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Production of heavy quark flavors in proton-antiproton collisions with a center-
of-mass energy of 1.8 x 102 electron volts is studied for events containing
hadronic jets with a nearby muon track, where both the jet and the muon are
produced at large angles from the incident beams. The muon tracking sys-
tem and pattern recognition are described. Detailed calculations of the muon
background due to meson decay and hadron noninteractive punchthrough are
presented, and other background sources are evaluated. Distributions of muon
transverse momentum relative to the beam and to the jet axis agree with
QCD expectations for semileptonic charm and beauty decay. Muon identifi-
cation cuts and background subtraction leave 57.5 & 17.1 muon-jet pairs, a
rate consistent with the established production cross sections for charm and
beauty quarks and the acceptance for minimum ionizing particles overlapping
with nearby jets. A small dimuon sample clarifies the muon signature. No sig-

natures of undiscovered phenomena are observed in this new energy domain.
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CHAPTER 1. MOTIVATION 1

Chapter 1

Motivation

1.1 Why Study Muons and Jets?

The Collider Detector Facility, CDF, is a brand new instrument operating at the world’s
highest energy hadron collider, exploring a new domain. A wealth of new physics mea-
surements are within CDF’s reach. But before new natural phenomena can be observed,
the detector’s response to ‘standard’ physics must be understood.

Our group built, installed, and ran the muon tracking chambers covering the region
between 55° and 125° from the beam axis. In the 1987 collider run, the chambers detected
the muonic decays of the intermediate vector bosons, the W* and Z° particles, for the first
time in this new energy domain [2,3]. But the signature of W — pw is clean: processes
that could fake an isolated, high momentum muon are rare. Any attempt to detect more
ambiguous signals, which means any physics process producing a muon with transverse
momentum p; < 20 GeV/c, requires closer scrutiny '. This class of processes includes a
tremendous range of important topics, where heavy flavor physics and the scarch for the

Top quark head the list.

One way to understand the muon data at medium and low p; is to study inclusive

muons,
pp — ji+ anything.

Any pp collision generating a muon candidate is recorded, and then the data is compared
with the calculated rates of all physics processes (charm and beauty decay, Drell-Yan,

cte.) and all background processes (hadron punchthrough, meson decay-in-flight, cte.).

UT'hroughout this thesis, transverse momentum pg is always relative to the beam axis. il is always the

momentutn component transverse to the jet axis.
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CHAPTER 1. MOTIVATION 2

Reconciling the data with the calculations results in a quantitative understanding of the

detector performance.
Such a study is impractical with the 1987 data. The muon trigger, which selects which

collisions are recorded, was commissioned during the run so no large data sample with a
stable muon trigger exists. Fortunately, the calorimeter trigger accepted events where the

total energy deposition in the detector was above some threshold, which includes events

where

pp — p+ jets.
This important subset of the inclusive muon data is enriched by the semileptonic decay
of beauty mesons,

pp — bb — jet or utew

— (e, ¢ — jet

Beauty production provides several tests of elementary particle theory, including QCD
cross section calculations and B°B° oscillations 2. Beauty is the principal background
in a search for the top quark, and hence beauty must be understood before top can
be discovered. So a study of muons associated with jets leads to fundamental physics

measurements and to an understanding of the detector performance.

1.2 Beauty at the Fermilab Collider

1.2.1 The Standard Model

The standard model of elementary particle physics, with its three generations of quarks

v I A I
i I O I VY I O

is well known. These, along with the vector bosons v, W%, Z9 that mediate the elec-

and leptons,

troweak couplings and the gluons that carry the ‘color’ force have been described in detail

many times and I will not repeat the excercise here [11,12].

2QCD is Quantum ChromoDynamics, the theory of the strong force.
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CHAPTER 1. MOTIVATION 3

The discovery of the Upsilon meson (T) implies the existence of a third quark genera-
tion [10]. Hence a key test of the standard model is the discovery of the other member of
the third quark doublet, the top quark. Top decays primarily to beauty. Hence, a search
for top requires that we first understand beauty physics in hadron colliders.

But in its own right, beauty physics provides fertile ground for testing QCD. QCD
predictions for charm production disagree with measurements by an order of magnitude,
because the charm quark is too light compared to the QCD coupling constant «, for
perturbative methods to succeed. But the beauty quark is more massive than charm, and

QCD calculations of beauty production agree more closely with experiment.

1.2.2 Heavy Quark Production

Mechanics

Figure 1.1 shows the dominant Feynmann diagrams for heavy quark production in pp

collisions. To lowest order, the differential cross section comes from summing over the
Born diagrams,

do(pp — BX)~ /(Zﬂ)](l.’l?gfa(.’v],Qz)f(,(llfg, Q*)d&(ab — bb), (1.1)

a,b

where d&(ab — bb) is the fundamental cross-section for a given process, and f, and f; are
the proton structure functions [4]. The relative strengths of the subprocess cross sections
6 are listed in table 1.1. Since gluon production is the most abundant QCD process, the
2m order process

99 = 99, ¢ — QQ

is an important contribution in spite of the suppression by a factor of «,.

Detalled Calculations - ISAJET

Table 1.1 gives the magnitudes of the parton subprocesses, but caleulating the total cross
section for pp — Q@ is more difficult. The ¢'s have to be convoluted with the empirical
structure functions of the p and p to find the momentum distributions of the final par-
ton. To calculate jet properties and lepton spectra requires the empirical fragmentation

functions and a phenomenological treatment of the hadronization of the partons. Large
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Figure 1.1: Feynmann diagrams for heavy flavor production

Process |A[? 0=m/2
qq — qq' g)‘-i?—f;ii 2.22
qq — 49 5’( tz itﬁ) 27 ut 3.26
19— 47 ét‘gat‘ 0.22
01— qq | 3055+ 5 - 55 | 250
@i gy | REEL el 1.04
99 = 47 el e 0.15
9¢ = 94 — 4B ) 24 6.11
99 — gy 2(3—%—%—% 30.4

Table 1.1: Two-to-two parton subprocesses. The third column gives the value of |A[* at

90° at 2 TeV. The gg process dominates.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. MOTIVATION 5

Mass (MeV) | muon B.R. | er (mm) | o(y/s = 1800)
D* 1869.3 12% 0.28 260 ub
B* 5271.2 11% 0.43 23 ub

Table 1.2: Properties of the charm and beauty mesons.

monte carlo programs are available to perform these calculations, of which we have used
ISAJET [17].

In ISAJET, hard scattering processes are calculated using QCD matrix elements to
lowest order in «,. In the heavy flavor excitation mechanism, a heavy quark from the sea
undergoes a hard scattering with a light quark or a gluon from the other incident hadron.
ISAJET uses the heavy quark structure function of Eichten et al [18]. The heavy quark
sea at large % is obtained by evolving initial parton distributions at Q3 = 5 GeV?/c?,
without any intrinsic heavy quark component.

Hard partons participating in the large-@Q?* subprocesses are evolved using the basic
QCD branching processes ¢ -+ qg, ¢ — g¢¢, and ¢ — ¢¢. This is how the important
higher-order diagrams are included in the monte carlo. Partons produced in the scattering
process are then hadronized according to the independent fragmentation model of Field
and Feynmann [8]. This model reproduces the measured properties of low-energy jets
(~ 6 GeV) as well as many features of the jet fragmentation properties at SppS collider
energies [9].

Figure 1.2 shows ISAJET predictions for heavy flavor production as a function of /s,
using only the lowest order diagrams in the calculation [13]. The beauty cross section at
the Fermilab collider (/s = 1800 GeV) is predicted to be 3.7 times greater than the cross
section at the CERN SppS (/s = 630 GeV). Table 1.2 summarizes some properties of

charm and beauty mesons,

1.2.3 Muon Rates

Momentum Acceptance

While the charm cross section is predicted to be an order of magnitude higher than the

beauty cross section, and the branching ratios to muons are comparable (see table 1.2),
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Figure 1.3: Predicted transverse momentum distributions of quarks, mesons, and muons

in bb and ¢¢ production [13].

two thirds of the muons in the CDF central muon chambers are expected to come from
beauty rather than charm, for p/' > 3 GeV/c. This is because the daughter muons from
the more massive heauty meson have, on average, larger p, than muons from D decay.
Figure 1.3 shows the ISAJET transverse momentum distributions for muons from charm
and beauty decay, calculated using the lowest order diagrams, in the pscudorapidity range
|An] < 2.0 [13). B production within this 5 range is n-independent [4]. The ISAJET
study was made at the CERN collider energy of /s = 630 GeV, hence we scale to the
Tevatron energy of /s = 1800 GeV according to figure 1.2. Integrating both the b — p
and the ¢ = i curves,

2 do (1.2)

= —)d,
7= m o dp, ),

gives the relative abundance of beauty muons and charm muons. For the low statistics of
the 1987 data, p, = 15 GeV/e is a reasonable upper limit since almost all of the muon
candidates in the jet sample have lower p,. Then figure 1.4 shows the fraction of mmons

from heavy flavor decay that come from charm, as a function of p;.
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Figure 1.4: Fraction of heavy flavor muons coming from charm decay.

Figure 1.3 gives an upper limit on the number of muons from B decay. With p; = 3
GeV/e in equation (1.2), ¢ = 290nb and the number of muons from beauty and charm
decay is

N, = ool [ £at) F(VE)1 +e/D)eyes (13)
where
[ Ldt = 24.Tnb™? is the integrated luminosity for 1987;
f(y/s) = 3.7 is the increased production cross section for CDF;
€ = —(21:—(7) gives the pseudorapidity coverage of the central muon chambers;
€4 = 0.76 gives the azimuth coverage;
(14+¢/b) accounts for the contribution from charm decay, taken from figure
1.4.
Note that (1 + ¢/0) = [1 — (33.)]7", where figure 1.4 shows that o = 33 for P =3
GeV/e. The result is

N, =290nbx 24.7nb™" x 3.7 x 1.5 x 0.35 x 0.76 = 10,575 muons. (1.4)

Trigger Acceptance

N, is the number of muons that were produced during our data run. They are of no use

unless they were recorded on magnetic tape, which is the trigger’s job. The jet trigger
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tested the total transverse energy deposition in the calorimeters, 3 By = Y (Fsin6). B
mesons produced in hard scatters between the partons of the protons and antiprotons
decay into collimated sprays of hadrons, producing clusters of energy in the detector. But
these jets tend to be fairly soft, and the probability is high that bb and especially ¢ pairs
are produced without significant 5~ E;. These events will fail the trigger and reduce the
observed N,.

A monte carlo study gives an idea of the magnitude of the inefficiency, and is summa-
rized in table 1.3 [7]. In this study, ISAJET generated

pp — bb — uter
events, and the complete detector response was simulated. Included in the detector sim-
ulation is a detailed trigger simulation, giving the efliciencies of the different trigger 3_ E;
thresholds listed in the first column of table 1.3. When combined with the fraction of the
total recorded integrated luminosity [ £dt in our data, the last column gives the fraction
of the events that came from a given trigger setting. The overall trigger efficiency is about
4%, so that only

0.04 x N, ~ 425 (1.5)
of the muons made it to tape. The systematic errors in this conclusion have not been
studied.

Why not lower the 3° E, threshold? Theoretical calculations [6] suggest that at most
10% of the jet events will contain heavy flavors, and with a muon branching ratio of 10%
the noise-to-signal is about 100:1 (assuming 100% trigger efficiency). The data acquisition
capabilities of the detector would be swamped, and we would still reap a small harvest of
B — pX. The better solution is to trigger on the muons, but as stated above this was

impractical for the 1987 run.

Minimum lonization and Jet Overlap

Assuming that a semileptonic heavy flavor decay satisfied the jet trigger, the muon still
has to pass the identification cuts (described in detail later in the thesis). Briefly, the
largest source of fake muons is hadronic shower leakage in the calorimeter (interactive
punchthrough). Interactive punchthrough is rejected by requiring that a muon candidate

deposit energy in the calorimeter that is consistent with a minimum ionizing particle. But
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> E, threshold | Trigger Efficiency | Fraction of [ Ldt | Fraction of Data
20 GeV 0.114 0.016 0.047
30 GeV 0.058 0.48 0.718
40 GeV 0.022 0.23 0.131
50 GeV 0.015 0.27 0.104

Table 1.3: Efficiency of jet trigger for semileptonic B decay.

this cut also rejects muons that overlap with the hadron jet. This is a large rejection,
greatly reducing the observed N,. The thesis conclusion shows that, between the trigger

inefficiency and noise rejection, most (but not all!) of the muon signal is lost.

1.3 Signatures and Backgrounds

B* and D* decays are not the only sources of prompt muons in pp collisions, and neither
is the number of observed muons the only means of distinguishing them. This section
outhnes signatures of heavy flavor decay, and backgrounds.

1.3.1 Momentum Transverse to the Jet Axis, pj¥

Since the B meson is more massive than pions or kaons, its decay muons have more
momentum in the meson rest frame. When boosted to the lab frame, this appears as a
larger pi¢!, the momentum transverse to the jet axis. Figure 1.5 shows an approximation

to pi'. A Lorentz-invariant expression is

o p\/tanh2(A7)) + sin*(A¢) (1.6)
where p is the total momentum of the track, and
AN = 0o — Npaer 18 the difference in pseudorapidities of the jet and the track, and
i 1 1 J )
A = Pjer = Pureck 15 the difference in azimuth angles of the jet and the track.
UAL used pi“ to separate charm from beauty in their heavy flavor studies, their result is

shown in figure 1.6 °.

JUA1is CDIs cousin detector at the CERN pp collider, where high energy pp collisions were pioneercd.
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Figure 1.5: The decay B — ;X , showing the momentum component pi® transverse to the

jet axis, and the variables for the simplified caleulation.
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Figure 1.6: Muon p}* measured by UA1. Solid curves come from Isajet. pret for muons

from B decay 1s larger than for charm decay.
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A simple calculation clarifies the kinematics of the beauty signature, and gives the
same qualitative results as the full monte carlo. Quantitative conclusions require ISAJET
and detector simulation, but the following argument gives conceptual insight.

