of the primary vertex {see figure 5.5.) This projection had uncertainties associated 

with it which depended on such things as the uncertainties in the calculated slope 

and intercept of the downstream track. We then formed a dimensionless quantity 

by taking the impact parameter and dividing it by its theoretical uncertainty. (see 

figure 5.5.) 

We chose a loose cut of b/u > 1.0 to enhance the signal to background ratio 

but not loose too much in the way of statistics. Some care had to be taken because 

the distance that the strange particle travels is proportional to its momentum. How-

ever to first order this dependence cancels in the calculation of the impact parameter 

2 

5.3.2 Z Window Cut 

For this analysis we allowed the decay to occur between 12 cm from the 

downstream end of the last beryllium piece in the target and the center of the dipole 

analysis magnet. The 7r+7r- invariant mass in this region is plotted in figures 5.6 

and 5. 7. a shift in the K 0 mass peak was observed near the upstream end of the 

magnet, at z ~ 80cm. This shift was due to fringe field effects not taken into account 

in the momentum determination. The effect of this fringe field is to shift the mean 

mass slightly {~ 5 MeV or less than one o"). For the present study, however, this 

2Simple geometry will show that impact parameter b ex dB where d is the distance from the 
primary to the secondary vertex and 8 is the opening angle between the two decay tracks. d = 'YT 
while 8 ex f 
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was not an important issue. For this work, the number of entries above a fitted 

background, within a signal region of about 3u from the mean, was used in a ratio. 

Any dependence in z appeared in both the numerator and denominator of this ratio. 

See chapter six for further details. 

5.3.3 ~Pr Of Decay Tracks 

Under the assumption that in the rest frame of the strange particle the 

transverse momentum of the two decay tracks should balance, we imposed a cut on 

a normalized APT defined in the following manner: 

N ormalizedApT 
11.P;+ + .P;-11 

11.P;+ II+ 11.P;-11 
(5.2) 

This variable gave us an indication of how well our algorithm did in the reconstruc-

tion of the the secondary vee. The distribution is plotted for the region between 

the downstream end of the target to the center of the magnet in figure 5.2. The 

peak near zero is due to the correctly reconstructed vees while the background is 

from vees that were not consistent with the decay hypothesis. By using GEANT 

in single particle mode, so that all tracks were due to K 0 's, it was discovered that 

the distribution for vees consistent with the kaon hypothesis cut off at a Normalized 

APT of 0.2. However, because the single track mode approximation does not take 

into account the amount of confusion that typically arises in a real event due to 

the much higher track multiplicities, we decided to move the cut out to 0.6. This 
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value is approximately a six u deviation from the mean. To illustrate this, the y 

component of this variable was fit to two gaussians and a second order polynomial 

background (see figure 5.4). The value of u shown in the figure represents the width 

of the wider of the two gaussians. The means of the two gaussians were constrained 

to be the same. The width of the x component of !),.PT is negligible as shown in 

:figure 5.3. The reason that the widths are so different is that the x position of the 

vertex is chosen by minimizing the difference in Px of the decay products relative 

to the strange particle candidate. 

Figures 5.8, 5.9, and 5.10 show the invariant masses under the 7r+7r-, p7r-, 

p7r+ hypotheses. Only the cuts discussed above have been applied to this plot. From 

these plots we estimate that we have 1,139,000 K 0 's, 161,000 A's, and 93,000 A's 

after applying these cuts. 

5.3.4 PT 

To rema.m consistent with the jet studies, it was decided to apply a PT 

requirement of 0.25 Ge V on the strange particle candidates. This cut was applied 

in the E706 jet analysis on all tracks in the jet. The contribution of low PT particles 

to the jet direction was shown to be negligible [20] 

5.3.5 Cos(0*) 



Figure 5.8: 7r+7r- invariant mass after the impact parameter significance cut, the 
normalized jj,.pT cut, the z window cut, and chasing only decay tracks with opposite 
charges. The z range is from the berylium target to the center of the magnet. The 
curve used to fit the signal region is composed of two gaussian functions (for a total 
of six independent parameters). The mean value and width quoted in the figure are 
of the narrower gaussian function. The background region has been fit to a third 
order polynomial (four independent parameters). Using this fit it is estimated that 
we have 1,139,000 K 0 candidates. 



Figure 5.9: p7r- invariant mass after the impact parameter significance cut, the 
normalized ll.PT cut, the z window cut, and chasing only decay tracks with opposite 
charges. The z range is from the berylium target to the center of the magnet. The 
function superimposed on this plot is a gaussian, for the peak region, with a second 
order polynomial background. Using this fit, it is estimated that we have 161,000 
A candidates. 



Figure 5.10: p7r+ invariant mass after the impact parameter significance cut, the 
normalized !:J,.PT cut, the z window cut, and chosing only decay tracks with opposite 
charges. The z range is from the berylium target to the center of the magnet. The 
function superimposed on this plot is a gaussian, for the peak region, with a second 
order polynomial background. Using this fit, it is estimated that we have 93,000 A 
candidates. 
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E>* was defined as the angle of the positive decay track with respect to the 

direction of the boost necessary to get to the strange particle rest frame (see fig-

ure 5.11.) This variable was defined using either a K 0
, A or A hypothesis. For 

the K 0 hypothesis it was assumed that the positively charged track was a 7r+. The 

7r+ was given a boost which depended on the momentum of the vee and the re-

constructed 7r+7r- invariant mass. Similarly, for the A and A hypothesis the boost 

depended on the vee momentum and either the reconstructed p7r- or p7r+invariant 

mass. Plots of the reconstructed invariant mass under K 0
, A or A hypothesis versus 

CosE>* were used to understand the levels of contamination in the samples. 

Since the K 0 is a spin 0 meson it was expected that, in its rest frame, the 

pions would be ejected at any angle with equal probability. This is shown in a plot of 

cos( B*) which should be flat for the generated K 0's. 3 If the proton from a A decay 

was improperly interpreted as a 7r+ from the decay of a K 0
, it would appear to be 

emitted at a small angle E>* in the center of mass. This is because the momentum 

of the misidentified proton would be given the wrong boost to the center of mass 

frame. Thus the misidentified proton would have a value of cos(E>*) around 1.0. 

Similarly, in a A decay the 7r+ would be given too large of a boost and 

appear to have a very large 8*. Thus for misidentified A decays we expect to see 

a value of cos(E>*) around -1.0. In the cos(E>*) plot (see figure 5.11) one can see 

a relatively flat inner region bounded by two peaks at llcos(E>*)ll greater than 0.8. 

