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ABSTRACT 

Experiment 711, conducted at Fermilab. provided a unique handle towards 

understanding valence quark scattering by studying pairs of single. charged, high­

transverse momentum hadrons produced in collisions of 800 GeV /c protons on fixed 

metal targets. The apparatus consisted of a double-arm spectrometer. calorimetrtcally 

triggered. with high momentum resolution and a large angular acceptance for all charge 

states of particle pairs. The experiment was designed to select those hadron pairs that 

carrted most of the momentum and energy of the underlying scattered quarks and gluons. 

The charge of such "leading" hadrons is correlated with the charge of the quark that 

produced it. Quantum Chromodynamics (QCD) assumes that the scattering behavior of 

quarks ts independent of their charge, or "flavour": Experiment 711 could test this 

assumption. 

Tilis dissertation descrtbes the analysis of the mass and angular distributions 

of hadron pair production for three separate charge states: +-, ++and--. The angular 

distributions are found to deviate from theory predictions of flavour symmetry. Also. 

the mass cross sections indicate ratios of positive to negative hard-scattered particles 

that are larger than expected from theory. These results could warrant reconsideration 

of the assumptions and approxiamtions aurrently made in leading-order QCD 

calculations. 
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CHAPTER 1 

INTRODUCTION 

1.1 High-Pt Phenomena and the Structure of Matter 

The study of high transverse momentum phenomena has been the principle 

means of modern physics for investigating the small scale structure of matter. A simple 

example of classical scattering is shown in Figure 1.1. 

pl 

Figure 1.1 
Clas5ical scattering of particle m 1 with charge e1 

against particle m2 with charge e2. 

v 

(1.1.1) 

The impact parameter b, is small in these collisions, so a "high-pt" particle is the 

result of a close-range scatter. This kind of hard scatter indicates the concentrated 

presence of charge, a non-uniform distribution of matter on the scale of the interaction. 

Rutherford. in 1911. was able to infer the localised. compact structure of the nucleus in the 

atom from observing high-pt scattering of charged particles off of a gold foil. The number 

of particles scattered into a given area of solid angle is given by the expression for the 

differential cross section 

1 



2 

da Z2a 2 1 
__ R = --· ----
tJO. 4£2 sin4(8/2) 

(1.1.2) 

where a. is a constant denoting the strength of the electromagnetic interaction related to 

the electric charge, Z Is the number of protons in the gold nucleus. E is the energy of the 

incoming particle and 9 ls the polar angle of its scattering trajectory. 

Charge is a more general concept than the familiar electrostatic charge. It is 

related to the probability of coupling and momentum exchange between "particles", a 

measure of the strength of the interaction. In the 1930's a picture emerged of this 

interaction as comprising an exchange of an intermediate particle that carried the 

momentum transferred. The field is thereby quantised into these exchange particles 

through which all physical interactions are communicated. For the electromagnetic 

interactions, this exchange particle is a virtual photon. "Virtual" here means that the 

photon exists for a very brief time such that energy may not be conserved for the duration 

of the exchange. This license Is a consequence of the quantisation of matter and energy, 

and Is expressed by the Heisenberg uncertainty principle '1E x Llt = 'Ii. where 1i is Plank's 

constant. Loosely, it can be said to describe the "granularity" of nature that quantisation 

introduces. The uncertainty principle can be expressed by another set of "canonical" 

variables (those sets of variables providing complete information of the dynamical 

system), namely L1p x L1x = 'h.. This reflects the same relation of impact parameter to 

transverse momentum described classically above. The interpretation of the Rutherford 

experiment can be seen as an exchange of a high-pt- i.e. short wavelength. photon between 

the incoming particle and the nucleus. This short wavelength photon better defines the 

nucleus than would a photon of longer wavelength Oower Pt). 

More recently, a similar field theory has emerged to describe the forces in the 

nucleus. After several attempts to construct such a theory with the 1t mesons as the 

-

-

-

-

-

-
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exchange "quantum" proved inadequate, there emerged a theory of the baryon structure, 

wherein the nucleons and mesons were themselves composed of smaller particles. or 

"partons". Experiments measuring deep inelastic proton-proton scattertngl 11 found a Pt 

distribution consistent with hard-core constituents in the proton substructure. Figure 1.2 

shows this result compared to Rutherford's findings on the atomic level. Both Pt spectra 

exhibit a similar power law deviation from the exponential dependence at their low end. 

where the structure of the next scale becomes evident (i.e. objects once behaving like 

particles show signs of internal structure). The higher momentum exchange particle . With 

its shorter wavelength. can more effectively illuminate the smaller-scale structure of the 

objects involved in the scatterrtng process. Nucleons. by analogy to the Rutherford atom, 

appear to have dense "nuclei" of "strong" charge. whose structure starts manifesting in 

hadrontc interactions with Pt above l GeV /c. The subnucleon partons experience a short­

range scatter by exchanging a quantum of the nuclear or "strong'' force. analogous to the 

photon. 

KeV Transverse momenrum> GeV/c 

Ffgme 1.2 
Comparison of inelastic scattering at the atomic and nucleon levels. 
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In fact. at very short distances, the behavior of the scattered nucleon constituents can be 

expressed by an analogue to Rutherford's formula 

daR a; 1 
dO. - 4£2 • sin4(8 /2) 

(1.1.3) 

where CXs relates the strength of the nuclear (strong) force. 

There are some complications with this particular field theory. The strong force 

couples to a kind of charge different from that of the electromagnetic force. The strong­

force charge is dubbed colour. and there are three kinds: red, blue and green. These have 

nothing to do with ordinary colour, the terminology just being an analogue to the way all 

real colours are made up of three primary colours. The intermediate exchange particle for 

the strong force is called a gluon, and this differs from the photon in its ability to couple to 

itself (as it also carries a colour charge) as well a.s the pl"h-nary coloured particles. called 

quarks. Another peculiarity of the strong charge is that. unlike its electromagnetic 

counterpart, no colour charge is ever observed directly. nus will be expanded upon in a 

later chapter, but the effect experimentally is that the scattered quark or gluon is violently 

decelerated (the coupling increases. rather than decreases with distance), and radiates 

hadrons. similar to the bremsstrauhlung radiation emitted by accelerated electrons. 

These hadrons form a ']et" of particles in a cone centered around the original parton 

direction. nus jet of particles is what is seen experimentally. Since the partons are 

always found in bound colour-neutral particles, the initial states of the scatter are 

indeterminate as the quarks and gluons carry varying amounts of the hadron's or meson's 

momentum. Figure 1.3 illustrates the smaller scale scatter in a proton-nucleon collision. 

These distributions. as well as the composition of final state jets, have been studied 

extensively in earlier expertmentsl2 113 1141. Several parametrisations have been 

constructed to describe their functional dependence on various physical quantities. It is 

necessary to fold these into any QCD calculation to interpret the distributions of hadronic 

final states in the laboratory, and will be discussed in a later chapter. 

-
-

-
-

-

-

-
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Proton Nucleon 

H1 

Figure 1.3 
Constituent scattering subprocess in nucleon collision 

The first experiments to probe the parton substructure of nucleons from p-p 

colllsions triggered on single high-pt pions (> 1 GeV /c2)151. The true Pt spectrum of these 

events were smeared by the fact that this trigger favoured those pions coming from 

partons whose intrinsic transverse motion in the protons were toward the direction of the 

detector. Later, experiments with "symmetric", or two-armed, detectors were introduced to 

eliminate this "trigger bias". and provtde complete information on final state kinematics 

(see Figure 1.4). 

The jet structure of the final state requires the momentum and energy 

reconstruction of many particles. This introduces analytic difficulties. particularly at 

lower energies where the jets are less collimated, and their composite particles difficult to 

sort out from those of the "spectator jets" from the non-interacting partons. 
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Figure 1.4. 
Blas effects in high-pt production 

Possible bias in direction of trigger in high-pt single hadron production (top) 
No bias 1n symmetric hadron pair production (bottom) 

1.2. Hadron Pair Production 

The complications involved in jet analysis can be avoided by studying those 

events where most of the original scattered parton's momentum is carried by a single 

particle. This provides direct. if approximate, information on the parton interaction final 

state. For the purpose of analysis, the energy and momentum of the leading hadron in a 

selected jet is then taken to be the energy and momentum of the scattered parton. The 

requirement for detection can be reduced to a concentrated deposition of energy in a 

-
-
-
-
-
-

-

-

-

-
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hadron calorimeter. Several experlments have studied high Pt hadron production. These 

include Fennilab experiments lOOA. 300 and 258 done at 200, 300 and 400 GeV/c2, 

respectively, by the Fennilab-Chicago-Princeton collaboration, studying single hadron 

production[6 -81: the CCOR group at the CERN Intersecting Storage Ring (ISRJ studying 

massive 1tO pair production191: the Fennilab E454 collaboration, studying dihadron 

production at 200 and 400 GeV /c2UOI; and Fennilab experiment 605 studying hadronic 

singles and pair production I 111. 

The question arises as to how well the parton kinematics are reflected in a single 

high transverse momentum hadron. Experiments that have selected events on the 

presence of single "high-p{ hadrons have found that these hadrons. on average, carry a 

momentum fraction (z) of over 80% of the of the entire jetl 121. Figure 1.5 shows results 

from the CCOR experiments done at the CERN ISR This holds true for the production of 

single hadrons and hadron pairs. This is a consequence of the steep production cross 

section for jets as function of transverse momentum (pt) (see Figure 1.6). For any given 

high-pt hadron produced, the likelihood for it to have been part of jet of significantly 

higher Pt is small compared to that of a jet of comparable Pt In probabilistic terms. the 

"sample space" of possible jets that a hadron of given Pt can belong to is much more 

heavily populated in the Pt bins nearest to its own value than in bins further down the 

spectrum. Of course, jets with '1eadtng hadrons" of very low z are constantly produced and 

certain of these will have their leading hadron being identified as an event: but bin for bin 

these will contribute little to the overall cross section. 

In narrowing consideration to these leading hadrons or "single particle jets", 

there is also a strong clue to the parton charge. For a certain range of interaction energies. 

the dominant scattering processes are those involving the "valence quarks". the 

fundamental constituents of hadrons. For protons and neutrons these are of 2 types or 

"flavours": up (charge +2/3) and down (charge -1/3). These charges are electric charges. so 

that a proton (uud) has a net electric charge of +land the neutron (udd) has a net charge of 

zero. Neutrino experiments at Fermilab have shown a strong correlation between the 

flavour of quark and the charge of the leading hadron that it "fragments" into - this gets 

stronger as the momentum fraction (z) carried off by the scattered hadron increasesl 131. 
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Continuing with the earlier discussion, a Rutherford-like cross section should be 

expected in the limit of interaction lengths much smaller than the size of the nucleus. In 

fact, such behavior of the "di-jet" distributions have been seen at experiments done on the 

CERN pp machine1 141 (see Figure 1.7). The simplest QCD predictions are that. to lowest 

order, the angular distribution of quark scattering is independent of the charge of the 

quark. None of the experiments mentioned above have looked for possible flavour 

dependence, so, to date, there has been no conftnnation of this fundamental prediction. 

1.3 Fermilab Ezperiment E71 l 

An experiment to study charge dependence of angular distributions would need 

complete kinematic information of the final state of the parton scattering process, and 

this requires a "double-arm" experimental setup: that is, detection and reconstruction 

capability of both forward and backward (centre of mass) fragments from the parton 

scattering subprocess. A trigger requiring signals from 2 high-pt particles also eliminates 

those particles whose transverse momentum arises from the intrinsic transverse motion 

of partons in nucleon, rather than from a genuine sub-nucleon hard scatter. Furthermore. 

we need a detector with large angular acceptance to reconstruct enough of the cos8 

distribution to draw any meaningful conclusions comparing data with QCD predictions. 

Finally, of course, the apparatus should be able to identify the charge of the particle. 

Fennilab Experiment 711 was proposed as an open geometry, fixed target 

experiment which would meet the requirements mentioned above to study the angular 

distribution of charged pairs of high-pt hadrons. "Open geometry'' simply means that the 

experiment has only a fractional geometric acceptance for all possible events. The design 

of E71 l allowed for a cos8 acceptance from -0.6 to 0.6 in the centre of mass frame of the 

beam proton-target nucleon system. Run with a 800 GeV /c proton beam on various nuclear 

targets. E71 l provided a symmetric event signal (or trigger) using energy deposition in 2 

halves of a hadron calorimeter. 

-

-
-
-

-

-
-
-
-

-
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A magnetic spectrometer provided the momentum and charge information. E711 was 

performed 1n the Neutrino East beamline at Fermilab. An engineering run took place 1n 

1985. and the data this dissertation descrtbes were taken from November of 1987 to 

Februacy of 1988. 

This experiment compliments another done at the ISR (CERN} by the CCOR 

collaborattonl151 where the the mass and angular dependence of high-pt xo pairs were 

studied (Figure 1.8). Among recent experiments studying high-pt hadron pairs. E71 l is 

unique 1n its large acceptance for both like-sign, and opposite-sign charge states. At a c.m. 

energy similar to that of the ISR (38. 7 GeV I c2) and a good order of magnitude lower than 

recent CERN pp experiments. it is also a test of the lower energy limits of perturbative 

QCD theory. What follows is a descrtption of the experimental setup and of the analysis 

leading to mass cross sections and cos8 cross sections. Chapter 6 has further discussions 

of QCD pertinent to the results. 

-

-

-

-

-



CHAPTER2 

APPARATUS 

The E711 detector was designed to handle the problems inherent in studying 

"massive" hadron pairs, with the acceptance necessary for acquiring decent angular 

distributions. The steep hadron production cross section with respect to PtJsee Figure 1.5) 

made it necessary for the detector to accept high enough rate of nucleon interaction to 

yield sufficient number of events in the mass range of interest. The "mass" of a hadron 

pair consists of the energy. both kinetic and rest mass. of the pair in its centre-of­

momentum frame. The kinematics of hard scattering sub-processes are identical to those 

of a two-body decay, so a pair of high transverse momentum particles is often referred to 

as a "massive state". The detector had to discriminate the "high mass" pairs from the far 

greater number of lower mass events. and provide accurate charge and momentum 

information 

2.1 Design 

Figures 2.1 and 2.2 show illustrations of the detector looked at from the top and 

side views. The active parts of the apparatus are separated symmetrically above and below 

the proton beam line. A "beam's eye" view of the calorimeter is shown in Figure 2.3. The 

geometry of the calorimeter determined the basic acceptance for particles for the 

experiment. The two calorimeter halves were segmented vertically. and each covered an 

azimuthal range of ± 25.3°. The inner and outer edges of the calorimeter were calculated to 

subtend an angle of 20-100 mr from the target which corresponds to a range of -0.6 to 0.6 

cos6relative to the beamline in the beam-target centre-of-mass frame. 

14 
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17 

----- cos a (c.m.) = -0.6 
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Flgme 2.3 
"Beam's eye" view of E7 l l calorimeter 

From the entrance of the beam into the lab. the apparatus of the experiment 

consisted of beam monitoring devices. metal target. luminosity monitors. two magnets. 

five stations of drift chambers. two planes of hodoscopes. two planes of proprotional tubes 

and a calorimeter. The hodoscopes. proportional tube planes and calorimeter each 

consisted of two identical halves, symmetric about the beamline. With the region around 

the beamline desensitised in all the chambers, protons not interacting with the target 

could pass between the two arms of the detector allowing the the experiment to take a rate 

of 107 to 108 protons/sec. Tilis was necessary to obseive sufficient numbers of high mass 

events. The calorimeter signalled an event when each half detected a high-pt particle 

simultaneously. Particles coming from interactions in the target went through a vertical 

-
-

-
-

-

-
-

-
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magnetic field. The two magnets imparted a net Pt kick of 1.16 GeV I c in the hortzontal 

direction to all charged particles. with the low momentum particles swept out of the 

detector. This horizontal deflection. and the particle trajectory information from the 

chambers. was used later on in the momentum calculation. With much of the particle's 

ortgtnal Pt in the vertical direction. the momentum measurement and the calortmeter 

event selection were effectively decoupled. The targets' small size gave a good 

approximation to the vertex position for tracks upstream of the magnets. obviating the 

need for chambers before the magnets. This overcame a major obstacle to high rate 

capability. and simplified the track reconstruction. 

