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SUMMARY 

Beauty hadroproduction was investigated in at the Fermilab Tevatron by experiment 

E672/E706 using a large-aperture, open-geometry spectrometer with the capability of 

studying high-mass muon pairs. The E672 muon spcarometer consisted of a toroid magnet 

with proportional wire chambers (PWCs) located both upstream and downstream of the magnet. 

Two scintillarion counter hodoscopes were also located in the muon detector for triggering 

purposes. The upstream part of the charged particle tracking system consisted of a 16-plane silicon 

microstrip vertex detector, a dipole magnet, and a PWC-strawtubc array. Dimuon pretriggers were 

formed by coincidences between interaction counters and the muon hodoscopcs. A fut (10 µs) 

processor calculated the effective mass of track combinations in the muons system and generated 

a trigger if the mass was above an adjustable value. 

Data was taken during the 1990 Fermilab fixed-target run using a negative pion beam 

with 530 GeV/c momentum incident on Cu and Be targets. Approximately 5 million 

dimuon triggers were recorded (corresponding to a luminosity of 8 pb·1
) yielding 

approximately twelve-thousand reconstructed J IVf -+ µ+ J.f events. & were detected through 

their decay modes withJ/Vf in the final state. Since the B decays weakly it travels on the order 

of a cm before decaying; these decays are therefore characterized by J 11/!S emerging from 

secondary venices. 

A dimuon-oriented secondary-vertex finding procedure was developed, and after 

extensive quality cuts, a sample of 73 secondary vertex J/Vf events was found. A significant 

background to the signal of secondary vertex J/yls from B decays is from events in which a 

high-momentum panicle produced in the primary collision interacts further downstream in 

xv 



the target and produces a J !I/I (secondary interaaions). Ten of the 73 events have the J 11/f 

vertex clearly in a region where only air is present; the background from secondary 

interactions is negligible for these events. A beauty cross-section of (28 ± 9 ± 8) nb/nucleon 

in the forward direction (Xf > 0.1) was extracted from the air-gap secondary-vertex J 11/f signal. 

Extrapolating this cross section to all Xf regions gives a total cross-section on the order of forty 

nb/nudeon. 

The sample of 73 secondary vertex J/ljlevents was searched for the exclusive decay modes 

Bt -+111/f + Kt, and B0 -+]11/f + K 0
". In these decays, all the final state particles are 

charged, which gives an opportunity to fully reconstruct the B mass and lifetime. A Monte 

Carlo driven procedure and set of cuts was developed which yielded 5 events with a 

reconstructed invariant mass in the expected B range. 
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CHAPTER 1 

INTRODUCTION 

This thesis presents results from Fermilab experiment E672, specifically on the 

hadroproduction of b-hadrons. Experimental studies of heavy-quark production provide 

important information for our understanding of the strong interaction. Experiment E672 

was designed to look at processes that result in multiple muons in the final state: specifically 

Drell-Yan and heavy-quark (c, b) production. Heavy quark QCD production diagrams up 

to order a.3 have been calculated [1], and predictions have been made for the beauty cross 

section [l, 2]. Measurements of this cross section, as well as being a test of QCD, provide 

information on the parameters of the calculation such as the b-quark mass, the QCD 

factorization/renormalization scale µ, and parton distribution functions. Interest in beauty 

production has been generated by predictions of significant BB mixing in which CP 

violation may be present and observable. While E672 is statistically limited in this study, 

the analysis methods described in this thesis as well as the total B-meson cross-section 

measurement presented are useful information for future high-statistics "b-factory" 

experiments. 

1.1 Theoretical overview 

The lowest order (C:Xa,2)) QCD tree level diagrams for open heavy-quark production 

are shown in Figure 1.1. In these interactions, either two gluons fuse or a light quark 

annihilates with a light antiquark to produce a heavy quark-antiquark pair: 

gg--+QQ. qq --+QQ. 

Internal lines in these diagrams are off-shell by order of the heavy-quark mass (MJ leading 

1 
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g 

Q 
(a) 

Q 

g 

g Q 

g 
Q 

(b) 

q Q 

q 
Q 

Figure 1.1. Lowest order ( £".Xa,2)) QCD tree-level diagrams for heavy quark hadroproduction: (a) gluon 
fusion; (b) quark-antiquark annihilation. 



3 

to a short-range interaction; pcrrurbation theory is therefore justified in the cases of large MQ [3]. 

The dynamical properties of the lowest order diagrams are as follows: The Q and Q 

are produced back-to-back in the parton-parton center-of-mass system. Hadronization of the 

quarks to their final state introduces some smearing, but the Band the B should also be 

found approximately back-to-back. Since the parton momentum is almost exclusively in the 

longitudinal direction (neglecting ~smearing of the target partons), the resultant transverse 

momentum of the BB pair should be essentially zero. The mean transverse momentum of 

the separate quarks is predicted to be on the order of their mass, and since the parton 

densities in both the beam and target fall off rapidly with the parton's fractional momentum, 

the quarks should be produced in the central region of the scaled longitudinal momentum 

variable, XF [4]. The subprocess cross Sections, a, arc predicted to be proportional to a,2
/ S 

[4], where s is the square of the parton-parton center-of-mass energy, s = (.p1 + p 2 )
2, with 

p
1 

and p
2 

being the beam parton and target parton four-momentum, respectively. 

Examples of the order a,3 processes arc shown in Figure. 1.2. They include virtual 

corrections to the lowest-order diagrams and processes in which two partons interact to 

produce a QQ pair plus a third light quark or gluon: 

gg->QQg, gg->QQq. 

In addition to the gluon fusion and quark-antiquark annihilation processes, initial-state 

gluon-quark interactions are present to this order: 

gq->QQq, gq->QQq. 

These 2 ~ 3 processes have final-state topologies that can be quite different from those of the 

lower-order 2 ~2 processes; e.g., the presence of an extra jct in the final state means that the 
'· 

QQ pair may no longer be back-to-back. 
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Figure 1.2. Examples of next-to-le2'iing-order (O(a.
1

3)) heavy-quark h2'iroproduction diagrams: (a) 
viriual corrections to lowest-order ( O(a.

1
2)) diagrams; (b, c) gluon splitting; (d) gluon emission; (e, f) 

quark-gluon initial-state interactions. 
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The heavy quark inclusive cross-section is expressed as a convolution of the hard­

scattering subprocess cross-sections (a) and the panon density functions of the beam 

panicle and target nucleus summed over the possible light panon initial states: 

I I 

J dx, J dx2 G,2Cx2,µ)G,2(x 2,µ)ir./s,M Q,µ,a,(µ)). (1.1) 
0 0 

In this expression, index 1 refers to the beam panicle's parameters, and 2 refers to those of 

the target nucleus. The i and j indices refer to the type of panons involved in the interaction: 

gluons, light quarks (u, d. s, and c), or antiquarks; xis the panon fractional momentum; and 

the G functions are the parton densities which rcprqent the probability of finding a parton 

at a panicular value of x. MQ is the heavy quark mass; µ is the QCD factorization/evolution 

scale; sand s arc the squares of the center-of-mass energy in the beam-target and parton-

parton systems, respectively (s = x1x2s); and a, is the strong coupling constant. 

It is important to note that Equation 1.1 is based on the assumption of parton model 

factorization. The parton density functions and subprocess cross-sections arc assumed to be 

universal process-independent propenies of the initial state hadrons. This assumption is 

common to many penurbative QCD calculations, but it is by no means trivial; for example 

gluon exchange between the "spectator" and interacting partons can modify the parton 

density functions. Arguments for the validity of factorization in heavy-quark production can 

be found in Refs. [3] and [5]. 

Complete calculations of the hard-scattering subprocess cross-sections to order U.
1

3 have 

been performed by Nason, Dawson, and Ellis (NOE) [1]. 
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They express the cross sections as 

(1.2) 

where p = 4MQ21 s. The / 11 functions arc expressed as a pcnurbative expansion 

and calculated using an extension of the MS renormalization and fu:torization scheme [6). 

Explicit expressions for the set of functions fj1 can be found in Re£ [1]. 

It should be noted that the cross section determination is independent ofµ only if all 

of the terms in the expansion arc calculated. To calculate the inclusive beauty cross-section 

for pion/proton collisions, Berger [2] uses the convolution expression (Eq. 1.1), with the 

NOE subprocess cross-sections; parton structure functions of Owens [7]; and sets MQ = 5 

GeV!t2. Figure 1.3 shows his cross-section prediction as a funaion of beam momentum for 

two choices of the evolution scale, µ2 = MQ2
' and µ2 = 4MQ2• A cross scaion on the order 

of tens of nanobams is expected at E672's beam momentum of 530 GeV!c. Due to a 

different choice of parton structure functions, Berger's predictions are systematically higher 

than estimates made by NDE themselves [l]. but the results arc consistent within the 

theoretical uncertainties. The uncertainties in these calculations arise from the choice of 

evolution scale, the value of the heavy-quark mass, the form of the strong coupling constam . 
.. 

the renormalization/factorii.ation scheme, and the choice of parton density functions. 
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1.2 Previous experimental results 

Since the first observation of a single BB pair by WA75 [8]. experimental data on beauty 

hadroproduction has come from five experiments: NAlO, WA78, UAl, CDF, and E653. All 

of these experiments observe Bs through decays containing leptons. CDF and UAl have 

reconstructed invariant-mass signals in exclusive decay modes involving the Jl'lf. In addition 

to these hadroproduction experiments, much information on B-mesons has come from e•e· 

accelerators. ARGUS and CLEO rune their beams to produce the upsilon 4S bb bound 

state which decays into BB pairs [9, 10], and the LEP experiments also observe Bs through 

the decay of the z0 into bb pairs [11]. Although many important results have come from 

these experiments, only hadroproduction results arc reviewed in this section. 

1.2.1 Collider gperimenq 

Both the UAl and CDF measurements were based on high pr lepton samples. The UAl 

analysis used a sample of 6103 events having muons with Pr> 10 GiWc[l2]. The muon 

was required to be isolated and the event is required to have at least one high Pr jet. 

Additional cuts were made to remove muons from W and Z decays. The relative pr 

distribution of the muon with respect to the jct axis was fit to a Monte Carlo simulation of 

background and b production distributions. The result of this fit gave the fraction of bb 

events to be 33%. The cross-section (in bins of relative pr> was calculated from this fraction, 

and is in good agreement with the NDE calculations [1]. CDF performed a similar analysis 

using its inclusive electron spearwn [13]. 

UAl and CDF both obtained b-quark cross-sections using dirnuons from }/'If decays [14, 

15]. The ]/'If Pr distribution was fit using a Monte-Carlo simulation of direct charmonium 
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and b production with subseq~ent decay into Jll/f. CDP has been able to reconstruct the 

exclusive decay modes B• .....,Jll/f+ K", and B 0 .....,Jll/f+ K 00 (and its charge conjugate) [13, 

16]. UAl has also been able to reconstruct the Jll/f+K 00 exclusive channel, as well as a signal 

for the decay A_ .....,Jll/f+A [17]. These experiments have demonstrated the usefulness of the 

Jll/f as a tag for b production. 

It should be noted that all of the CDF b-quark cross section measurements (from 

inclusive electron, inclusive and exclusive J/l/f modes) are systematically higher than the NDE 

predictions at the level of 1.5 standard deviations [16]. 

1.2.2 Fixed-target gperiments 

NAlO and WA78 are CERN beam-dump experiments. These experiments consist of a 

beam dump which absorbs all of the hadronic and dectromagnetic energy of the primary 

interaction, followed by a muon spectrometer. NAl 0 used an incident pion beam of 286 

GeV'lc momentum, and studied reactions with three muons in the final state [18]. This state 

is a signature of double semileptonic B....., D cascade decays in which both Bs in the event 

result in muons and one of the Ds decays semileptonically as well. There are, however, large 

backgrounds to this signal, the largest being.double semileptonic DD decay events in which 

a beam halo muon is also prc5ent. NAlO analyzed events that had a muon above a minimum 

transverse momentum to inacasc the signal-to-background ratio and obtained a three muon 

sample that is estimated to be 15% due to BB decays. Assuming A1 target nuclear-number 

dependence, they obtained a cross section of [19) 

a .. = (14 :) nb/nucleon. 

l:pe muon acceptance used in this calculation was based on a "unrealistic" modd of heavy 
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quark production, and the extrapolated cross section is therefore thought to be a factor of 

two or so too high [2]. 