3 Actually it is not fl.at due to the limited acceptance of our spectrometer and possibly recon
structor effects and background. 
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These peaks are attributed to protons and 7r+'s from A's and A's misidentified as 

7r+'s from K 0 's. Figure 5.11 shows a plot of the 11"+7!"- mass vs cos(0*). In this plot 

we see an enhancement around the K 0 mass. In addition, we see two arcs running 

vertically. These arcs are attributed to misidentified A and A contributions to the 

11"+ 11"- sample. 

To study this further we used the E706 Monte Carlo. We alternately excluded 

generated K 0 's, A's and A's and plotted the cos0* distributions. In figure 5.13 plots 

of the 11"+7!"- invariant mass versus cos0* are shown alternately with K 0 's and A's 

excluded. Shown in (a) is the 11"+7!"- invariant mass versus llcos0*11 when A's and 

A's are excluded from the sample. There is a clear enhancement of statistics at the 

mass of the K 0 surrounded by a relatively uniform background. Plotted in (b) is 

the same thing but with K 0 's excluded. In this case we see two arcs near cos0* 

equal 0.8. These are attributed to A and A contamination in the 11"+7!"- sample. This 

contamination complicates the estimation of signal in the K 0 peak. 

In order to clean up the K 0 sample we chose to cut at llcos(0*)11 equal to 

0.75. 

It is also possible to have the A and A samples contaminated by misinter

preted K 0 's decays. A K 0 decay with llcos(0*)11 around zero would produce a 

symmetric decay in the laboratory. Such a decay could be interpreted as a A or a 

A with a small laboratory momentum. Figure 5.12 shows the p7r- invariant mass 



CHAPTER 5. EVENT SELECTION 

......... 
> 
ID 

Cl ......... 0.6 
(/) 
(/) 
0 

E 
..._, 
c 
0 

'i:: 0.5 0 
> c 

I 
t::: 

+ 
t::: 

0.4 

-.;!-
0 
0 

';;;-500 
ID 

'i:: ..._, 
c 
w 
'+-

~ 400 
ID 
_o 

E 
:J 
z 

200 

0 

Cos(G*) With and Without Generated/\ 

-0.8 -0.4 0 
(a) 

-0.8 -0.4 0 
(c) 

0.4 0.8 
Cos(El') 

0.4 0.8 
Cos(G') 

......... 
> ID 
Cl ......... 0.6 
(/) 
CJ) 
0 

E ..._, 
c 
0 

'i:: 0.5 0 
> c 

I 
t::: 

+ 
t::: 

0.4 

-.;!- 800 
q 
0 
'-.. 

(/) 

·~ 600 ...., 
c 
w 
'+-
0 

a; 400 
_o 

E 
:J 
z 

200 

0 

-0.8 -0.4 0 
(b) 

-0.8 -0.4 0 
(d) 

0.4 0.8 
Cos(El') 

0.4 0.8 
Cos(e') 

111 

Figure 5.13: 7r+7r- Invariant mass versus Cos0* with generated K 0 's or A's and A's 
removed from the sample. In (a) the 7r+7r- mass versus Cos9* is plotted with A's 
and A's removed. In (b) the same plot is shown with K 0 's removed. (c) and (d) 
show the projections of (a) and (b) onto the Cos0* axis. 



CHAPTER 5. EVENT SELECTION 

Cos(G*) With and Without Generated K0
, /\ 

,.--., 1.175 
> 
Q) 

C) .__... 

Zl 1.15 
0 

E 
..... 
§ 1.125 

·;: 
0 
> 
i::: 

I 

t::: 
0.. 

1 . 1 

1.075 

>1.175 
Q) 

C) 

gi 1.15 
0 
E ...., 
§ 1.125 
·c 
0 
> 
i::: 

10.. 
+ 

t::: 

1.1 

1.075 

-0.8 -0.4 0 
(a) 

-0.8 -0.4 0 
(c) 

0.4 0.8 
Cos(0') 

0.4 0.8 
Cos(0') 

,.--.,1.175 
> 
Q) 

C) .__... 
gi 1.15 
0 

E 
..... 
§ 1.125 

·;: 
0 
> 
i::: 

I 

t::: 
0.. 

1 . 1 

1.075 

,.--.,1.175 
~ 
C) .__... 

Zl 1 .15 
0 
E 

§ 1.125 
·c 
0 
> 
i::: 

10.. 
+ 

t::: 

1 . 1 

1.075 

-0.8 -0.4 0 
(b) 

·:,' 

••• l,. • 

0.4 0.8 
Cos(0') 

·: . ··. ~ . . ... . ;:· ·.: ... '• . ·.: .. · .. : 
=.. t', :. 

-0.8 -0.4 0 
(d) 

0.4 0.8 
Cos(0') 

112 

Figure 5.14: p7r- and p7r+ Invariant mass versus Cos0* with K 0 or A and A removed 
from the sample. When A's and A's are removed the K 0 contamination to the (a) A 
and {c) A samples can be clearly seen as an arc. When K 0 's are removed from the 
(b) A and ( c) A samples an enchancement at the A mass surrounded by a relatively 
uniform background can be seen. 
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versus Cos(B*) and the p7r+ invariant mass versus cos(0*) under A and A hypothe

ses. Both plots show an enhancement at the A or A masses as well as an arc due to 

misreconstructed K 0 's which merges into the mass bands around cos(B*) equal to 

zero. 

Kaon contamination of the A and A samples were also studied using the 

Monte Carlo. Figure 5.14 shows the p7r- and p7r+ reconstructed invariant mass 

distributions as a function of cos8*. In (a) and (c) we have excluded generated A's 

and A's from the sample. The arc extending from the high mass region is due to 

misidentified K 0 contamination in the sample. Again this contamination makes the 

task of counting A's and A's in the signal region more difficult. 

For th~ A's and A's the cos8* cut was more difficult to apply than in the case 

of the K 0 's. The problem is that when a simple cut in cos8* is made as in the case 

of the K 0 's, a large portion of the sample is lost. A different cut was used. The 

p7r- invariant mass distribution was plotted versus the 7r+7r- invariant mass (see 

figure 5.15.) This plot clearly shows where the ambiguity exists. It was decided 

to require that the 7r+7r- invariant mass be less than 0.477 GeV for the A or A 

reconstruction. 
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Figure 5.15: 'l;'he invariant masses formed by taking two tracks under the 7r+7r- and 
p7r- hypotheses. The region of ambiguity exists at the crossing of the two mass 
bands. It was required that the candidate A decay tracks, when interpreted as a 
7r+7r-, have an invariant mass of less than 0.477 GeV. A similar cut was made for 
the A's. 
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5.4 Identification Of The Trigger Particle 

The aim of this analysis was to study the properties of strange particles in 

the recoil jets in 7ro and direct photon triggered events. The following cuts were 

used to define 7r0 's and single photons: 

• Single local high trigger fired in octant of EMLAC where 7ro or single photon 

was reconstructed. 