2.2BeamUm: 

The experiment was run on the NE (Neutrino East) beamline that directed 800 GeV 

protons in 20 second spills to the E71 l target. The protons flux was resolved into "buckets" 

(bunches in time). approximately 2 nanoseconds long at intervals of 18.2 nanoseconds. 

This reflected the RF-drtven acceleration of the Tevatron. The beam was focussed such 

that its transverse profile was roughly Gaussian with a sigma that was typically -0.4mm 

in the horizontal direction. During the 1987 -1988 run the beam flux to the experiment 

averaged 2.5 x 107 protons/sec (5 x 108 protons per spill). 

2.2.1 Beamline Elements 

From the switchyard. the protons were transported to Lab G using a variety of 

magnets. splitters and collimators. Figure 2.4 shows a layout of the NE line into Lab G. The 

devices directly controlled by E71 l were:NEBE (horizontal deflection dipoles): NEBV 

(vertical deflection dipole): NEBQ2 (hortzontally defocussing quadrupole): NECQ 

(horizontally focussing quadrupole): NECH (horizontal deflection dipole): NEEAN 1 and 

NEEAN2 (dipoles). These last were used as analysing magnets for the momentum 

reconstruction of charged particles through the E711 detector. NEBV and NECH were the 

------- - ---- -----------------------
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principle elements used in positioning the beam onto the target. Target scans were 

performed by changing the deflection of NECH such that the beam was swept across the 

target to determine the beam profile and target interception fraction. 

2.2.2 Beam Monitoring and Luminosity 

-
-

To measure the total proton flux into the expenment. an ion chamber (NECIC) was -

positioned at the entrance of the beamline into the experimental area. The number of 

protons interacting with the target was measured with a system of 4 luminosity monitors 

(labelled UW. UE. OW DE) placed symmetrically about the target at 900 to the beamline. 

Each monitor consisted of 3 counters in coincidence, telescoping toward the target. This 

gave 4 independent measurements of the proton-target interaction rate. The output from 

the ion chamber and luminosity monitors were used to calculate the total luminosity, or 

normalisation. for the cross sections. The luminosity calculation, and the calibration of 

luminosity monitors and the ion chamber are discussed in chapter 3. 

2.3Targeta 

The high intensity of beam-target interactions necessary for a sufficient data 

sample precluded the use of chambers upstream of the magnets. Therefore the targets 

needed to be small enough to approximate the scattering vertex. They were mounted on a 

narrow starid whose base was attached to micrometer-adjustable plate for accurate 

placement in the beamline. Positioned edgewise to the beam, the width in x was smaller 

than the beam spot, necessary to define the vertex in the x coordinate, since the magnets 

deflected particles in the horizontal direction. As the y component of a charged particle's 

momentum was uneffected by the magnetic field. the target width in y was not critical. The 

length in z (along the beam) for each target was about 10% of an interaction length for its 

material. This was the compromise to limit possible multiple scatterings while providing 

sufficient interaction rate. Table 1. 2 summarises target characteristics. 

-
-

-
-

-
-
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ll'lgure 2.5 
Target and luminosity monitor setup 

x 
Tamet (cm) 

Be 0.10225 

Al 0.08357 

Fe 0.04892 

w 0.10211 

y z 
(cm) (cm) A. 

2.5 4.066 0.0999 

2.5 3.951 0.1003 

2.5 1.670 0.0997 

2.5 0.956 0.9970 

Table 2.1 
Target characteristics 

#of #of 
Protons Neutrons 

4 5 

13 14 

26 30 

74 110 

-

-
-

-
-

-

-
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Four different metal targets were used during the run: beryllium, aluminum, iron 

and tungsten. Data were taken using the different targets to yield information on the 

possible atomic number dependence of the dihadron production cross sections. That 

analysis is described elsewhere[ 161, and yielded a small dependence on the atomic number: 

Aa., where a was equal to 1.05 ± 0.012 

2.4Magneta 

Immediately downstream of the target. two analysing magnets (Fermilab magnets 

BM109 and 40048) imparted a sideways momentum kick of 1.16 GeV/c to charged 

particles that, together with the drift chambers. constituted the momentum spectrometer 

of the apparatus. The magnet currents were set to 2000 amps and 4500 amps. for a peak 

field of 10 kG and 8 kG In the BM109 and 40048. respectively. The 40048 had dimensions 

2.0 x 2.5 x 3.3m with an aperture of 50.8 x 43.3 x 182.9cm: for the BM109, 2.7 x 2.5 x 3.8m 

and 101.6 x 93. 7 x 122.6. These are labelled NEEANl and NEEAN2 in the beamline 

schematic (see Figure 2.4). 

Measurement of the magnetic field was done using the Fermilab ZIPfRACK 

measuring systeml 171. Three mutually perpendicular coils were mounted on a cart that 

moved on aluminum tracks set parallel to the z direction inside the magnets. With the 

magnets turned on, the cart was moved through the magnets. and the current induced in 

the coils integrated and digitised using an analogue-to-digital converter (ADC). A three­

dimensional grtd of magnetic field values was thereby obtained to within 1 % accuracy. 

Figure 2.6 shows a plot of the magnetic along the z direction produced by interpolating the 

ZIPfRACK data. Another measurement of the magnetic field using a Hall probe was 

consistent with that of the ZIPI'RACK method. 



23 

E-711 Magnetic field Plat Y-campanent 

-
lD 

lcilagauss 

• 
JB• dJ 8M109 

6 = 
1.16Gev/c -

4Gd48 
4 

2 

a .._ ________ =::....i..,__ __ ___. _____ 1~5-6 ____ ...._ ____ 2~3~4----~l~nc--n•-8..::i. ...... 

-

Flgme2.6 
Data from ZIPI"RACK magnetic field measurement 

-



24 

2.5. Drift Chambers 

The drift chambers provided the information on particle tracks that. together 

with the vertex constraint gtven by the small target and the Pt kick of the magnets. were 

used in reconstructing particle momenta. There were five stations of drift chambers, each 

with four anode planes containing sense wires perpendicular to the beam direction. These 

four planes provided information on the particle's position along four different axes: y 

(vertical). x (horizontal), u and v (at 10° and -10° to the x axis respectively). 

The drift chamber stations consisted of these anode (signal) planes as well as 

cathode (high voltage) Wire planes and ground wire planes. These were supported inside 

aluminum frames. sealed with mylar covers on the faces. through which a neutral gas 

mixture was circulated. When a charged particle passed through a chamber. the gas atoms 

were ionised. and the electrons drifted toward the closest sense Wire in each anode plane. 

The high voltage planes provided the electric field necessary to move the electrons along 

toward the sense planes. Near the wire, the increasing ion velocity initiated multiple 

ionisation processes (gas amplification). and a large enough number of electrons gathered 

onto a gtven sense wire to form a detectable signal. Each sense wire had on one end a 

preamplifier circuit that enhanced the signal by - 20 X. This allowed the chambers to be 

run at a lower voltage than would normally be the case, enabling them to withstand the 

high beam intensity. The signals from the preamplifiers were sent on to an 

amplifier/discriminator, and from there to a time-to-digital converter (TDC). The 

interwire position of the charged particle was calculated offline using the TDC 

information. 

The high voltage wires in each drift station chamber were strung horizontally, so 

that a central region in each station could be deadened vertically around the beam. This 

allowed the beam not interacting with the target to pass through the apparatus. allowing 

the experiment a high rate capability. A regton of intermediate voltage was set between the 
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"live" cathode wires and the "dead" cathode wires to cut down the electric field gradients. 

This transition region was typically 200 V lower than the live region. with the "dead" 

region being about the same amount lower than the transition region. More details of the 

chamber voltages and construction are included in Appendix 2. 

2.6 Calorimeter and Boclo9copes 

2.6.1 Design 

The combined system of calorimeter and hodoscope planes provided the double­

armed trigger to the read-out system of a possible event. Figures 2. 7 and 2.8 show detailed 

illustrations of the calorimeter from "beam's eye" view and the side view of the 

calorimeter and hodoscopes. respectively. An event signal. or "trigger". required that a 

high-pt particle be detected in each arm of the apparatus. 

The geometry of the calorimeter is such that most of the transverse momentum of 

a detected particle is in the vertical direction. The calorimeter's vertical segmentation 

into 16 modules enabled its response to be made roughly proportional to Py (- Ptl· The 

response of each module was set to be proportional to the average value of the sin Oy· 

where Oy was the polar angle between the beam line and the line connecting the target and 

the given module. Given that E- p for relativistic particles (in natural units where c is set 

equal to 1), the signal EX .(sin 8y) made a good approximation to Pt. The invariant mass 

of the pair can be approximated by M - Ptl + Pt2 for "symmetric" pairs (those produced 

back-to-back in the proton-nucleon c.m. frame ). so the calorimeter could provide a 

reasonable threshold for massive pairs. 

The hodoscope (hodos:"path" or "road" in Greek) consisted of two planes of 

scintillation counters (labelled HF and HB. front and back). These were segmented in the 

vertical direction with each module's signal amplified by a photomultiplier tube at either 

-

-

-

-
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end. The simultaneous firing of corresponding front and back hodoscope modules 

indicated the path of a charged particle through the detector. Signals from the hodoscopes 

were incorporated into the event trigger to select out those massive pairs in one of three 

charge states:+-,++,--. 

The calorimeter measured the energy of an incident particle by causing the 

particle to disperse its energy, through inelastic nuclear interactions. into a shower of 

lower energy particles. The E71 l calortmeter was constructed from modules composed of 

alternate layers of metal and scintillator for particle showering and detection, the 

standard "sampling calorimeter". Several layers of scintillator tapered into a light guide 

and photomuliplier tube on either end of each module (see Figure 2.9). There were 4 

sections of modules in the longl.tudinal (z) direction in each half of the calortmeter. The 

first section (EM) was an electromagnetic calortmeter and consisted of alternating lead 

and scintillator for a total of 29. 7 radiation lengths. This insured that all photons and 

electrons from the target interactions were completely absorbed. The remaining 3 sections 

(Hl, H2, H3) consisted of iron and scintillator layers, composing the hadronic portion of 

the calorimeter. The majority of hadron showers were contained in these sections. The 4 

sections together gave the each calortmeter half a total of 9.24 nuclear interaction lengths. 

which guaranteed near total energy absorption for hadrons. The quick response of the 

photomultiplier tubes {PMI"sl made for the fast triggering necessary for taking high rates 

of target interaction. 

The position of the corresponding modules in the hodoscopes and calortmeter z 

sections formed a rough projection toward the target. The various combinations of signals 

from these modules that triggered the read-out system are explained in the next chapter. 
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F1gure 2.8 
Side view of the E7 l l calorimeter and hodoscopes 
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Photomultiplier Tube 

Figure 2.9 
Example of an E711 calorimeter module 

-
2.6.2 Calibration 

Before and throughout the data tald.ng run the relative gains of the PMrs were 

adjusted by calibrating on muon energy deposition in the calorimeter. Muons With 

energies between - 0.4 and 4-500 GeV are close to being "minimum ionising ... that ts, they -lose energy by ionisation at an approximately constant rate while traversing the 

calorimeter. Gammas and electrons of comparable energy, in contrast. lose their energy 

rapidly in matter through a cascading shower of interactions. The near uniformity of 

energy loss for muon traversing the calorimeter allows for the relative calibration of 

different length detector elements. Because the difference in the magnitudes of muon and 
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hadron energy deposits were greater than could be accommodated by the range of the 

digitising electronics, the calorimeter PMTs had two gain settings. The high gain was 

turned on for the muon nms ( the setup for muon runs is described. below ). and the lower 

gain for regular data taking. 

The hodoscope PMT voltages were first set to the same high value and then their 

gains adjusted. by a variable resistor in the base so that each module gave the same 

response to single muon passing through. The pulse height was chosen so as to insure that 

it fired the corresponding electronic module in the trigger electronics. 

The calorimeter P:MT's were set by varying the high voltage in the high gain mode 

so that they gave a uniform response to muons. In this manner, the gains of the various 

calorimeter sections in z were set in a ratio of .44: 1 : 1 : 1, reflecting the ratios of the peak 

of the muon energy deposition. The low gains were then adjusted to be proportional to sin 

By of of each module from the target, making the module's response proportional to the 

transverse energy of an incoming hadron. Sin 8y is defined by 

. (} y 
szn ., = ~ y2 + z2 

(2.6.1) 

where y is the vertical position of the module from the beam line and z is its distance down 

the beamline from the target. The ratio of high and low gain for a gtven module is 

High gain C --=------ = --
Low gain sin8., 

(2.6.2) 

The constant C was chosen to gtve an adequate size pulse to the trigger electronics. To set 

the low gains. light-emitting diodes (LEDs) were placed toward the face of each PMT to 

measure test signals and thereby set the ratio. These were set manually by switching from 

high gain to low gain, measuring the response of the LED using a voltmeter. Appendix 1 

describes the absolute calorimeter calibration. 
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2. 7 MUDD Tdgger 

Data for calorimeter calibration and alignment were taken periodically during 

the run With a separate trigger on muons. The trigger setup consisted of three sets of 

scintillation counters in both top and bottom arms of the detector. A muon trigger was 

defined as a three-fold coincidence of these counters in either arm. One set of counters 

were placed between chambers 1 and 2 to insure that the muons passed through the 

sensitive regions of the chambers. Two sets of vertical counters were placed in front and in 

back of two sets of steel absorbers that were in place behind each calorimeter half. The 

length of the counters insured that muons could be detected in the entire vertical span of 

each calorimeter half. 

The trigger required only a single muon in either arm for the purposes of 

calibration. The vertical alignment of the calorimeter modules in the H l, H2 and H3 

longitudinal sections of the calorimeter was done using survey measurements of the front 

modules (EM), and the reconstructed y and z positions of the muon when the electronics 

detected a pulse from the downstream modules. Figure 2.10 illustrates the detector 

configured for triggering on muons. 

-

-
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Module Number EM Hl H2 H3 

1 26.1 20.8 20.1 19.4 

2 18.6 18.0 17.5 16.9 

3 16.3 15.9 15.4 15.0 

4 14.6 14.2 13.9 13.5 

5 13.1 12.8 12.6 12.3 

6 11.7 11.S 11.3 11.0 

7 10.4 10.2 10.0 9.84 

8 9.32 9.16 9.02 8.88 

9 8.45 8.33 7.54 7.44 

10 7.53 7.43 6.97 6.88 

11 6.62 6.54 6.18 6.17 

12 5.91 5.85 5.56 5.51 

13 5.34 5.29 5.05 5.01 

14 4.87 4.83 4.63 4.59 

15 4.47 4.44 4.27 4.24 

16 4.14 4.11 3.96 3.93 

Table 2.2 
Nominal photomultiplier tube gain settings 

---- --- --------------------
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CHAPTERS 

APPARATUS TRIGGERING AND DATAACQIDSITION 

The actual running of the experiment for data collection was an orchestration of 

various detector elements. electronics. readout system and on-line computer 

synchronised With the cycle of proton spills from the Tevatron. This section gives an 

account of all aspects of this amalgamation of activtty. 