WA78 also studied the production of three muon final states using a 320 GeV/c pion 

beam [19]. Their beam dump was equipped for calorimetric measurement, so cuts could be 

made on missing energy from neutrinos in addition to muon Pr in order to increase the B 

signal-to-background ratio. They were also able to perform a similar analysis using like-sign 

dimuons. After cuts, they were left with a sample of 68 like-sign dimuon events and 11 three 

muon events. The estimated backgrounds to these signals arc 5 and 1 event(s), respectively. 

Assuming a QCD production model by Berger [2], an A1 nuclear target production 

dependence, and a B' -B' mixing probability of 10%, they obtained a cross section of [20] 

usx = (3.6 ± 0.4 ± 1.1) ob/nucleon, 

where the first uncertainty is statistical and the second is systematic. 

The apparent discrepancy between the WA78 and NAlO cross-section measurements is 

not due to the data, but to the model used to calculate the acceptance of muons from BB 

decays. WA78 has, in fact, used their data with the same model and assumptions as NAlO 

and found a cross-section value of about 19 nb which is consistent with the NAl 0 value [20]. 

It should also be noted that in the WA78 model itself the cross-section can increase by a 

factor of two for reasonable variations in the assumed b-hadron xF distribution and mixing 

parameters (20]. 

E653 is an open-geometry hybrid emulsion experiment in which the primary interaction 

point and shon-lived decay veniccs were observed [21]. The emulsion was followed by 18 

planes of silicon-microstrips for detection of longer-lived decay vertices. The rest of the 

a~paratus included a chargcd-panicle spectrometer, a liquid-argon calorimeter, and a muon 
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spectrometer. This experiment differs from the previously mentioned fixed-target 

experiments in that the decay vertices were reconstructed and that charged particles other 

than muons also had their momenta analyzed. Data were taken during the 1987 Fermilab 

fixed-target run with a 600 GeVlc incident pion beam. 6320 events containing a muon 

having transverse momentum greater than 1.5 GeV/c were selected for scanning in the 

emulsion. In 353 of these events, the muon was found to be inconsistent with coming from 

the primary vertex. These events were then analyzed using information from the full 

spectrometer. Nine beauty pairs with at least one decay in the emulsion target have been 

found; all have at least three reconstructed decay vertices. The experiment reported a 

preliminary cross-section measurement from these events of [22]: 

<1 .. = (33 ± 11 ± 7) nb/nudeon, 

in agreement with QCD predictions [2]. 

1.3 The F.672 experiment 

E672 is a Fermilab fixed-target experiment designed to study hadronic p~ that result in 

final-state muons. E672 shared the Meson-West beam.line with experiment E706, an experiment 

studying direct-photon produaion. All detector signals were shared between the two experiments. 

The combined apparatus employed an open geometry oonfigurarion (all charged particles had their 

momenta analyzed), with a muon acceptance in the forward region only. With its dimuon trigger, 

E672 oould search fur & by their decay into JllpS which subsequently decays into muons, and also 

via muons from semileptonic decays. This thesis p~ts a determination of the beauty 

hadroproduaion CIOSHCCtion using the Jll/f modes. 





CHAPTER 2 

EXPERIMENTAL APPARATUS 

Fermilab experiments E672 and E706 were in an unique situation in that they shared 

the same bcamline and experimental hall. Detector signals were shared as well. E672 's 

physics interest was the study of hadronic processes which result in muons in the final state: 

specifically, Drell-Yan and heavy quark (charmonium in particular) production [23]. E706, 

on the other hand, was interested in direct-photon physics [24]. The two collaborations' 

apparatus responsibilities reflected, to a certain extent, their different physics goals. E672's 

main responsibility was the muon spectrometer, while E706 was responsible for the upstream 

charged-particle cracking and the calorimetry; however, the E706 upstream spectrometer, 

especially the silicon-strip detector, was essential to me B-physics analysis of this thesis. The 

trigger hardware and software responsibilities were shared betWeen the experiments. Data 

from both experiments were read out simultaneously, with information from all detector 

elements written on tape when either experiment had a valid trigger. 

This chapter describes the elements of the E672/E706 apparatus that were used in the 

analysis presented in this thesis. The beam Cerenkov counter, the straw-tube chambers, and 

the calorimetry, although invaluable to the experiment as a whole, will not be described as 

they were not used in this analysis. 

2.1 Layout of the combined E672/E706 apparatus 

A schematic of the combined E672/E706 apparatus is shown in Fig. 2.1 (the beam 

-travels from left to right in this figure). The equipment begins with a beam Cerenkov 

c~unter (not shown), followed by a hadron shield and scintillation-counter "Veto Wall" array. 

12 
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Figure 2.1. The combined E672/E706 apparatus. 

The upstream charged-paniclc spectrometer follows. The spectrometer consists of a silicon­

strip detector (SSD), a dipole analysis magnet, and a PWC/ruaw-rube array. Next comes the 

calorimetry, consisting of a liquid-argon calorimeter (lAC) with both electromagnetic and 

hadronic sections, and a "forward" steel/scintillator calorimeter. The muon spectrometer 

follows the calorimeters. It consists of a set of upstream muon PWCs, a beam dump and 

toroid analysis magnet, and downstream muon chambers separated by iron/concrete 

shielding. Two "Daisy Counter" scintillation hodoscopes arc positioned between the 

downstream muon PWCs and shielding, as shown. The positive z-axis is chosen to be along 

the beam direction, with the positive x-axis to the right when looking downstream. The 

positive y-axis is vertically upwards, thus forming a right-handed orthogonal coordinate 

system. The entire apparatus (excluding the beamline devices) extends approximately 35 

meters in length. 
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2.2 The Meson-West beamline 

The E672/E706 apparatus was located at the downstream end of the Meson-West (MW) 

beam.line. This beam.line was designed to transport secondary beams of both positive and 

negative charge, with momenta ranging from 25 GeV7cto 1000 GeV7c Secondary beams were 

produced by extracting 800 GeV7c protons from the Tevatron and colliding them with a one­

interaction-length aluminum target. The Tevatron operated on a 57.2 second long cyclic 

basis, with the actual spill of beam to the experimental areas lasting 23 s. The protons in 

the primary beam occurred in very narrow time intervals known as "buckets". Each bucket 

was about 1 ns wide, and they were spaced 19. 7 ns apart. The probability of a bucket being 

occupied by a single proton was 10%, and the double occupancy probability was 2%. An 

incident primary flux of 1012 protons/spill impinging on the aluminum production target 

produced a usable secondary pion beam of approximately 30 million pions/spill [25]. 

During the 1990 fixed-target physics run, E672/E706 ran with a 530 GeV!c negative 

pion beam. The beam momentum spread was approximately 10%, and the kaon 

-contamination was estimated to be 3% using the beam Cerenkov oounter [25]. During the 

optimal data taking part of this run, a secondary pion beam of 150 million particles/spill was 

achieved from a primary intensity of 5xl012 protons/spill. During the 1991-92 fixed target 

run; data were also recorded with 800 GeV/c and 530 GtV!c proton beams. This thesis, 

however, uses only the pion data taken in 1990. 

2.3 Beam-halo shield and veto walls 

The secondary beam to the experiment was accompanied by a halo of muons from pion 

decays and hadrons from beam.line interactions. "Spoiler" magners were employed in the 
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upstream beamline in order to sweep these panicles away from the beam. A large iron 

hadron shield located in the most upstream portion of the experimental hall attenuated any 

remaining hadrons. Muons, however, passed easily through this shield. These muons are 

detected in three "veto-wall" scintillation detectors, one was placed just upstream of the 

hadron shield, and the other two were located just downstream of it (sec Fig. 2.1). 

The upstream veto wall (VW3) consisted of 18 scintillation counters and covered a total 

area of approximately 3 m x 3 m. The downstream veto walls (VWl and VW2) each 

consisted of thirty-two 50 cm x 50 cm scintillation counters. These two walls had a 10 cm 

overlap in the x-y plane in order to cover gaps between scintillators. All of the walls had 

openings in the central region to allow beam particles to pass without generating a signal. 

Coincidences between the walls, VW = (VWl + VW2)*VW3, were used to veto an event 
. 

at the pre-trigger level. The veto system was important for both experiments in that the 

E672 dimuon trigger could be fooled by a halo panicle, while the E706 trigger could be set 

of by a bremsstrahlung photon produced by a high-energy halo-muon. 

2.4 The upstream §peCU'ometer 

The upstream charged-particle spectrometer consisted of a set of silicon-strip detectors 

(SSDs), a dipole analysis magnet, a set of proportional wire chambers (PWCs), and two 

straw-tube chambers (the straw-tubes were not used in this analysis and will not be described 

here). This tracking system was used to determine the beam-particle trajectory, the 

interaction and secondary (if present) vertices, and the momenta of the charged tracks 

accepted by the spectrometer. 

• 
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2.4.1 The silicon-strip detector system 

The silicon-strip detector system consisted of eight modules of silicon wafers, each 

containing one venically and one horizontally oriented micro-strip wafer. The strips are 

essentially an array of PIN diodes. Charged panicles passing through this array create 

electron-hole pairs that are, under the influence of a reverse bias voltage, collected on 

electrodes. This signal is amplified by a charge sensitive pre-amplifier, then fed to an 

amplifier-discriminator unit for readout. [26, 27]. 

The configuration of the SSD system is shown in Fig. 2.2. There arc three 3 cm x 3 

cm x-y modules placed upstream of the target for beam tracking purposes (the most upstream 

module is not shown in the figure). These modules arc referred to as the "beam" SSDs. 

Following the target arc five 5 cm x 5 cm x-y modules chat determine event vcnices and 

charged paniclc trajectories; these arc the "vertex" SSDs. The modules arc instrumented in 

such a way as co reflect the acceptance of the upstream spectrometer determined by the PWC 

coverage. All of the modules have 50 micron pitch, except for the most upstream vertex SSD 

module which has 25 micron pitch strips in its central region. 

The target used in the 1990 run consisted of beryllium and copper - different materials 

were used in order to study atomic number dependence. At the upstream end of the target 

arc two copper disks of 0.08 cm thickness separated by a 0.26 cm air gap. Downstream of 

the second piece of copper is a 0.55 cm gap, followed by a 3. 71 cm chicle Beryllium cylinder, 

a 1.02 cm gap, and another Beryllium cylinder of chiclcncss 1.12 cm. This target was 

designed for varying physics studies, and so did not have an optimal configuration for B­

physics. 
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Silicon-Strip Detector and Target Configuration 

5 cm x 5 cm wafers 

Be targets 

Beam Cu targets 

3 cm x 3 cm wafers 

Figure 2.2. Silicon strip detector (SSD) and target configuration (The first beam module w not shown). 
All modules have 50 micron pitch, except the first module downstream of the target, which has 25 micron 
pitch strips in its central region. 
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Figure 2.3 demonstrates the spatial resolution obtained. using the SSD system during the 

1990 run. It shows the distribution of the charged-track impact parameter with respect to 

the reconstructed primary vertex. The width of this distribution is consistent with the 

expected detector resolution of 10 microns. 
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Figure 2.3. Impact parameter of charged tracks with respect to primary vertex. 
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2.4.2 The dipole analysis magnet 

In order to measure the momentum of charged particles a dipole analysis (designated as 

MW9AN) magnet was located between the SSDs and PWCs (see Fig. 2.1). This dipole 

provided a PT kick in the x-direction; the momentum of a track is found by a measurement 

of its trajectory before and after this kick. In order to reduce the effects of multiple 

scattering, a polyethylene bag filled with Helium gas was installed in the magnet's central 

region. 