• PT of 7r
0 or single photon 2: 4.0 GeV. 

• LAC Fiducial cuts 

1. 22.7cm :S Radius of shower :S 149.5 cm 

2. <P position 2: 2 strips away from a quadrant or octant boundary 

• Efront/ Etotal must be 2: 0.2 for each photon Where Efront is the energy in the 

front section of the electromagnetic calorimeter. 

• Muon bremsstrahlung cuts 

1. directionality ( 6r) 

(a) 6r :S 0.2 if R :S 40 cm. Where R is the distance from the beamline 

to the position of the shower. 

(b) 6r :S 0.0048 x R, if R 2: 40 cm. 
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2. Veto wall cut = (upstream VW)®[ (Downstream VWl)E9(Downstream 

VW2)] 

• AwaysidePT > 3007 
Trigger ParticlePT - /O 

• 7ro signal definition 

1. Two photon asymmetry ::; 0.75 

2. 100 MeV ::::; M-y-y ::::; 180 MeV 7ro mass band 

3. 80-lOO MeV and 190-210 MeV side band region for PT :S 7 GeV 

4. 90-100 MeV and 190-220 MeV side band region for PT 2: 7 GeV 

• Distance from direct photon candidate to nearest charged track 2: 1.5 c.m. 

These cuts on the data will be described in each of the following sections. 

5.4.1 EMLAC Fiducial Volume 

In order to reconstruct a 7ro, the EMLAC had to first reconstruct the two 

candidate photons. In order to insure accurate energy and position measurements 

of the photons it was necessary to add some constraints on the photon coordinates. 

The energy and position resolution near the edges of the calorimeter were degraded 

since part of the showers would occur in the uninstrumented regions. In order to 

avoid this problem the following fiducial cuts were imposed on the reconstructed 

photons: 
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• The photon position must be at least 2 R strips away from the inner radius of 

the octant. 

• The photon position must be at least 2 R strips away from the outer radius 

of the 235th R strip. 

• The photon position must be at least 2 R strips away from the octant and 

quadrant </> boundary 

5.4.2 Hadron Rejection 

E706 took several steps in order to reject charged and neutral hadrons mas-

querading as photons in the calorimeter. First, the EMLAC was built with a front 

and a back section capable independent readout. This enabled us to take advantage 

of the fact that hadrons tend to shower later and so leave fractionally less of their 

energy in the front part of the EMLAC. In contrast, an electromagnetic shower 

tends to deposit most of its energy in the first few layers in the EMLAC. Therefore 

by looking at the ratio ~front which is the ratio of the energy deposited in the front 
total 

section of the EMLAC to the total energy deposited in both sections, we can differ-

entiate between an electromagnetic shower and a hadronic one. Figure 5.16 shows 

typical ~fTont distributions. The peak at high values of ~"=t is due to electromag-
totaz total 

netic showers. EtTont was required to be greater than 0.2 for the electromagnetic 
Etotal 

shower definition. 



CHAPTER 5: EVENT SELECTION 118 

0.225 
0.225 

0.2 
0.2 

0.175 
0.175 

0.15 0.15 

0.125 0.125 

0.1 0.1 

O.Q75 O.Q75 

0.05 0.05 

0.025 0.025 

0 0 
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 

~/Et ~/Et 

0.225 0.225 

0.2 0.2 80<E< 100 

0.175 0.175 

0.15 0.15 

0.125 0.125 

0.1 0.1 

O.Q75 O.Q75 

0.05 0.05 

0.025 0.025 

0 0 
0 0.2 0.4 0.6 0.8 l 0 0.2 0.4 0.6 0.8 l 

¥t ¥1 

Figure 5.16: EEt,.=t distributions for different shower energy bins. The histogram 
total 

is the data while the points are from the E706 Monte Carlo. The distribution has 
been cut at 0.'2. 
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5.4.3 Background Due To Muon Bremsstrahlung 

The 7r- secondary beam was often accompanied by a halo of muons from 

the primary production target. These muons were displaced from the beam axis 

and could interact in the LAC and produce bremsstrahlung photons. Because of 

the transverse displacement of these muons the apparent PT of the bremsstrahlung 

photons were large. Since E706 triggered on high PT electromagnetic showers in the 

EMLAC many of our events would have been due to muons if we had not taken 

several precautions. 

The first precaution taken was an online veto wall requirement. The trigger 

logic rejected events in which there was a coincidence in signals from the upstream 

veto and either of the two downstream veto quadrants which shadowed the triggering 

octant. The veto walls were mounted such that a particle coming from the primary 

vertex could not pass through them. The veto wall signal had to occur within 

±75 nanoseconds of the interaction time. Due to inefficiencies in the veto walls, 

gaps between the scintillation counters, and dead time some muons escaped online 

detection. 

Because of this fact an offi.ine veto wall cut was also used. For each quadrant 

of the EMLAC, if the logical expression VW = (VWl+ VW2) xVW3 was true then 

the event was cut. The logicals VWl, VW2 and VW3 were true if there was a signal 

from the corresponding veto wall within a ±20 ns time window. The logical OR of 



CHAPTER 5. EVENT SELECTION 120 

80 
400 

60 300 

40 200 

20 100 

0 0 
-2 0 2 4 -2 0 2 4 

Directionality Directionality 

80 1200 -0.30<y<0.30 

60 
800 

40 

20 
400 

0 0 
-2 0 2 4 -2 0 2 4 

Directionality Directionality 

40 
0.30<y<O. 75 800 0.30<y<0.75 

30 
600 

20 400 

10 200 

0 0 
-2 0 2 4 -2 0 2 4 

Directionality Directionality 

Figure 5.17: Photon directionality histograms for different rapidity ranges. His
tograms on the left require the offi.ine veto wall signal while those on the right are 
binned with the offi.ine veto wall cut invoked. 
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the VW s was formed in a 300 ns wide window centered around the interaction. 

Another anti-muon cut was the cut on directionality defined as 8R Rtront 

zfTont 

- f,,~cC,. Rback· In this definition, Rtront is the radial position of the shower in the 
LAC 

front section of the EMLAC while Rback is the radial position in the back section. 

Ztront 'is the z position of the front section of the EMLAC and Zback is the z position 

of the back section. If a shower is due to a photon which originates in the target 

region then it will have a directionality near zero. However a shower due to a 

muon bremsstrahlung would yield larger values of directionality since Rtront,...., Rback· 

Since muons tend to be displaced from the beam axis by sever~l centimeters, we 

can clearly resolve the directionality distributions due to muons and those due to 

photons originating in the target region. Figure 5.17 shows the effect of the offiine 

veto wall cut. The peak near zero is clearly seen along with other peaks due to 

muons displaced from the beam axis. 