3.1 <>rganisatlou 

The Fermilab accelerator delivered 20 seconds of continuous proton beam during 

every one minute spill cycle. Reference signals from the accelerator were received by the 

experiment's control electronics at 6 dUTerent times durtng spill cycle. These were used to 

set the timing for the various operations involved in the data acquisition. In particular. 

the experiment was "enabled" or made data-ready upon receipt of such a signal by the 

control electronics. Scaler resetting and pedestal triggers were also timed in this way. 

These are described more fully below. 

Once the experiment was "live". signals from the detector elements could be 

received by the trigger electronics. Hodoscopes and calorimeter pulses were routed through 

a signal splitting panel. where one set went off to the logic circuits of the electronic trlgger 

and the other set to the data read-out modules. The read-out electronics consisted of all the 

pulse digittsers. or analogue-to-digital converters (ADC's). the chamber drift time 

digitisers, or time-to-digital converters (TDC's). and all scalers (electronic counters). 

34 

-- ------- -----------------------
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Scaled quantities included the sums of all triggers and logic counts. luminosity monitor 

counts and detector and beamltne magnet currents. Signals from the front hodoscopes set 

the event reference time (to ) to the TDC's. The TDC's and ADC's were recorded for each 

event. while the scalers were read only at the end of each spill. 

All the read-out modules were mounted into CAMAC crates, which provtded them 

with power and connection to a "branch highway". or data bus into a PDP-11 computer. A 

controller in each crate received read-out commands and addresses from the PDP and 

transferred data from the modules onto the branch highway. Seven of these crates ran off 

of a single highway. A Jorway branch 'T' allowed data to be sent to both the PDP-11. 

which did the actual data recording to tape, and to a VAX 780 which ran onltne analysts 

and monitoring programs. 

3.2 TrlUer Design and Opemdon 

Several levels and types of trigger were constructed from the hodoscope and 

calorimeter modules. This was made necessary by the specUlc requirements for an event 

described earlier. The response of the calorimeter to an incoming particle was made 

proportional to sin 8y. With Ey - EXsin By - pXsin 8y = Pt- a mass trigger, where M = 
Pu+Pt2• can be formed from the combination (or, in boolean terms, "anding'') of one of 

these signals from each side of the calortmeter. The number of approximations used above 

does not discredit this mass reconstruction, since it ts used primarily as a trigger 

signalling a possible event. All the kinematic reconstruction was done with information 

from the wire chambers, though a certain rough comparison can be made between 

chamber and calorimeter information. However. the steepness of the production cross 

section for massive hadron pairs makes it important that the trigger be efficient for high 

mass pairs without swamping the data sample with low mass events. 

-
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3.2.1 The P trigger Elements 

Setting the calorimeter response proportional to sin 8y required the vertical 

segmentation of all longitudinal (z) calorimeter sections. The resulting longitudinal 

modules are too narrow in the vertical direction to contain a single particle shower, so 

segments large enough to contain a typical hadron shower were formed in the logic 

circuits by combtntng the pulse heights from four adjacent modules in all four calorimeter 

z sections. Pulse heights from both ends of a given module were used so that the response 

would not depend on shower posttion in x due to attenuation of the signal travelling 

through the scintillator. The phototube signals are labelled EME. EMW. HIE. HlW. and so 

on, for each of the 16 modules in both top and bottom calorimeters. The projective 

geometry of the module placement in each longitudinal calorimeter section made it 

possible for the entire energy deposition of a particle from the target to be contained in one 

of these segments. The sum was discriminated so that Pt was greater than 2 GeV /c2. This 

formed the trigger element for a high-pt particle labelled "P". Figure 3.2 shows the 

composition of an entire segment and the corresponding electronics schematic. There 

were twelve such trigger elements from each calorimeter half. overlapping so that the sin 

8y response could be retained. For a given segment 

j+• 

~ = L(EME +EMW +HIE +HIW +H2E +H2W +H3E +H3W)j 
i•j+l 

where j denotes the segment number and i denotes the modules the segment comprises . 

3.2.2 The Q and Q • P Trigger Elements 

The hodoscopes sigI'lalled the presence of a charge particle and set the relative 

time of the event. Pulse heights from either of two vertically adjacent front hodoscope 

modules (HFE and HFW) were discriminated. to insure the presence of a minimum 
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ionising particle. and put into coincidence with an RF pulse from the accelerator. These, 

in tum, were put into coincidence with the discriminated signals from either of two 

vertically adjacent back hodoscope modules (HBE and HBW) to form a charge, or "Q", 

trigger element. 

Qi•i-z = (HFE • HFW)1 + (HBE • HBW)1 OR(HFE • HFW)i+t • (HBE • HBW)i+t 

There were 12 such elements in each arm of the detector. Each Q trigger 

corresponded to a calorimeter P segment trigger, and the charged high-pt trigger element 

Q• P was fanned by their coincidence. Table 3.1 lists the module composition of the trigger 

segments. Figure 3.1 illustrates an example of a P and Q • P trigger element. 

QeP TRIGGER CALORIMETER. HOOOSCOPE 
SEGMENT MODULES ELEMENTS 

1 2-34-5 3-4 

2 34-5-6 4-5 

3 4-5-6-7 5-6 

4 5-6-7-8 6-7 

5 6-7-8-9 7-8 

6 7-8-9-10 8-9 

7 8-9-10-11 9-10 

8 9-10-11-12 10-11 

9 10-11-12-13 11-12 

10 11-12-13-14 12-13 

11 12-13-14-15 13-14 

12 13-14-15-16 14-15 

Table3.l 
Q• P Tligger Segment Composition. 

Modules are numbered from those closest to the beam. 
Each half of the trigger (top and bottom) have the 12 segments Usted 

-

-
-

-
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3.2.3 The Mand Q • P • M Trigger Elements 

The first chapter described how a "symmetric" (two-particle) trigger was necessary 

to remove "trigger bias" from intrinsic parton motion. In fact. there was a good deal of 

asymmetxy in many events because the detector accepted hadron pairs with stgntficant 

net Pt- An asymmetric event would have a larger P signal from one half of the calorimeter 

and a correspondingly smaller P signal from the other than would the same mass event 

with net Pt of zero. The P segment threshold needed to be low enough to accommodate the 

lower apparent Pt of one of the particles 1n these asymmetric pairs. Yet. triggering only on 

pairs of Q • P elements would have admitted a huge number of low mass pairs into the data 

sample. 

To address this dilemma. the "mass" signal M was constructed from a given 

analogue P segment and the sum of all the analogue signals from the opposite calorimeter 

half. The M signal indicated that a given local particle energy deposttton (signalled by the 

P segment trigger) could be part of a possible massive state event, given the entire opposite 

-

side transverse energy deposition (EtJ. Each M signal was discriminated such that Pt+ -

Et(opp was greater than 4 GeV. This reduced the admittance of low mass events Without 

having to Conn and discriminate on 144 (12X 12) individual Q • P pairs triggers. Each mass 

signal was associated with the analogue P signal it comprised. Two different logic signals 

were Conned when the M signal was sent through two different discriminators. This gave 

the experiment two different mass thresholds with the "M" mass logic signals at 6 GeV and 

"MHI" at 8.5 GeV'Ibe trigger element Q • P • M was formed from the coincidence of the M 

logic signal with its corresponding Q • P signal. This ts illustrated in Figure 3.2: 

16 

£.,. = "22(EME + EMW + HlE + HlW + H2E + H2W + H3E + H3W); 

-

-
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Flgure3.2 
Module composition of an M trigger element. 
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3.2.4 Event triggers 

The data run employed three different triggers. These comprised Q •P pairs. Q •P •M 

pairs. and MHI pairs. Each type of pair was constructed from an "OR" of the 12 logtc signals 

from the top half trigger elements in coinc1dence with an "OR' of the 12 logtc signals from 

those of the bottom A logtc signal from an "OR" gate ts positive if any of the incoming 

signals are posittve. Table 3.2 lists the event triggers and their trigger segment 

composition. 

The three triggers represented three different mass thresholds. In order to have an 

adequate sample of high mass events. the two lower triggers Q•P pairs and Q•P•M pairs 

were "prescaled", typically by factors of 128 and 2 respectively. The complete efficiency of 

the Q•P pairs trigger below the high mass thresholds enabled "turn-on" curves to be 

calculatect to determine the efficiency of the event trigger over the mass range above 6 

GeV ;c?-. All MHI triggers, and the selected g • P • M and g • P triggers were sent to a "master 

trigger" circuit which signalled the PDP-11 to begin the data read-out. 

Pairs Trigger Composition 

Q•P OR12(Q • P;),op •OR12(Qi • ~) "°"°"' 

Q•P•M OR12(Q • P; •Mi)""'• OR12(Qi • ~ • M),__ 

MHI 
[OR12(Q • P; • M;)""' •OR12(Qi •Pi• Mi),__] 

•[ORdQ. • P,, •M,) •OR12(Q, •P, •M1),__] top IDGH MASS 

Table3.2 
Event trigger composition 

The 1, j, k. and l lndices refer to segment number, and indicate when the elements 
corresponding to the same segment must be in coincidence. The symbol MOR12" 

indicates a 12 fold boolean OR 

-

-
-

-
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3.3 Data Readout and Transfer 

The operation of the experiment was driven by signals from the accelerator at 

various times during the one minute spill cycle. One signal was sent to the experiment 

several seconds before every spill to initiate the generation of 16 "interrnpts", or signals to 

the computer to read out any data from the electronics. These "null triggers" recorded the 

ADC levels when no phototube signals were coming in. They were then use to calculate 

digital offsets, or "pedestals" later on in the analysts. A later signal enabled the 

experiment. setting a "live gate" for the duration of the beam spill. During that time data 

could be read out upon receipt of a signal from the trigger logic. At the end of the spill. 

another signal triggered readout of scalers and monitoring devices. The scalers were reset 

before the next spill by a fourth signal. The relative times could be adjusted by a module in 

the experiment's control room. 

The PDP-11 ran a single data acquisition program, MULTI[IBI, that read out data 

upon receipt of a NIM level logic signal from the trigger logic. MULTI issued commands to 

the CAMAC system that read out data according to one of two command sequences, and 

wrote the data onto tapes. The two sequences were an "A interrupt". or data event record, 

and a "B interrupt", or spill record. These are outlined below. 

3.3.1 A interrupt 

The data A interrupt sequence was initiated by a signal from the trigger logic 

-

described in the previous section. All ADC and TDC channels, trigger logic signal latches -

and some luminosity scalers were read out by the PDP-11 and recorded to tape. Tilis was 

the sequence for all normal data taking and calibration runs. The pedestal events 

generated before each spill were also read out as A interrupt events. (the pedestal signals 

being sent to the master logic trigger). Table 3.3 lists the electronics and their associated 

physical quantities read out during an A interrupt. 

-
-
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Readout Electronics Readout Information 

LeCroy 2285 ADC Hodoscope and Calorimeter PI'M's 

LeCroy 4290 TDC Wire Chamber Drift Times 

EG&G C124 Latches Q Segment Logic Levels 

EG&G C124 Lalches P Segment Logic Levels 

EG&G C124 Lalches M Segment Logic Levels 

EG&G C124 Latches Q-P Segment Logic Levels 

EG&G C124 Lalches Q• P. M Segment Logic Levels 

EG&G C124 Lalches MHI Segment Logic Levels 

EG&G C124 Lalches Trigger Type levels 

Jorway Scalers Lumonisity Monitors 

Table3.3 
A interrupt list 

3.3.2 B interrupt 

After the spill, an accelerator clock signal prompted MULTI to read out another 

set of digitising electronics. The B interrupt read out comprised scalers recording the 

luminosity monitor counts, the analysing magnets' currents. the settings of various 

beamline elements, and the trigger totals collected over the duration of the spill. Table 3.4 

lists the electronics and their associated quantities read out during a B interrupt. 
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Readout Electronics Readout Infonnation 

Jorway Scalers Beamline And Experiment Magnet Currents 

Jorway Scalers Ion Chamber Counts 

Jorway Scalers Lwnonisity Monitors 

Jorway Scalers Trigger Type Counts, Prescaled 

Jorway Scalers Trigger Type Counts 

Jorway Scalers Q Logic Signal Counts 

Jorway Scalers P Logic Signal Counts 

Jorway Scalers M Logic Signal Counts 

Jorway Scalers Q • P Logic Signal Counts 

Jorway Scalers Q•P•M Logic Signal Counts 

Jorway Scalers MHI Logic Signal Counts 

TABIE3.4 
B intenupt list 

3.4 Online Monitoring 

During a run, the PDP-11 sent approximately 10% of the events recorded through 

a parallel link to the VAX 780, for monitoring and analysis. The EVENT BUILDER( 191 

program received these events and stored them into the VAX 780 memory. another 

program on the VAX. CONSUMER. read the events from memory and performed various 

analyses to monitor detector performance. several display screens and hard copy devices 

were employed for the output display. This was vital to understanding how well the 

apparatus was functioning, and for _spotting malfunctions. Figures 3.4 shows output for 

trigger latches and chambers hits, as examples of the kind of information continuously 

displayed. Also displayed were pulse height information from the calorimeter and 

hodoscope PMT's. An event display showed reconstructed particle trajectories, computed 

online. With this information. voltage levels and discriminators could be corrected and 

any other adjustment made to maintain stable running conditions. 

-

-
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The EPics[20I program. running on a PDP-11 from the beamline operations area. 

read out the settings of all relevant beamline devices. Some of the devices were under 

direct control of the E7 l l experimenters, particularly those magnets used for horizontal 

and vertical target scans. During a run, these were adjusted to maximize the beam 

interception by the target. The beam intensity could be controlled by adjusting the 

aperture of a collimator as necessary to keep rates within the range of the chambers' 

ability to operate (see section 2.2). 
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CHAPTER4 

ANALYSIS 

The process of transforming the data WI1tten onto tapes into physics results is 

multifold. First. it must be decided what variables will be useful and necessary for 

constructing the desired cross sections and distributions. The numbers read off the tapes 

must then be translated into physical quantities: tracks. momenta, energies. trigger sums. 

etc. There must be chosen a set of criteria. readily verifiable, for selecting those events that 

are triggered by genuine high-pt hadron pairs. Out of these. a sample had to be extracted 

that was deemed analysable. Detector acceptance and various efficiencies had to be 

determined, and the systematic errors and backgrounds understood. The purpose of this 

chapter is to describe the procedure used to produce angular distributions and cross 

sections for charged states of massive hadron pairs from the raw data. Results are 

presented in the next chapter. 

4.1 Variahlea Used in This.Analysis 

The phase space of two-particle systems can be completely described by choosing 

siJc variables. As mentioned earlier, the kinematics of hard scattering are exactly those of 

two-body decay. Therefore, the mass of the hadron pair and and three momentum 

components of dthadron system. plus the the two angles defining the directions of the 

hadron scattering in the dthadron c.m. frame constitute a complete set of variables. For 

the purposes of this analysis, it was convenient to define a slightly different set of 

variables describing the motion of the system. so the data are parametrised and binned in 

the following quantities: 

48 
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1. Mass of the hadron pair: 

(4.1.1) 

2 Rapidity of the hadron pair: 

(4.1.2) 

3. Magnitude of the net transverse momentum of the pair: 

(4.1.3) 

4.Polar angle in the dihadron centre-of-mass: 

• • 
cos 8 = Ptz = .i!.J.L.. 

IP1·1 IP2·1. (4.1.4) 

(stars denote quantities in the dihadron c.m.J 

The rapidity can be thought of as a way of expressing the net P z of the massive 

state in a Lorentz-invariant manner. The azimuthal symmetry of the experiment 

suggested using the magnitude of the net Pt of the pair. Since the cross sections and 

distributions are to be plotted as functions of cos 8 and mass. they are naturally included. 