The magnet had an effective length of 328 cm along the beam direction. Twenty cm 

mirror plates were installed on both ends of the magnet to reduce the fringe fidd, making 

a nearly uniform field in the venical (y) direction. The magnetic fidd was mapped using 

the ZIPTRACK system [28], and details of mapping can be found in Re£ [29]. The dipole 

was normally operated at a current of 1050 A, producing a vertical magnetic fidd of strength 

6.24 kG, which corresponds to a pT kick of 450 MtV!c. 

The geometrical acceptance of the dipole magnet was defined by rectangular holes in the 

mirror plates. The si7.C of the upstream mirror-plate hole was 35.56 cm x 25.4 cm, and that 

of the downstream hole was 127 cm x 91.4 cm. 

2.4.3 The proportional wire chambers 

The proportional wire chambers and straw-tube detectors constitute the downstream end 

of the upstream spectrometer. Four PWC chambers, each with four anode signal planes (x, 

y, u, v) wen: located downstream of the dipole magnet. Two straw-tube chambers were 

located bctwccn the PWCs as shown in Fig. 2.1; these chambers were not used in this 

analysis and will not be described here. The PWC u-planes were tilted at an angle of 37° . 
l 

to the vertical, and the v-planes were tilted at an angle of -53° to the vertical. 
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The anode signal planes were made of 0.8 mil-diameter gold-plated tungsten wires of 

spaced at 2.54 mm. For each anode plane, there is a pair of cathodes planes, one on either 

side of the anode, separated by a distance of 5.74 mm. The cathode planes were constructed 

of graphite-coated, 1.0 mil thick Mylar sheets, segmented into three rectangular regions 

extending concentrically from the center of the planes. This segmentation enabled the high 

voltage to be set independently in the three regions, thereby allowing reduced sensitivity in 

the beam-region by application of lower voltage to the inner-most segment without affecting 

sensitivity in the outer segments. 

The four PWCs were sized to maintain a relatively constant angular acceptance. The 

most upstream chamber was 1.63 m wide x 1.22 m high, the second and third were 2.03 

m square, and the fourth chamber was 2.44 m square. The PWC system had 13,440 active 

channels that were read-out by the same Nanometrics system as the SSDs [26]. The PWC 

system is described in detail elsewhere [29]. 

2.5 The E672 muon spectrometer 

The E672 muon spectrometer is shown in Fig. 2.4. It consists of two upstream muon 

proponional wire chambers, a beam dump made of steel and tungsten imbedded in concrete, 

and a toroid analysis magnet. Four more muon PWCs, separated by iron and concrete 

shielding, arc located downstream of the toroid. Two trigger hodoscope planes ("daisy 

counters"), each made of sixteen sector-shaped scintillation counters, arc also located in this 

region as shown in Fig. 2.4. All particles which make it through the material of the upstream 

apparatus and the muon system shielding are assumed to be muons. The muon spectrometer 

provides muon identification and momentum measurement on both the trigger and off-line 

levels. 
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The E672 muon spectrometer 

Toroid magnet 

Upstream muon PWCs, 

each with 4 signal planes of 
3 mm pitch (x, y, u, v) 

Flgure 2.4. The E672 muon spectrometer. 

Downstream muon PWCs. 

Each has a 1.2 an pitch signal plane (y), 

and two signal planes of 1.05 cm pitch (t, w). 
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2.5.1 The upstream muon PWCs 

The E672 muon spectrometer begins with the µA and µB PWCs, each consisting of four 

anode signal planes (x, y, u, v). The u-planes are tilted at an angle of 1()° to the venical, and 

the v-planes arc tilted at an angle of -10° to the vertical. The anode planes are composed. 

of 1.0 mil diameter gold-plated tungsten wires with a pitch of 3.05 mm. Beam deadeners 

(5 cm diameter disks of 3 mil thick Kapton) were attached to the center of each a.node plane. 

There arc a total of 1520 channels for each chamber. Cathode planes, made of 1650 Cu/ 

Be wires, were placed on each side of the anode planes. For electric field stability, two wire 

ground planes ( 1725 wires each) were placed in each chamber, one before the first cathode 

and one after the last. Both cathode and ground planes were made of 3.5 mil diameter Cu/ 

Be wires having a 1.02 mm pitch [30]. 

Anode signals were amplified/discriminated by 16-channel Nanomctrics N-277C cards 

[31], and sent to a LeCroy PCOS III encoding system over flat Spectrastrip cables. The gas 

used for these chambers was a mixture of 76% argon, 15% isobutanc, 8.9% mcthylal, and 

0.1 o/o Freon. This mixture was based on the performance of similar chambers in previous 

experiments (32]. Figure 2.5 shows efficiency and noise rate, as a function of high-voltage 

for one of the planes. The chambers were typically operated at a high-voltage of 

approximately 4.5 kV. The orientation, number of channels, and active area of the upstream 

muon-chamber planes arc summarized in Table 2.1 

\ 
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Figure 2.5 Typical high voltage curve (efficiency and noise) for upstream muon chamber planes. 

Table 2.1. Upstream. muon chamber specifications 
I 

angle from J i active~ 
chamber plane 

number 
vertical 

of wires 
I 

(mea:rs 2) 
(degrees) 

µA x 90 256 1.7 x 0.8 

µA y 0 560. 1.7 x 1.7 

µA u 10 352 1.7 x 1.1 

µA v -10 352 1.7 x 1.1 

µB x 90 544 1.7 x 1.7 

µB y 0 544 1.7 x 1.7 

µB u 10 448 1.7 x 1.3 

µB v ! -10 448 1.7 x 1.3 
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2.5.2 'The toroid magnet 

In order to determine muon momentum, a water-cooled, polarized-steel toroid magnet 

was located between the upstream and downstream muon chambers. The toroid was 2.44 

m long, had an outer radius of 1.35 m, and weighed approximately 125 tons. The inner 

radius of the toroid was 16.8 cm at the upstream end and 19.7 cm at the downstream end, 

corresponding to a taper angle of about 11 milliradians. The toroid field was in the axial 

direction, and had no measurable dependence on azimuthal angle. The field strength did, 

however, become weaker with increasing radius. At a nominal operating current of 1700 A, 

the field was calculated to be 2.24 T at the inner radius and 1.74 T at the outside, which 

correspond to momentum Icicles, in the radial direction, of 1.64 Gt We and 1.27 Gt Vic, 

respectively. Details of the field measurement can ,be found elsewhere [33]. The muon 

momentum measurement that the toroid provided was used on the trigger level, and is 

compared (off-line) to momentum measurements in the upstream spectrometer to help in 

linking trades between the downstream and upstream systems. 

2.5.3 The pretrigger hodoscqpes 

Two "daisy counter" scintillation hodoscopes (DCl, and DC2) were located in the 

downstream muon chamber array, as shown in Fig. 2.4. Coincidences between these 

hodoscopes provided a fast trigger on the presence of trades in the muon chambers. The 

hodoscopes were both 1.5 m in radius, with active areas matched to the active area of the 

muon PWCs. Each hodoscope consisted of 16 triangular scintillator segments placed in a 

circular "petal" pattern, and were thus given the nickname "daisy counter". Each hodoscope 

WiLS divided into four quadrants, and each had four triangular-shaped segments of PS-10 
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plastic scintillator encased in aluminum sheets. Light from each segment was collected by 

a BBQ doped waveshifting bar and transmitted, at a wavelength of 410 nm, to RCA 8575 

photomultiplier rubes encased in µ-metal shields. Figure 2.6 shows a schematic diagram of 

one of the hodoscopes. 

The photomultipliers were operated at a high voltage near 2.1 kV. At this voltage the 

counters were at least 90% efficient and had a noise rate of about 300 Hz per cube. Signals 

from the rubes were sent to a CAMAC module (described in the next chapter) which 

determined the muon multiplicity for a precrigger signal. 

Waves hitter 

Photomultipliers 

2.7 meters 

Figure 2.6. Schematic diagram of pretrigger hodoscope. 



26 

2.5.4 The downstream muon PWCs 

The hean of the E672 muon spectrometer was a set of four muon PWC chambers (µl, 

µ2, µ3, and µ4). These chambers provided the downstream muon trajectory for triggering 

purposes and off-line reconstruction. Each chamber consisted of two cathode planes (u, v), 

and one anode plane (w). The cathode planes were made of copper clad G-10 epoxy­

fiberglass sheets of 1.6 mm thickness. The inside surface of a cathode plane is, effectively, 

a large printed circuit board, etched to give a pattern of 10.5 mm pitch parallel strips. The 

cathode strips were orientated at ±45° to the venical. The anode planes were traditional 

multiwire planes made of 25 micron diameter gold-plated tungsten wires oriented in the 

horizontal direction. The anode plane of the middle PWC (µ2) consisted of 669 wires of 0.4 

cm spacing. Groups of three adjacent wires were connected to individual amplifier channels, 

giving an effective pitch of 1.2 cm and 223 channels. The anode planes of the other three 

chambers consisted of 446 wires with 0.6 cm spacing. Pairs of adjacent wires were connected 

to individual amplifier channels, giving them the same effective pitch and number of 

channels as µ2. The specifications for the downstream muon chambers are shown in Table 

2.2. 

Signals from the chambers were read out using three-stage, 16-channel amplifier/ 

discriminator cards designed and built at Indiana University [32]. ECL-levcl signals were 

sent from the discriminators to a LeCroy PCOS III encoding system by flat Spectrastrip 

cables. This is the same readout system used for the upstream muon chambers. Further 

details of the construction and operation of these chambers can be found in Re£ [33]. 
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Table 2.2. Downstream muon chamber specifications 

Inner radius µ1 15 cm 

µ2 15 cm 

µ3 18 cm 

µ4 20cm 

Outer radius all 1.35 m 

Channels u,v 255 

w 223 

Effective pitch u,v 10.5 mm 

w 12.0 mm 

Anode-cathode gap all 9.5mm 



CHAPTER 3 

TRIGGER LOGIC AND DATA ACQUISITION 

E672 and E706, in addition to sharing detector signals, also share triggers. E672 triggers 

on events with high-mass dimuons in the final state, while E706 has a variety of LAC based 

triggers [34]. The dimuon trigger consists of two levels. The level-one trigger (or pretrigger) 

requires hits in the "daisy counter" muon hodoscopes consistent with two or more tracks. 

The second level trigger is based on an invariant-mass calculation done by a dimuon trigger 

processor (DTP) which uses muon chamber information. The readout computers are 

interrupted when either experiment has a trigger, and signals from the entire apparatus are 

written to cape. 

3.1 Muon system readout 

Signals from the "daisy counter" hodoscopcs (32 phototubes) are transmitted to a 32 

channel CAMAC pretrigger module by RG58-C coaxial cable. The module discriminates 

the phototube signals and sets a latch for each channd that exceeded the threshold voltage 

during an externally set gate. The module then calculates the crack multiplicity from the 

latched hit pattern and sets out a NIM level if this multiplicity is above an adjustable 

threshold (0-16) (35]. 

The muon chamber signals are read out using the LeCroy PCOS III system (Proportional 

Chamber Operating System) [36]. Signals from the chambers arc sent to LeCroy 2731 latch 

modules. These latch modules reside in CAMAC crates; each crate can hold 23 latches and 

one controller. The brain of the system is the LcCroy 2738 crate controller module which 
·· .. 

queries each 2731 latch module in its crate and stores the addresses of active channels in an 
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internal buffer for transfer to the data acquisition (DA) system and trigger logic circuits. The 

system is used in "non-dusteriz:ed' mode, so each active channel produces a data word with 

3 plane identifier bits and 8 wire address bits. Communication with the DA system 

(described later) is done through a LeCroy 4299 DataBus interface. The controller also has 

an ECL port which transfers data at a rate of 10 times that of CAMAC to the trigger logic 

circuits. 