Assume that pp — bb produces back-to-back B and B mesons leaving the collision

vertex. One of the mesons then decays directly into a muon and a jet,
BE o v jet

while the other meson hadronizes into a jet. This gives back-to-back jets, accompanied
by a muon. The muon momentum is determined by the momentum and direction of the
parent B. Figure 1.7 shows the calculated distribution of the transverse momenta of the

B’s relative to the beam axis [4]. The exponential distribution
N(pP) = Ny c“”'B/&G, pf in GeV

approximates the curve in the range 2 < pf < 20 GeV/c. The decay into a muon in the
B rest-frame is isotropic, so the azimuth angle distribution of the muons about the B axis
is flat, while §* of the muon relative to the B axis comes from assuming a flat distribution
in cos §*, so that all elements of solid angle dQ = d¢* d(cos 6*) are uniformly populated.
(The starred (#) variables are in the B rest frame.) Figure 1.5 illustrates these variables.

The muon momentum in the B frame has been measured by the ARGUS collaboration
(figure 1.8) [16]. Since f% is flat in the region covered by the muen chambers (—0.65 <
n < 0.65) [4], all the information necessary to simulate the decay B — 1 X in a short
monte carlo program and to boost the muon from the B frame to the lab frame is at hand.

Figure 1.9 shows the result. (We assumne that the initial B direction defines the jet
axis.) The peak is at higher p7® than in figure 1.6. The reason is that the simple calculation
completely ignores the process

B* - DX, D* o X (1.7)

which contributes muons with much less ‘kick’ relative to the B axis (lower pi®). The

simple caleulation also yields
(IN;L — Nue—p,/po

dpt
with pg o~ 1.7 as compared to pg =~ 1.2 from figure 1.3. Again, the relative stiffness of the

sinple calculation comes from the omission of the processes (1.7), but the rough agreement

affords insight into the dynamics.
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Figure 1.7: QCD calculation of the B meson momentum transverse to the beam .
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1.3.2 Muons from Other Processes

All the fundamental interactions contribute to muon production in pp collisions:

o Weak interactions produce Z° and W# particles, which decay directly into muons.
A search for Z° — p* = and W — pv in our data sample has yielded 7 W’s and 1

Z°[2].These muons are unaccompanied by jets and will not be considered.

e The electromagnetic force produces u* p~ pairs directly by the Drell-Yan mecha-

nism. The rate is lower than for single muons produced by heavy flavor decay.

e Strong interactions (QCD) produce J/¥, T, D, and B particles, which all decay

into muons with branching ratios around 10%.

The signature for J/¥’s and T’s is unambiguous: the distribution of invariant masses for
isolated unlike-sign dimuons shows sharp peaks above the Drell-Yan continuum. Unfor-
tunately, the trigger efficiency for dimuons is the single muon efficiency squared, and was
very low. An appendix shows the few dimuon events recorded in 1987. In a study of
muons from B and D decay, the single muons from Drell-Yan and J/¥, T decays con-
stitute background. (The second muon having been lost through gaps in the detector
coverage.) The issue is how to distinguish muons from B decay from muons produced by

other processes. Two more handles arc available.

Muon Isolation

A muon from B decay tends to be accompanied by hadron jets, whereas Drell-Yan and
J/¥ or T events tend to have low 3" F,. Hence cuts on calorimeter clusters or 3. F,
enhance the I content of a data sample. But in both cases the picture is clouded by large
fluctuations in the hadron energy: the jets can be soft or diffuse so that B events fail
cuts, and encrgy from the underlying event of Drell-Yan and J/¥ or T events can cluster
together to mimic a jet, contaminating a B sample. In the UAT detector the hadronie noise
from the underlying event is about 3.6 GeV per unit of rapidity, with large fluctuations
[13, p. 77]. Poor energy resolution in the calorimeter compounds the problem. ISAJET

and the CDF detector simulation make the muon isolation useful in identifying beauty.
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Missing FE,

The semileptonic decay of the heavy quark produces a neutrino which appears as a trans-
verse energy imbalance. On average, however, the magnitude of the neutrino transverse

momentum is comparable to the resolution of the missing transverse energy measurement,
§E, =0.9,\/> E,

so that neutrino measurement is not useful as an indicator of charm or beauty in our data.

On the other hand, as stated above, the largest source of fake muons is shower leakage
in the calorimeter. But cuts to reject leakage also reject muons imbedded in the jet.
Hence a handle that distinguishes the two types of events is powerful. Preliminary studies

indicate that missing F; is correlated with muon quality.

1.3.3 Fake Muons

A thin calorimeter and a large central tracking volume combine to produce a large back-
ground to the prompt muon signal. Prompt means muons coming directly from the pp

collision. Sources of fake muons include
¢ non-interactive hadron punchthrough;
e meson decay-in-flight;
e interactive punchthrough (shower leakage);
® Cosmic rays;
e central track/central muon mismatch (misassociation);
e gaps in the detector,

The rate for each process is calculated in chapter 3.

1.4 Onutline of the Thesis

Chapter 1 outlines the goal of the thesis, to identify muons from heavy flavor decay in

Jet events. The rest of the thesis describes the path followed to reach the goal. Chapter
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2 describes the experimental apparatus used. Chapter 3 examines the muon signature
and the backgrounds to the muon signal. Chapter 4 contains the data analysis and the

background subtraction, showing the muon signal. In chapter 5 we summarize the results

of the study.
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Chapter 2

Apparatus

Fermi National Accelerator Laboratory is home to the world’s highest energy proton-
antiproton collider, a two-kilometer diameter supcrconducting synchrocyclotron called
the Tevatron. The Collider Detector Facility (CDF) is the multipurpose particle detector
that measures the collision products. The High Energy Physics Group at the University
of Illinois built the muon tracking chambers covering the region at large angles from the
beam, and has used the chambers, as well as every other part of CDF, to study the physics
of this new energy domain. This chapter describes the aspects of the Tevatron and of CDF

that are relevant to the B — uX study.

2.1 The Tevatron

The accelerator design energy is 1000 GeV per beam (1000 GeV = 1 TeV, whence the
name), and the colliding beams currently operate at /s = 1.8 TeV. The Tevatron shares
the tunnel with the original Fermilab accelerator, called the Main Ring, made of conven-
tional magnets and with a maximum energy of 400 GeV per beam. The Main Ring serves
as a booster for the Tevatron, and provides primary protons to the antiproton source.
The first collider test in October, 1985 proved that the basic design of the accelerator and
detector were sound. The data for this thesis came from the first data run, which began

in late January and ended in mid-May of 1987.

2.1.1 Luminosity

A single event tells almost nothing about a physical process. Measurements require sta-

tistical distributions, and more events allows better measurements. Events occur at a
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Figure 2.1: Peak luminosity for each pp store, versus day number into the run. Day 1 is

February 1, 1987. The peak value exceeded the goal for this run of Lo = 10 em™%s71,
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Process Rate at £ = 10¥cm~*s~!
Bunch crossings 147 kHz
pp inelastic collisions 7 kHz
B - uX,3<p! <15 GeV/c 0.124 Hz
Brass muon trigger, p: > 5 GeV/c 9 Hz
Golden muon trigger, p; > 5 GeV/c 0.2 Hz
Y E, > 30 GeV trigger 0.6 Hz
Events to tape ~ 1Hz

Table 2.1: List of rates.

rate

R=o0( ' (2.1)
where o is the cross section for a given process, and the luminosity £ reflects the intensity
of the colliding beams. For example, the inelastic cross section for protons on antiprotons
18

ops( Vs = 1.8TeV) = 70 mb.

The geometric acceptance of the CDF trigger reduces this to 44 mb. Figure 2.1 shows
luminosities near £ = 10%m™2s~! = 0.1ub's™!, so the rate for pp collisions is 4400 hz .

On the other hand, equation (1.4) showed that, neglecting detector acceptance,
o(B — pX; 3< p) <15) =1.24ub
so only 1 i1 56,000 pp collistons yields an event for this thesis. Table 2.1 lists some rates.

The total number of events accumulated is more important than the instantancous

rate, and is

N=[Rit=0 [ra
where [ Ldt is the integrated luminosity. To understand [ Ldt requires a brief description

of accelerator operations.

"I barn = 1072 em®.
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2.1.2 Colliding Beams

A pulse of ~ 10! protons passes through a sequence of boosters, is injected into the Main
Ring, accelerated to 120 GeV, and extracted onto at a fixed target, generating millions
of antiprotons. The p’s are collected in a storage ring near the Tevatron. The sequence
is repeated and when enough p’s have accumulated (~ 10'°), three bunchs of protons are
injected into the Main Ring and left circulating. Three bunches of p’s are then extracted
from the accumulator and injected into the Main Ring in the opposite direction. All six
bunches are accelerated to 120 GeV, transferred into the Tevatron, accelerated to 900
GeV, and then stored. So a pp store consists of counter-circulating bunches of protons
and antiprotons coasting at high energy.

The bunches pass through each other at six points around the ring. If the bunches
are dense, pp collisions occur at a useful rate. One of the crossing regious, called BO,
accommodates the CDF experiment with a large experimental hall and, importantly, spe-
cial focussing quadropole magnets at either side of the crossing region that squeeze the
bunches in the transverse direction, increasing the density. The beam profile is gaussian
with size 0? = o2+ 0}, where 0., 0, are the rms beam widths in the horizontal and vertical

directions. The luminosity is

4ro?
where N,, N; are the numbers of protons and antiprotons per bunch, and C is the bunch
crossing rate (sce table 2.1).
As the colliding beams coast, N, and N; decrease due to collisions with each other and
with the accelerator, and also ¢? increases (emittance growth). The luminosity degrades

with a lifetime 7,
L= Loe™ ", (2.3)

Squeezing the beam increases Ly but it also decreases 7. Squeezing the particle bunches is
like squeezing putty: compress it in one spot, and it will stick out somewhere else. Hence a
small beam at BO implies a fat beam elsewhere, beam-accelerator scraping increascs, and
7 degrades. More precisely, the emittance e is a characteristic constant of the accelerator,

and
2
T

€= 0Onr——r 2.4

B (2:4)
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Parameter 1987 run | Design Goal Units
Luminosity lifetime T 6-12 ~ 20 hours
Initial luminosity Lo | 10%6-10% | 10%° em 257!
Nec. of protons per bunch N, |5x10° |10"

No. of antiprotons per bunch N; | 10° 10'°

Transverse beam size o 70 70 M
Emittance (at 900 GeV) € 0.17 0.0257 mm-mR
P stacking rate 5x10° | 5x101° p’s per hour

Table 2.2: Accelerator parameters.

where the g-function 8(s) varies with the position s around the ring. Squeezing the beam
means reducing £ at B0, so 0? decreases to maintain constant € and £ increases. Equation

(2.4) is important in measuring the actual value of £. Table 2.2 lists typical values for

some accelerator parameters.

Luminosity Measurement

Equation (2.1) shows that a cross section measurement is limited by the accuracy of L.
CDF measures the luminosity using the beam-beam counters (BBC). The BBC provide
the simplest pp collision trigger, the minimum bias trigger. (All triggers used during the
run required a coincidence with the minimum bias trigger.) They are concentric rings
of scintillator between the central and the forward/backward detectors, labeled ‘trigger
counters’in figure 2.3. Monte carlo simulation of minimum bias events gives the acceptance
of the BBC for different processes. The acceptance is opin pies = 44 mb if one requires at
least one hit in the East and one hit in the West., Then the luminosity is

,__I
Tmin bias

where [t is the measured rate of pp collisions. The accuracy is limited by how well the pp

cross sections are known, about 15%.

Main Ring Background

Integrated luminosity depends on
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e the initial luminosity, Lo, and the luminosity lifetime, 7 (equation 2.3);

e the turnaround time for a new store.

The accelerator crew varied the 8 squeeze to tune Lo and 7 for optimal [ Ldt, but the
second item has a serious consequence for muon detection. A typical store lasts a mat-
ter of hours before ending, whether by accident or because the luminosity has degraded
beyond use. A new store begins only if enough jp’s are in the Accumulator, and since the
accumulation rate was low (table 2.2), antiproton production had to continue during the
store. Now, the Tevatron goes through the center of CDF (see figure 2.2) but the Main
Ring passes above the detector, inside the collision hall. As described, p production means
accelerating protons in the Main Ring, and 50% of the protons are lost during acceler-
ation. The losses create large radiation pulses in the detector, and saturate the central

muon chambers near the Main Ring beam pipe. This point will be discussed again after

the description of the chambers.

2.2 The Collider Detector Facility

2.2.1 Overview of the Detector

The Collider Detector Facility (CDF') is an enormous assembly of 15 subdetector systems,
designed to measure the properties of all the particles produced in pp collisions at a
center-of-mass energy of 2 TeV. Following a track from the collision vertex outward, the
detector consists of successive layers of particle tracking, calorimetry, and muon detection.
Magnetic fields in the tracking chambers provide momentum analysis for charged particles.
To cover almost the full 47 steradians solid angle around the interaction point, CDF is
built in three major pieces: the forward and backward sections cover the region from 2°
to 10° from the beam, while the central and plug detectors measure particles at larger
angles from the beam. Figure 2.2 is an isometric view of the detector and figure 2.3 shows

a cross-section of CDF,

2.2.2 Central Tracking

The heart of the central detector is the CTC, or Central Tracking Chamber, mounted

mside the world’s largest operating superconducting solenoid. The solenoid provides a
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uniform field of 1.5 Tesla parallel to the beam axis, over a volume 5 meters long and 3
meters in diameter. The CTC, with inner radius of 30 ¢cm and outer radius of 140 cm,
has five axial superlayers of sense wires consisting of 12 layers each, and four 3° sterco
superlayers of 6 layers each for measurement along the z-direction (appendix A describes
the coordinate systems). Cells of wires are tilted ~ 45° relative to the radial direction to
compensate for the Lorentz angle of the electrons drifting in the magnetic field, so that the
actual drift is perpendicular to the radial direction, i.c., perpendicular to the trajectory
of high momentum particles.