The remaining two variables can be chosen to be: 

5. Average of the azimuthal angle of the dihadron system: 

(4.1. 5) 

-

-

-

-
-
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6. The deviation from dihadron coplanarity : 

(4.1.6) 

The cross sections are independent of both of these variables, and they can be 

integrated over 21t radians in acceptance. 

The definition of cos8 ts problematic. The scattered partons "fragment" into 

hadrons that cany varying fractions (z) of the parton total momentum. The uncertainty 

in the dtff erence between the z's of the leading hadrons renders the cos8 of the parton 

scatter indeterminate from the dthadron cos8 reconstrnction. An approximation often 

usectisl2 11 

(4.1. 7) 

where the primes denote quantities in frame where the net Pz of the hadron pair ts zero. 

The reconstruction of cos8 for the present analysis is discussed in the next chapter. 

4.2 J>eftnidcm of the Croea Sections 

The standard way of describing results from scattering experiments is by 

constructing a cross section. A cross section is an expression of the probability for a 

scattering process to occur, and can be calculated from the parameters of a field theory 

(I.e., coupling constants. definition of the fields. etc.). Experimentally, cross sections are 

constructed using the number of a particular event observed. corrected for apparatus 

acceptances and efficiencies, and the number of total scatterers (in this case beam protons 

and target nucleons). The latter can expressed as the "luminosity" and can be thought of as 

the sample space of all possible interactions available to a given experimental setup, 

integrated over time. 



51 

By dividing the events into bins of one or more kinematic variables. a functional 

dependence of the cross section can be determined. A differential cross section written in 

the variables described above ts expressed as 

dM dY IP,21dP, dcos8 d<l> d(L1<1>) 

The cross section is independent of Cl> and ACI> • and these can integrated out over 21t radians 

in the acceptance. In this analysis two differential cross sections are considered. These are -
be written as 

d
2
a 1 J d

4
a ,lll,IVd B'dP. ---= e WY~U~ I COS 

dMdY L1ML1Y dMdYdcos8dP, ' 
(4.2.1) 

and 

d
3
a 1 J d•a ,111.,zvd .a'dP. -----= • WY~u~, COSu 

dMdYdcos8 L1ML1YL1cos8 dMdYdcos8dP, 1 (4.2.2) 

where A Y. AM and Acos8 are the intervals of integration ranges for rapidity. mass and -
cos8. Needed to calculate these cross sections are the numbers of events for each bin. 

acceptance correction. efficiency corrections and the normalisation Ouminosity). These 

will be described in later sections. with the full expression for the cross-sections made 

explicit. A description of the selection process for events used in the analysis follows in 

section 4.3. -
4.3 Data Reductk>n - Event Samples 

The actual processing was accomplished in several stages. The first pass. -
producing "data summary" tapes (DST's). calculated track trajectories from the drift 

-
-
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chamber data, and included them With the rest of the raw data. The second pass converted 

these data into physical quantities and wrote these onto data summary files (DSF's). From 

these files a sample of events was selected according to criteria for massive hadron pairs. 

4.3. l Track Reconstruction 

The reconstruction of tracks out of chamber hits read out from the TOC's was done 

on at Florida State University on the Cyber 205 and the ETA 10 supercomputersl221. The 

algorithm used the information from the 4 different planes in each of the five stations to 

find and "fit" straight-line tracks downstream of the bending magnets. 

The algorithm for this "trackfttter" ran in a ''vector". as opposed to "scalar" mode. 

That ts, operations normally done sequentially on individual elements of the data were 

done simultaneously on the "vector" formed by the entire set of elements - in this case the 

Ust of all the recorded TDC hits for a given event. For this trackfitter, the planes were 

divided into cells three Wires Wide, and tables computed of all possible combinations of 

these cells that formed a 2-dtmensional track in any of the four views. These were read 

into the program and all 2-dimensional tracks in each view were found by direct 

"masking'' of the hit vector by these tables. A second stage involved matching up these 2-

dimensional tracks to form 3-dtmensional tracks. The corresponding hits of each track 

were fit to a straight line using the position associated With each point from the TDC drill 

time. 

These 3-dimensional candidate tracks were subjected to several requirements 

before being passed on. There had to be at least 15 out of a possible 20 hits associated with 

a gtven track. At least three out of the four views had to have three out of a possible five 

hits with at least two hits in the remaining view. The chi-squared per degree-of-freedom 

calculated from the above straight-line fit needed to be less than 15. Slopes. target plane 

intercepts. plane hit patterns and chi-squares of all fitted tracks that passed these 
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requirements were written onto a data summaiy tape (DS11 along with ADC, scaler and 

latch data for the given event. 

One DST was produced for every raw data tape processed in this way. In addition to 

the track information listed above, data from the "pedestal" and "spill" trtggers were also 

recorded. An event had to have at least one track reconstructed for the event infonnation 

to be written to the DST. False events were removed this way, as well as a number of real 

events due to the chamber inefficiencies. These are discussed later this chapter. 

Target Reduction 

Be 0.52 

Fe 0.61 

Al 0.60 

w 0.41 

Tahle4.1 
DST Production 

Reduction = # DST event/raw events 

4.3.2 Calorimeter Infonnatton 

After the track reconstruction was done on the raw data tapes. the processing 

proceeded on the local area VAX cluster (I.AVC) at FSU. A program read in the "pedestal" 

events. averaged the ADC pedestals and then proceeded to subtract these values from the 

ADC data in the regular data events. Using the calibration constants. the values from the 

-

-

-

-
-

sums of the ADC's of each calorimeter segment (the "P'' trigger elements described in the -

last chapter) were converted into an energy. This information. along with the physical 

quantities and hit patterns from the trackfitter, and the latch information were then 

written onto a data summary file (DSF). Information from the spill events were written 

into a separate B intenupt file. Each of the 338 DSI"s processed produced a separate DSF 

and B interrupt file. 

-
-
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4.3.3 Data Set Selection 

While writing out the track information and module energies, the program 

producing the DSFs also calculated-and plotted all the other physics variables to be used 

in the analysts to determine how well the reduction programs were working and to come 

up With reasonable cuts for the final data set. From these, several requirements were 

adopted for an event to be considered from a real high-pt hadron pair. 

1. Target constraint: The y-z view of the tracking system was not affected by the magnetic 

field, so each track should point back to the target. They intercept (expressed in cm) at the 

target was limited to (see Figure 4.1) 

(4.3.1) 

2. Calorimeter containment: Because of the trapezoidal geometry of the calorimeter. many 

genutne high-pt particles that could be reconstructed by the trackfltter could not have 

been part of the event trigger. The track coordinates at the calorimeter face needed to be 

within the area where its energy shower could be largely contained, and the calorimeter 

nearly 100% efficient for triggering. These "fiducial" volume cuts (fiducta.: Latin for trust) 

were determined from studying tum-on curves at the edges of the calorimeter for the P 

trigger segment associated with a given track. These are shown in Figures 4.5-4.9. For they 

coordinate on the calorimeter face 

-150.0 S YcAL S-40.0 

for the bottom calorimeter half. and 

40.0 s YCAL s 145.0 

for the top half (units in centimeters). 

For the azimuthal angle: 

(4.3.2) 

(4.3.3) 



55 

I~ =arc ~ .. .J~ S.40 .... ,Yc:J (4.3.4) 

3. Momentum: For a track to be part of an event that triggered the detector its y momentum 

component had to be above the hardware P segment threshold. therefore 

P, ~ 2.0 GeV I c (4.3.5) 

A typical P segment tumon cwve is shown in Figure 4.2. 

4. Energy-momentum comparison: Though the calorimeter was designed primarily for 

triggering rather than measuring. its resolution of 0.64/ft was adequate for a rough 

confinnation of the momentum information from the chambers (the callbration of the 

calorimeter is discussed in Appendix 1). Tracks coming from photon conversion before 

the first chamber, accidental showering or simply bad track reconstruction produced 

tracks with apparent infinite momentum. These could be rejected on the basis of a large 

discrepancy between Py and Ey (segment transverse energy). For llE=0.64/.../E and Llp = 

2.6 x io-4E2, the energy-momentum discrepancy was restricted to 

E -p 
1 

JI s 10.0 
(j 

(4.3.6) 

-

-

-

-

-
-

-
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P segment turn-on curve 

• •• ••• • ••••••••• 
•• 

• • 
• • •••• 

• 

trigger threshold 

1.5 2 2.5 3 

Figure 4.2 
Turn-on curve for trtgger segment P latch with 

respect to energy deposited in calorimeter P segment. 

-

-

-

-

-
-

-
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The expression for b.p used E rather than p, since the error in p for a badly flt track 

would be large out of proportion to the real energy deposition. Plots from the uncut data 

showed no comparable discrepancy of tracks with less momentum than energy deposited. 

(see Figure 4.3). 

5. Electron/haciron eneruv ratio: To ensure that an energetic electron entering the 

calorimeter would not simulate a high-pt hadron. a condition was placed on the ratio of 

the energy deposited in the EM section of a P segment (Eeml to the entire segment energy 

(EcaiJ. Since this ratio would be 1.0 for a real electron (all of its energy being completely 

contained in the EM section). the requirement 

(4.3.7) 

was made on the track's energy deposition profile. 

The selection program went through all the tracks for each event. requiring that 

each one pass through cuts# 1 through# 5 to be considered viable. However, the 3-wtre 

width of the chamber cells defined in the trackfinder algorithm introduced hit 

ambiguities that lead to a cluster of duplicate tracks reconstructed about the real track. To 

eliminate the duplicates, the following separation function was defined : 

(4.3.8) 

Xf and Yt being the x and y coordinates for track "t" and "j", and W is the width of the wire 

spacings. Groups of tracks were formed for which R < 3. The track with the the greatest 

number of hits and smallest chi-square was selected, and the others rejected. The track 

multiplicity before and after the track selections are given in Figure 4.4 
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Energy-momentum deviation 
n2SOOO r--~~~~~~~~~~~~~~~~~~---c: 

! 
'024000 .. 
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~20000 
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• • 

• 
cut on (E-p)/O' > -10. 

• 
• 
• 

• 

• 

• 

• 
• 
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E-p/a 

P1gme4.3 
Cut on the deviation between Calorimeter energy 
and momentum reconstructed from Chamber info 

-

-

-



(fl .... 
,.-

Qi 
> 
~ -0 
.... 
~ 
a 
E 
~ 
I: 

\/l 

c: 
.v 
> .v -.J 
'-.v 
a 
c ..... 
~ 

c: 

60 

reconstructed tracks/ event 
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II • 

• g 
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I I I i 

16 20 24 28 
number of tracks 

F1glm: 4.4 
Number of tracks per event (a) before track selection and (b) after selection and 

ellm1nation of dupUcates 

The real tracks having been selected. every pennutation of pairs formed from one 

top and one bottom was considered. and the pair of highest mass chosen. If its mass was 

greater than the mass cut (which. for the analysis described in this dissertation. was 6.5 

GeV /c2). the event was written onto a condensed data summary file (CDSF). Table 4.2 

shows the physical quantities for a CDSF event. 
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Of the 455 data tapes written during the 1987-88 run. - 5% contained runs 

configured for calibration rather than data taking. Low intensity runs were used for 

calibrating the ion chamber. Runs taken with the muon trigger setup (described in section 

2. 7) were used for alignment studies, and for the calorimeter and hodoscope calibration. Of 

the event tapes. many were rejected because of some problem with the apparatus or readout 

system at the time of the run. For the analysis described here 297 tapes were selected for 

the data sample. Table 4.3 summarizes event sample reduction for each target. 

Data word 
(16 bit) 

1 

2 

3 

4 

5 

6 

7 - 38 

39-45 

46-53 

NN-NN+6 

Data List Element 

Run Number 

Event Number 

#Of Tracks (NT) 

Latch Bits Set 

A Interrupt Number 

B Interrupt Associated Spill Number 

Calorimeter Module Energies 
(16 Top and Bottom= 32) 

Track#l Number of Hits 
x-z Target Plane Intercept 
x-z Slope 
y-z Target Plane Intercept 
y-z Slope 

Chamber Plane Hit Pattern 
Nearest Prop Tube Hit 

Track#2 
.......... 

. .......... 
. ......... 

Track#NT ... 

Table 4.2 
CDSF event data list 

-
-
-

-
-
-

-

-
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Target Be Al Fe w 

#ofTapes 75 29 67 126 

#Events on DSF 1.58 ~o 6 o.94 ~o 6 1.80 ~o 6 1.09 >10 6 

# Events on DSF Pairs Trigger o.95 'xio s 0.68 >10 s 1.23 >10 s 0.84 >10 s 

# Events Written CDSF 7848 5289 9534 6992 

Tahle4.3 
Data reduction summary 

4.4 Momentum caJcu1adoD 

The two magnets upstream of the chambers imparted a horizontal Pt kick of 1.16 

GeV I c to any charged particle passing through the length of the combined magnetic fields. 

The fields were measured to be uniform to within 1 %. so the momentum analysis used the 

approximation that the Pt kick came at a single bend plane .at the half-way point in z in 

the magnetic field. The interaction point upstream of the magnet was taken to be the 

central point in x and z of the target. The y coordinate of the interaction could be 

extrapolated from the downstream track as the momentum component in y was 

unaffected by the magnets. The momentum was determined by a "similar triangles" 

construction with the slope and intercept information provided by the trackfitter. and is 

described in Appendix 3. 

The errors in the momentum calculation came primarily from the length of the 

targets in z and the combination of the target width and chamber resolution. These are 

proportional top and p2 respectively, and are Usted in table 4.4. The details of the error 

calculation are also included in appendix 3. It should be noted that at p = 20 GeV /c the p2 

term becomes dominant. and at 200 GeV I c the term in p2 is negligible. 
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Target Calculated Error 

Be tlp = 2. 795 x lOp 2 +5.263x10-3 p 

Fe tlp = 2.689 x lOp 2 +5.118x10-3 p 

Al tlp = 2.542x10/, 2 +2.164x10-3 p 

w tlp = 2. 794x lOp 2 +1.234x10-3 p 

Table4.4 
Calculated target dependant errors 

Two different studies, with the data and With Monte Carlo events. confirmed these 

calculations. One study took the difference in momenta found by two different trackfitters 

for each track in a selected data sample. The Width of this distribution was consistent with 

the calculated results. Another study superimposed Monte Carlo generated tracks onto 

data events, and compared their known momentum values to those the trackfttter had 

reconstructed. The results were also consistent With the above calculated values. 

The difference distributions from these studies were used in a Monte Carlo mass 

resolution calculation. It was found that the resulting corrections to the mass were less 

than 2 % of the mass bin size. and were considered negligible. 

4.5 Acceptance CaJculadon 

The fact that the dihadron centre-of-mass was often quite different from that of 

the beam-target system required an acceptance correction in the varibles M. Y. cos8. and 

Pt· The sensitivity of the acceptance to the rapidity is illustrated in Figure 4.5. The 

acceptance of the detector for the analysis described in this dissertation was calculated 

using a simple geometric Monte Carlo simulation of the E711 detector. With the fiducial 

and Py cuts of the analysis incorporated into the program, the acceptance was calculated 

-

-

-
-
-

-

-
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Figme 4.5 
The geometric acceptance for events wtth pt less than 3.0 GeV and cos9=0.5 

is shown here for a y=-0.2 and y=0.2. The forward going particles in the centre-of-mass 
are towards the inner edge of the calorimeter 
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in bins of the pair variables, M. Y, cos6, and Pr with integration over er> AVE and Acr>. 

The output is in the form of cose - rapidity tables for various values of Mand Pt- For the 

geometric acceptance, these tables were calculated for like- and unlike- sign charge states. 