3.2 The dimuon trigger 

The dimuon trigger begins with a coincidence of three signals signifying, respectively, 

the presence of a beam panide, an interaction, and the DA computers and logic modules 

not being busy. This signal is called START PRETRIGGER and is sent to the pretrigger 

module described in the previous section. This module calculates the muon track 

multiplicity using the "daisy counter" hits, and if it is greater or equal to two tracks a NIM 

signal is generated. This signal, in coincidence with a signal called VW is used to stan the 

dimuon trigger processor (DTP). VW signifies that no panides were detected in the muon 

halo veto walls (it is the "NOT" of the VW signal described in the previow chapter). The 

DTP uses the muon chamber information to calculate the approximate invariant mass of the 

muons, and if this is above an adjustable value, a valid E672 trigger signal is sent to the data 

acquisition system. 

3.2.1 The dimuon trigger processor 

The dimuon trigger processor consists of 8 double-width CAMAC modules. Encoded 

data from the muon chamber PCOS system is sent to the trigger processor by the LeCroy 

2738 crate controller through the fa.st ECL port. The encoding time for an average two 
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muon event is about 6 µs. Data from the first and last downstream muon chambers (µI, 

and µ4) is sent to the first two modules of the DTP, which are called the POINT modules. 

A schematic diagram of the DTP is shown in Figure 3.1. 

µA µB µ1 µ2 µ3 µ4 

LeCroy PCOS III DA system 

POINT POINT 
x y x y 

XTRACK YTRACK 

MOMENTUM TARGET 

MASS 

Trigger 

Figure 3.1. Schematic diagram of dimuon trigger processor (DTP) 
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The POINT modules calculate a set of space points, in parallel, by first clustering the 

hot chamber wires in groups of three wires maximum. Cluster intersections in the u, v 

planes are then compared to v clusters to look for matches, and a set of space points are 

found. This set of points is then checked against a look-up table stored in Programmable 

Read Only Memories (PROMs) to ensure that they arc in the fiducial volume of the 

chamber. The list of valid points is stored in Random Access Memories (RAMs), and sent 

to the TRACK modules. 

The two TRACK modules also receive the wire hit information from the remaining two 

downstream chambers, and a set of x and y view tracks arc found (again in parallel). This 

track list is transferred to the TARGET and MOMENTUM modules. The TARGET 

module also reads upstream muon chamber (µA, and µB} data from the corresponding 

PCOS ECL ports. This module projects the downstream muon system tracks (found in the 

TRACK module} to the center of the toroid (sec Fig. 3.2). It connects a straight line 

between the point at the toroid center and the center of the target for each track, and looks 

for hits in the upstream muon chambers consistent with these connections. The list of tracks 

having corresponding hits in at least 3 out of 4 planes in both chambers is sent to the MASS 

module. 

Target ---------~ -1:3---

- -

Toroid µ1-4 

--

Figure 3.2. Target module algorithm (apparatw not to scale): solid line is downstream chamber track; 

dashed line is connection between this track's intersection point at the toroid center with the center of 
th'e target. The target module looks for hits in upstream muon chambers consistent with this connection. 
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In parallel with the TARGET module calculations, the MOMENTUM module 

calculates the momentum of the tracks by their apparent bend at the center of the toroid 

(assuming the tracks originated at the center of the target). The MASS module takes this 

information and calculates the approximate invariant mass for valid track pairs. A success 

signal is generated if the mass of at least one of these pairs is above a selectable threshold. 

For the 1990 run this threshold was varied between 0.5 GtV!il and 1.0 GtV!t2 in such a way 

as to keep a 25% ratio of dimuon to total E672/E706 triggers. The average decision time 

for the DTP was about 6 µs, excluding the PCOS encoding time. A detailed description 

of the dimuon trigger processor can be found elsewhere (37]. 

3.3 Data acquisition 

The E672/E706 data acquisition system (DA) is divided into four main parts. Three of 

these arc CAMAC based PDP-11 systems, while the founh is a FASTBUS system. The LAC 

and strawrubc information is read out by the FASTBUS system, and is controlled by a PDP-

11 named MX. A PDP-11 named MU handles the muon system information. PDP-11s 

named NEU, and ROCH, read out the upstream spectrometer, and forward calorimeter, 

respectively. Data from all the sources was concatenated wing a DEC MicroVAX II running 

Fermilab VAXONLINE software (38]. Figure 3.3 shows a schematic of the combined 

apparatus data acquisition system. 

The MU PDP-11 communicates with the muon system CAMAC through aJorway 411 

interface which reads the CAMAC crates on a serial CAMAC highway. Muon Chamber 

information is controlled by a LeCroy 4299 PCOS III DataBw Interface. The pretrigger 

and DTP modules, as well as variow ADCs, TDCs, scalers, and other devices are also read 

out through the highway. The PDP-lls arc connected to the VAX through Communication 
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Ffgure 3.3. Schematic of the combined. apparatus data acquisition system. 
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Device (CD) links [39]. Interrupts for the PDP-lls are controlled by the use of a device 

developed at Fermilab called a Bison Box [40]. This device accepts triggers, and begin and 

end spill interrupts, and sends interrupt signals to the PDP-lls. Ir has an input register 

where the devices to be read out can be specified by setting appropriate bits (by use of 

terminators) on the front panel. 

The overall control of the run, tape logging, monitoring, etc. is done on the VAX using 

the VAXONLINE data acquisition software package [38]. Information from the PDP-lls 

is transferred to an "event pool" on the VAX, and several processes are run under the 

VAX.ONLINE umbrella. During the run, data was written to two 8 mm Exabyte tapes 

simultaneously. 





CHAPTER 4 

EVENT SELECTION AND RECONSTRUCTION 

As mentioned in previous chapters, the raw data tapes contain all the triggers taken by 

E672 and E706 with information from the entire apparatus written out. In order to test 

tracking programs and to get to some select physics quickly, the subset of high-mass dimuons 

was selected. The first step in the dimuon data reduction was the extraction of E672 

triggered events from the original event tapes. This reduced the number of events by a factor 

of 4. Approximately six million dimuon triggers were taken in 1990. To funher reduce the 

size of the sample, a special stream of data was extracted which only contained information 

from the charged panide spectrometers of both E706 and E672. This exclusion of the 

calorimetry information reduced the event size by a factor of 8. A first pass muon 

reconstruction program was then run on the sample. Events with a least two reconstructed 

muons from the target region were sent to a program that linked the muons to the upstream 

spectrometer elements, reconstructed the other charged tracks, and found the event venices. 

4.1 Detector module track finding 

4.1.1 Muon chamber track reconstruction 

The muon chamber track reconstruction program, written by Jack Martin [41], first 

looks for dusters (adjacent wire hits) in the separate views (u, v, w) of the downstream muon 

chambers. The center of a duster is used as a view hit with a corresponding uncenainty of 

half the duster width. Single-view tracks are found by a binary search of all the possible 

roads containing a minimum number of planes (3 out of 4 possible) with hit dusters within 

' 
the road. First, the active area of the chamber is divided into four roads as shown in Fig. 
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4.1, then the roads that contain more than the minimum number of hit planes are similarly 

divided into four roads. The process is continued until all the valid roads are small enough 

to contain only one hit duster per plane. In the simple example demonstrated in Fig. 4.1 

(one track plus a spurious noise duster) only road number 3 of the first four chosen roads 

contains more than the minimum number (3) of planes hit. 

/ 
I 

/ 

/ 
/ 

/ 

muon track 

/ 
/ 

/ 

I 
/ 

/ 

I 

spurious cluster 

I 

I 
I 

I 

/ 
I 

/ 
I 

/ 

Figure 4.1. Illustration of the first roads chosen in the muon track finding algorithm. 
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This road is further subdivided into four roads (as shown in Fig. 4.2), since it contains a 

plane with more than one cluster within the road width. The subdivision yields only one 

road with more than 3 planes hit within (road 7), and this road need not be subdivided 

further since the extra plane hit no longer lies within its width. 

I 
I 

I 
I 

' 

I 
I 

muon track 

I 
I 

I 
I 

I 

spurious cluster 

I 

I 
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I 
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I 

I 
I 

I 

Figure 4.2. Illustration of the second set of roads chosen in the muon track finding algorithm. 
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The actual muon chamber duster patterns arc, of course, more complicated than this simple 

example. After the final set of valid roads have been obtained, a straight line fit is done to 

the clusters within each road to determine the view-track (x, y) slopes and intercepts. 

Three dimensional space-tracks are found in a similar binary search of the view-track 

parameters. Space-roads arc constructed and checked to see if any set of view-tracks are 

consistent with belonging to the road. Space-roads with a consistent set of view-tracks are 

then further sub-divided until a set of roads exists in which each road contains only one view­

track in each view. Clusters belonging to these space-roads arc input to a three-dimensional 

straight-line fit resulting in 3-D track parameters in the form of x-z and y-z plane slopes and 

intercepts. 

4.1.2 PWC and SSD track reconstruction 

The track finding algorithm for the upstream PWCs is essentially the same as that for 

the muon chambers described in the previous section with one addition. Due to high hit 

multiplicity in the SSDs and upstream PWCs, the duster widths become spuriously large. 

A fit is, therefore, redone for the valid tracks by taking into account only one wire from each 

cluster. The final track parameters are taken from the single wire hit combination that results 

in the smallest X2. No space-track fit is done, however, for the SSD system since it lacks a 

third view. 

4.2 Detector module linking 

4.2.1 MUON-PWC linking 

Muon system tracks are linked with the upstream PWC tracks by projecting x and y view 
" 

segments from each system to the center of the toroid and looking for position matches. 
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Segments that meet at the center within a window of 12 cm in both views are considered 

linked track candidates (see Fig. 4.3) The fairly wide width of the matching window is chosen 

in consideration of the multiple scattering that occurs in the material between the two 

systems. 

(e, f, g, h) 
x=e+fz 
y = g + hz 

PWC system 

segments must meet 
within 12 cm 

Figure 4.3. Illustration of PWC.MUON system linking. 

(1 Ip, cl>x· c1>y) 

Toroid 

(i, j, k, I) 
X=i+jz 
y=k+lz 

Muon system 

The MUON-PWC linked track candidates are described by a vector of 8 measured 

parameters (X) consisting of x-z. and y-z. slopes and intercepts for both systems, and their error 

matrix (E). In addition to the measured parameters, the track's inverse momentum (lip) and 

two multiple scattering angles: one in the x-view ( cl>x), and the other in the y ( cl>r), are desired. 

This gives a total of 11 parameters describing a track, out of which 7 are independent. A fir 

is done to determine the independent parameters (P) chosen as lip, cl>x• cpY' and the slopes and 

intercepts in the PWC system: e, f, g, and h. 
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A Z2 is constructed as: 

X2 =(X-A·P)r ·E-1 ·(X-A·P) (4.1) 

where X, E, P are the previously described vector of measured parameters; the measurement 

error matrix; and the vector of desired independent parameters, respectively. A is a matrix 

(of order 11 x 7 in chis case) chat connects the measurements with the independent 

parameters. Minimization of this Z2 gives the independent parameters, which are taken as 

the muon track production parameters (at this level, the dipole kick in the x-direction can 

be neglected), subject to a Z2 < 2 cut. These tracks are referred to as MUON-PWC linked 

cracks. In the case of ambiguities, up to three PWC-MUON linked combinations are kept 

for each muon track at this stage. Matching of these tracks to the SSD system and vertex 

position are used to resolve the ambiguities at a later stage. 

4.2.2 Event selection 

Good dimuon events were selected by a program that utilized the MUON and PWC 

track finding and linking procedures described in the previous section. Only tracks passing 

the MUON-PWC fit with a Xl < 2 were considered. At least two muons, each with 

momenta of at least 20 Ge Vic were required. In order to remove the background from beam 

halo, both muons had to point back co the target region. These cuts reduced the sample by 

a factor of eight, yielding approximately 800K events from the 1990 run. These events are 

called DIM selected events. In order to get at the high-mass dimuons quickly, especially 

those from J/yt, a further scleaion (called PSI), requiring at least two opposite sign muons 

with a dimuon invariant mass of greater than 2 GeV/c2, was made. Thirty-five thousand 

events passed the PSI selection. All of the E672 physics results presented in this thesis are 

based on this sample. 
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4.2.3 Vertex find.in& and PWC-SSD linking 

Muon events passing the selections mentioned in the previous section were sent to a full 

reconstruction program in which the muons were linked through the entire apparatus, and 

the other charged tracks in the event were reconstructed. Tracks were found in the separate 

detector modules in the manner outlined in section 4.1, then the PWC and SSD segments 

were linked together. Since the SSD system has only two views (x and y), space tracks can 

not be formed and the linking must be done in the two views separately. The SSD-PWC 

linking algorithm is illustrated in Fig. 4.4. 