In addition to the offiine veto wall cut and the directionality cut, we also 

applied a balanced PT cut. The idea here is that in, a typical hard scatter event, 

the PT on the trigger side and on the a wayside must balance. However, if an event 

was triggered by a muon induced shower in the LAC rather than from a high PT 

interaction, then we would expect an event with little very little PT deposited on 

the recoil side. Figure 5.18 shows the effect of applying the offiine veto wall cut to 

the balanced PT distribution. The ratio of away-side PT with respect to 7ro PT is 

shown requiring the offiine wall cut and with the cut applied. 
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Figure 5.18: Balanced PT histograms for reconstructed 7r
0 's with PT 2: 5.5 GeV. On 

the left side are events requiring the offiine veto wall signal. On the right, events 
with the offiine veto wall cut applied. 
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Figure 5.19: Two photon energy asymmetry definition (top) and distribution in data 
(bottom) for 7r

0 's 

5.4.4 Two Photon Asymmetry 

Since the 7r
0 is a spin zero particle, we don't expect the cross section of the 

decay 7r
0 ---+ II to depend on the angular distribution of the decay photons. There is 

relationship between the energy assymetry, A= 11;~~;~11, and the angle,(), between 

one of the photons and the 7r
0 momentum vector. The relationship, which can be 
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derived using kinematic arguments, is A = {3cos8. In the rest frame of the 7ro the 

two photons will have an equal amount of energy. However, when they are boosted 

into the lab system, their energies generally can be different. This situation can 

cause difficulties in the reconstruction of the 7ro from the photon energies. If one 

of the photons has too little energy or is ejected from the 7ro at an angle such that 

it misses the EMLAC then it will not be reconstructed. This situation becomes an 

inefficiency in the reconstruction of the 7ro and contributes to the background of the 

direct photon. The definition of asymmetry as well as an asymmetry distribution 

is shown in figure 5.19. For this study we only looked at 7r0 's with asymmetry less 

than 0.75. 

Figures 5.20, 5.21 and 5.22 show histograms of the invariant masses under 

the different hypotheses after the cuts described above. 

5.5 The E706 Monte Carlo 

To motivate some of the cuts to the data and to compare results with theo

retical expectations, extensive use of the E706 Monte Carlo was made. This Monte 

Carlo used HERWIG as the event generator and GEANT was used to simulate the 

response of the spectrometer. The details of the E706 Monte Carlo can be found 

elsewhere [20, 24] Only the details relevant for this analysis will be discussed here. 

A histogram of the reconstructed 7r+7r- invariant mass from the Monte Carlo 
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Figure 5.20: 1!"+71"- invariant mass after applying the trigger PT cut, the cos0* cut, 
the requirement that the K 0 have a PT > 0.25 GeV, and requiring the reconstruction 
of both the trigger and awayside jet in the event. In addition a single local high 
trigger was required as well as an EFront/ ETotal > 0.2. The muon veto requirements 
discussed above were also applied. No attempt was made to distinquish the origin of 
the photons at this point (i.e. whether they were direct photons or from 71"

0 decays). 
Based on the ·fitted curve shown it is estimated that we have reconstructed 64,000 
K 0 's. 
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Figure 5.21: p 71"- invariant mass after applying the trigger PT cut, the 71"+71"- invari
ant mass cut, the requirement that APT > 0.25 GeV, and requiring the reconstruc
tion of both the trigger and awayside jet in the event. In addition a single local high 
trigger was required as well as an EFront/ ETotal > 0.2. The muon veto requirements 
discussed above were also applied. No attempt was made to reconstruct 71"0 's at this 
stage. Based on the shown fitted curve it is estimated that we have reconstructed 
11,000 A's. 
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Figure 5.22: pJr+ invariant mass after applying the trigger PT cut, the 7r+7r- invariant 
mass cut, the requirement that the A have PT > 0.25 GeV, and requiring the 
reconstruction of both the trigger and awayside jet in the event. In addition a 
single local high trigger was required as well as an EFront/ ETotal > 0.2. The muon 
veto requirements discussed above were also applied. No attempt was made to 
reconstruct 7r0 's at this stage. Based on the fitted curve shown it is estimated that 
we have reconstructed 6,000 A's. 
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is shown in figure 5.23. Figure 5.24 and figure 5.25 show the Monte Carlo mass 

distributions for the A and A. A fit of the peak region shows that the Monte Carlo 

does a good job of modeling the data. (Compare with figures 5.20, 5.21, and 5.22.) 

5.6 The Strange Sample 

Using the cut sample described above, the following was determined: 

• Whether the trigger was due to a single photon or a 7r
0 decay. 

• Whether the strange particle was reconstructed in the awayside jet. 

This was the sample in which the comparisons of the following chapter were 

made. Figures 5.26, 5.27, and 5.28 show the final invariant mass distributions. 
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Figure 5.26: 7r+ 7r- invariant mass in the awayside jet. This plot contains all of the 
above listed cuts including the criteria that the K 0 must be part of the awayside jet 
and a 7r0 or single photon trigger with PT > 4.0 Ge V must be reconstructed. This 
represents the sample that is used for the results in chapter 6. 
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Figure 5.27: p 7r- invariant mass in the awayside jet. This plot contains all of the 
above listed cuts including the criteria that the A must be reconstructed as part 
of the awayside jet and a 7ro or single photon trigger with PT > 4.0 GeV must be 
reconstructed. This represents the sample that is used for the results in chapter 6. 
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Figure 5.28: p7r+ invariant mass in the awayside jet. This plot contains all of the 
above listed cuts including the criteria that the A must be reconstructed as part 
of the awayside jet and a 7ro or single photon trigger with PT > 4.0 GeV must be 
reconstructed. This represents the sample that is used for the results in chapter 6. 
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Chapter 6 

Results 

The goal of this study was to compare the properties of neutral strange 

particles in away side jets opposite direct photon or 71"
0 triggers. Direct photon 

interactions gave us a unique opportunity to study quark and gluon initiated jets in 

our sample. In the lowest order QCD approximation, there are only two diagrams 

which contribute to direct photon production. The contribution due to each of these 

diagrams varies with beam particle type and direct photon PT. The PT dependence 

of the relative fractions of the Annihilation and Compton diagrams to the total is 

shown in figure 1.5. 

In QCD, one expects a difference between quark and gluon jets because of 

the greater color charge carried by the gluon. Qualitatively, it is expected that gluon 

jets would have higher multiplicities, softer fragmentation, and be broader in angle 
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than quark jets. This thesis seeks to study whether these differences include a pre

dominance of strange particles in either type of jet. Further, a comparison is made 

for mesons (K 0
) and baryons (A) separately, and baryons and anti-baryons. One 

might expect, since strange quarks must come from the sea i.e. from gluon splitting, 

that gluon jets would show a harder strange particle fragmentation function than 

quark jets. This is because the strange quark-antiquark pair could be created sooner 

in the fragmentation process in the gluon initiated jet. The quark would first have 

to emit a gluon before it could subsequently split into a ss pair. 