Since this program also incorporated the dead wire positions. the position-dependent 

efficiency of the detector could also be calculated. wtth a separate calculation for positive 

(+ +) and negative (- - ) JJke-stgn states. 

The Monte Carlo simulation, which ran on the VAX 2610 cluster at the University 

of Michigan. generated back-to-back hadron pair of a given mass, net rapidity and cose 

(in the dtbadron c.m.). er> was generated in a fiat distribution, and Pt was generated 

according to a convolution of a 2-dimensional Gaussian function (for the parton motion 

smearing), and a polynomial function in the scattering plane (for the fragmentation 

smearing). The contribution to Pt by the transverse parton motion in the nucleon 

(hereafter denoted as p~ and the difference in parton momentum fraction (z 1 - z2) 

between the two leading hadrons is expressed as 

(4.5.1) 

The parton transverse momentum PKT is expressed here as components parallel and 

perpendicular to the parton scattering plane. pPART is the magnitude of the parton 

momentum in the parton-parton centre-of-mass frame Figure 4.6 shows the 

corresponding Min plane" and Mout-of-plane" components of the net dihadron Pt from the 

data. 

The pair was boosted from the dtbadron rest frame into the beam-target c.m. 

frame by a vector V constructed from Pz (calculated from the rapidity) and the net Pt 

components defined by cos8 and tfJ. A second boost along the z (beam) direction with f3 

and r calculated from the Fermtlab beam momentum brought the pair into the lab frame 

(Appendix 4 describes the general Lorentz boost for a two-particle system). Sums of 

-

-

-
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particles that would pass through the detector. defined in the Monte Carlo by the fiducial 

cuts. were kept for each bin. These were divided by the number of events generated per bin 

for the acceptance of an event of particular mass. rapidity. Pt and cos8. 

Pt scattering plane decomposition 
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F1gure 4.6 
Components of the net tranverse momentum of the hadron pair (a) parallel to the 

scattering plane (b) perpendicular to the scattering plane. The "out-of-plane" component 
comes principly from .. kt" motion. while the "in plane" component reflects both parton 

motion and differences in the partons' fragmention . 
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The tnverse of this number was used in an event-by-event weighting in the analysis, 

where 

4.6 EftlcJenciee 

1 
K,..cc=--

11 ... cc 

number of events accepted 
11 -

... cc - number of events generated 

(4.5.2) 

(4.5.3) 

After determining what fraction of the events of a given mass. net Pt.9 rapidity and 

cos8 were accepted by the experiment. it was necessary to understand how reliable the 

detector was both in responding to the events that actually went through, and in 

reconstructing their kinematics. There were three types of these efficiencies that had to be 

included in the cross section calculations. These were 1) the "turn-on" efficiency in the 

mass trigger, 2) the global track reconstruction efficiency and 3) the efficiencies from the 

chamber performance which depended on the location in the detector. These are described 

below. 

4.6. l Mass Trigger E.fftciency 

The last chapter described three event triggers based on the mass of the hadron 

pair. The inherent resolution of the hadron calorimeter and the finite shower 

contamment of the trigger segments caused the Q • P • M event bigger to be less than 100% 

reliable for low mass events. To correct for this. a tumon curve with respect to event mass 

was constructed for this event trigger using the Q • P trigger. described in the previous 

chapter. which was 10001& efficient below the Q • P• M threshold. For a given region. or bin, 

of mass. the trigger efficiency is defined as 

(4.6.1) 

-

-

-

-

-
-
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where NgPM is the number of Q • P events that also set a latch for a Q • P • M trigger, and 

Ngp is the total number of Q • P triggers. The data for this analysis was taken with the 

Q• P • M and MHI triggers disabled. This means that the signals from these triggers were 

disconnected from the "A interrupt" coincidence, but all other infonnatlon was recorded. 

1hese Q • P events were required to pass the selection criteria described earlier. Table 4.4 

shows the efficiencies and statistical errors for three bins of mass, two before total "turn-

on". Monte Carlo calculations estimated the systematic error to be 5% for the mass bin 6.5 

GeV/Cl < M< 7.0 GeV/Cl. TheQ • P • M trigger was completely efficient at mass 7.5 GeV/c2 

and above. 

Mass Bin Trigger Efficiency 
(Gev/c2) 

6.5 - 7.0 0.81 ±0.0023 

7.0 - 7.5 0.90 ±o.0013 

>7.5 1.00 

Table 4.5 
Mass trigger efficiency 

4.6.2 Trackji.tter Efficiency 

After completion of the track reconstruction. it was discovered that the efficiency 

for the trackfitter to reconstruct tracks was dependent on the chi-squared requirement set 

inside the program. The chi-squared requirement was then loosened, and the trackfitter 

run on a sample of data. The results were compared with those from the same data passed 

through a different trackfinding algorithm. known to be efficient. With the looser chi-

square requirement. the vectorised algorithm found virtually 100% of the tracks. Rather 

than go through the formidable task of redoing the entire data set. a subset of tapes from 

each target data set was selected and reprocessed (all the aluminum data) with the altered 

trackfitter. These were analysed with the same requirements for events as described 

------------- - -----
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earlier. The ratios of events found by the original trackfttter to the modified version were 

calculated and found to be 0.81 ± 0.013. This was independent of target or trigger type. The 

ratios were then plotted both as a function of mass and as a function of cos8. The 

variation was found to be less than 3% in both cases and within statistical errors, so little 

distortion was introduced to the shape of cos8 or mass cross sections. Table 4.5 gives the 

overall efildencies for both Q • P • M events and Mm events . 

QeP•M Pairs 

MHI Pairs 

Be Fe w 
0.8235 0.8097 0.8280 

±0.0097 ±0.0062 ±0.0099 

0.808 0.806 0.833 
±0.021 ±0.014 ±0.023 

Table 4.8 
Trackfitter efildendes 

4.6.3 Chamber Plane and Dead Wlre Efficiencies. 

W (Early) 

0.805 
±0.012 

0.792 
±0.023 

The third efilciency cOITection concerned the operation of the drift chambers. Due 

to the high rate of interaction during the spill, the probability that any given particle 

registered a hit was less than 100%. The overall efficiency was calculated for of each of the 

20 DC planes using a tracks from a sample of processed events. A given plane was "turned 

otr' in the program, and those tracks that could pass the requirements described earlier 

without that plane's hit being present were collected. The program was then run on those 

tracks with the plane "turned on", and the fraction of those tracks where that plane's hit 

was present was taken to be the plane's efficiency. Various individual wires were rendered 

inactive during the run. These were determined from wire-hit histograms, and a file was 

made of these "dead" wires for each plane. 

The inefficiency from the dead wires cannot be handled globally since the dead 

wires were not uniformly distributed throughout the chambers. This introduced a 

dependence on cos8 as well as other variables. To calculate the efficiency correction, the 

-

-

-

-

-
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acceptance program also incorporated the dead Wire positions into the geometric 

calculation. Tracks that were within a wire spacing of a dead wire's position had that 

particular hit were removed from the track's hit list. A subroutine was called that 

incorporated the plane efficiencies (corrected for the dead wire contribution) into 

calculating the number of hits remaining on average With dead Wires and plane 

efficiencies removing hits. the track was then tested for viability according to the 

requirements for tracks described earlier. For a gtven bin of mass. rapidity and cos8. the 

efficiency was calculated as the number of tracks passing the track requirements out of 

those passing the geometric cuts for that bin. The efficiency correction for the bin was the 

reciprocal of the ratio 

where 

number of viable tracks 
TIEFF = 

number of tracks accepted 

(4. 7.1) 

Tables were created similar to the acceptance tables. with the exception that the 

entries here were averaged over Pt. The efficiency correction, as the acceptance 

correction. was applied to each event. using KEFF from the bin corresponding to the 

event's kinematic variables. 

4. 7 Normalisation 

The normalisation factor expressing the time integrated rate of proton-nucleon 

interaction ts referred to as the "luminosity", and is defined as 

(4.7.1) 

where sigma is the cross section for a particular event and nevt is the number of such 

events that occur. The luminosity, so defined. ts independent of the scattering process. An 
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experiment's luminosity ts determined using a process for which the cross section is 

lalown and is measurable. In the present case, monitors at 90° to the target from the 

beamline measured some fraction of the total target nuclear interactions. The luminosity 

can be expressed as 

where 

L= JN. x N xE.. dz 
- A A 

Ntnc = number protons intercepted by target. 

NA= Avogadro's number 6.022 X 1023 

p = density of target (g/ cm3). 

A=atomic number, 

dz = length of target 

(4.7.2) 

The targets were chosen to be - lOOA> of a nuclear interaction length in the z direction. The 

narrowness in the x (horizontal) direction provided a good vertex constraint. but did not 

entirely contain the beam Width. Typically the beam fraction incident on the target was 

around 900A>, so not only the beam count. but an indication of target interception was 

necessary to determine the total beam-target interaction rate. The expression for the the 

number of protons intercepted by the target at a depth z becomes 

(4.7.3) 

where F xy is the fraction of the beam intercepted by a given target. The exponential tenn 

describes the depletion of the beam as its protons interact With the target nucleons where A. 

is the nuclear interaction length of the target material. 

Each luminosity monitor intercepted some small fraction of the total nuclear 

interactions. Counts on a given luminosity monitor over a 20 second beam spill were be 

parametrised as 

(4. 7.4) 

-

-

-
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N beam was the number protons in the beam per spill. and this could be expressed in terms 

of the ion chamber (NECIC) counts. 

(4.7.5) 

The ion chamber measured the total number of protons in a 20 second beam spill. It was 

calibrated against scintillation counters placed in the beamline with low intensity beam 

(-105 protons/sec). The constant c3 was the ratio of the scintillator counts for each count 

on NECIC. Figure 4.7 shows data from a low intensity run. 

Data from low-intensity run 
400-r-~~~~~~~~~~~~~~~~~~~~~....., 

~300 
0 
u 
u u 200 

~ 

100+-~--~..-~~--......---......---..----......---.~~~ ....... ~~~_, 
0 2000 4000 6000 8000 10000 12000 

A • B counts x 1000 

Flgme4.7 
NECIC beam monitor calibrated against scintillation counters in low intensity run. 

Inverse of slope gtves calibration constant c3 

The individual luminosity monitor calibration constants were determined by a 

"target scan". This was done using the horizontal deflection magnet NECH upstream in the 

beamline that moved the beam in the x direction by a known amount for a given 

increment in its current setting. Figure 4.8 shows the current increments in NECH plotted 

against the horizontal deflection of the beam as measured in wire chamber NEEPWC. The 

ratio of counts on a given luminosity monitor to the output from the beam monitor 

(NECIC) over a 20-second spill was plotted versus the beam centre position in x (from the 
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current settings in NECH). A typical target scan for one of the luminosity monitors is 

presented in Figure 4.9. The target scan data suggested that the beam profile could be 

parametrised. by a Gaussian distribution. This was done using MINUIT to determine the 

constants c 1 and c2 as well as a width and centre for the target scan profile. F xy was then 

detennined using the normalised Gaussian integral 

(4.7.6) 

Tue target width (w) and position lxol are known previous to any particular scan. The 

constant c2 in the equation (4.6.4) was found to be equal to Nmon/Nbeam for each monitor 

when the target was removed, so was independent of target. From the fitted target scan 

data 

0 

Data from NECH calibration run 

1.0 amp increment in NECH= 
0.1 7mm horizontal deflection 

10 NECH 

Flgme4.8 
Calibration of the horizontal deflecting magnet NECH 

(4.7.7) 

20 

-

-
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With cl· c2 and c3 determined, the targeting ratio F xy for any random position of the beam 

relative to the target can be expressed from the data as 

(4.7.8) 

The integrated luminosity for each beam spill was calculated from the each luminosity 

monitor to be 

(4.7.9) 

where Lr is the length. in interaction lengths, of the target (see section 2.3 for exact target 

lengths). 
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Example of a target scan 

NECH 30 

The four individual monitors agreed to within 3%, eliminating any directional 

bias in the interaction count. The statistical errors inherent in using scintillation 
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counters were negligible. The systematic error from the ion chamber calibration was -
estimated to be 2% (the spread from successive calibration runs). The other systematic 

errors came from change in the beam spot shape which altered the value of the luminosity 

constants described above. These were estimated at less than 4% for the beryllium targets. 

and less than 2% for iron. aluminum and tungsten. Table 4. 7 shows the calculated 

luminosities for each target. -
Target Q•P-M MHI Pairs 

Be 1.563x10 13 1.778xl0 13 

Al 5.794x10 12 5.797 xlO 12 

Fe 1.464 xlO 13 1.484x1013 

w 9.339 xlO 12 3.017x10 13 

Tahle4.7 
Total integrated luminosity in barn-1 per nucleon 

-

-
-
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4.8 Background. 

The experiment was designed to trigger on a pair of high-pt hadrons. The 

background from any other interaction With the target was considered neglible. However, 

high-pt pairs could be produced from the target stand and the surrounding air. It was also 

considered possible for single, uncorrelated high-pt hadrons to simulate a correlated 

pair. 

For the latter concern, Q • P • M signals (described in the last chapter) from top half 

of the calorimeter were delayed With respect to those from the bottom, and put into a 

separate coincidence module. The coincidence rate as a function of the delay time was 

recorded during a data-taking run. and was found to be neglible With delay times of more 

than the width of a logic signal (Figure 4.10). This was consistent with a calculation done 

using single hadron production datal 121 in the range of the rapidity and <I> of the E7 l l 

detector. 
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P'Sgme4.10 
Delay curves for pairs trigger 

80 

To determine the pairs production apart from interactions with the targets. runs 

were taken wtth the target removed but the target stand still in place. The analysis was 

conducted exactly as for the target data. Using the luminosity from these runs. a 
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background percentage. nonnalised for each of the targets. was calculated. These are given 

in Table 4.8 

% Events From 
Target Non-target Interactions 

Al 1.4 

Be 2.7 

Fe 1.2 

w 1.0 

Table4.8 
Percentage of background events 

The statistical error on each background calculation is 200.Ai of its value. In constructing 

the cross sections presented in the next chapter. these were used to correct the luminosity 

for each target sample. 

-



CHAPTERS 

MASS AND ANGUIAR DISTRIBUTIONS 

The results of the analysts described in the previous chapter are presented here. 

Mass cross sections for the opposite sign. positive sign and negative sign dihadrons are 

shown for each target data set. Nonnaltsed angular distributions for the+-.++ and -- are 

shown for low mass and high mass data separately. 

The dtfferential cross sections as a function of mass and cosB can be expressed in 

terms of the luminosity. efficiencies and the number of observed events as 

(5.1.l} 

and 

(5.1.2} 

where effiTRIG and effiTRK are the trigger and track efficiencies described earller. and 

N' event is the number of events in a given bin of phase space N event• corrected by the 

detector acceptance Kacc· and detector efficiency Kefff1M • d Y and dcosO are the widths 

of the M. Y and cos8 integrations. 

78 
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5.1.1 Dfiferential cross sections in mass 

For the mass cross section, the widths AM varied as the steepness of the mass 

distribution required bins of higher mass be wider to provide an adequate number of 

entries per bin. The single bin of rapidity had Width AY = 0.3 and was centred around 

Y=O.O. The magnitude of the transverse momentum of the hadron pair Pt was 

restricted to I Pt I of 3 GeV I c or less. The integration in cos8 had the limits of the 

distributions presented 1n this chapter, 0.0 < cos8 < 0.5. With these limits the 

diJferenttal mass cross sections were calculated as 

1 J.M+4M f.0.1.5 13.0 J d
4a = dM dY dP.. cos8 , ~Y&M M-AM -0.1.s o.o T dJ I dMdYdP.. d\cosOI 

Y•O T 

(5.1.3) 

Figures 5.1 and 5.2 show the cuts placed on the raw data Pt and rapidity distributions. 