(a, b) 
x =a+ bz 

SSD-X system 

segments must meet 
within 5 mm 

{c, d) 
y=c+dz 

SSD-Y system 

slopes and intercepts 
must be the same 
(within errors) 

(1/p) 

Plgure 4.4. Illustration of the SSD-PWC linking algorithm. 

{e, f) 
x=e+fz 

PWC-X system 

{g, h) 
Y= g + hz 

PWC-Y system 
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The linking in they view is simple since the dipole magnet between the two systems imparts 

no momentum Icicle in this direction. Segments with the same slope and intercept (within 

errors) in the SSD and PWC systems are considered linked in this view. The dipole imparts 

a constant PT of 450 Me Vic in the x view. Linking in this view is therefore achieved by 

projecting SSD and PWC track x-segments to the center of the dipole. Segments are 

considered linked if they meet at the center of the dipole within a window of 5 mm. 

Again, in the case of ambiguities, up to three SSD x-links and three y-links are kept for each 

PWC space track. At this stage of the reconstruction a list of the SSD segments with possible 

PWC links is made, and these segments arc then used to determine the event venex:. 

The vcnex finding algorithm finds all possible two segment intersections, and then 

combines intersections that occur at the same positions (within errors). This is done 

separately in the x and y views, and a list of possible multi-segment intersections is made for 

each view. The lists are then compared and only intersections that have an intersection 

occurring at the same z position in the other view (within errors) are kept. This procedure 

results in a group of three dimensional venex positions (x, y, z) and a list of segments 

associated with each venex. An three-dimensional impact-parameter minimizing fit is then 

done for these venices. The reconstructed z-position distribution of primary venices is 

shown in Fig. 4.5. The target structure (described in Section 2.4.1) is clearly seen, and 

comparisons between the apparent, and actual, material size indicate a resolution of0.35 mm 

in the longitudinal direction. A transverse resolution of 10 microns has previously been 

demonstrated (sec Fig. 2.3). 

The SSD segments that arc associated with a venex in this procedure are then refit using 

the venex position as an additional pseudo-plane hit The same type of X2 fit as used for the 
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MUON-PWC linked tracks (Eq. 4.1) was now performed on the SSD-PWC linked tracks, 

yielding their production momenta and view track parameters (slopes and intercepts) . 
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4.2.4 SSD-PWC-MUON linking 

The final stage of the full tracking program is the linking of muon tracks through the 

entire spectrometer. SSD-PWC linked tracks are projected to the center of the toroid and 

position matched to muon tracks in the manner described in section 4.2.1. These fully 

linked muon tracks are described by 12 measured slope-intercept parameters (4 for each 

detector module segment). Four additional unmeasured parameters are desired to describe 

a muon track: the inverse momenta at production (lip) and in the muon system (lip). and 

the two multiple scattering angles mentioned earlier. Of these 16 quantities 8 are 

independent, and once again a X2 fit (Eq. 4.1) is done to determine the momenta (2 

parameters), production slopes and intercepts (4 parameters), and multiple scattering angles 

(2 parameters). A consistency, accounting for energy loss, between the production 

momentum (determined by the dipole bend) and the muon system momentum (determined 

by the toroid bend) is required in this fit. This procedure rcconstruets muons with an 

efficiency of about 90% per track, with a momentum resolution of: 

Sp 
-=0.05%p, 
p 

which is demonstrated by the slope of the fractional momentum error distribution as a 

function of momentum as shown in Fig. 4.6. 
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Figure 4.6. Fra,ctional momentum error vrs. momentum for fully linked muon tracks. 

4.3 Reconstructed event cbaracteristig 
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The sdection and reconstruaion programs described in the previous seaions yielded 

approximately six-hundred-thousand events in which two or more muons were fully linked. 

438K events have opposite sign muon pairs, and 203K have like-sign pairs (181K negative 

pairs, and 22K positive pairs). There are also 1123 three-muon events in the sample . 
• 
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The invariant mass distribution for opposite sign muon pairs is shown in Fig. 4.7. 7he 

vector mesons p/OJ. (/), and 111/f are clearly resolved. 
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Figure 4.8 shows the reconstructed opposite-sign dimuon mass distribution for the PSI 

selected events (see section 4.2.2). There are about thirty-five thousand opposite-sign 

dimuons in this sample. A two-resonance plus background fit to this sample yields 11,200 

± 440 Jll/fS, and 341 ± 89 l/1(2S)s. Both resonances have a reconstructed mass resolution 

of 85 MeV/~. 
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Figure 4.8. Reconstructed opposite-sign dimuon invariant mass for PSI selected events. 
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The Jtym+rc- invariant mass distribution as shown in Fig. 4.9 shows a clear peak at the 

ljl(2S) mass. The number of 1/1(25) events reconstructed in this mode (about 300) is 

consistent with the number of events observed in the dimuon channel, when both are 

corrected for acceptance and reconstruction efficiencies, demonstrating that we understand 

these corrections [42). 
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CHAPTERS 

B DECAYS WITH J lt/f IN THE FINAL STATE 

Experiments UAl and CDF have shown the usefulness of the Jl'lf meson as a tag for b 

quark decays [13, 14] (sec Chapter 1). Although the associated branching ratios are small, 

the Jlyt, through its decay into muons, provides a clean signal (as demonstrated in Chapter 

4), and a straight-forward trigger. Another advantage of decays into J/'lf is that, in many 

instances, the final state involves only charged particles, thus allowing full reconstruction of 

the mass and momentum of the decaying B. E672 is also capable of reconstructing both 

the primary and secondary vertices, i.e., measuring the B decay length, which, combined 

with the mass and momentum measurement, completely specifies the B time of flight. 

5.1 Decay modes and branching ratios 

In this thesis, the generic symbol B is used to refer to any particle containing a b quark. 

There arc three known mesons that contain b quarks: B', B0
, and B,. The B' is composed 

of a ub quark-antiquark pair, the B0 is a db pair, and the B, is a sb pair. In addition to 

these mesons (and their charge conjugates}, there also exist baryons which contain a b quark. 

All of these particles have significant decay modes containing the Jl'lf in the final state [9, 

10, 17]. 

The dominant diagram for B decay into J/'lf is the spectator decay shown in Fig. 5.1. 

It consists of a. b-+c transmutation in which the W decays into a sc pair. The resulting 

charm quarks pair up to form a charmonium bound state, and the s quark and spectator 

q~k hadronize into a variety of states having strangeness. This is a color-suppressed decay 
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in that, in order to form charmonium, the cc pair must be produced in a colorless state. The 

Cabibbo favored final states for W decay are: 

w ~ (~).(; ).( ;J.( ~).( ;J. 
Due to the quark's oolor degree of freedom, there arc three times as many available states in the 

hadronic channels as in the leptonic modes. The W, therefore, decays into the above final states 

with the weights 3 : 3 : 1 : 1 : 1, respectively. Only one of the three charm channels ( the one 

with the anti-color of the c-quark from the b-+ c transmutation) is, however, available for 

charmonium produaion. This suppression can be ovenumcd by the emission of a gluon in the 

charmonium formation, de-colorizing the state. This processes is suppressed by an order of a
5

, but 

in the case of soft-gluon emission, a, is on the order of unity. 

The branching ratio for the inclusive process B-+Jl'lf+Xhas been measured by ARGUS and 

CLEO to be (1.12 ± 0.16)% [9, 10]. This branching'ratio was measured for & produced at the 

upsilon(4S) resonance and therefore involyes a m.ixrure of B· and B0 mesons only (the upsilon(4S) 

is too light to produce B. mesons or ~baryons). CERN c:xpcrimcnt 13 has recently published 

a B-+Jl'lf+Xbranching ratio of (1.3 ± 0.4)%, measured at the Z resonance, which includes decays 

from all ~hadron species [ 11]. This is the value appropriate for this analysis, since all B types, 

including baryons, arc produced in high-energy hadronic collisions. In addition to the 

inclusive branching ratio, ARGUS and CLEO have measured exclusive B-decay branching 

ratios with the J/1/f in the 6.nal state [9, 10). E672 detects J/1/fS by their decay into opposite­

sign muon pairs. The branching ratio for this decay has been measured by MARK III to 

be (5.97 ± 0.25)% [43]. The combined branching ratios for the exclusive B decays 

experimentally accessible to E672 (those with charged particles only in the final state) are 



shown in Table 5.1. 

Table S.1. Branching ratios for B-decay modes with }/'If in the final state. 

Decay mode 

B-+Jl'lfX-+ µ+µ- X 

B+ -+ll'lfK•-+ µ+µ-K• 

B• -+lll/fK• n•n--+ µ•µ-K• n•n­

B0 -+lll/fK,0-+ µ•µ- n·n-

B0 -+lll/fKfl"-+ µ+µ- K•n-

B° -+Jl'lf K• n- (non-res) -+ µ • µ- K• n-

5.2 Decay sigpamres and backgrounds 

Combined Branching Ratio 

(7.8 ± 2.4)xl0-4 

(4.6 ± l.2)x10·5 

(6.6 ± 2.9)xl0·5 

(1.3 ± 0.6)xl0·5 

(7.7 ± 2.3)xl0·5 

(6.0 ± 3.0)x10·5 
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B-+lll/f+X decays are uniquely tagged by Jl'f/IS emerging from secondary vertices. As was 

shown in the previous chapters (see Figs. 2.3 and 4.4), we are able to reconstruct primary 

vertices with an average resolution of 10 µm in the transverse plane and 0.35 mm in the 

longitudinal direaion. Monte Carlo studies indicate that & produ~d at E672's fixed-target 

energy travel, on average, a distance of 1.6 cm in the longitudinal dircaion and 150 µm in 

the transverse plane (sec nca section). Since these decay lengths arc much larger than the 

venex resolutions, it is expected that both the primary and secondary vertices should be 

resolved in a substantial number of the B decays occurring in our apparatus. The acrual 

number reconstructed depends on the efficiencies of the reconstruction and analysis 

programs, described in the next chapter. A significant background to secondary-venex JI Vfs 

from B decays is produced by secondary interactions, events in which a high-momentum 



53 

particle from the primary interaction interacts further downstream in the target and produces 

a Jlyt. Events with Jl'f/IS from veniccs in regions where no target material is present are 

particularly interesting because they do not suffer from this background. 

5.3 Monte Carlo simulations 

Monte Carlo simulations were used to tune analysis programs, evaluate the detector 

acceptance, and find reconstruction-program efficiencies. These were GEANT3-bascd full 

detector simulations [44]. Kinematically correlated beauty-panicle pairs were generated 

according to distributions in Xi: and pT measured by E653 [45], given by: 

(5.1) 

with X0 = 0.17±0.09, n = 3.6:~ .. and b = 0.09:!:. 