The sense wire spacing is ~ Tmm in the radial direction, and the maximum drift
distance is ~ 35mm. There are 6156 sense wires, read by multihit FastBus TDCs. The
outermost superlayer covers the region 40° < 6 < 140° while the innermost superlayer
covers 14° < § < 166°. The measured resolution for single hits within a superlayer was
300m, dominated mainly by understanding of the drift constants. Resolution of 200zm
is believed attainable. Momentum resolution (r.m.s.) for tracks that pass through all the

superlayers (the tracks of interest in our central muon studies) is

3]
[
~—

5
—f—’i < (0.002p; +0.003)  pyin GeV/e. (2.
Pt

Figure 2.4 shows CTC data in the r-¢ plane for a typical event, from the CDF display
graphics. The high resolution of the CTC is apparent in the ability to reconstruct tracks
even in the middle of high multiplicity jets.

Between the CTC and the beampipe is the VIPC, or Vertex Time Projection Chamber,
providing accurate tracking in the r-z plane. Figure 2.5 shows VIPC data from the same
event as figure 2.4, only in the r-z plane. While displays of VTPC data provide fast
feedback on the operation of the accelerator and of the detector (the first pp collisions at
Fermilab were identified by the VITPC) the main use of the VIPC in this analysis has
been to locate the collision vertex.

Just outside the CTC, but still inside the solenoid, are the Central Drift Tubes (CDT).
The CDT provides a more accurate z-measurement than the sterco layers of the CTC,
useful for pattern recognition. CDT data is visible in figure 2.4. The CDT was designed,

built, and operated by a team from the University of Illinois, led by Professor Steven

Frrede.
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Figure 2.4: Graphics display of an event in the Central Tracking Chamber.
(r¢-view of the detector, beam normal to page.) The VITPC is at the center, with the
Central Drift Tubes at the outer edge of the CTC. Energy in the central wedges, integrated

over 7, shown outside of the CDT. Tracks in the muon chambers appear as x’s outside the

calorimetry.
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2.2.3 Calorimetry

Outside of the tracking chambers sit the electromagnetic and hadronic calorimeters. The
strengths of the CDF calorimetry are good granularity, the projective tower structure, and
good energy resolution. The specifics are shown in table 2.3. The calorimeters cover £4
units in pseudorapidity n and the full 27 azimuth. The hadron calorimeters alternate layers
of steel with the sampling layers, while the shower counters use lead. In the central region
(7] £ 1.1) the sampling medium is scintillator, chosen for its good energy resolution,
while outside of this region the sampling medium is gas proportional tubes, chosen for
their economy, resistance to radiation damage, and adaptable geometry. The calorimeter
tower shape allows unambiguous spatial localization of the energy deposition within the
calorimeter. Each tower subtends a solid angle of roughly constant An and A¢ when

viewed from the nominal pp collision point. In the central region a single tower has

AR = \[(A¢)? + (An)? = /(25) + (0.1) =~ 0.27.

The parameter AR is useful in describing jets in subsequent chapters.

Gas Calorimetry

This thesis concerns jets and muons in the central rapidity region of CDF. Consequently
the forward and backward gas calorimetry is of secondary interest. Also, during the first
run of CDF there were teething problems for the gas calorimetry. The problens come from
the late construction start of the forward detectors relative to the central detector, and
from the fact that gas calorimetry is intrinsically more difficult to operate: gas calorimeter
gains depend on the gas pressure and temperature, which vary with the weather, and the
tubes must be calibrated quasi-continuously, using elaborate apparatus that scintillator
groups never have to contend with., Furthermoere, wire chambers are more susceptible
to electronic noise. During the run the forward calorimeter groups discovered that stray
neutrons from the accelerator create large spurious pulses, contaminating the data and
raising trigger rates. These problems have been corrected since the end of the 1987 run,

but the B — pjet analysis did not use the gas calorimeters.
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EM Shower Counter
Centrul End Plug Forward
Coverage 37° <6 <90° 10° <8 <37° | 2°<6<10°
Tower size 0.087T <An<0.13/005<An<0.1| Ap~0.1
Ap=15° Ap=5° Ap =5°
Sampling Scintillator Gas Gas
Radiation lengths 26 34 31
AE/E 14%/VE 24%/VE 27%/VE
Spatial resolution 2-4 min 1-2 mm 1.5-3 mm
Absorption lengths ~ 1Aubs
Radiation lengths 19X,
Hadron Calorimeter
Central End Wall End Plug Forward
Coverage 45° < 6 < 90° 30° < 6 < 45° 10°< 68 <30° |2°<0<10°
Tower size 0.1 <An<0.15]0.08 < An < 0.12 An = 0.09 Ay =0.1
Ad = 15° A¢ = 15° Ag = 5° Ad = 5°
Sampling Scintillator Scintillator Gas Gas
AE/E 0%/VE 14% at 50 GeV | 14% at 50 GeV | 125% /VE
Absorption lengths ~ (4/sin 6) A,
Radiation lengths (64/sin 6) X,

Table 2.3: Calorimetry Characteristics
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Central Calorimeters: Wedges and Arches

Just outside the solenoid are the four ‘arches’ of the central calorimeter. An arch is 12
calorimeter wedges stacked on top of each other, to form an upright semi-circle. Two
arches side-by-side touch at = 0 and extend to n = £1.0. Arches face each other from
opposite sides of the detector to cover the full ¢ = 27 azimmuth. A wedge is the basic unit

of the central calorimeter, and is shown in figures 2.6 and 2.7. The figures show several

key features:

o There are 10 projective towers, with An = 0.1. Tower 0 has an edge at § = 90°;
o Wedge azimuthal coverage is ¢ = 75 = 0.26 radians, or 15°;

e Light from the scintillator layers travels through a lightpipe to photomultiplier tubes
(PMTs) sitting at the top of the wedge. Each tower has 2 PMTs, at left and right.

Relative pulse heights in the left and right PMTs give ¢ information;

e The hadronic and EM calorimeters have separate PMTs. Light from the shower

counter is wave-shifted before transport in the light pipe;

o Above the hadronic calorimeter there is an opening allowing access to the enclosure
where the central muon chambers are installed. Tracks from the CTC traverse

wedges to reach the muon chambers;

o All electronics, gas systems and high voltage for a wedge are mounted on the deck

where the PMTs are;

Muon Tracking

Muon detection at CDF' is divided into three distinct regions of angular coverage. The
central region (55° < 6 < 125°) is a main topic of this thesis and is reviewed in the next
section. The intermediate regions (17° < 6 < 55° and 125° < 6 < 163°) have no muon
detection, although upgrades are on the drawing boards. The forward and backward
regions (2° < 6 < 17° and 163° < 6 < 178°) each have twin magnetized steel toroids
between three sets of drift chambers. As one of the last major subsystems in CDF to be

built, the FMU detector had many problems with background radiation, triggering, and
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Figure 2.6: Central calorimeter ‘wedge’. Note the opening for the muon chambers.
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Figure 2.7: Central wedge shown in relation to the rest of the central detector.
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electronic noise during the 1987 run. Very little useful forward muon data was recorded,

and none of that data was used in the Beauty search.

2.3 Central Muon Chambers

The central muon system uses wire proportional drift chambers to measure charged par-
ticle tracks passing through the central calorimeter wedges. Reference [1] describes the

chambers in detail, but this section reviews the main features.

2.3.1 Principles of Operation

Charged particles traversing matter ionize some of the molecules. In a wire chamber, that
matter is a gas surrounding a fine wire at high positive voltage. The electric field around
the wire makes the cations drift away from and the electrons drift towards the wire. The
electron drift is not uniform: an electron accelerates in the field until it strikes a gas
molecule and scatters in some new direction. The net drift of the electron cloud towards
the wire is much slower than the speed of single electrons. Given enough energy, an electron
will ionize the molecule when it scatters, making more free electrons. The electric field
strength near the wire increases as V(7) o« 1, so as the electron cloud approaches the wire
the electrons reach higher energies between collisions, produce more free electrons, and
make an electron avalanche. Particle detection in a wire chamber consists of measuring the

charge pulse deposited on the wire [19]. Table 2.4 gives a feel for the quantities involved.

2.3.2 Geometry

Gross features

Each central calorimeter wedge contaius a set of three muon chambers. TFigure 2.8 illus-
trates a single chamber. The chambers are aluminum except for G-10 strips insulating the
I- and C-beams (field shaping cathodes) from the grounded planes between layers, and
except for the G-10 outer walls. The set is divided into three separate chambers allowing
mstallation through the access hole shown in figure 2.6. The 3 chambers have different
projective geometries, for the different ¢ positions. The wires run the length of the wedge,

about 230 em. Since there are 48 wedges in the central detector, the central muon system
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Gas 50-50 Ar-ethane, 1% ethanol
Pressure Atmospheric

Vanode +3100 V

Veathode -2500 V

Wire length 460 cm

Wire diameter 50 pm

Wire resistance 1.1 kQ/m

Tonization 75 ion-electron pairs per cm
Charge per pulse 100 pC

Drift Velocity 45 pm/nS

55 Fe sources 2 per cell (4 per wire)
Maximum drift time 700 nS

Table 2.4: Drift Cell Parameters.

uses 144 drift chambers. The chambers have 4 layers in the radial direction, the direction
along which the particles travel, and there are 4 cells per layer, or 16 cells per chamber.
Wires from alternating cells in the same layer are connected together at the 6 = 90° end
of the wedge so that there are 8 anode sense wires per chamber, and 1152 in the entire

detector.

Charge Division

A particle traversing the chambers ‘hits’ a wire in each of the four planes. The z-coordinate
of the hit comes from charge division. That is, the wire is resistive so that as the charge
pulse propagates to both ends of the wire, it is attenuated by an amount proportional
to the distance traveled. The relative pulse heights at the two ends of the wire give the
location of the hit along the wire. The unitless coordinate is

QL " QR

= -=—2X1"

QL+ Qn
where @ and Qp are the charge collected from the left and right ends of the wire,
respectively.  Charge integrating amplifiers measure @), and (. To convert R to the

coordinate 7 requires calibration of the impedances in the amplifier circuit and of the wire
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DRIFT VELOCITY tmm/psec)

0.1 0.3 0.5 0.7 0.9 1.1 1.3
ELECTRIC FIELD (kV/cm)

M. Atac, private communication (1983)

Figure 2.9: Drift velocity in argon-ethane gas mixture, as a function of field strength.

Muon chamber cells are designed so that vgris is always above the ‘knee’ of the curve.

location. The chambers contain weak %°Fe x-ray sources at precise locations along the
wires for fiducial z measurements. These and other details are explained in reference [1].

If a given wire receives more than one hit, the charge pulses interfere and the z-
information is lost. A knock-on electron (6-ray) from a track passing through the alu-
minum wall of the chambers may hit the wire in the cell adjacent to the cell where the

track passed. Such a §-ray would obscure the z-position of the track. So alternate cells,

instead of adjacent cells, are ganged together.
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Figure 2.10: Electric field profile inside a cell of the central muon chambers. Drift velocity

is roughly constant for field strengths above minimum value.

Drift Distance

Pulse timing and the electron drift velocity vy together give the position of the track

in the direction transverse to the wire,
T = Udrift trlrij't»

where t4.5, s the time after the pp collision that the hit reached the wire, and @ is the
transverse coordinate. (Various offsets due to the transit time of the particle between
the vertex and the chambers, cable lengths, etc., are compensated for.) Time-to-Voltage
circuits measure the drift time, as described in the section on electronics. To insure a
constant drift velocity over the cell volume, the side walls of the cell are at —2500 volts,
giving the field strength profile shown in figure 2.10. Figure 2.9 shows the drift velocity
of the electron cloud as a function of the electric field. (Our gas mixture includes about
1% alcohol, intermediate between the lowest two curves in figure 2.9.) Above 900 V/em
the drift velocity depends weakly on field strength. The minimum field strength i figure
2.10 is above 900 V/cm.

Wires in alternate layers, in a given ¢ cell, lie on a radial centerline for reasons explained
below. The offset between the centerlines of the two pairs of wires in a ¢ cell is 2 mun, as

can be seen m figure 2.8. The offset yields the drift velocity,

'“Jrlifz = [(t; — t4) — 3(t2 — t3)]/4d (2.6)
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where ty, 5, t3, and ¢4 are the drift times for each of the four wires in a tower, and d = 2mm
is the offset. A drift velocity measurement is shown in figure 2.16. The 2 mm offset also

eliminates any left-right ambiguity in track reconstruction.

Track Angle and Momentum Selection

The locations of the hits in z and ¢ give the directions of a track in both the rz- and
r¢-planes. Tracks in the muon chambers are treated as straight lines (the chambers are

outside of all but the weakest fringes of the magnetic field):
2= 0" + 2 2 = agr + Tg. (2.7)

(z is a coordinate in the ¢-direction in the local wedge coordinate system. See appendix A.)
The r¢-track direction is particularly interesting because of the deflection of the track in
the central magnetic field. Measuring the angle of the track relative to its original direction
gives the track momentum. Unfortunately, multiple scattering in the steel causes poor
momentum resolution (r.m.s.),
op
— ~60% (p < 100GeV/c) (2.8)
P
independent of track momentum. Even so, the momentum determination by angle mea-
surement helps reduce the trigger rate,and reference [24] describes the central muon level
1 trigger system that makes a cut on track angle to reject soft muons in our chambers.
For the hardware angle cut (momentum cut) to work (and also to simplify offline
pattern recognition) the chambers are constructed so that pairs of wires on alternate
layers, in the same ¢ cell, point to the interaction vertex along a radial centerline. An
infinitely stiff track emanating from the collision vertex would follow a radial centerline.

The angle of a track relative to this centerline is inversely proportional to its momentum,
a = 140mR/p,.

(Refer to figure 2.18. For this reason the phi cells of the muon chambers are projective:
close examination of figure 2.8 shows that cells further from the center (in ¢) are canted so
that all the cells point back to the vertex. During installation the chambers are adjusted
so that wire pairs are indeed aligned with radial centerlines. This 1s the purpose of the

electronic alignment system described in reference [23].
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chamber wires. Pulses are sent directly into the MAT card.