The mass cross section 1n terms of the physical quantities was calculated as 

(5.1.4) 

where N;,.,.,. L 1eifTRIGand e.ffrR.xMe the same quantities used in 5.1.1 and 5.1.2. 

These were described in the last chapter. The background due to interactions other than 

those from the target was incorporated as a correction to the luminosity for each target 

(see section 4. 7). Two types of triggers were accepted as signalling physics events. These 

were theQ • P• Mand the MHI triggers. whose thresholds were set at 6.0 and 8.5 GeV/c2 

respectively, but whose components were identical. The Q • P • M trigger was prescaled 

(reduced), typically by a factor of 2, from the MHI trigger to allow for a greater sample of 

the relatively rare higher mass events. Running two different triggers compllcated the 

cross section calculation somewhat as data could be considered as coming from two 

different experiments, each with a different effective luminosity. For this analysis, the 

data were separated Into 2 sets. those setting an Mlil trigger, and those setting a Q • P • M 

trigger latch that did not also set an MHI latch (to avoid double counting). The 

-

-
-

-
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luminosities (shown in Table 4.5) were calculated for each trigger separately, then 

applied in equation 5.1.4 to the corresponding data set. The two data sets were added 

together after going through separate analyses. 

The mass differential cross section per nucleon are shown in Figures 5.3 - 5.5. 

The values of each entry are shown in tables 5.1 - 5.4. The curves shown are from a 

Monte Carlo calculation folding in QCD calculations. parton fragmentation and 

structure functions, as well as the phase space restrictions of the analysis. This is 

discussed in chapter 6. The errors shown on the tables and plots are statistical. The 

total systematic error on the mass cross sections was estimated to be 14%. This came 

from the sum of the uncorrelated systematic errors from the luminosity monitor 

calibration (4%). uncertainty in the ion chamber calibration (2%) and the systematic 

uncertainty in the drift chamber efficiency (8%). In addition, the first mass hin (6.5 to 

7 .0 GeV I c2) had a 5% error in the trigger efficiency determination. 

5.1.2 Angular distributions 

The E71 l detector was designed for angular acceptance of -0.6 < cos8 < 0.6 in the 

proton-nucleon c.m.frame (9 being the polar angle With respect to the incoming proton 

direction). Because the reconstructed dihadron centre of mass could vary considerably 

from that of the proton-target system due to fragmentation and initial parton motion 

Within the nucleons, the angular acceptance for dihadron pairs could only be 

reasonably studied in the range 5. < cos8 < .5. The cos8 distribution was calculated as 

{5.1.4) 

The cos8 cross sections were determined in two bins of mass. 6.5 <M < 7.5 and 7.5 < M 

< 15.0. In order to obtain reasonable statistics, data from all four targets were included 

in each plot. Since the shape is of more interest here than the normalisation (which is 

/ 
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already established by the cross sections With respect to mass). the angular 

distributions here Will be normalised to unity at cos8 = 0. 

Figures 5.6 through 5.11 and tables 5.5 through 5.10 present the data for the 

angular distributions for the three charge states of the dihadrons. ++. -- and+-. in a 

higher and lower mass range.The plots also show a parametrisation of QCD 

calculation.Table 5.11 summarises the fits to this parametrisation With the values 

predicted by QCD.The errors presented are statistical. The magnetic field maps 

indicated that the field was uniform to Within a percent. which implied a 1 % error in 

momentum reconstruction. A Monte Carlo calculation determined that the worst error 

in the cos 8 reconstruction . given the largest difference in Pt kick due to field 

inhomogeneity, was no more than 4%. The error from "misbtnning· in the acceptance 

calculation due to error in the mass reconstruction was estimated to be less than 5%. 

Another source of systematic error ts from the determination of the chamber 

efficiencies as a function of angle. This was estimated at around 4% from the largest 

variance in values for the phase space bin efficiency in successive runs of the 

acceptance/ efficiency Monte Carlo. Assuming these are uncorrelated. the total 

systematic error on the angular distributions is estimated to be less than 13%. 

5.1.3 RatiDs of charge states 

Figures 5.12 through 5.14 present ratios of events produced as a function of 

mass. These ratios are # events (++)/#events(--). #events(+-)/#events(++) and #events(+­

)/#events(--). This was a check on the consistency of QCD predictions that is 

independent of luminosity. These are presented for data from each target. The solid 

lines show the data. and the dashed lines give the QCD prediction. 

-

-
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Rapidity distribution from raw data 
!J 900 ...--~~~~~~~~~~~~~~~~~~~~ 
c 

i - 800 
0 
'-
.8 
E 700 
~ c 

200 

100 

0 

cut on y < -.15

1
• .• r cutony > .1S 

•• •• 
• • • 

• 
• • 

• • • 
• • 

• • 
• • • • 
-0~ -0.2!5 0 0.2!5 o~ 1 

rapidity 

Figme 5.1 
Phase space cut in rapidity for final data sample 
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Pt of hadron pair 
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-a 
Mass distributions of 'h+h- pairs 
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Figure 5.3 
Differential mass cross sections for the + - Dihadron charge state. 

Solid line shows QCD calculation. 
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-II 
Mass distributions of h+h+ pairs 
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Figme5.4 
Differential mass cross sections for the + + Dihadron charge state. 

Solid line shows QCD calculation. 
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Mass distributions of h-h- pairs 
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Figure 5.5 
Differential mass cross sections for the -_ - Dihadron charge state. 

Solid line shows QCD calculation. 
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+ - d 2a 
Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c1 barns Gev-1 c1 

6.5-7.0 6.74 5.08±0.11x10-10 

7.0-7.5 7.19 2.65±0.07x 10-10 

7.5-8.5 7.92 1.48±0.08x10-10 

8.5-10.5 9.20 2.81 ± 0.48 x 10-11 -
10.5 -15.0 11.80 1. 87±1. 69x10-12 

+ + d1a 
Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c1 barns Gev-1 c1 

6.5-7.0 6.74 4.51± 0.17x 10-10 

7.0-7.5 7.22 2.34 ± 0.11 x 10-10 

7.5-8.5 7.91 1. 07 ± 0.11 x 10-10 

8.5-10.5 9.13 2.43 ± 0. 62 x 10-11 

10.5 -15.0 11.01 1.52±2.06x10-12 -
- - d 2a 

Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5- 7.0 6.73 1.91± 0.11x10-9 
7.0-7.5 7.25 1.19±0.08x10-9 

7.5-8.5 7.87 5.56 ± 0. 79x10-10 

8.5-10.5 9.14 8. 69 ± 3. 82 x 10-12 

10.5-15.0 11.86 4.36 ± 10.1 x 10-13 -

Table 5.1 
Data for the differential mass cross sections from the beryllium target. 
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+ - d2a 
Mass Range Weighted Mass -

dMdY , 

Gev/c2 Gev/c2 barns Gev-1 c1 

6.5-7.0 6.74 1.03±0.03x10-9 

7.0-7.5 7.24 5.37±0.18x10-10 

7.5-8.5 7.89 2.62±0.19x10-1° 

8.5-10.5 9.31 5.81±1.23x10-11 

10.5 -15.0 11.50 1.59 ± 2. 76 x 10-ll 

+ + d1a 
Mass Range Weighted Mass -

dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5- 7.0 6.75 9. 75±0.43x10-10 

7.0-7.5 7.21 4. 84 ± 0.21 x 10-10 

7.5-8.5 7.81 2.91±0.33x10-1° 

8.5-10.5 9.10 5. 94 ± 1. 77 x 10-11 

10.5-15.0 11.23 3. 71±5.52x 10-11 

- - d1a 
Mass Range Weighted Mass -dMdY 

Gev/c2 Gev/c2 barns Gev-1 c1 

6.5-7.0 6.74 4.48 ± 0.30 x 10-10 

7.0-7.5 7.26 2.36±0.20x10-10 

7.5-8.5 7.92 1.03±0.19x 10-10 

8.5-10.5 8.97 1.85 ± 1. 02 x 10-11 

10.5-15.0 10.50 l25±3.40x10-11 

Table 5.2 
Data for the differential mass cross sections from the aluminum target. 
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-
+ - d2u 

M~Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5-7.0 6.75 7.21±0.15x10-10 

7.0-7.5 7.25 3.66±0.09x 10-10 

7.5-8.5 7.90 1.82 ± 0.10 x 10-10 

8.5-10.5 9.30 3.83±0.61x10-Ll 

10.5-15.0 11.22 257 ± 228 x 10-12 

+ + d 2u 
M~Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5-7.0 6.74 7.52 ± 0.25 x 10-10 

7.0-7.5 7.20 3. 71±0.15x10-10 

7.5-8.5 7.93 1. 71±0.15x10-10 

8.5-10.5 9.24 3.32±0. 79x10-11 

10.5-15.0 11.01 2.66 ± 2. 91x10-12 

-
- - d 2u 

M~Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5-7.0 6. 73 3.26±0.16x10-10 -
7.0-7.5 7.23 1.35 ± 0.89 x 10-10 

7.5-8.5 7.88 7.58 ±0.lOx 10-11 

8.5-10.5 9.20 1.60±0.59x10-11 

10.5-15.0 10.91 8. 70±1.81x 10-12 -

Table 5.3 
Data for the differential mass cross sections from the iron target. 
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+ - , d 2a 
Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5-7.0 6.74 5.31±l.36x10-10 

7.0-7.5 7.26 269±0.08x10-10 

7.5-8.5 7.91 1.40±0.09x10-10 

8.5-10.5 9.10 2.33 ± 0.39 x 10-11 

10.5 -15.0 1143 1.32±1.19x10-12 

+ + d2a 
Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5- 7.0 6.70 4. 74±0.20x10-10 

7.0-7.5 7.25 2. 72± 0.13x10-10 

7.5-8.5 7.92 1.16±0.11x10-10 

8.5-10.5 9.36 2.17 ± 0.55 x 10-11 

10.5 -15.0 10.70 103±124x10-12 

- - d 2a 
Mass Range Weighted Mass dMdY 

Gev/c2 Gev/c2 barns Gev-1 c2 

6.5-7.0 6. 73 2.62 ± 0. 53 x 10-10 

7.0-7.5 7.29 1.30±0.09x10-1° 

7.5-8.5 7.97 4. 75 ± 0. 73 x 10-11 

8.5-10.5 9.00 9. 63 ± 3. 89x10-12 

10.5 -15.0 10.32 2.19± 5.49x 10-13 

Tahle5.4 
Data for the differential mass cross sections from the Tungsten target. 
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Normalised angular dist h+h- 6.5<M<7.5 
c 3.6 ....-----------------~ 
~ I 
.- I 

:! 3.2 
0 ' - . 

···············~···:·······:··· 
i:....._. ..... .-..."'9--e--

1.2 

0.8 

0.4 

0.1 0.2 0.3 

Flgme5.6 

. 
// 

,./~ 
. .4.-

0.4 o~ 

cos.,, 

Plot of normalised cos8distribution for+ - pairs at 6.5<M<7.5 Gev/c2 

Cos 0 Range Cos 0 Normalised To First Bin 

0.00-0.05 1.00±3.21x10-2 

0.05-0.10 i.03 ±3.27 x io-2 

0.10-0.15 1.03 ±3.31x10-2 

0.15-0.20 1.03±3.28x10-2 

0.20-0.25 1.10±3.46x10-2 

0.25-0.30 1.25 ± 3. 73x10-2 

0.30-0.35 1.42± 4.19x10-2 

0.35-0.40 1.91±5.66x10-2 

0.40-0.45 2.13 ± 6. 79x10-2 

0.45-0.50 2.56±9.51x 10-2 

Table 5.5 

Values for normalised cos8 distribution for+ - pairs at 6.5<M<7.5 Gev/c2 

-

-

-
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Normalised angular dist h+h- 7.5<M< 15.0 
c 3.6 
:a -.:! 3.2 
0 -

1.2 

0.8 

0.4 

00 

' 

,.. ... ~ 
.... ····_._ 

·<+ 
~-·················~ 

... !.---····· --.-..._.._ 

0.1 0.2 0.3 

Ftg\U'e 5.7 

0.4 a.~ 

cos.,, 

Plot of normalised cos9distribution for+· pairs at 7.5<M<l5.0 Gev/c2 

Cos e Range Cos e Normalised To First Bin 

0.00-0.05 1.00±4.65x10-1. 

0.05-0.10 1.10 ± 4. 86x10-1. 

0.10-0.15 1.17 ± 5. 03 x 10-i. 

0.15 -0.20 1.04 ± 4. 75x10-1. 

0.20-0.25 1.11±4.91x10-2 

0.25-0.30 1.28±5.27x10-2 

0.30-0.35 150±5.89x10-2 

0.35-0.40 1. 73 ± 6. 71x 10-i. 

0.40-0.45 2.02±1. 90 x io-2 

0.45-0.50 2.87 ± L 24 x 10-1 

Table 5.6 

Values for normalised cos9 distribution for+ - pairs at 7.5<M<l5.0 Gev/c2 
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Normalised angular dist h+h+ 6.5<M<7.5 
c 3.6 r---------------------,. 

'.Q - ' :!. 3.2 : 
2 . 
e 2.a 
0 ' c , 

]2.4 .. 4 
> / 
~ 2 / 

~ 1.6 /.-·{/ + 
~ 

............... , ........ -··· ...• . ........___ 
1.2 

0.8 

0.4 

0.1 0.2 0.3 

Figure 5.8 

0.4 0.5 

cos1' 

Plot of normalised cos8distribution for++ pairs at 6.5<M<7.5 Gev/c2 

Cos 0 Range Cos 0 Normalised To First Bin 

0.00-0.05 1.00±5.43x10-2 

0.05-0.10 0.96± 5.31x 10-2 

0.10-0.15 0. 98±5.43x10-2 

0.15-0.20 1.09 ± 5. 76x10-2 

0.20-0.25 1.06±5.62x10-2 

0.25-0.30 1.37±6.58x10-2 

0.30-0.35 1.53±7.29x10-2 

0.35-0.40 1.54± 7.68x 10-2 

0.40-0.45 2.27±1.14x10-1 

0.45-0.50 2.38±1.40x10-1 

Table 5.7 

Values for normalised cos8 distribution for++ pairs at 6.5<M<7.5 Gev/c2 

-

-
-
-
-
-
-
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Normalised angular dist h+h+ 7.5<M< 15.0 
c J.6 ....------------------...,...., 
:a -:! J.2 
0 -E 
5 2.s 
c 

~ 2.4 

" ~ :2 2 

~ 

. 
/4-

_. /4-
"O 1.6 

1.2 

... ~ 
4' 

-· • . ..• ---···f·····;·· 
0.8 

0.4 

0.1 0.2 O.J 

Flgme 5.9 

0.4 0.5 

cos 1' 

Plot of normalised cos8distrtbution for++ pairs at 7.5<M<l5.0 Gev/c2 

Cos 0 Range Cos a N onnalised To First Bin 

0.00-0.05 LOO± 7.37x10-2 

0.05-0.10 1. 04 ± 7.40 x 10-2 

0.10-0.15 1.04±7.37x10-.1. 

0.15-0.20 1.10 ± 7. 75x10-2 

0.20-0.25 1.09±7.62x10-2 

0.25-0.30 1.41 ± 8. 76x10-2 

0.30-0.35 1.56±9.35x10-2 

0.35-0.40 1.88±1.10x10-1 

0.40-0.45 2.34±1.35x10-1 

0.45-0.50 2. 99±1. 96x10-1 

Table 5.8 

Values for normalised cos8distribution for++ pairs at 7.5<M<l5.0 Gev/c2 
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Normalised angular dist h-h- 6.5<M<7.5 
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Figure 5.10 

Plot of normalised cos8 distribution for - - pairs at 6.5<M<7 .5Gev I c2 

Cos e Range Cos e Normalised To First Bin 

0.00-0.05 1.00 ±8. 77x10-2 

0.05-0.10 1.10±9.02x10-2 

0.10-0.15 1.09±9.llxl0-.1. 