Pairs were generated with parameters equal to the central values given above, and, in 

addition, with values varied within the corresponding errors (in order to determine 

systematic uncertainties). The theoretical distributions given by NDE [1] and Berger [2] 

were fit to the form given in Eq. (5.1), and the parameters found were consistent with those 

measured by E653 within relatively large errors. The offsets, x
0

, found in these fits are, 

however, systematically lower than the values obtained by E653. The implications of this 

discrepancy arc discussed in Chapter 9. The generated Bs were made to decay according to 

an exponential distribution with a mean lifetime of 1.32 ps, as measured by LEP [11] (this 

value was varied by ± 0.2 ps in order to determine systematic uncertainties). One of the Bs 

in each event, chosen at random, was forced to decay into a 111/f + hadrons, with the 111/f 

subsequently decaying into a muon pair. The other Bin the event was made to decay into 
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a kaon plw a randomly chosen number of pions (up to a maximum of 5). Fig. 5.2 shows 

the decay-length distributions in the longitudinal and transverse directions for the Monte 

Carlo generated B events. The mean decay length in the longitudinal direction is 1.6 cm, 

and that in the transverse is 150 µm . 
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Figure 5.2. Monte Carlo B decay lengths, (a) in the longitudinal direction; (b) in the transverse plane. 
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• 

The acceptance for dimuons from B-+J /t/f+ X dco..ys as a funaion of the B's pT is fairly 

flat up to a value of 4 G~Vlc. The two-dimensional acceptance as a funaion of xp and pT 

is shown in Fig. 5.3; the acceptance is non-?.Cro only in the forward region (.xp > 0 ), and has 

an integrated value of 33% in the region 0.1 < ;: < 0.8, pT < 4.0. 
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Figure 5.3. Two-dimensional acceptance for dimuons from B decays as a function of Xi: and pT of the B. 
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Hadrons for the underlying event were generated subject to energy and momentum 

conservation using a longitudinal phase space model [46]. The GEANT physics processes 

were implemented in this simulation (multiple scattering simulation is panicularly importarit 

for the vertex reconstruction efficiency). The events were digitized as spectrometer hits (with 

appropriate detector noise and efficiency included) and a fake raw-data file was generated and 

run through the reconstruction and analysis programs. Figures 5.4-5.7 demonstrate how well 

the Monte Carlo event characteristics represent those of the real dimuon data. Figure 5.4 

shows the distribution of impact parameters with respect to the primary vertex for charged 

· tracks. The similarity between the generated and data distributions show that multiple 

scattering in the target is well simulated by GEANT; a aucial point for vertex finding 

analysis. The Monte Carlo multiplicity and momentum distributions are also shown to be 

consistent with those from the data in Figs. 5.5-5.7. Note that the hump in the pT 

distributions at 1.5 Ge Vic is due to muons from //l/f decays. 

Similar Monte Carlo simulations ~ere done for direct and secondary-interaction JI l/f 

events. For the secondary-interaction simulation, ISAJET was used to generate particles 

from general pion-nucleus collisions [47). Leading hadrons were allowed to interact further 

downstream in the target, with the probability of producing a //l/f determined by the amount 

of material traversed and the J/l/f cross-section evaluated at the interacting particle's 

momentum. 
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CHAPTER.6 

]11/fS FROM SECONDARYVERTICES 

The key to the analysis of B-+J/'1y+X events lies in the reconstruction of the J/Vf venex 

position. Since in many of these decays the secondary vertices have small multiplicities, there 

is a high probability that they will be missed by the initial venex finding. A muon-oriented 

vertex finding procedure was, therefore, developed to reconstruct these vertices more precisely 

and with higher efficiency. 

6.1 Dimuon oriented vertex find.iD& 

The J/Vf vertex position was found by a muon-oriented venex refit: opposite sign muon 

pairs were selected in the mass range 2.85 Gt VI~< M""' < 3.35 GtV1~. Those pairs that had 

consistent intersections in the x-z and y-z planes (those occurring at the same z position, 

within errors), were subject to a X2-minimizing fit with simultaneous vertex and J/Vf mass 

constraints (described in Appendix A). The resulting vertex was then used as a seed for an 

iterative vertex-fitting procedure which associated other charged tracks to this vertex. Only 

SSD-PWC linked tracks with transverse impact parameter within 1.5 standard deviations of 

the J/Vf vertex seed position were used in the fit. The reconstructed J/l/f vertex z-position 

distribution from the 1990 PSI-selected (see Chapter 4) data using this method is shown in 

Fig. 6.1. Almost all of the J/ytS in this sample are either produced directly or are from 

prompt decays of higher-energy charmonium states. The muon-oriented venex finding 

algorithm· should, therefore, reproduce the event's primary vertex in most cases, excluding 

secondary interactions and B decays. 

" 
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That this indeed occurs is demonstrated by the target elements being clearly resolved in 

Fig. 6.1. It is also shown explicitly in Fig. 6.2, which shows the z-position differences 

between the primary and J/l/f venices. The peak centered at zero in Fig. 6.2 is due to Jllj/S 
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Figure 6.1. Reconstructed JI l/f vertex z-position distribution. 
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from primary veniccs, while the entries at positive difference greater than 1 mm are 

attributed to secondary-venex l/1/fS from secondary interactions and B decays. The few 

events with a 111/f venex reconstructed well upstream (more than 1 mm) of the event's 

primary venex (negative entries in Fig. 6.2) are attributed to false venex reconstruction. 
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Ftgure 6.2. Difference between primary vertex z-position and J/'ytvertex z-position (Jl'l/f- primary). 
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The vertex-finding procedure was also tested on B Monte Carlo events (as described in 

Chapter 5). Figure 6.3 shows the differences between the reconstructed and Monte Carlo 

generated secondary 111/f vertex positions in the longitudinal (z) and transverse (x, y) 

directions. These residuals agree with the uncertainties given by the vertex fit and the 

expected detector resolutions of O'z = 0.35 mm, and <Jr = 10 µm. 
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6.2 Vertex q,ualicy ruts 

The event sample was then searched for cases in which the llt/f vertex was downstream 

of the primary vertex. In order to clean the sample, several cuts were applied to these events: 

(i) Only events with at least three SSD-PWC-vcrtex linked tracks from the primary 

vertex were kept, and a beam track having an impact parameter within 1.5 sigma 

of the primary vertex was required. Secondary J/Vf vcniccs with a beam track 

pointing at them within 1.5_ sigma were discarded (631 events passed this cut). 

(ii) Fiducial-volume cuts were made for both primary and secondary vertices: the 

primary had to come from the target region, and the secondaries had to be 

upstream of the first SSD plane (577 events passed these cut). 

(iii) A significance greater than 3 was required for both the longitudinal and 

transverse separations between the primary and secondary vertices, with significance 

defined as the separation divided by the combined vertex uncertainty. An absolute 

longitudinal separation of 2.5 mm was also required (121 events passed these cuts). 

(iv) Secondary J/Vfvenices with more than four associated hadrons were discarded 

in order to reduce the background from secondary interactions (73 events passed 

this cut). 

6.3 The secondary vertex .Thy sample 

The p_rimary- and secondary-vertex z-position distributions for the seventy-three events 

passing these cuts arc shown in Figs. 6.4b and 6.4c, respectively (Fig. 6.4a shows the z­

distribution for the primary-vertex J/VJS for reference, since the gaps in the target strucrure 

arc visible in this distribution). Notice that there are events in which the secondary JI t/f 
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Figure 6.4. Vertex z-position distributions: (a) J!ljl vertex position for all events; (b) primary vertex 

position for events with a secondary JI lj/vertex (passing cuts); (c) secondary Jtlj/vertex position for these 

etTents. 
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venex occurs in the gap regions, a:nd that none of the primary venices occur in these regions. 

The background to this signal from false venex reconstruction was estimated using 

various methods. In one, the exact same set of cuts was imposed o.n the few events shown 

in Fig. 6.2 in which the reconstructed J/lj/vertex was upstream of the primary. None of these 

events passed all the cuts. A Monte Carlo simulation (as described in Chapter 5) of directly 

produced Jllj/S with LPS-generated hadrons was also used to check background. The same 

procedure used on the real data was performed on these events, yielding a probability of (3.2 

± l.4)xlo-4 for a spuriously reconstructed direct Jll/f event to pass the venex quality cuts. 

Normalizing to the o~ginal 11.2K Jll/f events, the estimated background to the secondary­

venex Jlljl sample from false venices is 4 ± 2 events. Another possible source of background 

comes from dimuon events coming from other physics processes (most notably double 

semileptonic D decays) in which the muons coincidentally meet to form a venex and an 

invariant mass in the J/l/f range. The background from these types of events was estimated 

by taking dimuon pairs with an invariant mass in the side-band ranges above and below the 

Jll/f (excluding the 'Jl(2S) mass range) and performing the same fit (with the mass 

constrained to that of the center of the band) and analysis as was used for the J/ty. No events 

passed these . cuts. A3 is the case with fake reconstruction, vertices from this type of 

background can occur upstream of the primary vertex as well as downstream of it. The 

absence of vertices passing the quality cuts occurring upstream of the primary venex is 

strong evidence that this sample is relatively free of background, except, of course, that due 

to secondary interactions. Although the requirement of low secondary multiplicities certainly 

improves the likelihood of the Jlljl coming from a B decay, secondary-interaction events 

remain in the sample. 
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There arc two reasonably large regions in the fiducial volume of the target-SSD system 

where there is no material present: -9.61 cm < z < -8.62 cm, and -7.50 cm < z < -5. l cm. 

Events with secondaries in these gaps cannot contain a background from secondary 

interactions. The positions in the z-y plane of the JIVf vertices in these gaps are shown in 

Fig. 6.5 (with z error bars). The hatched areas represent the Be target material, and the line 

at -5.6 cm represents the Mylar-foil window of the first SSD plane . 
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Figure6.5. SecondaryJ/'lfvertex pmition in the y-z plane, showing events with vertices in gaps where no 

material is present. Hatched areas represent target material; the line at-5 .6 cm represents a Mylar-foil window 
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There are ten events in which the Jlt/f vertex is at least three standard deviations away 

from a region where material is present (these events are shaded in .Fig. 6.5). In three events 

the vertex occurs in the air gap region between the Be targets, while seven events have their 

vertex occurring in the air gap between the upstream Be and the first SSD plane. Using 

secondary-vertex distributions from Monte Carlo simulations (see Fig. 6.6), the total number 

of J/lf/S from B decays in the fiducial volume can be extrapolated from the number occurring 

in the gaps. 

80 Monte Carlo 

70 

--- 60 
E 
u 
.- 50 
0 -......... 
UJ 40 -+-' c 
Q) 

> w 30 

20 

10 

0 
-14 -12 -10 -8 -6 -4 -2 

J/1/f secondary vertex z-position (cm) 

Figure 6.6. Secondary vertex distribution for J/1f/$ from Bdecays. Vertices occurring in air gap region 
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This analysis indicates that (35 ± 5)% of the total decays occur in the gap regions, and that 

approximately twice as many events should have their secondary vertices occurring in the 

downstream gap as in the upstream one. The ratio obtained from the data is 2.3. One of 

the estimated 4 ± 2 background events from fake vertex reconstruction is estimated to occur 

in the gaps. With this considerations, a background subtracted signal of 9 ± 3 secondary­

vertex Jl'lf events from B decays in which the secondary vertex occurs in a region where no 

material is present is obtained. Extrapolating, it is estimated that 26 ± 10 B ~ Jl'lf + X 

events occurred in the entire fiducial volume. This number is from interactions in Be only; 

an additional four B events are expected to have been produced in Cu, giving a total of 30 

B ~ Jl'lf + X events in the 73 event sample. An analysis of secondary interactions using 

Monte Carlo and minimum-bias events indicates that approximately 80 secondary­

interaction events are expected to pass the vertex quality cuts in the l l.2K Jl'lf sample, with 

approximately 33 also passing the multiplicity cut [47]. This number added to the estimated 

number of B events (30) and false vertex reconstruction (4) gives a total of 67 events, 

consistent with the 73 ± 9 events found. A determination of the beauty hadroproduction 

cross-section using the gap signal is presented in Chapter 8. 

An event display of one of the gap events is shown in Figs. 6. 7 and 6.8. Only SSD tracks 

with a PWC link are shown. This event is of particular interest in that, in addition to the 

secondary Jl'lf vertex coming from the air gap, it has another vertex downstream of the 

primary. As shown in Fig. 6.7, the event is extremely clean in the x-z view, with almost all 

of the SSD hits being associated with SSD-PWC linked tracks. There is, however, a group 

of hits in the central region that form a SSD segment that has no PWC link. This segment 

is' associated with the primary vertex. The y-z view is somewhat noisy, but the hits not used 
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by the SSD-PWC linked tracks are not consistent with any additional segments. All three 

of the vertices in this event are well separated and occur at the same z positions in each view, 

and the primary vertex has a beam track pointing to it in each view (see Fig. 6.8). 