2.3.3 Mechanical Details

End Electronics

Small electronics modules bolted to the ends of the chambers get voltages in and sig-
nals out. Short pieces of conductive rubber compressed between metal pads on the end
electronics and copper feed-throughs connected to the wires and to the shaping cathodes
assure the high voltage connections. Signal connectors bring the charge pulses from the
wires to the Rabbit front-end amplifiers. Figure 2.11 shows a schematic of the circuit used
to read out the wires. The large blocking capacitors transmit only the high-frequency pulse
to the wires, and the large resistance provides current-limiting to prevent wire damage.
The wires can be ‘pulsed’ for testing, diagnostics, and calibration by injecting charge

through the end electronics. There are coaxial cable connectors and capacitative couplings
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to the wires for this purpose. Pulsing was used to measure channel-to-channel variations

in cable delays for drift time calibrations.

Plus Volts

The wires are held at +3100 volts. A LeCroy HV4032 system supplied positive high
voltage. Each wedge had a separate voltage channel, with the 3 chambers in the wedge
daisy-chained together. Computer and CAMAC control of the LeCroy system allowed

monitoring of the currents and voltages.

Minus Volts

The field shaping cathodes (the I- and C-beams) are at —2500 volts to provide the voltage
profile shown in figure 2.10. The cathodes are more robust than the wires and require
less care to prevent damage from excessive current. Eight channels of Droege-type power
supplies were used, and half-arches were daisy-chained together through a distribution
box built for that purpose. The Droege supplies, like the LeCroy supplies, have adjustable
current-threshold circuit-breakers. Trips induced by hot wires or sudden radiation bursts

from the accelerator were monitored by computer.

Gas

A 50-50 mixture of argon-ethane with 1% ethanol flowed through the chambers via a
manifold on the arches. The ethanol quenches hot spots that sometimes occur in wire
chambers, a hot spot being a localized corona on the wire or on a speck of dirt in the
chamber that can causc electronic noise and/or chamber damage. Bubblers at the output
end of cach wedge monitored flow. Technicians monitored oxygen leaks and generally

caused trouble. Gas was a pain in the neck: what more can I say?

Installation

The chambers arc inserted into the opening at the top of the wedge (figure 2.6): first
the outside chambers, then the middle chamber. The 3 chambers are bolted together.
Machined mounting plates, epoxied to the 90° end of the outside chambers and to the 55°

end of the middle chamber, align with holes in the steel of the top deck of the wedge. This
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deck accommodates the front-end electronics, gas and high-voltage distribution systems,
ete, for all the wedge systems. A special bolt passes through the hole and attaches to the
mounting plate. Tightening the bolts lifts the set of chambers so that they hang inside
the enclosure. The 3-point suspension makes adjusting the chamber orientation in the rz-
and r¢-planes very easy. The bolts are not rigidly attached to the steel deck, but slide

freely on C-plates screwed to the deck so that thermal expansion and contraction cause

no stresses or strains on the chambers.

2 3.4 Main Ring Background

Antiproton production continues during a store, and the proton loss during Main Ring
acceleration sends a large flux of particles into the CDF detector. The eight wedges at
the top of the detector are exposed to the Main Ring through a gap in the steel of the

magnetic field yoke that shields the other wedges. The muon chambers covering the region
60° < ¢ < 120°

were saturated for most of the run. This is one-sixth of the coverage! Figure 2.12 shows
the muon chamber wire current for a set of chambers near the main ring and for chambers
at the bottom of the detector, which are shielded from the main ring by the calorimeter.
Also shown, in arbitrary units, is the intensity of the Main Ring beam. The currents
can permanently damage the wires, and we had to reduce the voltages from the nominal
+3100 volts to 2800-2900 volts, making the chambers inefficient. The effect of the voltage

reduction on the ¢-acceptance of the muon system is discussed later.

2.4 Data Acquisition Electronics

2.4.1 Overview

Most of the information available from the CDF detector is useless. That’s because the
interesting events are rare. Only a fraction of the pp collisions produce reactions of interest
to a given physics study, and events produce zeroes in most of the electronics channels.
To keep the physicists and the computers from being overwlichmed by a flood of irrelevant

numbers, the data acquisition system is designed to reduce the flood to a trickle. Also,
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Figure 2.12: Plot of main ring beam intensity and muon chamber anode current. Chamber

current soars at beam injection and extraction times due to beam losses and consequent

radiation.
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the process of digitizing thousands of signals and then writing the numbers to magnetic
tape is slow. Events occuring during this deadtime are lost, hence the more selective the
data acquisition system, the fewer events are missed. The trigger is the portion of the
electronics that selects the choice events, while the sparse scan feature keeps zeroes from
being written onto the data tapes.

Table 2.1 shows some rates. Two percent of the collisions produce hits in the muon
chambers. Of these hits, less than 1% are due to genuine prompt muons, the rest coming
from pion and kaon punch-through or decay. The more discriminating the trigger, the
less beam time is lost writing ‘junk’ to tape, and the less computer and physicist time
1s spent extracting the signal from the data sample. Furthermore, since the muon only
traverses one chamber, sparse scan can remove most of the 1152 wires in the central muon
chambers from the event record.

The following sections describe the central muon electronics. Figure 2.13 gives an
overview of the system. A signal from the chambers goes into the Rabbit front-end
amplifiers. After shaping, the signals leave the Rabbit crate via two pathways: ‘fast’
outputs for trigger processing, and digitized outputs to be written onto magnetic tape.
Both paths traverse the FastBus network that is the heart of the CDF electronics. If an
event satisfies the trigger, then the FastBus trigger section instructs Rabbit, via the MEP
FastBus module, not to accept further collision information until all signals have been
digitized and read out. Once the digitized data is loaded into the MX buffers, Rabbit

resumes collision information processing while the Vax computer reads the MX buffers

and writes the data to tape.

2.4.2 Rabbit Electronics System

The muon front end electronics are part of the Rabbit ? system, designed and built at
Fermilab and described in detail in reference [21]. Following is a short description. An
appendix describes the debugging and calibration of the front-end amplifiers.

A Rabbit card (or module) is 12.5 by 17 inches, and plugs into a crate with 24 slots,
All slots are electrically connected to bus lines on the backplane of the crate. Lines include

addressing, timing signals, digital data transfer, power supplies, and, as the name implics,

"RABBIT is an acronym for Redundant. Analog Bus Based Information Transfer.
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Figure 2.13: Overview of the central muon electronics system, showing both the data and
trigger paths from the chambers, through the front-end electronics, and into the FastBus

networls.
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an analog bus. The redundant aspect is that there are two sets of most lines (a top bus
and a bottom bus), to provide a backup in case of circuit failure when the detector is
inaccesible.

All Rabbit cards are slaves to a crate controller called a EWE. The EWE has a 16-bit
Analog-to-Digital Converter (ADC) to digitize the analog signals in the crate, at 17 ps
per digitization. The EWE also contains Digital-to-Analog Converters (DAC’s) for analog
pedestal subtraction and for threshold discrimination before digitization. The EWE is a
slave to whatever processor is plugged into its front panel. In the CDF data acquisiton
system, that processor is the MX, described in another section. ( In test and calibration
stands use other processors, typically small computers.) Hence the EWE, upon instruction
from higher up in the acquisition chain, selects an amplifier channel from some card in the
crate to be multiplexed onto the analog bus, subtracts voltage offsets (pedestals), tests for
threshold discrimination, digitizes, and passes the digital information to the controlling
processor. The EWE has many features for flexiblity in accessing information from the
cards for a given subdetector.

The Rabbit cards use charge-integrating amplifiers (QVC'’s, or Q(charge)-to-Voltage
Converters) and Time-to-Voltage Converters (TVC’s). These require timing signals syn-
chronized with the pp collisions, generated by the other essential card in a Rabbit crate,
the BAT (Before-After Timing). The BAT receives a master clock pulse directly from
FastBus, gated with the colliding beams, and generates several other gates needed by the
different types of QVC’s and TVC’s for the different subdetectors serviced by any given

Rabbit crate. The timing signals are bussed from the BAT to the other cards in the crate.

2.4.3 The Muon ADC/TDC card

The Muon ADC-TDC card, or MAT, is the Rabbit module which shapes the raw pulses
from the central muon chambers. The relative pulse heights from the two wire ends gives
the longitudinal coordinate of the track, and the timing of the hit relative to the pp
collision gives the lateral coordinate. There is one MAT per muon chamber. Hence, cach
MAT has 16 QVC’S and 8 TVC’s. Table 2.5 lists circuit parameters.

Figure 2.14 shows a simplified MAT amplifier circuit. The QVC uses a ficld-effect tran-
sistor to provide a low noise integrating amplifier. The charge is integrated on capacitor

Cy. Capacitors C; and Cy are used to sample-and-hold the output voltage. The BFORE
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QVC TVC
Circuits per card 16 8
Gain 3.8 fC/count | 58 ps/count
Threshold 4 pC
Saturation 250 pC 3.8 us
Input impedance 100 $2

Table 2.5: Typical Parameters of the ADC/TDC card.

timing gate from the BAT opens the switch S; before pp beam crossing to measure the
reference voltage Vies( see figure 2.15). The AFTER gate opens switch Sy after the max-
imum drift time plus the full integration time has elapsed (~ 1100 ns), leaving voltage
Vager on Cy. Then the total charge for the hit is Q@ = (Vies — Voy1,)Cs. The voltages are
mulitplexed via the analog bus to the ADC in the EWE.

For the TVC, the inputs from each end of the chamber wires are buffered, summed
together, and passed to the comparator. If the pulse is above threshold the switch S
changes state and the capacitor Cy charges linearly, supplied by the constant current
source I until the STOP gate from the BAT changes the switch to a state where the
voltage on Cj is held. For simplicity, figure 2.14 does not show a second switch whereby
RESET forces Cy to discharge. Also, RUN/STOP enables and disables the switches, with
RUN just before beam crossing, and STOP after the maximum drift time has elapsed.
The HIT signal is cabled directly to the Trigger Level 1 card where it is used to recognize

high momentun tracks. Figure 2.15 outlines the timing.

2.4.4 Vax and MX

The goal of the acquisition chain is to get the data into the Vax host computer and
onto the magnetic tape. The MX is the name of the processor designed specifically for
this goal. Each MX controls four Rabbit crates (four EWEs). Before a data run, the
MX memory is loaded with the addresses of all the amplifier channels, their individual
pedestals, thresholds, gains, and polarities, and the sequence of chaunels to be read. After

a valid trigger, FastBus instructs the MX to scan the crates, and the signal for cvery
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Figure 2.14: Simplified schematic of the muon charge-to-voltage converter and the

time-to-voltage converter circuits (QVC and TVC).
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[Descm'ption # of constants Unats
QVC pedestals 2304 ADC counts
TVC offsets 1152 ns
QVC gain 2304 fC/count
TVC gain 1152 ps/count
Thaz 1 ns
e 4608 cm
Wire locations 96 cmn
Survey data 144 cm
Total ~ 12,000

Table 2.6: List of Calibration Constants.

channel above threshold is digitized and loaded into MX memory. When the Vax is free
to read a given MX, of which there are about 60, the data passes through the MEP and
up the network to the FastBus/Vax interface. With over 150 crates, the CDF FastBus

network is the largest in the world (see figure 2.13).

2.4.5 System Calibration

A charged particle passing through the chambers induces a charge pulse on a few wires.
The charge pulse is shaped, amplified, digitized and stored on magnetic tape for offline
analysis of the track location and direction. In the evolution of the signal from a raw charge
pulse to an accurate momentum vector, useful for physics analyses, are many stages of
corrections and calibration constants.

An appendix describes the calibration of the MAT TVC cirenits. Table 2.6 lists the
offscts and corrections that have to be included in the track finding. These 12,0004
constants arc stored in a database accessible to the pattern recognition code. The next

sections describe how they are measured.
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Pedestals and Gains

All pedestal values in the Rabbit system were measured once per shift during the Tevatron
run. The pedestals are stored in a database on the Vax cluster at BO. At the beginning
of a data run, the pedestal values are downloaded to the MX’s. When a Rabbit channel
is above threshold and is to be read, the MX writes the pedestal value for that channel to
the pedestal DAC register in the EWE. The DAC converts the digital pedestal value to
an analog voltage, which is subtracted from the signal voltage using operational amplifiers
in the EWE before the signal is digitized. Hence digitized data coming from the Rabbit

crate needs no further pedestal subtraction.

Charge Division

Charge division uses the relative amplitudes of the attenuated charge pulses at the two

ends of the wire to find the position of the hit along the wire. The parameter

_Qr—Qr
Qr+Qn

has values in the range Rpin < R < Ry., where Qr,Qr is the charge collected from

the left and right ends of the wire, respectively. In practice, |Rpin], Rmee < 1, due to

R

the non-zero input impedance of the charge-integrating amplifiers [1]. To convert R to
the coordinate z, in centimeters, we use **Fe x-ray sources built into the chambers at
precisely located positions along the wires. We find the R values of the hits due to the
sources, and knowing where the sources are in z, the conversion from R to z is simple. To
obtain a data sample of hits due primarily to the **Fe sources the trigger level 1 card is

set to accept single hits.

Drift Distance

To convert TDC counts to a drift distance from the wire, in centimeters, requires three
principal constants: the drift velocity v4ig, the timing offset ¢,,.., and the TVC gain ¢,.
To understand t,,,, remember that earlier hits give larger TVC outputs (sce figure 2.15)
and the largest TVC output occurs when the track passes closest to the wire, i.e., when

the shortest drift delay produces the carliest hit. Then the drift time is

tdrift =gt X (TDC"NH(:L‘ - TD(’vmcu.‘;urrd)
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Figure 2.16: Distribution of § used to measure the drift velocity.
where ¢, is in picoseconds per ADC count (table 2.5)°. The drift distance is simply
dirift = Varigt X tarife.