0.15 -0.20 1.32± 1.03x10-1 

0.20-0.25 137±1.05x10-1 

0.25-0.30 1.67± 1.18x10-1 

0.30-0.35 1.65± 1.22x10-1 

0.35-0.40 2.20± 1.52x10-1 

0.40-0.45 2.33± 183x10-1 

0.45-0.50 2.35±2.22x 10-1 

Table 5.9 
Values for normalised cose distribution for - - pairs at 6.5<M<7.5Gev/c2 

-

-

-

-
-

-

-

-
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Normalised angular dist h-h- 7.5<M< 15.0 
c 3.6 
:a -;!!. .3.2 
0 -

1.2 

0.8 

0.4 

0.1 0.2 0.3 

Ffgure 5.11 

0.4 0.5 

cos-6 

Plot of normalised cos8distribution for - - pairs at 7.5<M<l5.0 Gev/c2 

Cos 9 Range Cos e Normalised To First Bin 

0.00-0.05 1.00± 122x10-1 

0.05-0.10 1.17± 1.36x10-1 

0.10-0.15 1. 22± 1.38 x 10-1 

0.15 -0.20 1.25± 1.40x10-1 

0.20-0.25 1.58±1. 60 x 10-1 

0.25-0.30 1.50±1.58x10-1 

0.30-0.35 1.96 ± 184x10-1 

0.35-0.40 2.37±210x10-1 

0.40-0.45 2.76±2.50x10-1 

0.45-0.50 3.14± 3.28x10-1 

Table 5.10 

Values for normalised cos8 distribution for - - pairs at 7.5<M<l5.0 Gev/c2 
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-
-

-
Fit to Jt 1 1 : 2 (1- cos 9). . (1 + cos 8). 

Cose n z2 QCDn Distribution 

+- Low Mass 2.35 4.85 2.80 

+- HighMass 2.38 2.96 2.84 -
++ LowMass 2.28 2.30 2.79 

-++ HighMass 2.58 8.17X 10-l 2.87 

- - Low Mass 2.62 1.92 2.79 -
- - High Mass 2.81 9.80X lO·l 2.85 

-
-
-

Table 5.11 
Cos8 distributions fit to parametrisation in variable 'n'. 

QCD preciction for n shown in far right column 
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CHAPTERS 

QCD CALCUI.ATION 

The data from the previous section are believed to be the final state products 

from gluon and quark interactions, the constituents of protons and neutrons. This 

chapter will discuss the theory involved in obtaining cross sections predicted by 

Quantum Chromodynamics. in particular, the parametrisations used in the program 

that generated the cuives shown With the data. 

6.lQCD 

Quantum Chromodynamics is the theory that describes the interactions of the 

strong force: the force that binds the nucleus and nucleons together through 

interactions with colour charge. The chief dil1lculty in trying to experimentally test the 

theory is the confinement. at long range. of the quarks and gluons into states that are 

colour-neutral. This arises from the fact that the gluon, unlike the photon. carries 

charge and can interact With itself and other gluons. The constant gluon interaction 

results in a "colour tube" of constant energy per unit length as any two colour-charged 

particles are separated. This manifests as a potential V - R Photons. by contrast. have 

no such hindrance to their propagation. which is reflected in the 1 /R long-range form of 

the electromagnetic potential. This is sometimes referred to as "infrared slavery". A 

scattered quark or gluon manifests itself as hadrons when the potential energy of the 

separation is large enough to create a quark-antiquark pair, each of which "dresses" a 

scattered parton into a colour-neutral particle. 

101 
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This "fragmentation" of the scattered parton into hadrons. and their 

arrangement inside the nucleon. are too complicated to be calculated directly. QCD can 

only make predictions in the regime where the coupling constant. <ls· is small enough to 

use perturbation techniques. Information concerning the initial states in the nucleon 

and the final states fragmenting into hadrons come solely from experimental 

observation. So. the hadron pair production in the lab is a convolution of the QCD 

parton interactions. parton distribution in the nucleus. and the transformation of the 

scattered parton into the jets with leading hadrons. This is pictured schematically in 

Ftgure6.l. 

A 

B 

Figure 6.1 
Schematic of hadron interaction 

6.1.1 Distribution and Fragmentation Functions 

The parton composition of nucleons is described by structure functions. These 

are parametrisations of results of deep inelastic lepton-hadron scattering 

experimentsl231. and are expressed as functions of the fractional momentum of the 

parent hadron, x. They are Ga/ A{x) and Gb/B(x) in the diagram below. and express the 

probability of hadron A{B) producing a parton a(b) with fractional momentum x 
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between x and dx. Analogously, the final state parton "decomposition" into hadrons is 

described by "fragmentation" functions. These are parametrisations of results from 

e+e- annihilation expertmentsl241. and are expressed as functions of the fractional 

momentum of the parent parton, z. These are denoted by Dhl/cCzJ and Dh2 /d(z) in 

Figure 6.1. and express the probability that parton c(d) fragments into a hadron hl(h2) 

with fractional momentum z between z and dz 

da 
The actual QCD cross sections. denoted by di are computed from lowest-order 

Feynman diagrams. shown in Figure 6.2. All the lowest order processes can be 

expressed in the following way 

daca,b~c.d> - 1 jM 12 
dt - l6trS2 (o.b~c,d) 

(6.1.1) 

where Mis the scattertng matrix element of the parton subprocesses. and s is the 

square of the center-of-mass energy. The coupling constant for the strong interactions. 

a 9 , describes the strength of the interaction at each vertex: for the diagrams in Figure 

6.2. There are two vertices for each of the lowest-order diagrams. so the matrix element 

M0.b~c.11 can be expressed as 

(6.1.2J 

so that the lowest order subprocesses are given by 

dao,b~c.d - a; -IAi 12 
dt - S2 1 •1 o.b~c.d • (6.1.3) 

A 

The explicit expressions for M,,,b~c.ll for all the lowest-order QCD diagrams are given in 

Tabled 6.1, expressed terms of the Mandelstam variables described in the next section. 

6.1.2 QCD coupUng constant 

At close range (i.e .. high energy, or momentum transfer) the value of the couping 

constant a.s- becomes smaller. This is a result of an inverse screening process that takes 

-
-
-
-
-
-

-

-
-
-
-

-
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FlglDe 6.2 

Feynman Diagrams for lowest order QCD processes 

place around the "bare" colour charge. A bare electron charge will polartse the vacuum 

such that the spontaneous e+ e- pairs will align with the positive charges closer to the 

electron. screening its true charge. Analogously. a bare colour charge induces q+q-

pairs. However. gluon pairs, which spread out the effective colour of the quark are also 

produced. The additional diagrams are enough to reverse the screening effect of the 

q+q- pairs. The closer the scatter. the less effective charge is seen. and the coupling 
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Mconstanr. which depends on the charge, is lower. This is referred to as Masymptotic 

freedom": at very close range the quarks and gluons. behave as quasi-free particles. 

whose interactions can then be calculated perturbatlvely. The high-pt hadron pairs 

observed in E7 l l are the final states of such close-range interactions. 

e-

- R 
R ... ~···•, R R( .. R .,,)R 

\ .... 

~'···1r_...·R. 

F1GURE6.3 
Screening of electromagnetic charge Oeftl compared with strong charge (right). 

The gluon self-coupling enhances colour charge. 

So the coupling Mconstanr ts actually a function of the nearness of the 

interaction. and. by tmpltcaUon, the energy or momentum transferred. This is 

characterised by the quantity g2. with units of energy squared. Its definition is 

somewhat ambiguous. because of the diversity of the parton subprocesses that 

contribute to the cross sections. One definition found to agree well with CCOR[251 data is 

to set Q2=pt_2. the momentum transfer squared of the interaction. This was chosen for 

calculations shown with the cross sections of the last chapter. 

-
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As in the case with Quantum Electrodynamics (QED). the exchange gluon in 

strong interactions will also spontaneously transform into a q+q- pair. These higher 

order (loop) terms are handled by a redefinition of the coupling constant as: 

a (l"\2)- 12n- + O(ln2(Q2 I A2)) 
I ~ - bln(Q2 I A2 ) 

(6.1. 4) 

where b = (33-2nj ·"I equals the number of quark flavours.The above expression for 

a 9 is a result of renormalisation of single loop diagrams, analogous to a similar 

expression in QED. "Renormalisation~ is actually a reparametrisation of the integrals 

involved in calculating the matrix elements containing these loop singularities. The 

parameter A ls a scale factor and ls a relic of renormallsation. The value for A is set at -

800 MeV. determined from fits to structure function datal261. For interactions where Pt 

fs greater than 1 GeV /c. CXs becomes small enough for perturbation techniques to become 

applicable. 

1- + ... 

Flgme6.4 
Redefinition of the strong coupling constant to include loops diagrams 

Perturbative QCD does not directly address the definition of the fragmentation 

or structure functions. but does describe their evolution with Q2· The perturbative 

couplings of quarks to gluons. and gluons to gluons at a particular scale (Q2 of the 

interaction) serve to specify how a parton of a certain scale Q2 "fragments" into partons 

of scale Q5<Q2. In analogy to the fragmentation described above, a distribution 

function can be defined describing the number of partons of type p and scale Q5 in a jet 

initiated by parton of type q and scale Q2 

dNp= Dp/qlz. g2, Q5)dl. (6.1.5) 
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Perturbative QCD can determine how Dp/q evolves with changing g2 as long as both g2 

and Q5 are large enough to justify a perturbative analysis. The integral-differential 

equation containing this QCD information at lowest non-trivial order in perturbation 

theory is identical to the Altarellt-Parisi equation describing distribution functions 

within hadrons. Both equations are driven by the same type of collinear singularities 

(radiated gluon being collinear with its parton '1eg"). 

The discussion of these evolution equations. and the renonnalisation of the 

integrals necessary to handle the stngularities in QCD calculations is beyond the scope 

of this chapter. More detailed discussion can be found in reference l271. The point here ts 

that the structure and fragmentation functions become functions of the scale factor g2; 

D(z) and G(x) become D(z.Q2) and G(x,Q2). In this manner. the hillher order 

corrections to the lowest order QCD cross sections can be effectively absorbed into 

scale-dependent expressions for these functions. The hadrontc cross section then 

comprises a convolution of the Q2 dependent structure and fragmentation functions 

with the lowest order QCD subprocesses. For the calculations in this dissertation. the 

"leading log'' approximation was used. This amounts to including all higher order terms 

in the calculations ( CJ.s2, CJ.s3. etc. ), but retaining only those terms of the form a.9 n+2 

In"(g2). Only the first tenn in the expression of the coupling constant C1.s is retained. At 

the leading-log level the scale factor g2 of the structure and fragmentation functions. 

and the g2 in the expression for the coupling constant are formally equivalent, and are 

merged in the calculation. 

6.2 calcuJations 

6.2.l Parton kinematics 

The explicit calculations are in terms of the nucleon momentum fractions Xa 

-
-
-
-
-

-
-
-
-

-
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and Xb, the parton momentum fractions . .za and Zb and the Mandelstam variables. 

For initial state hadron four-vectors Pa and Pb· and final state hadron four vectors Pc 

and Pd· the Mandelstam variables are defined to be: 

s =x,.xbs, 

t =-xbp, ..fieh, 

u =-x,.p, ..fie--yz. (6.2.1) 

In the frame of a highly energetic hadron. the constituents can be considered to be 

travelling in the same direction, with little transverse momentum. In addition, the 

internal state of the constituents will have a lifetime which ts lengthened by 

relattvistic time dilation. The time of the actual hadron-hadron interaction is assumed 

relatively short compared to the lifetime of the initial state of the constituents, so for 

the duration of the interaction the particles can be considered "quasi-free". In this 

scheme, L.~e rr.asses of colliding hadrons and partons are ignored, as ts the transverse 

momenta of the partons in the initial state hadrons. The Pt of each of the collldtng 

constituents is approximated as equal and opposite. With these assumptions a set of 

Mandelstam variables can be defined at the parton level: 

s= x .. xbs, 

i=-xp rseh b 1 Vl'< , (6.2.2) 

where y ts the rapidity of the recoiling parton. For this "impulse" approximation. any 

interaction taking place among the "spectator" (non-colliding) partons. or between the 

scattered and spectator parton is ignored. Thus. the interference terms normally 

associated with the quantum-mechanical squaring of amplitudes are not considered 1n 

the hard-scattering model. and the cross section for hadrontc processes can be 

expressed essentially as a product of probabilities: 

d3U(A.,s .... c,tHX) = J dz1DctH1(Z1)DdtH2(Z2) L G.,,A.(x.,)G,,18 (x,,) du<";fi .... c,d). 

a,b,c,d 

(6.2.3) 
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6.2.2 Dihadron cross section 

E711 triggered on single hadrons rather than jets, so a formalism must be 

introduced here specific to dihadron cross sections. The fragmentation functions are 

now labelled DH1 I c and DH2/d• the probability of a hadron H 1 (H2) produced from parton 

c(d) with momentum fraction z between z and z+dz. Then, the calculations are 

earned out using the first order scattering subprocesses, absorbing the g2 dependence 

into the structure and fragmentation functions. These are now expressed as functions of 

g2.The quantities M, Yanda denote invariant mass. rapidity and net transverse 

motion of the dihadron system. In the approximation that parton-kt effects are 

ignored, the following relations are derived 

M
2 = Z1Z2M~., 

L1 = Pr(Z1 - Z2) 

Y=Ydii.,-/{~M
2
+L1

2
J-[ &1+cos9 + &l-cos9] 

M vz; 2 v-;; 2 

(6.2.4) 

where z1 and ~ are the momentum fractions of hadrons 1 and 2. Pt is the transverse 

momentum of the jet producing the leading hadron, and Mdljet and Ydljet are the 

invariant mass and rapidity of the dijet system producing the hadron pair. All the 

above quantities can be used to express the cross section in terms of M, Y. a and cos e 

(the parton-parton centre-of-mass scattering angle) as 

dYdMd&icos9 

= M2 J dz1Dc1H1(Z17Q2)D"1H2(Z2,Q2) 2 L GtJJ/A(xtJJ,Q2)G,,,s(x,,,Q2) daca,b~.....,·"' 
2s zl! (z1 + Z2 ) OJ.b.c.d dt 

(6.2.5) 

111is calculation of the cross section was used to generate the curves shown with 

-

-
-
-
-

-
-

-
-
-
-
-

-
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the data presented in the last section. The atomic number dependence is assumed to be 

linear (i.e. a. ts equal to 1). The fragmentation functions used are described in ref. 1281 

and the structure "set one" functions are from ref. 1291. The value of g2 in these 

calculations was set to Pt2. Calculations using this definition of the g2 agreed well 
, 

with the data from the Cern-Columbia-Oxford-Rockefeller (CCOR) experiments. 