" 
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' Figure 6.7. Event display of theJ/Vfgap event having three vertices. 
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Figure 6.8. Enlargement of the vertex region for the three-vertex event shown in Fig. 6. 7. The shaded 
area represents target material. The J/1/f in this event comes from the vertex in the air-gap region. 





CHAPTER 7 

EXCLUSIVE BDECAYS WITH Jlyt IN 1lIE FINAL STATE 

The decay modes B~J/'l/f+K and B~J/'l/f+K have significant channels that contain 

only charged particles in the final state, allowing full reconstruction of the mass and 

momentum of the B. Together with the decay length given by the vertex reconstruction, 

these quantities specify the lifetime of the decaying particle. The sample of secondary-vertex 

JI tJ15 was searched for these decay modes. 

7.1 Exclusive B± ~Jlyt+K± decay reconstruction 

Events with three-prong secondaries (2 muons plus another track) from the sample of73 

secondary-vertex Jl'l/f events were selected as candi~te Bt -+J/'l/f+ Kt decays. Since there 

was no downstream hadron identification in this experiment, the non-muon track was 

assumed to be a kaon. Since the track density is high for fixed-target collisions at these 

energies, tracks from the underlying event can often be coincidentally associated with the 

secondary vertex. In order to reduce this background from the underlying event, the pT (with 

respect to the beam axis) of the assumed kaon was required to be greater than 0.5 GeV!c. 

Figure 7.1 shows the kaon's PT distribution from accepted Monte Carlo Bt -+l/'l/f+ Kt 

events. The pT distribution for charged tracks in direct J/'l/f events (from real data) is shown 

in Fig. 7.2. As can be seen from these distributions, the cut on PT> 0.5 GeV/c reduces the 

background considerably (61 % rejection), while keeping 95% of the Monte Carlo B events. 

In addition to this cut, the high track density is taken into account by allowing events with 

4-prong secondary vertices (2 muons plus 2 additional tracks) into the selection. These 

e~ents were analyzed under the hypothesis of 3-prong B decays with an additional spurious 
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Figure 7 .1. Decay kaon transverse momentum from detector accepted Monte Carlo B--:;J /'If+ K events. 
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track eac;h. It should be noted that none of the 4-prong secondary vertices out of the 73 

event sample had both secondary hadrons survive the PT cut. The 4-prong events that had 

one track passing the pT cut were vertex refit without the other track. For both the 3- and 

4-prong vertices, the candidate kaon's momentum vector was added to that of the 111/f to 

form a candidate B momentum vector. This vector was projected bade from the secondary to 

the primary vertex, and a transverse impaa parameter (S) was calculated (sec Fig. 7.3). 

primary vertex 

,7t; 

Figure 7.3. Schematic of Bdecay showing the secondary-venex momentum vector's impact parameter 

with respect to the primary venex (l>.,). 
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The distribution of the Ov irnpaa parameter for Monte Carlo events is shown in fig. 7.4. The 

width of the distribution is due to the measured momentum being smeaiai Based on the Monte 

Carlo distribution, an event was considered a B candidate if 0 was less than 80 microns. v 
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Figure 7.S shows the reconstructed JlytKt invariant-mass distribution obtained by using 

the described method and cuts on Monte Carlo events. The distribution peaks at the PDG 

value of 5.28 Ge VI~ [48] and has a standard deviation of 30 MeVI~. 
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Four events from the secondary vertex 111/f data sample survived the cuts. Their 

invariant-mass distribution is shown in Fig. 7.6 Two events fall in the expected B-mass 

region, one from each of the candidate charged decay modes: s· -:,]/'If+ K+, and 

s- .....::,111/f+ K-. 
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In order to show that the cuts used in this analysis were not selecting arbitrary events in 

the B-mass region, a background simulation using Jl'lfS from primary vertices was performed. 

JI l/f K combinations from events with only one vertex were subjected to the same cuts as the 

combinations from secondary vertices (i.e. vertex multiplicity, hadron impact-parameter, and 

momentum cuts). The resulting invariant-mass distribution shown in figure 7.7 peaks near 

4.1 GeWt2 and shows no evidence of enhancement in the B-mass region. 
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7.2 Exclusive 8° =t.llty+K0
" decay mode reconstruction 

The search for the exclusive decay mode B0 =illl/f+K00 (and its charge conjugate) 

proceeded as follows: K 0
" s were observed by their decay into K :t .n .. pairs. Since there was 

no downstream hadron particle identification in this experiment, a kinematic criterion for 

kaon identification was used to reduce combinations. As a result of the Lorentz boost on 

particles of unequal mass the kaon from a K 00 decay will always receive a momentum of at 

least a half of that of the pion. Therefore, to calculate the mass of a pair of tracks, the kaon 

mass was assigned to one track and the pion to the other (and visa versa}, and the 

combination was accepted if the track assigned the kaon mass had a momentum greater than 

half of the other track. The invariant-mass distribution for zero-net-charge combinations of 

charged track pairs meeting this criteria is shown in Figure. 7.8. A K 00 peak is observed 

at the PDG mass value of 897 MtWc2 [48]. 
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Charged track pairs from 4- and 5-prong secondary vertices then selected in the 

observed K"" mass region and combined with the Jl'l/f in the same manner as in the charged­

kaon analysis. Only Kt 1'; pairs having resultant Pr greater than 0.5 Gt We with respect to 

the beam axis were kept, and the candidate B momentum was required to point back to the 

primary vertex to within 100 µm (this cutoff is larger than the single kaon case, since there 

_is more smearing due the additional track involved in the measurement). Five events passed 

these cuts, three of which have reconstructed masses in the expected B-signal range (sec Fig. 

7 .9). The secondary vertex for one of the events in the .B-mass range occurs in a region where 

no target material is present. 
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7 .3 Event characteristig 

The combined J/'yt K± and J/'yt K 00 invariant-mass distribution is shown in Fig. 7 .10 

There is a dear excess of events near the nominal ~meson mass. A background analysis 

using primary venex events subjea to the same cuts as the B candidate sample shows no 

evidence for arbitrary enhancement in the ~mass region due to the imposed cuts (see Fig. 7.7). 
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The event characteristics, including the decay particle lifetimes, for the five B-decay 

candidates are shown in Table 7 .1. The lifetimes for these events are consistent with the LEP 

measured mean B lifetime of 1.3 ps [11]. 

Table 7.1 B-candidate event characteristics 

Postulated decay B-candidace B-candidace 
Decay length Lifetime 

mode mass mo men rum (cm) (ps) (GeV/C-) (GeV/c) 

B• ~Jll/f+ K• 5.31 281 2.91 1.8 

B- ~Jll/f+K- 5.24 163 0.49 0.5 

I 

B 0 ~Jlyt+K"" 5.36 287 0.41 0.3 

B0 ~JI 'If+ K"" 5.29 210 0.51 0.4 

B 0 ~Jlyt+K"" 5.25 198 1.49" 1.3 
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CHAPTERS 

BFAUTI HADROPRODUCTION CROSS SECTION 

A determination of the beauty quark hadroproduction cross section, wing the 10 events 

in which there is a secondary vertex J/l/f occurring in an air gap region, is presented in this 

chapter. It was demonstrated in Chapter 6 that the background to this signal is understood 

and is equal to 1 event; giving a signal of9 ± 3 B events. The c:xclwive decay reconstructions 

presented in the previow chapter are too few in number to &cilitate a statistically significant 

cross-section determination. They do, however, show that the selection process and 

reconstruction programs are finding B decays. 

8.1 Use of JI yt as normalliation 

A cross section can be calculated from the following equation: 

N 
(1= , 

Br· L · E • E • E • ace L t r 

(8.1) 

where: N is the number of observed events, Br is the branching ratio, l is the luminosity, 

e L is a luminosity correction factor, et is ·a trigger efficiency correction, er is the off-line 

reconstruction efficiency, and aa is the detector acceptance. The luminosity correction factor 

includes corrections due to dead-time, muon halo rejection, and "clean" interaction and 

beam particle requirements. With "clean" meaning no other interactions within 3 beam 

buckets of the event, and no other beam particle occurring within 20 ns of the event. The 

trigger efficiency includes corrections for the pretrigger counter efficiencies and dimuon 

trigger processor efficiency. The values for these corrections are discussed elsewhere [23, 42]. 

At this stage in the general E672 analysis, only preliminary results arc available for the 
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luminosity and its correction. Beca.we of this, the beauty cross-section will be determined 

using the observed number of J/'f/IS and the J/Vf cross-section as previowly measured by E672 

[23]. This is done by taking the ratio of the cross-sections as determined by Equation 8.1: 

a N ·Br ·L·e"·e"·e"·ace :::..Jl.. _ tr If L t r If - . ,,. ,,. ,,. 
a,, N,,. Br,,.. L. EL • e, . er . ace,,. 

(8.2) 

The number of l/VJS must be corrected for atomic number (A) dependence effects, since 

B production is expected to go like A1
, while we have measured that J/Vf production is 

proportional to AG.9 [49]. Since the Bs and J/'f//S were observed in the same data set, the 

luminosity, and the luminosity and trigger corrections cancel in Equation 8.2, giving the 

expression for the beauty cross-section: 

N · a ·Br · e" ·ace 
(1 - '1f If If r If 

,,.- • III 
N" ·Br,,,.· er ·ace,,. 

(8.3) 

The Bs and direct J/'f//S wed for the cross-section determination were restricted to having 

had been produced in the Be target material, and they had to have an Xi: greater than 0.1. 

All 10 of the events with a secondary-vertex J/'lf occurring in the air gaps meet these criteria. 

~ere arc 9264 ± 105 reconstructed J/VfS meeting these criteria. The A-dependence 

corrected number of//'lfS from Be (A= 9) is: N~ = N" ·Ao.1 = 11540 ± 130. A value for 

a" · Br..,~,,,.= (7 .6 ± 1.5) nb/nuclcon (Xi: > 0.1), as measured by E672 previowly [23,49], was 

used for this beauty cross-section determination. 

8.2 Am;ptances and efficiencies 

The acceptances and reconstruction efficiencies were determined from Monte Carlo 

simulations as described in Chapter 5. For an event to be considered accepted, it mwt result 
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in two muons, both of which make it through the active area of the muon system. The 

muon acceptan~ in the foiward direction (Xp > 0.1) arc 43% and 33% for directly produced 

l/'f/1$ and B-+l/Vf+X events, respectively. A sample of about 40 thousand Monte Carlo 

B-+l/Vf+X events was used to determine the reconstruction efficiency. The sample had an 

almost equal amount of 2, 3, 4, and S prong decay vertex events. The total reconstruction 

efficiency for these events was determined to be 36%, with 35% of these events occurring 

in the air gap giving a total effective efficiency for finding a B-+J/Vf+X gap event of : 

(0.36)(0.35) = 13%. The breakdown of the factors leading to the total reconstruction 

efficiency is as follows: 

(i) J/Vf reconstruction: the linking of a muon track through the entire apparatus 

has an efficiency of 86%, leading to an efficiency for reconstructing both muons of. 

(.86)(.86) = 74%. A reconstructed invariant~ cut of 2.85 GiWt2 < MJll& < 3.35 

GiWt2 kills 7% of the J/'f/1$. The total J/Vf reconstruction efficiency is therefore: 

(.86)(.86)(.93) = 69%. It should be noted that this efficiency is for J/yJS coming 

from B decays, the efficiency for prompt J/1/fS is 80%. 

(ii) The J/Vf vertex fit, described in Appendix A, is 94% efficient. 

(iii) Primary vertex reconstruction: the reconstruction of the primary vertex, and 

the requirement of at least three tracks fully linked to it is 84% efficient. The 

requirement of a beam track pointing to the primary kills 24% of the events, giving 

a total primary vertex reconstruction efficiency of. (.84)(.76) = 64%. 