Comparisons were made between direct photon and 7ro triggered events as a 

function of trigger particle PT and the momentum fraction, z, of the strange particle 

with respect to the away-side jet. The following reactions were studied: 

• 7r- + p --+ 7ro + Ko + X 

• 7r- + P --+ I + Ko + X 

• 7r- + p --+ / + A + X 

• 7r- + p --+ I + A + x 
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6.1 Jet Finding Algorithm 

The algorithm used to find jets was the cone algorithm. The implementation 

of this algorithm involved an iterative approach: 

• An initial jet direction was defined 

• This axis was used as a reference to construct the quantities ATJ and A</J for 

each track 

• It was d~cided whether a track belonged in the jet by requiring LiR = J ( LiTJ )2 + ( Li<P )2 :::; 

1.0 

• The momenta of tracks consistent with LiR :::; 1.0 were summed. The total 

summed momentum was used to define a new jet axis. 

• The procedure was repeated using the new jet axis until no tracks were added 

or removed from the jet. 

6.1.1 Initial Jet Directions 

An initial jet direction was constructed as a seed direction for the cone al

gorithm. The decision as to whether a track belonged to a jet was made using this 

seed direction as a reference for the first iteration. Both the trigger jet and the away 

side jet were reconstructed for this analysis. 
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Trigger Jet Direction 

The trigger particle direction was defined as the direction of a 71" 0 or single 

photon with PT 2: 4.0 Ge V. The trigger particle had to satisfy all of the criteria for 

a 7r
0 or direct photon discussed in chapter 5. This direction was used as a seed for 

the trigger jet finding. 

Recoil Jet Direction 

The seed direction on the away side was defined by the highest PT particle 

having a !::J.<f> with respect to the trigger particle of 2: 1. 75 radians measured in the 

PT plane. The seed direction for the away side jet was called the leading particle 

direction. The leading particle had to have a PT 2: 500 MeV. Charged or neutral 

particles were acceptable as leading particles. For photons there were the following 

additional requirements: 

• A leading photon had to have energy in the range 5 Ge V :'.S E :'.S 250 Ge V. 

• A leading photon couldn't have matching charged tracks within 1.5 cm at the 

face of the EMLAC. 

6.1.2 Jet Track Requirements 

The tracks used in the reconstruction of the trigger and away side jets had 

to meet the following criteria: 
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• Each charged track had to have PT ?.: 0.25 GeV. 

• Each charged track had to have pseudorapidity I T/ I :S 1. 75 

• Each charged track had to have a y view impact parameter at the primary 

vertex of :S 1.5 cm. 

Only the leading particle was allowed to be neutral in the jet algorithm. 

6.1.3 Trigger And Recoil Jet Requirements 

The reconstructed trigger and away side jets had to satisfy the following 

criteria: 

• The reconstructed PT of the away side jet had to be ?.: 30% of the PT of the 

trigger particle. 

• The azimuthal angle between the away side jet axis and the trigger particle 

had to be ?.: 1. 75 radians. 

• The rapidity of the away side jet had to be -1.0 :ST/jet :S 1.0. This requirement 

minimiz~d the overlap from the beam and target jets. 

6.2 Inclusion Of Strange Particles In Jet 

The algorithm for including strange particles in the jet calculations was de

fined as follows: 
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• The strange particles candidates in the event were re~onstructed according to 

the strange particle definitions in chapter 5. 

• The strange particle candidates were included in the track array for each ?ro 

or single / capable of triggering the event, 

• The jet reconstruction was done once for each strange particle candidate. The 

trigger and away side jet four vectors were calculated. 

The strange particles were included in the jet one by one. That is, for each 

candidate strange particle which satified the track cuts, the decay tracks would be 

removed from the jet and the neutral strange track would be added in its place. 

This allowed an invariant mass histogram to be reconstructed for each value of z 

(defined in section 6.3) or PT. In this way, the background distribution for each 

value was fit and subtracted from the signal region. 

6.3 Definition Of Z 

One of the variables useful in the study of parton fragmentation to jets is the 

fractional momentum carried by the hadron in the direction of the jet: 

.... 

PL ft.. Piet 

i I P;et I 
(6.1) 

PL PT( a wayside) 
(6.2) z 

I P;et I X PT(trigger) 
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This equation describes what fraction of the particle's momentum is in the 

direction of the away side jet. Since the jet direction is defined by the sum of 

the momenta of all reconstructed tracks in the jet, z tells us how much the jet 

direction has been determined by the particle. A value of z near one indicates a 

high probability that the particle is the leading particle in the away side jet. 

The z :i-ariable is rescaled to the PT of the trigger particle. This procedure 

assumes that the effects of intrinsic parton momentum (KT) are small. The rational 

for this rescaling is that the trigger side PT is known more accurately than the 

awayside PT. 

6.4 Background Subtraction 

There were two important forms of background to deal with in this study: 

The combinatorial background from the reconstruction of secondary vee candidates 

and the background from misreconstructed 7r0 's in the direct photon sample. 

To remove the combinatorial background, plots of the invariant mass regions 

were made for each bin of the variable in question. For example, when the fragmen

tation function for the K 0 's was plotted, a 7r+7r- invariant mass histogram was filled 

for each z bin. The background region was then fit to a second order polynomial. 

The curve resulting from the fit was used to subtract the background from the bins 

in the signal region. 
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What we had left after this procedure was an estimate of the number of K 0 's 

in the bin. However, because we were interested in the fragmentation functions in 

direct photon triggered events, we had to account for the single photon background. 

To this end, the 7ro Monte Carlo was put through the same event reconstructor as 

the data. A certain number of the generated 7r0 's were reconstructed and therefore 

eliminated as direct photon candidates. The rest were direct photon candidates 

provided that they passed the direct photon cuts outlined in chapter 5. The ratio 

of the number of these candidates to the number of reconstructed 7r0 's was used 

to estimate the single gamma contamination in the data due to 7r
0 's that were not 

reconstructed [20]. The ; ratio was multiplied by the number of reconstructed 7ro 

in the data. The following formula illustrates the technique: 

Nrecon _ Nfake 
'Y 'Y 

(6.3) 

This technique was used to handle the direct photon background subtraction for the 

fragmentation functions. 