Drift velocity is measured using the 2mm offset between the radial centerlines that the wire
pairs in alternate layers lie on (see section on chamber geometry, under ‘drift distance’)[1].
Ideally we would use real tracks produced in pp collisions but in practice there were too
few to make useful measurements. Instead we used cosmic rays, at least for the wedges
oriented near vertical (the cosmic ray flux along nearly horizontal radial centerlines is
low, and we were unable to accumulate adequate statisics). Figure 2.16 shows a typical
distribution for
6= [(tr —ta) — 3(t2 — t3)] /4

where tq, g, t3, and t4 are the drift times for cach of the four wires in a tower. The width
of the peaks reflects the spatial resolution in the drift direction. The separation between
the peaks is about 95 ns, giving

2(2mm)

Vdrife = Tge = 42 pm/ns.

As it turns out, our muon studies are fairly insensitive to the value of v4,.i7, within 10 or

15%, because the uncertainty from multiple scattering dominates.

3See the appendix on Rabbit Testing for a description of the g, calibration.
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The MAT TVC circuit measures the time between a charge pulse and the STOP
signal. STOP is generated in the Rabbit BAT card that sits in every Rabbit crate,
triggered by C/S (Clear & Strobe). C/S in turn comes from the FastBus Master Clock,
which is synchronized with the pp collisions using timing pulses from the accelerator. C/S
propagates through the detector through a network of cables and electronic buffers, each of
which adds some delay. Therefore, STOP does not necessarily occur at the same absolute
time in every Rabbit crate. The variation has to be measured and corrected for in order
to use a single t,,4, for every TDC channel.

To this end we injected charge into the muon chamber wires. Pulsing all wires si-
multaneously gives the channel-to-channel TDC offsets. The offsets were less than 20 ns,
consistent with the circuit design and with the Central Hadron TDC’s. Corrections were
made for variations in the pulser cable lengths, measured from the time delay between a

pulse injected on a cable and the reflected signal.

2.5 Trigger

Now, during the 1988 data run, CDF uses a three level trigger system. Each level makes
a more refined decision than the preceding level. The lower levels filter out most of the
bunch crossings, while the highest level takes a longer look at a small number of events.
The aim of the level 1 trigger is to identify potentially interesting events while incurring
no deadtime, that is, within the 7 ps before the next beam-crossing occurs. For the 1987
data run, only level 1 was operational. Levels 2 and 3 are beyond the scope of this report.

The CMU level 1 trigger requires a match between a stiff CTC track and a stub in the
muon chambers. While conceptually simple, this trigger requires sophisticated clectronics.
Figure 2.17 shows the main components in the CMU level 1 trigger. Muon stubs are
identified by the Rabbit Muon Level 1 trigger cards [24]. The stubs are called brass
muons because of the large background contamination. The Central Fast Track processor
finds the CTC tracks [22], and sends the list of CTC tracks to the CTCX. The CTCX is a
FastBus module that translates the ¢ and p; of the tracks into CMU cell munbers, so that
coincidences between the CMU stub and the CTC track can be formed. The coincidence
is formed in a erate full of MU2T FastBus cards, called the muon matchbox. A match is

called a Golden muon, reflecting the high quality of the data that comes from this trigger.
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Figure 2.17: Overview of the electronics for the Golden muon trigger. Drift time informa-
tion from both the central muon chambers and the central tracking chamber is translated

into stub and track coordinates, which are matched in the muon matchbox.

The references describe each of the components of the system in detail, but the following

sections review the main features.

2.5.1 Brass Muons

Figure 2.8 showed a cross section of a muon chamber (r¢-view). The wires in the vertical
towers lie on radial centerlines from the event vertex. A charged track of transverse
momentum p, is deflected in the central magnetic field by an angle « relative to the radial

centerline, and

 0.493B

— LPN . 9
=" GeVe (2.9)
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Ry =144 cm

b= R,sina = Rysin

(Neglecting return B field in wedge.)

Figure 2.18: Relation between track curvature, transverse momentum, and track angle at

the muon chambers.

At is the drift time difference for the wires on two alternate wire chamber layers. Figure
2.18 sketches the geometry behind equation (2.9). With magnetic field strength B = 1.5

Tesla, drift velocity vy = 0.0045 cm/ns, and At in nanoseconds,

164
Pt = —_A—IT GeV/c.

Hence, requiring that At be less than some threshold is the same as requiring that tracks
have p; > 164/At. Figure 2.20 plots transverse momentum threshold as a function of time
difference.

A hit on a chamber wire fires a discriminator (A, in figure 2.14). The muon Trigger
Level 1 card is a Rabbit module that sees when the discriminators for two alternate layers
fired, and compares the time difference between the two with a gate of width At, adjustable

using an addressable DAC. If the time difference is less than the gate width, the trigger is
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Figure 2.19: Trigger level 1 gate width as a function of gate setting. Useful in conjunction

with the following plot.

satisfied. Each of the six ¢ cells in a wedge has a separate trigger bit, these are the Brass
muon trigger bits. Cables carry the trigger bits to the counting room where they can
be compared with stiff track information from the CTC. Figure 2.19 shows the relation
between the DAC setting and the gate width. Combined with figure 2.20, this gives the
DAC settings for a given p; threshold. The individual brass trigger channels were tuned
so that the variation in figure 2.19 from channel to channel is slight.

Multiple scattering of charged particles traversing the calorimeter wedges is described
by equation (3.2). Multiple scattering changes the angle a of the particle and hence
smears the p; threshold just described. Figure 2.21 shows the calculated p, dependence
of the Brass muon trigger efficiency. Efficiency is only 50% at the nominal threshold
described by equation (2.9), hence to assure full efficiency at a given p; requires setting

the DAC to some higher At value.

2.5.2 Golden Muons

The muon trigger level 1 card works very well. Unfortunately the rate of stubs in the
muon chambers completely swamps the data acquisition capabilities of CDF. The great
mwajority of these stubs are junk, from a muon point of view. They are ;i%'s from decay-
in-flight of 7%’s and K*s, soft ¢*’s and non-interacting 7#’s that multiple scatter in the

steel and look like stift tracks, or leakage from hadronic showers that exit the calorimeters
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looking like stiff tracks. In addition, cosmic rays and Main Ring loss that are accidentally
in-time with the beam crossing also contribute to the raw stub rate. At a luminosity of
10% cm~2sec™! and a p, threshold of 5 GeV/c the rate for stubs from all 48 trigger level 1
cards is about 9 hz (see table 2.1).

To reduce the rate we situply require a coincidence between the muon stub and a stiff
track pointing at the stub. The trick is to reconstruct the CTC tracks and check if any
of them have the same ¢-coordinate as any muon stubs within the 7 us before the next

beam crossing. A special FastBus module called the Central Fast Tracker performs this

task [22].

The Central Fast Tracker

The Central Fast Tracker (CFT) is a hardware track-finder which uses fast timing infor-
mation from the CTC (Central Tracking Chamber) to find high momentum tracks and
transmits the p, and ¢ information for the tracks to the rest of the trigger system. The
track finder has 8 programmable thresholds between 2.5 and 15 GeV, and completes a
search for all high momentum tracks in an average of 2.5 us per event. The momentum
resolution is 8p,/p? = 3.5%, with a high cfficiency that is independent of track density.
Following each beam crossing the trigger processor produces a list of found tracks.
The list is transmitted to the CTCX aund then to the Muon MatchBox which correlates
the tracks with brass muons (stubs), as found by the Trigger Level 1 cards. The CFT
finds the tracks so quickly by using lookup tables to compare CTC hit information with

possible hit topologies stored in memory.

The CTC Translator (CTCX)

As the CFT forms the list of CTC tracks above the p, cut, it sends the ¢-coordinates
of the tracks to another FastBus card called the CTCX over a dedicated cable. The
CTCX (‘CTC Translator’) is a single FastBus module with a lot of memory. The memory
contains the ‘roadmap’ to show where a CTC track of given ¢ would be expected to hit
the muon chambers, taking into account multiple scattering and the error in the CFT ¢
determination. The bits of the CFT ¢-word address the CTCX memiory, and the contents

of that CTCX memory location indicate which wedges could be hit by that track. Cables
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from the CTCX to each of the 24 MU2T cards carry the bits that tell whether a given

CTC track could be expected to show up in the wedges corresponding to that MU2T card.

Muon Matchbox

The Muon Matchbox is the name of the FastBus crate that houses 24 MU2T cards. The
MU2T cards receive the Brass muon bits from the Trigger Level 1 card as well as the
list of translated CTC tracks from the CFT, via the CTCX. The MU2T cards preserve
the ¢ granularity of the muon chambers, which is six cells per wedge, but the +7 and -5
wedges are combined together. The list of p, and ¢ for any and all muon/track matches
is transmitted to the Level 2 processors, where they can be combined with calorimetry

information or other triggers for more sophisticated triggers.

2.5.3 Jet Triggers

Chapter 1 explained that the data sample for the B — p+jet study comes not from
the muon trigger but from the jet trigger. As stated, the jet trigger tests for the total
transverse energy E; = Esin € deposited in the calorimetry (see reference [25]).

The buffered analog outputs of the central calorimeter phototubes reach the counting
rooms by cable, where the charge is integrated using operational amplifiers on special
FastBus cards. (Similar electronics handles the signals from the gas calorimetry). Elec-
tromagnetic and hadronic calorimeter signals are kept apart. A strength of the CDF
calorimetry is the fine scgmentation, which is exploited at the trigger level: adjacent 7
towers are summed together as are the left and right phototubes, giving a calorimeter

trigger tower size in the central region of
An x A =0.2 x 0.26.

The sum of the four phototubes is then multiplied by sin#, still using operational am-
plifiers, so that the voltage is proportional to E;. The E, voltage for a given tower is
compared to a programmable threshold, which was 1 GeV per tower for our data sample.
All towers above threshold are sumimed together, then compared with the 3 E, threshold.

For the 1987 run the plug and forward hadron calorimeters were not included in the

trigger (table 2.3), due to noise problems that made the trigger rates artificially high.
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Figure 2.22: Jet differential cross section for different ¥ F, trigger thresholds.

Noise came from electronics problems (cross talk, cable oscillations) and from physics
sources (single stray neutrons leaving huge signals in the wire chambers). Since the run
the problems have been corrected but they caused bias in the 1987 data.

The goal of the 3 E; trigger was to study jets. Figure 2.22 gives the number of jets of
transverse energy EJ* that are found using different 3 E, thresholds. The ° E; = 20GeV
is fully efficient for E;” > 25GeV, and the 3> E, = 50GeV has turned on by Ei* >
50GeV. Remember that jets typically come in pairs: momentum conservation implies
that a jet will be balanced by a mate of about the same energy in the opposite direction.
Hence one naively expects an event with a 30 GeV jet to have - E, = 60 GeV, and so the
sharp turn-on for E{ “ efficiency at the value of the 3 E, threshold is partly coincidental.

Table 1.3 showed that the efficiency for B falls rapidly with increasing Y~ F, threshold.
The table also shows that 72% of the jet data was taken with the 3> Ey = 30 trigger. In

the background calculations of the next chapter mainly 3 E, = 30 data is used.
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Chapter 3

Muon Identification at CDF

This chapter addresses two questions: first, what will a real muon track look like; second,

how many other things will look the same way.

3.1 Muon Signatures

A muon is a penetrating charged particle. It traverses the calorimeter wedges deflected
only by small angles and loosing only about 1.3 GeV of energy, through multiple coulomb
interactions. Muons with p, < 1.4 GeV/c will range out in the steel. Hence the basic

signature is a spatial match with a stiff CTC track, and a small calorimeter signal.

3.1.1 Matching Cuts

Figure 2.7 illustrates a muon leaving a track in the CTC and a stub in the muon chambers.
The stub and the track point in the same direction, within the deflection by multiple
scattering, the detector resolution, and the weak return magnetic field in the hadron

calorimeter. The stub direction was described in equation (2.7) as
Z = qq,7 -+ 2z T = 1+ .

To link CTC tracks with muon stubs, we extrapolate the track beyond the CTC,
through the calorimeters, and into the chambers. At the muon chambers, the track vec-
tor is transformed into the same ay, 2y, @, 2o coordinate systemn as the muon stub (sec

appendix A). The differences

do = o — o81C
do = afy — 251¢

.k CTC
(l,; =<y T <y
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Figure 3.1: Raw dx distribution for muon candidates. Vertical lines show cut.

0.

|dz| < 8 em

|dz| < 15 em

|de| < 60 mR
0.06 < EM < 0.5 GeV
5 < Hadron < 3.0 GeV

pe > 3 GeV/e

Table 3.1: Muon identification cuts.

define the track match. (The «; measurement is too poor to use as a cut.) Table 3.1

shows the cut values. The cuts are chosen by studying distributions, to be shown.

The magnitude of the return magnetic field in the steel of the hadron calorimeter has

been caleulated but not measured. To optimize the track matching we tuned the field

strength used in the code to minimize the dependence of dav on track momentum.

Figure 3.1 shows a distribution of all dx for a sample of C'TC/muon track matches from

minimum bias events, requiring p, > 2 GeV but no other cuts. In figure 3.2, we apply

dz, EM, and Hadron cuts (sce table 3.1), and again plot the da distributions for varying

minimumn p, values. Superimposed on each histogram is a fit to a ganssian distribution,

with the standard deviation o. Multiple scattering accounts for the change in o.
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Multiple Scattering

Multiple coulomb scattering of a charged particle passing through matter deflects the
particle from its original trajectory. The distribution of deflection angles for a sample of

tracks is roughly gaussian, with a projected width in a given plane given by

0.0141 GeV /¢ 1
gm.a. = —\7'3—_1)0_(‘(‘: V L/LR[]' + §log10(L/Ln)} (31)

for an ultrarelativistic particle of unit charge. Here, p is the momentum in GeV/c and
L/Lp is the number of radiation lengths of material traversed by the particle. Table 2.3
shows

L/Lp =19 + 64/siné.
The logarithmic correction factor is 1.2, nearly independent of 6. Using p = p,sinf and
averaging over the 6 coverage of the muon chambers (reasonable since all relevant particle
distributions are flat in 6 in this range),

0171..9. = 8 mR (32)
Dt

The effective depth of the calorimeter is 181 em, hence

B oy
(l‘?/"m.s. = 15 an (33)

Dt
This agrees nicely with the p, > 3 GeV/e plot in figure 3.2, but the other two plots differ
somewhat. All three plots arc consistent with

0.86

De

da?,, = ( )+ (3.5)*

obs T

suggesting that some effect in addition to multiple scattering affects the distribution width.
But to a first approximation the widths are consistent with multiple scattering, and the
da = 8 c¢m cut in table 3.1 corresponds to a 1.60 cut at p, = 3 GeV/c and becomes looser
with increasing p;.