(iv) The vertex separation and quality cuts, described in Chapter 6, have an 

efficiency of 87% 

These factors lead to a total reconstruction efficiency for B-+J/Vf+X events of: 

(.69)(.94)(.64)(.87) = 36%. The total reconstruction efficiency for directly produced J/1/15 
..... 

is 75%, it consists of &.ctors i (80%), an ii (94%) listed above. 
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8.3 Cross-section @ilation 

As mentioned. in chapter 5, E672's signal of secondary vertex J/'f//S can include decays of 

all the b~adron species, including baryons. Consequently, and since b-quarks are always 

produced with their antiquark in pairs, we are measuring the bb hadroproduction cross 

section The branching ratio appropriate for the signal of secondary-vertex J/VJS is the b ---t 

1/V!+Xbranching ratio of (1.3 ± 0.4)% as determined by L3, which includes decays from all 

b-hadron species [11]. The combined branching ratio used for the cross-section 

determination (Br.1) must also include the J/Vf ---tµµ branching ratio of (5.97 ± 0.25)% 

(43], and a factor of 2 since both the b-hadron and the b-hadron can decay into l/l/f; 

Br... is therefore equal to: (2)(.0597)(.013) = (1.6 ± O.S}xl0-3 
• ..... ., .... ""' 

To summarize, the values of the parameters needed in the beauty cross-section 

determination using the background subtracted signal of 9 ± 3 secondary-vertex 1/1/fS 

occurring in the air gap regions are: 

N.r = 9 + 3 

N~ = 11540 + 130 

a.,· Br,, ..... ""' = (7.6 ± 1.5) nb/nuclcon 

e" = 75% r 

ace = 430/o 
" 

£ .. = 13% 
r 

ace•• = 33% 

Br... = (1.6 + 0.5)xl0·3 
....... ,, ..... ""' 
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Using these values, with Equation 8.3, a beauty hadroproduction (1r"-A collisions at 530 

Ge Vic) cross-section in the forward direction of: 

Ga = (28 ± 9 ± 8) nb/nucleon (.\f > 0.1), 

is obtained (where the first error is statistical, and the second is systematic). 

The main sources of systematic error arc due to uncertainties in normalization (18%), 

branching ratios (14%), B production .\f distribution (12%), and reconstruction efficiencies 

(10%). The uncertainty due to the B production and decay characteristics, were determined 

by varying the production .\f distribution and the B lifetime in Monte Carlo events as 

mentioned in Chapter 5. The reconstruction efficiency uncertainty was also determined 

from Monte Carlo; effects due to variations in detector noise, detector efficiencies, and 

number of tracks in the underlying event were studie~ The normalization uncertainty is due 

to the errors on the l/1/f cross section. A measurement of this value by E672, with much 

higher statistics, is now underway [42]. This measurement will reduce the normalization 

uncertainty to the 10% level. 





CHAPTER9 

CONCLUSIONS 

9 .1 Summar.y of results 

In 1'-A collisions at 530 Gt V1 c, we have found candidates for B-meson decays in 

modes involving the J/1/f. In seventy-three events, a J/yt was observed to emerge from a low­

multiplicity secondary vertex, a characteristic of B-hadron decay. While there is a 

background to this signal from secondary interactions, in ten of these events the J/yt vertex 

occurs in air gap regions where these interactions arc highly unlikely. The background to this 

signal is determined to be 1 event, leaving 9 ± 3 beauty events. A hadroproduction cross­

section in the forward direction of 

<1.i =(28 ± 9 ± 8) ob/nucleon (xp > 0.1), 

has been determined from these events. Extrapolating the number of gap events, using 

Monte Carlo analysis, we estimate 26 ± 10 of the 73 events in the entire fiducial volume are 

beauty decays. 

Five exclusive B decays; three in the B0 -+J/yt+ K,,. mode, and two in the B± -+l/yt+ Kt 

mode, were fully reconstructed. While small in number, these events provide a dean signal 

in the invariant-mass distribution. 

9.2 Comparison to theory and other gperiment:s 

In order to compare the beauty cross-section determination of the previous section to 

theory and other experiments, it must be extrapolated from the forward direction (xp > 0.1) 

t~ all xF regions. Due to the discrepancies (sec Chapter 5) in the B production Xi: 
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distribution between those measured (with very large uncenainties) by E653 and Berger's 

theoretical predictions, this extrapolation is extremely uncenain. The discrepancy is 

demonstrated in Figure 9.1, in which both distributions are plotted (normalized to the same 

number of events). The extrapolation from xp > 0.1 to all xp results in multiplicative factors 

of 1.49 and 1.98 wing the E653 distribution and Berger's distribution, respectively. As was 

done for the acceptance and reconstruction efficiency calculations, the E653 distribution will 

be used, and the variation of Berger's distribution from this will be accounted for in the 

systematic unccnainty (a 20% effect). 
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Extrapolating, a total cross-seaion is obtained of. 

a..-=(42±13 ~~~) nb/nucleon, 

where the first uncertainty is statistical, and the second is systematic. This value seems high 

when compared to the value obtained by E653 of 33 ± 11 ± 7 nb/nucleon [21], at a pion 

beam momentum of 600 Ge V1 c. Since the cross seaion is expected to increase with beam 

momentum, our point (at 530 GeWc) should be slightly lower than E653's. The 

uncertainties on both measurements are large, however, so the measurements are not 

statistically inconsistent. Our total cross section measurement is also larger than Berger's 

prediction (see fig 9.2), but not at a significant level here either. Both our, and E653's 

measurements, as well as that of WA78 are shown in Figure 9.2 along with Berger's 

predictions. Both of the other experiment's points lie in the theoretical band. 

'· 
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9 .3 Conclusion 

This experiment has helped show that fixed-target beauty physics is possible. A high­

statistics experiment with a larger XF acceptance could well measure the total beauty cross 

section with the precision needed to really test the theoretical calculations. Measurements 

of the production xF and PT distributions, as well as atomic number dependence would also 

be very interesting. We have also shown that exclusive decays into 1/1/f can be reconstructed 

in a fixed-target environment. This has large implications for a CP violation experiment 

since the 8° -+1/1/f+ K.0 decay is considered one of the flagship events for this study. An 

experiment designed for this study would have to have a very large acceptance since the other 

Bin these events has to be tagged for a CP analysis. It also remains to be seen if the rates 

needed for this study arc accessible to a fixed target. experiment. 





APPENDIX 

THE J/Vf VERTEX FIT 

The vertex position and the momentum vector of the J/'lf is determined by a vertex fit 

of the muon uack parameters in which the J/'f// mass is used as a constraint. Muon pairs 

are described by a vector of 10 parameters (p) consisting of x-z and y-z slopes and intercepts, 

and inverse momenta for both muons, and their error matrix (E) (see Fig. A.1), 

It should be noted that these parameters are not true measurements; they are determined 

from the SSD-PWC-MUON fit described in Chapter 4, and are taken as virtual 

measurements to find an estimate of the new track parameters (q) and the Jl'lf parameters 

[SO]. A 6 parameter vector (x) is used to describe the J/yt; it consists of the Jl'lf inverse 

momentum, x-z and y-z slopes, and the vertex position (see Fig. A.1), 

F'lgure A.1. Diagram of 111/f decay into muon pairs, showing parameters used. in the vertex fit. 
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The 111/f and muon parameters arc related by a set of 8 constraint equations 

m¥1S "'ix m2x 

( m~ + m~ + 1 r2 p ~ - ("'12. + "'1.2r + 1 r2 P1 + ( m;. + m;r + 1 r2 P2 (A.3) 

m.,., "'1.r ~r 

( m~ + m~ + 1 r2 p ~ = ( "'12. + "'1.2r + 1 )1'2 P1 + ( nz:. + m:r + 1 r2 P2 
(A.4) 

1 1 1 

( m~ + m~ + 1 r2 p ~ = ( "'12x + "'1.2r + 1 r2 P1 : ( m;K + m:y + 1 r2 P2 
(A.5) 

( 
1 J1'2 

( 1 )1/2 ( 1 )1/2 
- 2 +M! = - 2 +M; + -;:+M; 
~ A A . 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

(A.10) 
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where Eqs. (A3), (A4), and (A5) are momentum conservation equations in the x, y, and 

z directions, respectively; (A6) is a conservation of energy equation with the 111/f mass 

imposed; and Eqs. (A7-10) are straight line equations for the muon tracks which are 

constrained to form a common z-vertex position in both the x-z and y-z views. 

According to the Least-Squares Principle [51], the best estimates of q and x are those for 

which 

X2 = (p -qf E-1(p- q) is a minimum, } 

and c = 0, 
(Al 1) 

where c is a vector corresponding to the eight constraint equations, Eqs. (A3-10). These 

equations are solved using Lagrangian multipliers. A vector of 8 multipliers (A.) is 

introduced, and a new X1- is formed and minimized, 

(Al2) 

There are now 24 unknowns (10 from q, 6 from x, and 8 from A). The 1!- is minimized 

when its derivatives with respect to all 24 unknowns arc zero, leading to the following set 

of equations, 

Vcr(X2
) = -2E-1(p-q) + 2(Fcrf A.= 0, 

· v&(x2
) = 2(Fll)TA. = o, 

(10 eqs.) 

(6 eqs.) (A13) 

(8 eqs.) 
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where the matrices F" and F s are defined by 

(F ) = aci 
q ij - aqj' (A.14) 

The solution of the set of equations (A.13) is found iteratively as outlined in Ref. (50). To 

start the iteration the virtual measurements (p) arc taken as the initial values of q. The initial 

values of x arc found by satisfying 6 of the constraint equations (A.3, A.4, A.5, A.7, A.8, and 

A.9). The other two constraint equations (A.6, and A.9) will, in general, not be satisfied. 

For the next iteration, a Taylor expansion of the constraint equations about q and x is 

performed. With this expansion and equations (A.13), it is possible to express all the 

unknowns of the (n+ 1)-th iteration by the quantities of the preceding (n-th) iteration (50]. 

The iterations arc continued, with new Taylor expansions of c about the new values of q and 

x, until the change in X'- between successive steps becomes small. The x parameters are also 

checked for convergence as a criteria for continued iteration. 

Only muon pairs with an invariant mass in the range 2.85 GeWc < M"" < 3.35 GeV/c 

(see Fig. 4.8) with a consistent z-vertex position (within errors) in the x-z and y-z planes are 

subject to the fitting procedure. Figure A.2 shows the distribution of the difference between 

the z-vertex position in the x-z plane and that in the y-z plane for dimuons in the above mass 

range from the 1990 PSI sample. These positions are considered consistent if their difference 

divided by the error in the difference is less than unity. The X'- (per degree of freedom) 

distribution from the fit for muon pairs passing the above cuts is shown in Fig. A.3; only 

candidates with a X'- < 1 are accepted. 
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The fitting procedure was tested on Monte Carlo B ~ Jll/f + X events as well as directly 

produced Jll/f Monte Carlo events. The procedure reproduced the primary vertex found in 

the initial vertex finding (see Chapter 4) with a 98% efficiency for direct Jll/f events. The 

efficiency for finding secondary Jll/f vertices was increased using this procedure by a factor 

of 26% over the initial vertex finding, with an increased accuracy in vertex position 

determination. This is demonstrated in Fig. A.4 which shows the difference between the 

reconstructed and generated J/l/f vertex z-position for Monte Carlo B events. The solid line 

is the distribution for positions determined by the J/l/f vertex fitting procedure, while the 

dashed is that for the initial vertex finding. The asymmetric tail in the distribution for the 

initial vertex finding is due to false association of tracks between the primary and secondary 

vertices; this tends to move the reconstructed secondary vertex position towards that of the 

primary. Notice that this tail is absent &om the J/l/f fitted distribution. In addition to the 

increased accuracy in vertex position, the J/l/f momentum determination is improved by the 

mass constraint imposed in the fit as demonstrated in Fig. A.5. 
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