( dnch /dz )~econ - ( dnch /dz );ake 

(dn /dz)mc 
(d Id )recon (d jd )recon ch -y 

nch Z 'Y - nch Z ?ro X ( dnch/ dz )";:oc (6.4) 

The s~me technique was used for the ( dnch/ dPT) distributions. This tech-

nique assumes a resonable agreement between the PT distributions of Data and the 
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Figure 6.1: Comparison of the fragmentation functions of data and the HERWIG 
Monte Carlo. The full GEANT detector simulation has been included in the Monte 
Carlo. The Monte Carlo events were generated with PT> 3.0 GeV. In this compar
ison, a 71'"

0 trigger with PT > 4.0 Ge V was required. 
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Figure 6.2: Comparison of the fragmentation functions of data and the HERWIG 
Monte Carlo. The full GEANT detector simulation has been included in the Monte 
Carlo. The Monte Carlo events were generated with PT> 5.0 GeV. In this compar
ison, a 7ro trigger with PT > 5.5 GeV was required. 



CHAPTER 6. RESULTS 

Compari_son of 11° Pr Spectrum for Data and HERWIG 
Cf) 

-+-' 

c 
::::i 

2:' 
0 
'-

-+-' 

..0 
'-
<( 

-1 
10 

-2 
10 

-3 
10 

-4 
10 

-5 
10 

-6 
10 

4 

--f---· 

5 

Solid Points -- HERWIG 

Dashed Points -- Data 

--+-
--+-

-+--

--+---

=-='="'- - -+- - --- - . 
--+-

--+-

-+-
---F--------~-----------

-+--
-+-

6 7 8 9 10 
11° Pr (GeV) 

145 

Figure 6.3: Comparison of the PT spectrums of data and the HERWIG Monte Carlo. 
The full GEANT detector simulation has been included in the Monte Carlo. The 
Monte Carlo events were generated with PT > 3.0, 4.0, 5.0, 6.5, and 8.0 GeV. In 
this comparison, a 7ro trigger with PT > the generated PT + 0.5 Ge V was required. 
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E706 Monte Carlo. This correction could contribute to systemic errors in the final 

answers. To investigate the agreement between the E706 Monte Carlo and data 

figure 6.1 shows a comparison between fragmentation functions from data and from 

HERWIG Monte Carlo with detector effects included. The Generated PT starts at 

3.0 Ge V and only events with 7ro trigger PT > 4.0 Ge V are accepted in this com

parison. Figure 6.2 shows HERWIG with a PT threshold of 5.0 GeV in which only 

events with Trigger PT > 5.5 Ge V are accepted. Also shown in the figure is the 

data with a 7ro trigger PT > 5.5 GeV. Figure 6.3 shows a comparison between the 

7ro PT spectrums of the HERWIG Monte Carlo and data. This plot shows that the 

HERWIG spectrum is softer that the data. This is consistant with the fragmen

tation comparisons considering the PT rescaling. These plots are shown without 

corrections for the various cuts discussed in chapter five as well as any geometric or 

acceptance considerations. 

6.5 Results 

The results presented in this section are in the form of ratios plotted versus 

PT or z. It was assumed that corrections due to the various cuts discussed in chapter 

5 as well as geometric and other corrections would cancel in the ratio. Therefore no 

corrections to this data have been applied. 

All error bars shown on the figures in this section represent statistical errors 
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only. 

6.5.1 HERWIG predictions for K 0 and A production vs. 

Pr 

Since it was expected that the fraction of gluon jets ~n the direct photon 

triggered sample would increase with photon PT, it was natural to make comparisons 

as a function of this variable. The HERWIG [7, 8] Monte Carlo generator was used 

to compare theoretical predictions with the experimental data from this analysis. 

The cone algorithm was used to define jets in HERWIG and to determine whether 

the jets were initiated from gluons or quarks. The results plotted here do not include 

detector effects. The generated information was put· through the cone algorthim, 

as was the data, with the same cuts and parameters (i.e. cone size, minimum PT, 

etc). Figure 6.4 shows the HERWIG prediction for the ratio of the number of K 0 

present in gluon jets to the number present in quark jets as a function of PT. Each 

bin has been normalized by the the ratio of the total number of gluon jets to the 

total number of quark jets in that PT bin. The HERWIG result is consistent with no 

difference in the ratio as a function of the PT of the trigger particle. The HERWIG 

A results, also shown in Figure 6.4, are more difficult to interpret. They could be 

interpreted as having a PT dependence within a one sigma deviation however more 

statistics are needed to make a conclusive statement. 
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Figure 6.4: TOP: The ratio of the number of K 0 's generated in gluon initiated away 
side jets to the number generated in quark initiated away side jets vs. trigger particle 
PT. BOTTOM: The same ratio for A's generated in the away side jet. Note: This 
plot is HERWIG Generated events with detector effects not taken into account. 
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Bringing the MC study one step closer to what was examined in data, the 

ratio of direct photon selected events with a K 0 produced in the away side jet to 

7r
0 selected events with a K 0 produced in the away side is shown in figure 6.5. 

Again, only HERWIG generated information is shown. Detector effects have not 

been included nor has any strange particle reconstruction been done. The purpose 

here is to study the ratios at the HERWIG generator level and look for any PT 

dependence. Also shown is the same distribution for A's. It was expected that at 

higher trigger particle PT values, a purer sample of gluon away side jets would be 

produced in the direct photon sample. Similarly, it was shown [20] that high PT 

7ro triggered events produced a predominantly quark initiated away side jet. Both 

distributions are consistent with no trigger particle PT dependence within statistical 

errors. 

\ 
6.5.2 K 0's and A's reconstructed in the away side jet 

To examine this effect in the data, an invariant mass distribution was made 

for each trigger particle PT bin for K 0 's and A's (A's). The distributions contained 

both signal and background. In order to subtract the background, a signal region 

was defined and excluded from a fit to the invariant mass distribution. The resulting 

background fit was integrated and then subtracted from the bins in the signal region. 

The results a:r:e plotted in figure 6.6. 

The top figure shows the ratio of the number of reconstructed K 0 's produced 
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HERWIG 11-p ~ Trigger particle + K0 or/\+ X at 530 GeV 
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Figure 6.5: TOP: The ratio of the number of K 0 's generated in the away side 
of direct photon triggered events to the number generated in the away side of 7ro 

triggered events. BOTTOM: The same plot as above for A's generated in the away 
side jet. The ratios are plotted as a function of the PT of the 7ro or direct photon. 
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DATA n-p ~ Trigger particle + K0 or/\ + X at 530 GeV 
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Figure 6.6: The ratio of the number of K 0 's reconstructed in the away side of single 
photon triggered events to the number reconstructed in the away side of 71"

0 triggered 
events. The ratio is plotted as a function of the PT of the 71"

0 or photon. The bottom 
plot shows the distribution for A's. 
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in away side jets opposite a direct photon trigger to the number reconstructed op

posite a 7ro trigger. The distribution is consistent, within uncertainties, with no PT 

dependence. The last bin ( 6.0 GeV < PT < 10.0 GeV) shows a possible deviation 

from unity but within a one sigma uncertainty. This is also true for the first bin. 