The relattve contribution of the subprocesses varied with the mass and charge 

state in the QCD calculation. Table 6.2 gives percentages from each type of lowest-order 

diagram for the three charge states at three different masses. These percentages reflect 

the characteristics of the parton structure functions. In particular, the gluon 

distribution falls more rapidly with x than that of the quarks, so at higher masses the 

diagrams involving gluons contribute less to the overall cross section. The relative 

contribution of the quark flavours also vary in the QCD calculation, which leads to 

varying ratios of different hadrons. In the E711 data. the dihadron events were 

composed largely of ptons. For masses above 7 GeV I c2. the x:K: p was calculated to be 

approximately 8:3: 1. 
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Subprocess Cross Section -
qq' ~ qq' 

4 s2 +u2 

9 t2 

qq~qq 
~( s2 +u2 + s2 +t2 J-l.. s2 
9 t2 u2 27 tu 

-
-

<fl!~ q7/' 
4t2+u2 
- s2 9 -

q7[ ~<Ill ~(s2+u2 +t2+u2J_l_u2 
9 t

2 s2 27 st 

gq~gq -- -+- + 4(s ") s
2

+u
2 

9 u s t
2 

-
qq~gg 32(! +!) 8 t 2 + u2 

27 u t 3 s2 

-
gg~qq .!. ( ! +! )-1 t 2 + u2 

6 u t 8 s2 -
gg~gg 

.2( 3 _ _!!!_SU _.E_) 
2 s2 ,2 u2 -

-

Table 8.1 

Cross sections for the lowest order QCD subprocesses 

-
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Mass qq~qq q7j ~ qq q7j ~ gg gg~qq gq~gq gg~gg 

5 GeV (++) 20 4 <1 2 50 24 

lOGeV (++) 62 4 <1 <1 31 3 

15 GeV (++) 89 2 <1 <1 9 <1 

5 GeV (+-) 17 4 <1 4 49 26 

lOGeV(+-) 57 4 <1 3 32 4 

15 GeV (+-) 86 2 <1 <1 11 <1 

5GeV(- -) 14 4 <1 2 49 31 

lOGeV (- -) 50 4 <1 2 38 6 

15GeV(- -) 81 3 <1 <1 15 <1 

Table 6.2 

Relative contributions of lowest order subprocesses 

6.2.3 Angular Distributions. 

The Mandelstaam parameters i and u have very simple expressions involving 

cos8: 

A s 
t =-(1-cosO) 

2 
A 

A s (} u=-(l+cos ) 
2 

(6.2.6) 

The simpliest lowest-order diagram.q;q; ~ Q;Q;(scattering of dissimilar quarks) gives the 

Rutherford formula presented 1n chapter 1. The presence of other scattering subprocesses 

"'2 "'2 complicates this expression. but the dominant processes are those with either u or t 1n 

the denominator. With the assumption of non-interference of the lowest order processes. 

the QCD predictions can be parametrised by 
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I [ I I ] 
2 . (I - cos 8)" + (I +cos 8)" 

Table 5.11 shows the results from fitting the data to this parametrisation against the 

predictions from QCD calculations. An interesting observation is that the data show a 

difference. in particular. of the shape of the distribution between the like-sign and 

opposite-sign angular distributions. nus could be an indicbnent of any of a number of 

assumptions made above. yet the like-sign distributions seem to agree with QCD 

predictions within the systematic and statistical errors. 

-

-
-
-

-

-
-

-
-

-
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CONCLUSION 

The analysts described in this dissertation studied two predictions of the current 

theory of the strong interactions. or Quantum Chromodynamics: the mass and angular 

distributions for dihadron production. E7 l l was unique in its wide angular acceptance for 

all three states of charged dihadron production: +-. ++, and -- pairs. 

The mass distributions were calculated for the region of phase space where the 

angular (cos 8) distributions were to be studied. This was to check the validity of QCD 

"leading log" calculations for overall normalisation. The data plots were shown to fall 

close to the QCD prediction for the opposite-sign(+-) and negative like-sign(--) pairs, given 

the statistical and systematic errors, but with consistently higher-than-predicted cross 

sections for the positive like-sign (++)pairs. Moreover. the ratio of positive (++) pairs over 

negative(--) pairs produced plotted against mass was consistently higher. as much as a 

factor of two, than the QCD calculations predicted. This was found to be true for data from 

all targets. The+-/-- ratios did not show such a large discrepancy, suggesting that this may 

not be a result of misunderstood acceptance for negatively charged tracks. 

The cos 8 cross sections were then constructed. normalised to their value at cos 8 

= 0.0. These were obtained separately for the three different charge states. and separated 

into mass bins of M > 7.5 GeV/c2 and 6.5 < M < 7.5 GeV/c2 for each state.The cos 8 

distributions for M > 7 .5 were found to be consistent, within errors, with the 

parametrisation of QCD results only in the -- charge state. The opposite-sign, and positive 

like-sign angular distributions appeared flatter than the negative like-sign distributions. 

114 
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In all cases. the distributions for M <7 .5 GeV I c2 produced a worse fit to the 

parametrisations, most likely a reflection of the indeterminacy introduced by accepting 

hadron pairs of net Pt up to 3.0 GeV /c. The cos 8reconstruction is less distorted at higher 

mass by the Pt of the pair. 

In summary, results from Experiment 711 has shown deviations from the QCD 

predictions for the mass and angular dependence of dihadron production that are 

dependent on the charge state of the hadron pa.tr. These may reflect the limitations of the 

assumptions made tn the QCD calculations, particularly in disregarding interference 

terms that would give rise to differences in distributions for the different quark flavours. 

There could also be nuclear effects distorting the distribution functions that are not yet 

understood. This analysts has raised some intriguing questions concerning flavour 

dependence in the strong interactions that, given the limited statistics and inherent 

senstttvtty of the analysts to detector inefficiencies, cannot be resolved definitively in one 

experiment. Other experiments at higher luminosity, particularly tf pion beams are 

available, will be needed to compare with the results presented here, and should be done as 

flavour-independence remains a largely unconfirmed assumption of QCD. 

-
-

-

-
-
-

-
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APPENDIX 1 

ENERGY CALIBRATION 

For triggering purposes, the absolute calibration of the calorimeter needed to be 

determined - that is. the amount of energy deposition in MeV represented by a count on an 

ADC - in order to correctly set discriminator threshold levels in the trigger electronics. A 

calibration run was made In May 1985 where both halves of the calorimeter were 

illuminated by a pion beam of fixed energy steered vertically by a dipole magnet. The 

experiment was run in the muon trigger mode described h"'l section 2. 7. but without the 

chamber muon counters in the coincidence, allowing illumination of the entire height of 

the calorimeter face. 

In principle, the energy of a particle deposited in the calorimeter can be expressed 

as 

(Al. l) 

" 

where n is the number of PMT's carrying a signal. Pn is the pulse height in ADC counts. 

and Cn is the calibration constant for the nth PMI'. The Cn's need to be detennined. 

The relative calibration of the 4 longitudinal (z) sections ( EM. H 1, H2. H3 ) in 

each calorimeter was established using data from dedicated muon runs, with the relative 

calibration of the 16 vertical modules within each longitudinal section obtained by 

adjusting the high/low gain ratios on each phototube in response to LED pulses (see 

section 2.6). These reduced the number of absolute calibration constants to those of the 
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total logl.tudinal sections. or 

E= LCA:L~iA: (Al.2) 
A: i,j 

-
where P is the pulse height in each z section (scaled by the corresponding muon peak from 

the hardware calibration). The subscripts 1 denote east and west PMrs, j the PMT's in the -

vertical direction. and k the longitudinal sections. The calibration constants Ck were 

determined by m1nimistng the chi-squared 

With respect to each Ck. The error on the kth term. ak is defined as 

O'A:
2 =dE!_ +dE~ 

(Al.3) 

(Al .4) 

One run was dedicated to estimating the systematic errors. Since dEbeam was 

known. the energy resolution was determined from 

(Al.5) 

where Eis the average beam energy. dEcatfE can be expressed as const/.fE. This is a 

consequence of assuming that the calorimeter response is homogeneous and isotropicl30l. 

From the calibration data the calorimeter resolution was found to be . 64 I .fE. Figure Al .1 

-
-
-
-
-

-
-
-

shows the calculated total energy in the calorimeter, determined by minimising the x2 -

mentioned above. Table Al.l lists the relative calibrations for each z section. The errors 

-listed are statistical. The systematic errors. estimated from the difference between 

calibration constants of two separate runs, were 5%, 2%, 9% and 19% for each of the Ck's, 

respectively. 

-
-
-
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FtgureAl.l 
Total energy deposited in calorimeter. calculated from calibration constants 

zmodule Calibration Constant 
c 

EM 0.446±0.002 

Hl 0.930±0.004 

H2 0.855±0.009 

H3 0.923 ±0.030 

TahleAl.l 
The caUbratlon of each longitudinal section relative to the sum of all 

PMf pulse heights. scaled to their corresponding muon peaks 
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APPENDIX2 

CHAMBER CONSTRUCTION 

The 5 multi-wire drift proportional chambers (MWPC's) were stationed in front of 

the the calorimeter and hodoscopes. Each station was constructed from several planes of 

Wires. stacked parallel to one another. The Wire spacings varied from chamber to 

chamber, and were chosen such that corresponding sense wires in each chamber projected 

back to the target. 

The sense Wire planes were the anode planes and each chamber contained 4. 

corresponding to the 2-dimenstonal views described in chapter 2: X.Y.U and V. Cathode 

planes produced the electric field perpendicular to the planes that accelerated electrons 

from the ionised gas toward the anodes. Grounding planes were also included to shield the 

anode wires from external noise. Labelling the ground. cathode and anode planes as G. C 

and (X.Y.U.V). the construction for each plane starting upstream towards the calorimeter 

was: 

Chambersland2: GCUCXCG (space) GCVCYG 

Chambers5, 3and4: GCUCVCXCYCG 

The largest chambers (3 and 4) also included field Wires placed between the sense wires in 

the anode plane. These were considered necessary to maintain uniform field strength and 

drift velocity for the larger wire spacings. The placement downstream of the magnets at 

5.39. 6.75. 8.23. 11.18 and 14.86 m for DCl, DC2. DC3. DC4 and DCS. respecttvely, and their 

Wire spacings formed a projective geometry With the target to simplify the track 

reconstruction. 

-
-

-

-

-
-
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The sense wires were gold-plated tungsten, and all others were silver- plated 

beryllium-copper. The gas used during the '87-'88 run was mixture of argon with 17% 

carbon diox1de and 0.4% freon in chambers I. 2. and 5. and a 50% argon - 50% ethane 

mixture bubbled through ethyl alcohol at o0 c for the larger chambers 3 and 4. Tables 

A2. l-A2.5 list the specifications for wire spacing, voltages, wire diameters. number of 

sense wires in each plane, and the dimensions of the active regions of the chambers. 

Clamber 

DCl-U,V, X,Y 

DC2-U,V,X,Y 

DC3-U,V 

DC3-X,Y 

DC4-U,V 

DC4-X,Y 

DCS-U,V,X,Y 

Sense Cadxxle 
Wires Wires 
(mm) (mm) 

2.03 1.0 

2.53 1.0 

4.11 2.0 

4.17 2.0 

5.47 2.0 

5.56 2.0 

3.05 2.0 

TableA2.l 
Chamber wire spacing 

Live 
Qlamber Cathodes 

Del 

DC2 

DC3 

DC4 

DCS 

(kV) 

-3.05 

-3.30 

-2.40 

-2.30 

-3.65 

TableA2.2 
Chamber wire voltages 

Field Ground 
Wires Wires 
(mm) (mm) 

--- 2.0 

--- 2.0 

4.11 2.0 

4.17 2.0 

5.47 2.0 

5.56 2.0 

--- 2.0 

Field 
Wires 
(kV) 

---
---

-1.40 

-1.45 

---



Chamber 

Del 

DC2 

DC3 

DC4 

DC5 

Chamber 

DCl 

DC2 

DC3 

DC4 

DCS 

121 

Sense Cllhode Field 
Wires Wires Wues 
(µm) (µm) (µm) 

25.4 63.5 ---
25.4 76.2 ---
25.4 76.2 76.2 

25.4 76.2 76.2 

25.4 76.2 ---

Table A2.3 
Chamber wire diameters 

y x u 

544 256 320 

544 256 320 

544 256 352 

544 256 352 

576 256 352 

Table A2.4 

Ground 
Wires 
(µm) 

127.0 

127.0 

127.0 

127.0 

127.0 

v 

320 

320 

352 

352 

352 

Number of sense Wires in each chamber plane 

Chamber x y 
(an) (an) 

Del 103.9 110.4 

DC2 129.5 137.6 

DC3 224.7 226.8 

DC4 299.1 302.5 

DCS 169.3 175.7 

TahleA2.5 
Chamber active region dimensions 

-
-

-

-

-
-

-

-

-
-
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APPENDIX 3 

MOMENTUM CALCULATION 

The trackfitter provided slopes and intercepts in x-z and y-z planes for each 

particle track it reconstructed. these are the parameters of the trajectories downstream of 

the magnetic fields. To reconstruct the momenta upstream of the magnet. the effect of the 

magnetic field was approximated. for the purposes of calculation. by having the +-1.16 

GeV / c Pmag kick imparted at the centre plane (in z) of the total magnetic field. The "single 

bend" calculation was done by extrapolating the downstream trajectory to the bend plane. 

then defining a trajectory from the x-y point !n the bend plane to the centre of the target 

(see Figure Al). The original particle momenta are determined by 

s! · d,.. - x,..,, 
s" = ,. ;a (A3. l) 

z,,,,,, - z,..,, 

wheres: ands! are the upstream and downstream slopes in the x-z plane z(mag) is the 

position of the magnetic field bend plane and xinl is the x intercept at z = 0. x,,,,., and z,,,,., are 

the x and z coordinates of the target centre. The y-z slope is unaffected by the horizontal 

magnetic kick. 

The vector representations of the trajectories in Figure A3. l are precisely those of 

the momenta. The magnetic field imparts a deflection. but no net energy. to the particle so. 

p!, + p~ = P!t + p~ (A3.2) 

where P:iu1 = p,.,. + P,,,.,. 
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With the relationships 

(A3.3) 

Pu =s" 
:u 

Pu1 -
some algebraic manipulation and the quadratic formula yields -

(A3.4) 

-
Then -

P,,.. = s;, · P,. 

arxi (A3.5) 

Pya = s~. p.,. 

-
where the y-z slope ts unchanged by the magnetic field. -

-
-
-
-



124 

...,.._ __ zBenct------1 

+X 
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u 
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400-48 

Figure A'J. l 

Trajectory with horizontal 
momentum kick 

Trajectory before 
magnetic field 

----------~ 

Calculation of the momentum using the Msingle bend" approximation 
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APPENDIX 4 

LORENTZ BOOST OF 2 PARTICLE SYSTEM 

The generalised Lorentz transfonnation for a 3-dimensional boost can be written 

as 

x~=r(x0 -.B·x) 

x' = x + (r/3~ l) {P · x)P- rf3xo (A4. l) 

where 

- - ( r-1) 113-. -)13-
x 132 \ x 

ls the component of :i orthogonal to "iJl31J. 

Reconstruction of the dihadron kinematics required a boost to the massive state 

rest frame. which. in general, was not the rest frame of the beam-target system. For the 

total dihadron momentum PoH and energy EoH• the boost to the dihadron rest frame 

along the direction of PoJ.P is expressed by 

PRF = r(PoH - /JEoH) 

ERF = r( EDH - f3PoH) 
(A4.2) 

where P(RF) and E(RF) are the momentum and energy in the dihadron rest frame and are 

equal to 0 and the invariant mass, respectively. Solving equations A4.2 yields 

/3 = PDH 
EoH 

E r = --12!!.... 
MOH 

(A4.3) 

-
-

-

-

-

-

-
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where M DH is the invariant mass of the dihadron system. For the individual hadrons in 

the massive state. equations A4.3 can be substituted into equations A4. l for the 

expressions 

(A4.4) 

The primes denote the dihadron rest frame quantities. Using the appraxiination that the 

masses of the hadrons are ignored, e' = M DH I 2. With Pm-?- = Eorl- - Morl- ,equations 

A5.4 can be reduced to 

(A4. 5) 
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