Equation (3.3) gives a lower bound on the r.n.s. momentumn resolution of the muon
chambers. Considering the solenoidal magnetic field and the CTC geometry, the impact
parameter of a muon at the chambers is (see figure 2.18)

50 cm

D

b=
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Figure 3.3: Correlation of the matching parameters da and da.
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so that the angle is
b  140mR

Rcmu Dt

and
Ap _ b, S 85/p;

P« 140/p,

independent of the particle momentum. The inequality arises because the muon drift

distance accuracy and the short lever arm of the muon chambers degrade the actual

resolution (r.m.s.).

Matching cut values.

The other two matching parameters are dz and da. Figure 3.5 shows the dz distribution
without any other cuts applied. The dz cut is looser (15 cm) than the dz cut because the
z resolution of both the CTC and the muon chambers is less reliable.

Figure 3.3 shows that do and da are not independent variables. Figure 3.4 shows the do
distribution before and after the standard da cut has been applied, for p, > 2 GeV/c. The
cut looks a bit tight but from equation (3.2) and from studies of distributions |da| < 60
mR is reasonable.

A few words about the choice of the p; cut: as will be shown, relative background
contamination of the muon signal decreases with increasing p;. Hence, the higher the cut,
the better the quality of the data sample. However, the dN/dp, spectrum is a decreasing
power law, and a small increase in the p, cut causes a large decreasce in the total number
of tracks. The choice p; > 3 GeV/c is a compromise in order to leave enough of a data

sample to work with. In a higher statistics analysis we would choose a higher p, cut.

3.1.2 Minimum lonization Cut

Most hadrons interact and deposit all their energy in the wedge. Figure 3.7 is a scatterplot
of encrgy deposition in the hadron calorimeter versus deposition in the EM calorimeter for
muon candidates. A clump of minimum ionizing particles is prominent in the lower left
hand corner. These plots, as well as similar plots from the testheam (see the appendix on
noninteractive punchthrough) lead to the EM and Hadron cuts listed in table 3.1. These

are loose cuts, but in the beauty sample the majority of the muons are within the jet core.
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Figure 3.5: Raw dz distribution for muon candidates, showing cuts.
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Figure 3.6: Sum of EM and Hadron energies for muons passing the matching cuts.

Hence, the energy from the minimum ionizing muon is usually overlaid by energy from

particles in the jet, and the energy cut seriously decreases our acceptance.

3.1.3 Acceptance

The muon chambers inside a wedge subtend A¢ = 12.5° as compared to the A¢ = 15°
for the entire wedge. The gap between the two arches at § = 90° is 15 em, out of 480 cm
total length of the chambers. Hence considering just the geometry of the muon chambers

the acceptance is

, 12.5°465

= — 0.81
€geom. = 5o 780 ~ U

in the region 55° < 8 < 125°.
The Main Ring noise discussed in chapter 2 forced us to reduce the anode voltage for

the eight wedges with 60° < ¢ < 120°, decreasing but not annihilating their efficiency.

Then ¢

yeom 18 decreased by a ‘Main Ring factor’,

— 8
48
Figure 3.8 gives a feel for fargr, showing a ¢ distribution for CTC/muon matches from the

(jety1) data. The depressed region at 60° < ¢ < 120° has (40 3= 10)% of the occupancy of

= (1.83.

1> fur >

the rest of the distribution. Hence we estimate

. 8
fun=1-(04£0.1)= =093+ 0.1,
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Figure 3.8: Azimuth angle distribution of muon-candidates, showing inefficiency due to

Main Ring background.

and therefore

€geom = (FMR)(€ o) = (0.93 £ 0.1)(0.81) = 0.76 = 0.08 (3.4)

3.2 Fake Muons

Leptons from pp collisions with p; > 3 GeV/c are rare. Large numbers of charged particles
are produced, but these are mainly pions, kaons, and protons. This means that any process
whereby a small fraction of the hadrons fakes a muon signal will result in a significant
background. The challenge in a muon analysis is to understand and compensate for these
background processes.

Section 1.3.3 contains a list of the different background sources. The contribution of

cach source to the total hackground is estimated in the following subsections.

3.2.1 Noninteractive Punchthrough and Decay-in-Flight

Detailed calculations of the noninteractive punchthrough and decay-in-flight probabilities
are given in the appendices. Given the momentum distribution for all charged tracks in
the data, and knowing how many pions, kaons, ctc are in the charged track spectrum, the

probability curves yield the background rates.
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Figure 3.9: p, distribution for all charged tracks from the jet data, scaled to the geometric

acceptance of the muon chambers.

Parent Spectra

The (jet-pt) data used in the beauty search is a subset of all the jet data acquired by CDF
in the 1987 run. (The next chapter describes the jet finding algorithin.) Charged hadrons
in events with a jet can produce fake muons, and the p, distribution for these fake muons
depends directly on the distribution for all charged tracks (see equation (C.4)).

To obtain the parent p; distribution, we reconstruct some of the jet data using the
same code as for the muon reconstruction, except that we do not require a muon stub.
CTC tracks are extrapolated into the calorimeter exactly as for muon candidates, and the
energy deposition along the track path is calculated. Requiring pseudorapidity |n] < 0.65
gives the same acceptance for the CTC tracks as for muon candidates. The resulting p,
distribution is scaled to the total intcgrated luminosity of the (Jet-p) data sample, and
corrected for the geometric acceptance €yeqn, (preceding section). Figure 3.9 shows the
result for minimum ionizing tracks and for all tracks, where a minimum ionizing track is
one that passes the energy cuts in table 2.6. Note that the errors shown are statistical
only: the error in the integrated luminosity will distort the difference between background
calculation and the muon candidates, discussed in the next chapter.

The shape of the parent dN/dp, distribution in figure 3.9 determines the shape of
the expected background. Figure 3.10 shows that higher E; jets tend to have higher p,

tracks, reflected in the stiffening of the distributions as the minimum jet E, of the events is
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Figure 3.10: Charged track transverse momenta for events with a jet above different

transverse energy thresholds.

raised. In the same way, the shape of the parent spectrum is expected to be sensitive to the
trigger 3 E; threshold, since figure 2.22 showed that the efficiency for different jet energies
varies with the Y~ F; threshold. The beauty data comes from a mix of four } E, triggers,
requiring a 20 GeV jet in the analysis, but the parent dN/dp, spectrum of figure 3.9 comes
solely from 3  E;, = 30 GeV trigger. This introduces some error in comparing background
calculations based on figure 3.9 with data from the full beauty sample. However, table 1.3
shows that 72% of the data came from the 3" E; = 30 threshold, and since the variation

in the curves of figure 3.10 is moderate, the error is smaller than other systematic effects.

I{/m Ratios

A major systematic error in calculating the muon background is the kaon content of the
parent charged particle spectrum. The appendix on noninteractive punchthrough shows
that the small absorption cross section for positive kaons means that more than 1 in 70
K*’s with p, < 10 GeV/c will mimic a muon, as compared to less than 1 in 300 for pions.

Three sets of measurements allow us to estimate the ratio of the number of charged
kaons in the data sample to the number of pions,

I # of charged kaons

m  # of charged pions’

Il

Values are listed in table 3.2. The values come from time-of-flight measurements at the
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Source K/[m value
Conservative ISR extrapolation 0.10
Reasonable value 0.25
Generous UAS interpretation 0.35

Table 3.2: Fraction of heavy particles in charged track spectrum.

CERN ISR and UA5 experiments, and from a search for secondary vertices in the CDF
CTC [27]. Both methods are unreliable for p; > 2-4 GeV/c, and table 3.2 shows that the
values vary significantly. The UA1 collaboration used the value of ’;‘ = 0.36 in their muon
analyses, but since they have 9 absorption lengths they are less sensitive to noninteractive
punchthrough, and with their higher p; cut the decay-in-flight contamination is less. Hence
UAL1 is less sensitive to the choice of %

Protons and antiprotons amongst the charged tracks affect the background rates. The

references [27] show that they are as abundant as the kaons,

s s

K p+p

For p, > 5 GeV/c the p and p contributions reduce the overall noninteractive punchthrough
rate, since their absorption cross sections are larger than for pions. For p, < 5 GeV/c, the
proton absorption cross section is smaller than for pions, and is much smaller than for an-
tiprotons. Hence the p’s contribute to the charge asymmetry discussed in the background
appendices.

The charge asymmetry suggests a provocative prospect: perhaps the observed charge
asymmetry amongst the muon candidates could lead to a measurement of ’;‘ at higher py,
or at least to an extension of the measurement using the secondary vertices. Systematic
uncertainties would make the analysis difficult, but since it is a useful measurement that

has never been made, it would be worth some trouble.

Background Spectra

Figures 3.11 and 3.12 show the expected rates for fake muons from decay-in-flight and
noninteractive punchthrough, using the results of the appendices and the parent charged

track spectrum of figure 3.9. The error bars on the noninteractive punchthrough curves
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to the uncertainty in the absorption cross sections, and solid line is the sum of the two.
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Figure 3.12: Same as preceding figure, except that the minimum ionization cut has been

applied to the parent tracks.
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correspond to a 4% error in the absorption lengths. The decay-in-flight contribution is
approximately independent of the ’;‘ mixture, reflecting the fact that the acceptances for
muons from I{ decay and from 7 decay are about the same. However, the noninteractive
component increases with increasing %, raising the overall background rate. This is due
to the small absorption cross section for K{*’s. The next chapter compares the observed

muon data with the expected background and expected signal of chapter 1.

Error Estimate

Uncertainties in the background calculation arise from different sources:

1. Statistical fluctuations in the parent charged track spectrum used to calculate the

backgrounds;

Statistical fluctuations in the number of simulated decays-in-flight;

)

3. Wrong p; dependence of the dN/dp; distribution of figure 3.9, due to the mix of }_ E;
triggers;

4. We assume that the pions, kaons, and protons all have the same dN/dp, as the total

charged track spectrum, which may be false;

(W74

Faulty decay-in-flight simulation. For example, CTC track reconstruction may han-
dle tracks in busy jet environments differently than the isolated tracks we simulated,

or CTC noise simulation could be inadequate;
6. Error in the choice of L;—;

Uncertainty in the absorption lengths.

-~

The first two give errors of less than a few percent, since we had large statistics for both
studies. Similarly, figure 3.10 and table 1.3 indicate that point (3) is not a big problem.
The next point is intractable: considering that we don’t know how may kaons there are,
we certainly don’t know their momenta. But to the extent that the individual momentum
distributions are similar to the total distribution, the contribution to the error is small.
‘Small’ is in comparison to the last two items on the list, which we turn to now.

In figure 3.13, the sum
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Figure 3.13: Total background (decay + noninteractive) for different K/m, comparing

magnitude of uncertainty due to I{/m error with uncerltainty from absorption length error.

sum = (decay-in-flight) + (noninteractive punchthrough)

from each of the three plots in figure 3.11 (solid curves) is superimposed onto a single
plot. This shows the spread in the background estimate that comes from varying ];‘
The error bars on the middle curve are based on a 4% ervor in the number of absorption
lengths, A, traversed by a muon candidate and are about 20%. The errors from ’?‘ and §A
are about the same magnitude. The errors are uncorrelated and therefore can be added
in quadrature, which in this case is the same as multiplying the error from A by v/2.
Considering the lengthy list above, this is probably an underestimate of the error: instead
we will use
6Nyyrg = 26ANyyrg

where Nyg,q is the number of entries in a given bin of the background momentum distribu-
tion. We use dA = 0.04A where A is calculated according to the appendix on noninteractive

punchthrough.

6 Dependence of Noninteractive Punchthrough

The number of absorption lengths traversed by a muon candidate is A = Ao/ sin 6, where
Ag is for a track 90° from the beam axis. Therefore we expect fewer noninteractive
punchthroughs at small 8. A sample of muon candidates will be a mixture of punchthrough

and of muons, which have no § dependence (for either decay muons or prompt muons),
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The observed § variation gives an independent measure of the fraction of noninteractive
punchthrough in the data sample. A preliminary search for this effect in the data showed

agreement with calculations, and we expect to use this handle in the future.

3.2.2 Other Sources

Interactive Punchthrough

Hadrons interact in the steel of the wedges and generate a shower of particles. Usually all
the secondary particles are absorbed, but sometimes one or a few will leak to the muon
chambers. An accidental match between a resultant stub and a track in the CTC produces
a muon candidate, hence shower leakage is a background source that must be considered.

The interactive punchthrough probability for the wedges was measured in a pion test

beam [1]. The probability P increases linearly with pion energy E;,
P~ (0.011)E, — (0.04) (10 < E, < 40GeV). (3.5)
Below 10 GeV, a power law gives a better approximation,
P~ (0.13)EL%%e~Y (3 < E, < 10GeV),

with [ = 100 cm as the equivalent depth of steel in a caloriimeter wedge and A = 23
cm [26]. Testbeam ‘punchthrough’ means that at least 2 hits were recorded in the muon
chambers. How does this relate to the probability of detecting a fake muon from shower
leakage? In pp data, muon candidates must have more than 2 hits, and must match
with a CTC track, decreasing the number of leakage particles contributing to the muon
background. Also, equation (3.5) is for pions, whereas collision data includes kaons which
may have different punchthrough probability. Neutral hadrons may also contribute to the
leakage rate, and their p, spectrum is unmeasured. Since a jet is a cluster of particles of
different momenta and species, calculating the interactive punchthrough contribution to
the muon-candidate rate in jet events is very delicate, and a monte carlo would have to
include detailed modeling of hadronic showers. The rate is not calculated in this thesis.
Rather, we rely on the minimum jonizing cut to reject fake muons from shower leakage.
When data is compared with the calculated backgrounds in the next chapter, cvents

without a minimum ionizing cut show an excess of muon candidates above the background
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Figure 3.14: Fraction of jets with an associated CTC/stub match.

from non-interactive punchthrough and decay-in-flight. After the energy cut, the large
excess vanishes.