Fig 6.8 shows a direct comparison between HERWIG Monte Carlo, with detector 

effects included, and data. 

The bottom plot in figure 6.6 shows the same distribution for the A (A) 

sample. This sample contained both reconstructed A's and A's. 

In order to study any dependence upon the 7ro background subtraction, the 

unsubtracted _ratios are shown in figure 6. 7. 

6.5.3 HERWIG Predictions for K 0 and A Ratios vs. z 

A ratio of fragmentation functions of strange particles was also studied. Fig

ure 6.9 shows the HERWIG prediction for the ratio of fragmentation functions in 

gluon and quark jets. Again, detector effects are not included in these ratios. Stud

ies [20] have shown that quark jets are harder than gluon jets. This behavior is 

modeled in HERWIG so the ratio has the expected shape (see figure 6.9.) The plots 

were made using two samples of HERWIG Monte Carlo events. The first sample has 

a minimum generated PT of 3.0 GeV and the second, a minimum PT of 5.0 GeV. 

In each case only trigger particles with PT greater than the minimum plus 0.5 GeV 

were accepted. At the time of this study, a sample with minimum generated PT of 
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Figure 6. 7: The ratio of the number of K 0 's reconstructed in the away side of single 
photon triggered events to the number reconstructed in the away side of 7ro triggered 
events. The ratio is plotted as a function of the PT of the 7ro or photon. The bottom 
plot shows the distribution for A's. The 7ro background subtraction has not been 
done for this ratio. 
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Figure 6.8: The ratio of the number of neutral kaons reconstructed in the awayside 
jet opposite single photon triggers to the number opposite 7ro triggers. Superimposed 
on this plot are the results using the HERWIG Monte Carlo with GEANT for 
detector simulation. 
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3.5 GeV (allowing a direct comparison with the data) was not available. 

Figure 6.10 shows the HERWIG predictions for A's and A's. In these plots 

the difference between gluon initiated and quark initiated jets can also be seen. 

Figure 6.11 shows the HERWIG prediction for the ratio of A to A separately 

in gluon and quark initiated away sidejets for two values of minimum trigger particle 

PT. In all the plots the average ratio is ~ 0.6. A ratio less than one is expected 

since the A's are produced in the target jet as well as the away side jet while the 

A's are produced mainly in the away side jet. 

When the ratio of single I to 7ro events is plotted a slight z dependence is 

observed in the HERWIG Monte Carlo. The PT > 5.5 GeV sample shows more of 

an effect than the PT > 3.5 GeV sample (see figures 6.12 and 6.13.) This behavior 

is expected from examination of figure 1.5 which predicts a higher fraction of gluon 

jets for the higher PT sample. 

Finally figure 6.14 shows the ratios of A production to A production in away 

side jets. 

When we examine this ratio in the data as a function of z of the K 0 we see 

a possible trend. It looks as if the number of kaons produced on the away side of 

direct photons initially increases as a function of z until a plateau at ~ 1.25 around z 

= 0.2. However, this is only a one sigma effect and the distribution is also consistent 

with no z dependence. The error bars shown represent statistical errors only. (See 

figure 6.15.) 
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HERWIG n-p ~ Trigger particle + K0 or/\ + X at 530 GeV 
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Figure 6.9: The ratio of the number of K 0 's generated in gluon initiated away side 
jets to the number generated in quark initiated away side jets. Detector effects are 
not included. The away side jets are in a cone of radius 1 opposite to a 7ro or single 
photon with a minimum PT of 3.5 GeV (top) or 5.5 GeV (bottom). The ratio is 
plotted as a function of z of the K 0

• Both plots show that HERWIG predicts a 
harder z distribution for quark initiated jets than for gluon initiated jets. 
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HERWIG 11-p ~ Trigger particle + K0 or/\ + X at 530 GeV 
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Figure 6.10: (a) The ratio of the number of A's generated in gluon initiated away 
side jets to the number generated in quark initiated away side jets with trigger PT > 
3.5 GeV. (b) The same ratio as {a) with trigger PT> 5.5 GeV. {c) The same ratio 
as (a) but for A's. (d) The same ratio as (c) with trigger PT> 5.5 GeV. The ratios 
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Figure 6.11: (a) The ratio of the number of A to A's generated in gluon initiated 
away side jets with trigger PT > 3.5 Ge V. (b) The same ratio as (a) with trigger 
PT > 5.5 GeV. (c) The same ratio as (a) but for quark initiated away side jets. 
( d) The same ratio as ( c) with trigger PT > 5.5 Ge V. The ratios are plotted as a 
function of z of the A or A. 



CHAPTER 6. RESULTS 159 
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Figure 6.12: The ratio of the number of K 0 's generated in the away side of direct 
photon triggered events to the number generated in the away side of 7ro triggered 
events versus z. The top plot shows the PT > 3.5 Ge V sample and the bottom 
shows the PT> 5.5 GeV sample. 



CHAPTER 6. RESULTS 

1.2 

0.8 

0.6 

0.4 

0.2 

0 

1.4 

1.2 

0.8 

k 
0 0.6 ... 

0.4 

0.2 

0 

HERWIG 11-p ~ Trigger particle + K0 or/\+ X at 530 GeV 
0~ 1,6 

1.4 

1.2 

0.8 

0.6 
rigger PT > 3.5 GeV 

0 .4 Jrigger PT > 5.5 GeV 

0.2 

0 
0.2 0.4 0.6 0.8 

z of A in Awayside Jet 

2 
o~ 

:5 1+ i 1.75 

T -------+---------! ~ 1 ~~: 
Jrigger P1 > 3.5 GeV 

0.2 0.4 0.6 0.8 

z of 71- in Awayside Jet 

~ 
k 
0 
=II:: 0.75 

0.5 

0.25 

0 

0.2 0.4 0.6 0.8 

z of A in Awoyside Jet 

rigger P1 > 5.5 GeV 

0.2 0.4 0.6 0.8 

z of l\ in Awoyside Jet 

160 

Figure 6.13: '.I'he ratio of the number of A's and A's generated in the away side 
of direct photon triggered events to the number generated in the away side of 7ro 

triggered events versus z. 
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Figure 6.14: The ratio of the number of A's generated in the away side of direct 
photon or 7ro triggered events to the number of A's generated in the away side of 
direct photon or 7ro triggered events versus z. 
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DATA n-p ~ Trigger particle + K0 or/\+ X at 530 GeV 
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Figure 6.15: '.J'he ratio of the number of K 0 's reconstructed in the away side of 
direct photon triggered events to the number reconstructed in the away side of 71'

0 

triggered events. The ratio is plotted as a function of the z of the K 0
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The A and A ratios are also consistent with unity within errors. All errors 

shown represent statistical errors only. No account has been taken of any systematic 

errors which may exist. (See figure 6.16.) 

Figure 6.17 shows the ratio of the number of A's to the number of A's 

reconstructed· in the away side jet opposite a direct photon or 7ro trigger. As pre

dicted by HERWIG, there are fewer A produced compared to A. Within errors, the 

distributions are consistent with having no z dependence. 
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Figure 6.16: TOP: The ratio of the number of A's generated in the away side of 
direct photon triggered events to the number of A's generated in the away side of 
71'

0 triggered events versus z. BOTTOM: The same ratio for A. 
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Figure 6.17: The ratio of the number of A's to the number of A's reconstructed in 
the away side of direct photon (BOTTOM) and 7ro (TOP) triggered events. 
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Chapter 7 

Conclusions 

One of the outstanding questions that QCD does not address is that of the 

fragmentation of quarks and gluons into hadron jets. This long range behavior is 

outside of our current expertise in the theory. Instead, we must rely on phenomeno

logical models which in turn rely heavily on input from experiments. One important 

aspect of the current fragmentation model is the question as to whether there are 

differences in the properties of quark and gluon initiated hadron jets. 

One of the properties worthy of study is the difference in particle content 

between quark and gluon jets. e+ e- experiments studying T ~ g + g + g decays 

have published many results in this area [40, 41, 42]. By comparing data taken on the 

resonance with data taken in the nearby continuum, DASP2, CLEO, and ARGUS 

have found that there are more protons in gluon jets as well as more hyperons [39]. 

ARGUS gave the ratio for A production on and off the resonance as 2.9 ± 0.4 [40]. 
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Using the properties of direct photon triggered 11"-N interactions, discussed in 

chapter 1, we were able to study samples consisting of a majority of gluon initiated 

awayside jets. Using a study [20] with the HERWIG Monte Carlo generator, we 

were able to make the conclusion that our 11"0 triggered data sample would have a 

majority of quark initiated away-side jets. We examined the ratios of the number of 

strange particles produced in direct photon to the number produced in 7ro triggered 

events vs. PT. and the fragmentation momentum fraction, z. The K 0 comparisons 

were made in a PT range between 4.0 and 10.0 GeV. In this range, the HERWIG 

prediction for the ratio of K 0 production in direct photon to 11"0 triggered events 

was consistent with no dependence on trigger particle PT. The same ratio in the 

data showed good agreement with the HERWIG sample. The x2 between the two 

samples was used as a measure of their agreement. The calculated x2 was 4.96 for 

5 degrees of freedom. The probability of getting this value of x2 or higher is 0.42. 

The x2 values and their associated probabilities are shown in table 7.1. 

The ratio vs. PT comparison was also made for A and A baryons. There is 

good agreement between the HERWIG sample and the data. The calculated x2 was 

2.61 with a probability of 0.85 for getting this x2 or higher. Recall that at High PT 

the fraction of qluon to quark awayside jets increases with the direct photon trigger. 

No indication of the excess A baryon effect seen in the above mentioned experiments 

was seen here. In the highest PT bin we expect approximately 603 gluon purity (See 

chapter one). A higher statistics sample is needed in order to further investigate 
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this effect. 

A comparison of K 0 production in the away-side jet between direct photon 

and 7ro triggered events using the HERWIG event generator was consistent with 

no z dependence for the 3.5 GeV HERWIG sample. The 5.5 GeV sample possibly 

showed a sight z dependence, but within uncertainties it was also consistent with 

no dependence. 

The same ratio in the data was also consistent with no z dependence. Here 

the x2 was 3.45 with a probability of 0.84 of getting this x2 or higher when compared 

with the monte carlo. This is the behavior expected since the contribution of the 

annihilation and Compton subprocesses are about equal at a direct photon trigger 

PT of 4.0 Gey. Due to the steeply falling nature of the PT spectrum, most of the 

triggered events have a PT of 4.0 GeV. 

In both the K 0 and A(A) samples, no z dependence can be claimed. In both 

cases, however, more statistics are needed to make definite statements. 

Finally, a comparison of the number of A to the number of A produced 

was made for each type of trigger particle as a function of z. For the HERWIG 

Monte Carlo, the 3.5 Ge V direct photon triggered sample is consistent with no 

z dependence, while the 7ro sample is shows a possible increase in the ·ratio with 

increasing z. Both of the 5.5 GeV PT triggered samples show possible z dependences, 

increasing with increasing z, for both types of trigger particle. 
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The data, analyzed with a 4.0 GeV PT cut, is consistent with being indepen

dent of z for both types of trigger particle. However, using the x2 method described 

above, it is also shown that there is good agreement between the data and HERWIG 

(see table 7.1). 

Both the data and the Monte Carlo show a ~ ratio of less than unity. This is 

expected since the A are produced mainly in the recoil jet while the A's are produced 

not only in the recoil jet, but in the target jet as well. The actual value of the ratio 

will depend on the radius that we use in the cone algorithm jet definition. A smaller 

radius would tend to bring the ratio closer to one, since there would be less overlap 

of the target and recoil jets in 17-¢ space. This argument also suggests a reason 

why one might expect a z dependence in this ratio. Z is a measure of the fraction of 

the struck quark's momentum that has been imparted to the given hadron. Hadrons 

with smaller values of z are more likely to come from the overlap of the spectator 

jets than are particles with larger z values. There is good agreement between data 

and the HERWIG predictions as shown in table 7.1. 
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Fragmentation Ratio / / 7ro 

PT > 3.5 Ge V Sample PT > 5.5 Ge V Sample 
x2 Probability x2 Probability 

3.45 0.84 5.73 0.62 
1.23 0.87 1.29 0.86 
2.85 0.58 1.44 0.84 

Fragmentation Ratio A/ A 

PT> 3.5 GeV Sample PT > 5.5 Ge V Sample 
x2 Probability x2 Probability 

3.85 0.43 6.51 0.16 
0.89 0.93 0.86 0.93 

Trigger Particle PT Ratio 

PT > 3.5, 4.5, 5.5, 6.5, 8.5 Sample 
x2 Probability 

4.96 0.42 
2.61 0.85 

Table 7.1: x2 of comparisons of data and HERWIG Generated results. Also shown 
is the probability of getting this x2 or greater. The first three rows are for the 
fragmentation ratios for K~hort's, A's, and A's respectively. The middle two rows 
are the x2 and associated probabilities for comparisons, between HERWIG and data, 
of the A/ A ratios for 7ro and direct photon triggers, respectively. The last two rows 
are for ratios vs. trigger particle PT for K~hort's and A's. A high probability (""" 0.5) 
suggests good agreement between data and HERWIG. 
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