While the minimum ionization cut is effective at rejecting shower leakage, it also rejects
prompt muons that overlap a jet: this is the bulk of the beauty signal. Work is in progress
to develop ways to identify prompt muons in jets.

Having explained the difficulties in calculating the interactive punchthrough probabil-
ity, it is interesting nonetheless to see what we can learn from looking at the data. In
the p* analysis of the next chapter, muon-candidates are ‘matched’ with the nearest jet.
Histogramming the E,’s of the matched jets, and normalizing to the dN/dE, distribution
for all jets gives figure 3.14, which therefore shows the probability of finding a muon-
candidate in a jet of transverse energy Fy. No minimum ionizing cut has been applied
to the muon candidates, the only criterion for candidacy being a ‘tight’ match between
the muon stub and the CTC track. Also, the muons are required to fall inside a cone of
dR = /An? + A¢? < 0.3. (An, Aé are the differences between the jet axis and the muon
track.) Expanding the cone size to 0.7 increascs the probability by about the size of an
error bar in figure 3.14. About 1% of 50 GeV jets will contain a muon-candidate, before

making a minimum ionizing cut.
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Cosmic Rays

Cosmic rays incident on CDF make stubs in the muon chambers at a rate of about 1000
per second. For a cosmic ray to accidentally overlap a pp bunch crossing, it must fall
within the RUN/STOP window of 700 nS described in chapter 2. Hence the fraction of

events containing an accidental muon stub is
cosmic accidents < (700n.S)(1kHz) =7 x 107"

This low probability is an upper bound on the contamination of the muon data: the CTC
timing window is shorter than 700 nS, and a muon candidate requires that a CTC track
passed within 0.5 cm of the event vertex. Also, the beauty sample requires at least one 20
GeV E; jet, further reducing the overlap probability. Hence, contamination of the muon
data by cosmic rays occurs at a very low rate.

Cosmic ray events are easily distinguishable from pp collisions. An air shower de-
positing more than a few GeV will fire TDC’s in the hadron calorimeter. The pattern
reconstruction software rejects events where some fraction of the hadron energy is outside
of a 60 nS timing window !. Also, tracks traversing the entire detector are discernible by

eye, and can be rejected in hand-scanning. We neglect cosmic rays in the data analysis.

YT'he module making the cut is called HATFLT
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Chapter 4

Data Analysis

4.1 Event Selection

4.1.1 Data Samples

Of the 33 nb~! of data recorded by the CDF detector in 1987, 24.7 nb~! was taken with
the triggers listed in table 1.3. The raw data is stored on about 400 magnetic tapes.
Requiring the beauty event topology reduced the number to about a half-dozen tapes.
The beauty signature is a muon associated with a jet, hence the steps to skim the events

of interest from the full data set were
1. Keep every event with a muon candidate with p, > 2 GeV/c;
2. Keep only events with a 20 GeV central jet;
3. Keep only events that satisfied the ) E, trigger.

With hindsight, the reverse order of steps seems more efficient. But with a new detector
our first step had to be to explore all of the muon data, and only after that could we

confine ourselves to a specific signature.

Background calculations require a sample of jet events unbiased by muon selection.
Hence, beginning with raw data we made a second data set using only steps (2) and (3).

This set is called the ‘generic jet” data, the other set being the jet - y sample.

4.1.2 Jet Algorithm

A jet is a collimated group of particles emanating from the collision vertex. Jets are

understood to be produced by hard-scattered partons that create mesons from the vacuum.
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Empirically, the average number of tracks with p, > 0.4 GeV/c within a cone of radius

AR = \JAn? + Ag? = 0.7

increases logarithmically, and is about 7 for E{ =30 GeV, or
< N >=4.5log(0.15 E{*").

In the detector, a jet appears as narrow spray of tracks in the CTC, and as a cluster
of calorimeter towers with large energy depositions. Jets discussed in this thesis are all
calorimeter jets, and the algorithm used to recognize the energy clusters is crucial. In

particular, an algorithm must

¢ Efficiently recognize all clusters. Some jets are less collimated than others, so dis-

tinguishing a single broad jet from two smaller jets can be difficult;

o Measure the jet energy correctly: calorimeter towers on the edge of a cluster can

contribute uncertainties, and corrections for detector gaps, etc, must be made;

e Measure the jet size: in the expression for AR (above) the parameters An and A¢
have finer resolution than the tower size if one uses tracking information and the

relative pulse heights of the two phototubes in each tower;

e Measure the jet dircetion: a weighted sum of the energies in the cluster towers is

used. Accurate direction measurement is important for the pi studies.

The algorithm used by CDF is a cone-based algorithm called JETCLU. It searches for the
tower with the greatest pulse height, calculates a cone of fixed size about the tower, sums
towers above some threshold, and then refines the resulting measurements in an interative
process. The reliability of JETCLU and competing algorithmms has been studied in detail

29].

4.2 Prompt Muons

After recoustructing the muons and the jets and applying all the cuts, we are left with

a sample of muon candidates. Figure 4.1 compares the % of the muon candidates with

the decay-mn-flight and noninteractive punchthrough backgrounds calculated in the last
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Figure 4.1: Momentum distribution of muon candidates from the jet - u data, before the
minimum ionizing cut. Region within the dashed lines is the expected background from

decay-in-flight and noninteractive punchthrough.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. DATA ANALYSIS 86

- 1
60 — —
" | N
- | K/m = 0.25 . 7
—~ - i :
B)
> i \\ .
3 40 — ‘\ After min ion cut —
B _
> h _
E i by )
s - oy .
2 20 |- by -
> 3 -
Z NN
_ \ ~ N
L \ T = _ _ N
_ - j + { { { -7 T = =
0 Lt 1| l TR | L LoD\ ! N U SN N N NN OO N | I T N |

0 2.5 5 7.5 10 12.5 15
P, (GeV/c)

Figure 4.2: Momentum distribution of muon candidates from the jet - i data, after the
minimum ionizing cut. Region within the dashed lines is the expected background from

decay-in-flight and noninteractive punchthrough.
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p(GeV/c) | Candidates | Background | Difference
3-4 67 £ 8.0 55.6 8.9 (11.4412.0
4-5 49+ 7.0 16.6£7.0 | 324499
5-6 22+ 4.4 8.3+£5.8 13.7+7.3
> 6 0
Total 138 £ 11.5 | 80.5+£12.7 | 575+ 17.1

Table 4.1: Muon candidates and background subtraction.

chapter. The dashed curves correspond to one standard deviation above and below the
curves obtained using & = 0.25. For p; > 5 GeV/c the number of muon candidates exceeds
the expected background, but hand-scans of individual events show that these events are
consistent with interactive punchthrough (shower leakage). The excess disappears after
applying the minimum ionizing requirement on the muon candidates, as shown in figure
4.2. Here, the number of muon candidates with p, > 5 GeV/c is completely consistent
with the expected background, suggesting that most of the B signature has been lost with
the various cuts. However, there is a small excess of muon candidates in the three lowest
p: bins. Table 4.1 gives the number of prompt muons obtained by background subtraction.
Equation (1.5) predicted 425 muons from this analysis, before the minimuin ionizing cut.

It is difficult to compare this figure with the total in table 4.1, but
57.5+17.1 <425

1s consistent with having lost most of the muons with the minimum ionizing cut, since the

muons are expected to overlap with the jet.

4.3 Momentum Transverse to the Jet Axis, p/¥

In equation (1.6) and figure 1.5 the component of track momentum perpendicular to the

Jet axis was described as

P = p\/tzmh?(An) + sin*(A¢)

where p is the total track momentum, and An and A¢ are the differences in the pscudo-

rapidity and azimuth angle, respectively, between the track and the jet axis. Due to the
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Figure 4.3: Differences in pseudorapidity and azimuth angle between matched jets and

muons, showing the A¢ cut.

harder fragmentation of the more massive B meson (compared to mesons made of lighter
quarks), we expect muons from B decay to have higher values of pjet.

To observe this effect, we reconstruct jets in the jet - 4 data sample, and then find the
jet closest to each muon candidate. Figure 4.3 is a scatter plot of the An and Ag¢ of the
Jet-muon matches. For the most part, the points at large A¢ correspond to mismatches:

jets must have By, > 12 GeV and [5;¢] < 0.9, so that if a muon is near a softer jet, it will

be misassociated with a jet farther away. A requirement that
|A¢| < 0.7radians

for jet-muon matches rejects most mismatches.
The pj¢ distributions for the muon candidates are shown in figures 4.4 and 4.5, with

and without the requirement of energy deposition along the track path consistent with
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minimum ionization. Superimposed are the distributions for all charged tracks from the
generic jet data sample. Without the energy cut, the muon curve tracks the background
curve fairly faithfully. An apparent excess in the calculated background is consistent with
the p; distribution in figure 4.1, where we expected more muon candidates in the lowest
bin. The muon candidates in figure 4.4 are dominated by background.

The picture changes in figure 4.5. Consider the muon distribution in two pieces:
it < 1.7 GeV/c and pi® > 1.7 GeV/c. The pj¢ < 1.7 GeV/c section agrees qualitatively
with the predictions of chapter 1. That is, the muon curve peaks at about 0.9 GeV /¢, and
is stiffer than the background curve. Combined with the muon excess of figure 4.2 and
table 4.1, we conclude that there are muons from B decay in our data sample.

For pi*! > 1.7 GeV/c, the muon excess seems excessive. A hand-scan of these events
reveals different contributors to the large tail. About a third could be removed by tight-
ening the An, A¢ cuts in figure 4.3. Another third could be either kinked tracks where the
CTC track reconstruction assigned too high of a p, value, or tracks which were very close
to an energy cluster and may have erroneously passed the minimum ionization cut. But
at least of third of the high-p}® events look good: a clean, isolated muon well separated
from the nearest jet, occuring at a larger rate than can be accounted for by the technical
backgrounds.

An example is event 7438/281. Here, the nearest calorimeter cluster to the 4 GeV/c
it appears to be a clean 14 GeV/c electron, back-to-back with a broad 16 GeV jet and

negligible missing energy. This event suggests the process
pp — BB, B — utDy,, D — e K,

When higher statistics are available, distributions made with these sorts of events will

yield exciting new physics measurements.

Background

A pre distribution for muons from beauty decay should peak at higher values than the
corresponding curve for charm decay. In turn, both should be stiffer than a plot for
‘generic’ pions and kaons within the jets. Figures 4.4 and 4.5 compare the distributions
for muon candidates with those for all charged tracks.

But one has to be careful: since pi® is a product of the the track momentum and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. DATA ANALYSIS 90

200 T T T T T T 1 T T T TrT
I I i )
r 1
i (Before minimum |
o 180 [— ionizing cut) —
~ o ' 4
> Lol . .
§ _ |. . p candidates 1
S )— L — . —  Background
N 100 —]
L 4
8 1
w -
’z -
o
8 50 —
P' —
‘S J
]
0 Ll I | I N L & .
0 1 2 3 4 5

P (GeV/e)
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Figure 4.5: Same as preceding figure, after the minimum ionizing cut.
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Figure 4.6: Probability, in percent, for a charged track to appear as a muon candidate.

Lines are to guide the eye.

the distance in (1, ¢) space from the jet axis, then generic tracks having the same spatial
distribution (relative to the jet axis) as muon-candidates would have a different pj dis-
tribution, so long as the momentum specta were different. That is, one could argue that
a difference in shapes between ‘signal’ and background in figures 4.4 and 4.5 arises sim-
ply because decay-in-flight tends to soften the momentum spectrum of muon candidates
relative to their parent mesons. It turns out that this is not the case.

Figure 4.6 shows the probability per track for a charged hadron to create a muon-
candidate, as a function of transverse momentum. In the range 3 < p, < 15 GeV/ec,
the noninteractive punchthrough probability for all hadrons rises steadily, dominated by
the falling pion absorption cross section (see the appendix). A particle mix of ir—( =0.25
is used. Conversely, the meson decay probability decreases. The two effects happen to
cancel, and the total probability for generating a fake muon is momentum independent.
This means that we expect dN/dp, for fake muons and all charged tracks to have the
same shape, and any difference in the shapes of the pj distributions has to come from
differences in the spatial distributions, presumably due to the harder fragmentation of

heavy flavor decay.
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Chapter 5

Conclusion

5.1 The Past

We have built a working muon detector and have developed the associated pattern recogni-
tion code. By studying beauty production in pp collisions at /s = 1.8 TeV and subsequent
decay of the beauty mesons to muons we have learned how to distinguish muons from the
large backgrounds present in these complex events. The number of muons observed in
events having at least one central jet is consistent with QCD calculations for beauty and
charm production. Muon backgrounds are largest in jet events, hence satisfactory treat-
ment of this data sample promises more accurate muon measurement in other processes.

We have studied the relation between muon tracks and jets in the same event. Due
to the large mass of the parent B meson, the decay muon is further from the jet than
background tracks. Even with the low statistics, pj gives a powerful signature for heavy
flavor production.

We have also looked for evidence of heavy flavors in a sample of dimuon events. In
spite of trigger incfliciencies during the debugging of this new detector, we see a reso-
nance in the invariant mass distribution for unlike-charge dimuon events at the J/¥ mass.
Events with dimuon pairs from J/ ¥ decay have little associated energy deposition in the
calorimeters. On the other hand, including events with more encrgy, we compare the
number of unlike charge dimuon candidates with the number of like charge events and
find an excess consistent with the semileptonic decay of pairs of charm or beauty mesons.

Hence we confirm that we are sensitive to medium p, muons in complex event topologies.
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5.2 The Future

At the time of this writing, the CDF detector is collecting pp collision data hundreds of
times faster than in the 1987 run. The 30 nb~* 1987 data sample is being matched every 1-
2 days, with far superior trigger efficiencies, and with greatly improved noise suppression.
Two feet of steel installed between the Main Ring and the detector allow the top muon
chambers to operate at nominal voltages. A dimuon trigger installed during the past year
provides sensitivity to J/¥ and T production. The Tevatron is performing twice as well
as the most optimistic pre-run forecasts predicted. Current projections are that we will
accumulate between 1000 and 5000 nb~! before the end of the run, or at least 300 times
more data than was available for this dissertation, and of higher quality.

The two theses using the 1987 muon data represent completion of the biggest chores
on the path to studying new muon physics at CDF [2]. Hardware installation, code
development, and the main background calculations are done. Qur tools are in place and
new data is pouring in.

The most obvious next goal is discovery of the Top quark in the muon channel. Of
the different decay modes (jets; jets and leptons; leptons) the muon channel has marked
advantages: the backgrounds are large, but those for jets and electrons are probably
worse. The muon system will refine measurements of established physics, such as the
cross sections for beauty and charm production, Drell-Yan processes, beauty oscillations,
and so forth. Perhaps an extension of the 17} ratio in the charged track spectrum to higher
p¢ is possible. But most exciting in a new energy domain is to discover new, unexpected
phenomena. If Nature holds heavy W*’s and Z*’s for CDF, or if the Higgs particle is
within reach, or if some completely new twist awaits, then the muon system will find it.
Or, muons in conjunction with jets or clectrons will reveal it. A universe of possibilities

awaits.
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Appendix A

Coordinate Systems

A.1 CDF Global Coordinates

Figure A.1 shows the CDF detector and the CDF coordinate system. It is a standard
right-handed spherical coordinate system, where protons travel towards larger z (cast),
the positive z-axis points to the exterior of the ring (north), and the positive y-axis points
straight up. Hence the wedges and arches of the central calorimeters form segments in

azimuth angle ¢, and pseudorapidity n depends only on 8,

n = In(cot g)

A.2 Local Wedge Coordinates

Figure 2.8 shows a cross section of a muon chamber. Each wedge contains three such
chambers, side-by-side. Both sides of the middle chamber are flat, like the right-hand side
of the chamber in figure 2.8. The third chamber is a mirror image of the one shown.

In reconstructing the muon stubs it is natural to pick a set of rectangular axes (=, y)
as shown in figure 2.8. The z-axis is the same as in global CDF coordinates (i.e., into the
page iu the figure). The orgin is as follows:

¢ 2 = 0 is in the middle of the middle chamber (not shown in figure 2.8). Increasing

x 1s in the positive ¢ direction;

o y = ( is at the bottom plane (noted in figure). At @ = 0 the y-axis and the radial

direction are the same;

o z =0 is at the § = 90° crack between the east and west wedges of figure A.1.
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Figure A.1: The CDF coordinate system.
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FEach east-west wedge pair has its own local rectangular coordinates, rotated by ¢ = 15°

compared to adjacent wedges. To compare CTC tracks with muon stubs we transform

the CTC tracks to the local wedge coordinate system as in equation 2.7 and calculate the

track matching parameters as at the beginning of chapter 3.

Note that since wire pairs lie on radial centerlines from the pp vertex, they are at

angles relative to the y-axis in local wedge coordinates.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B. NONINTERACTIVE PUNCHTHROUGH PROBABILITY 96

Appendix B

Noninteractive Punchthrough Probability

The number of absorption lengths traversed by pions, kaons, protons, and antiprotons
in a central wedge is calculated as a function of the incident hadron momentum. The
momentum dependence is strong, resulting in 3 times as many non-interacting pions at
low momentum as compared to high momentum. Fits and a fortran function are provided
to ease calculations of backgrounds to muon signals. Corrections are made for the energy
loss of the particle in the wedge. An overall punchthrough probability using the UAS
charged particle mix is shown. The fact that J{*’s have a smaller absorption cross section
than I{ ~’s leads us to the prediction of a charge asymmetry in the non-interactive hadron

punchthrough background to the inclusive central muon spectrum .

B.1 Motivation

Two principal backgrounds confuse a study of prompt muons in the CDF central re-
gion. These arc muons from pion and kaon decay, and hadrons that don’t shower in
the calorimeter. This appendix concerns the latter category. A charged hadron leaves
a minimum-ionizing trail in the calorimeter until it showers. If it never showers, it is
indistinguishable from a muon. The probability P for an incident hadron not to interact

after traversing a distance x of material is

P=eh =t o (B.1)
or 1/165 for A =5.10. The absorption length Ay, depends on the absorption cross section,

A
)‘abs =

—_ , B.2
N/)Uab.s (B )

I"I’he contents of this appendix have appeared as a CDF internal memo [36).
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Hadron oo o J
K+ 20.37 £ 0.80 | 0.791 + .01
K- 22.56 +0.90 | 0.779 & .01
mt 25.64 4 1.00 | 0.764 + .01
o 25.86 4 1.00 | 0.762 & .01
37.994+1.48 |1 0.719 4 .01
D 43.504+1.73 | 0.698 & .01

Table B.1: Parameters for the power-law fit to the A-dependence of the absorption

cross-section for 60 GeV/c particles.

where A is the atomic number of the material, N is Avogadro’s number, p is the density
of the material, and o4, is the absorption cross section. Hence one need only know the
depths and cross sections for the different materials in the calorimeter, and A comes from
simple arithmetic.

The difficulty is in knowing the cross sections accurately. The Particle Data Booklet
(PDB) only tabulates values for proton interactions in different materials at high energy,
E > 50 GeV, and the PDB cross section curves are only for hadrons incident on proton

targets. The cross section for hadrons on heavier targets obeys a power law,
Oubs = OOADI (BB)

and simple scaling from the proton values to the pion values is complicated by the fact
that « varies significantly amongst hadron species. Hence, the literature has to be probed
beyond a cursory reference to the data booklet. Table B.1 shows how the power law for
the inelastic cross section varies for different mesons [30].

One last motivating remark: a rough, 10% estimation of A based on naive scaling will
result in a 50% error in the rate for non-interacting punch through’s. That is, the error
in the rate is

oP (éA) A

P A
and 0.1 x 5.1 = 51%. A survey of the literature indicates that about 3% accuracy in A
is obtainable, lowering the error in the rate to 15%. Hence a small improvement in the A

calculation yields a big gain in the rate estimate, and it is worth going into detail.
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Figure B.1: Meson-proton cross sections as a function of meson energy, taken from the
Particle Data Group. In each plot, the top curve is 6,4, the bottom curve is oypugie, and

the third curve comes from subtracting the fits to the first two, o iwwic = Grotal — Telustio-
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B.2 Sources

To get our numbers we have compared different sources:

e Published A-dependence of absorption cross sections, found in the PDB references

and references therein [30,31,32];

e 7-iron absorption lengths measured during detector calibrations in other experiments

[35,34];
e Particle Data Booklet cross section plots (see figures B.1 and B.2) %

e CDF central wedge testbeam data. This only provides limits on the final values, for

reasons discussed below.

Figure B.3 shows a compilation of the various cross section measurements for pions in

iron. Some explanations are in order:

e The values listed in the PDB Table of Nuclear Properties are weighted averages from
Carroll and Roberts. Since Roberts only studies incident neutrons, and Carroll only

Gescends to 60 GeV, Denisov is included to learn how to scale to lower energies.

¢ The solid curve is the average of the 7+ and the 7~ inelastic cross sections on protons
taken from the fits in figure B.1, scaled to match Denisov at p, = 30 GeV/c. We
use the average since the material in the wedge contains roughly equal proportions
of protons and neutrons, and the data booklet curves (or, alternatively, isospin

symmetry) show that o4, & 0r-, and 0, 2 0p4,.

e CDHS [35] measures an effective absorption length for their iron/scintillator com-
bination, which is then corrected to obtain a value for pure iron. Their result is

somewhat lower than the other values.
e CITF [34] measures the non-interaction probability P, which is then converted to a
cross section for comparison.

The main point of figure B.3 is that thin-target measurements of the absorption cross

section yield the same results as measurements of interaction probabilities made using

*Thanks to Bill Carithers for obtaining Vax files of the cross section data from the Particle Data Group.
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Figure B.2: Particle Data Group Proton-proton (left) and antiproton-proton (right) cross

sections as a function of energy. Curves are as in preceding figure.
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thick, complex calorimeters. That is, the data in figure B.3, obtained by a variety of dif-
ferent methods, yield consistent results (see refs [30]-[35]). Hence we can use the published
values of the absorption cross sections covering a broad range of target materials, particle
types and energies to calculate the number of absorption lengths in a wedge.

Carroll et al [30] provide the most recent, comprehensive set of absorption cross sec-
tions. Our method, then, is to use Carroll’s values at 60 GeV/c to calculate high energy
values of the number of absorption lengths in a wedge, and then scale the curves from
the Particle Data Group (the ineigstic curves of figures B.1 and B.2) to extrapolate to
lower energies. Table B.2 lists Carroll’s cross sections for the different target materials
present in the central wedges and for the different particle types, at 60 GeV/c, as well as
the absorption lengths calculated from equation (B.2) [30]. The absorption lengths are
calculated using the cross section values and equation (B.2) 3.

The method just described introduces a small systematic error into our calculation.

The absorption cross section,

Cabs = Ototal — Oclas — Oquasiy (B4)
is different from the inelastic cross section,
Oinelas = Ototal — Oeclasy (BS)

by Oguasi, the quasi-elastic scattering cross section *. The difference is less than 3% over
the energy range covered by Denisov et al [32]. We use o, to calculate the number
of absorption lengths in wedge at high energy, but 04,05 to extend to low energy. A
systematic error arises to the extent that the energy dependence of oy, is different from
that for ojy.4s. We consider this error to be negligible.

Central wedges contain two types of scintillator. The hadron calorimeter uses plexiglas
(also called Lucite or acrylic) while the shower counter has polystyrene. (CDHS [35] uses
plexipop, which is doped plexiglas and has the same absorption length.) Since both plastics
arc predominantly carbon, we scale from the data hooklet values for the absorption length

according to
oPDB
carbon
gCarroll

carbon

\ = /\I’DB X

3The central hadron calorimeter uses plexiglas and central EM uses polystyrene.
*This is Carroll’s nomenclature. Unfortunately, the data booklet defines oiyeras to be exactly what we

have called o444.
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Figure B.3: Pi-iron inelastic cross sections from the various authors. Absorption lengths
(CDHS) or interaction probabilities (CITF) have been converted to cross sections. The
solid curve is (04, + 0x-p)/2 from figure 1, to allow for the equal proton and neutron mix

in iron, scaled to match Denisov at 30 GeV.

B.3 Central Calorimeter Test Beam Data

B.3.1 Data Sample

Test beam data taken in M-Test on February 12, 1988 has been used for an analysis of
the non-interactive pion punchthrough probability. A 57.1 GeV nt beam was directed at
the center of tower 2 of wedge #30 °. The data consists of 18482 events (run 10516). A 10
inch by 10 inch scintillator counter placed behind an additional 9 feet of steel behind the
wedge served as a muon tag. The counter efficiency (for charged particles) was measured
with 190 GeV pions to be 54897/56869 or 96.53% -+ 0.08% (statistical error only). The
efficiency of the muon tag must be less than or equal to this number (multiple scattering
and interactions in wedge and additional steel will reduce the efficiency):

Muon tag efficiency < 96.53% -+ 0.08%

3436 cvents arc tagged as muons. Their pulse height distribution (EM + HAD) is shown

i figures B.4 and B.5. The energy scale has been determined using the assumption that

SThanks to Barry Wicklund and Fumi Ukegawa for making a short, special format disk file of this data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B. NONINTERACTIVE PUNCHTHROUGH PROBABILITY

Kt K- n* p P

Target Absorption Cross Sections (mb)

Lead 1360 £ 42 | 1414 = 45 | 1479 + 44 | 1730 £ 52 | 1805 £ 56
Iron 491 £ 28 | 518 £ 29 | 554 4 34 | 685 & 38 | 721 & 41
Alu 280 +£ 9 209 +9 | 324 £ 10 | 409 &+ 12 | 439 + 13
Carbon | 144 + 4 153 + 5 169 + 5 2224+ 7 | 242+ 7

Absorption Lengths (cm)

Lead 223+ 0.7(21.4+0.7(205+06|17.5£05]168 £ 0.5
Iron 240+14(227+13|21.3+£13|172+1.0]16.3+0.9
Alu 593+ 1.9 855+ 1.7|561.2£1.6 406 +1.2|378 £ 1.1
Plexi 114 £ 3 107 £ 3 97 + 3 4 +2 67 £ 2
Poly 128 +- 4 120 + 4 109 + 3 83+ 3 76 + 2

103

Table B.2: Absorption cross sections (mb) and lengths (cm) for 60 GeV/c hadrons incident

on different targets.

# of events per 0.5 GeV

ﬁ
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Figure B.4: Total (EM + Hadron) pulse height distribution of 57.1 GeV p*’s at tower 2

center (coarse binning). Note the 92 underflow entries.
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Figurc B.5: Total (EM + Hadron) pulse height distribution of 57.1 GeV p*’s at tower 2

center, with finer binning than figure 4.

the beam energy of 57.1 GeV is correct, and then following the standard CDF calibration
procedure. The muon pulse height distribution looks Landau-like with an average of about
2.45 GeV. There is a long tail towards large pulse heights. 56 events (1.6%) for instance,
have (EM 4 HAD) > 10 GeV. It is conceivable that some of these events are overlaps of

two beam particles, a muon and a pion for instance. The muon efficiency with a cut of

(EM + HAD)< b GeV is then at least (figure B.4):

(3178492 (underflows))/3436 = 95.2%

( 57.1 GeV pt’s at tower 2 center)

We are interested in measuring the non-interactive pion punchthrough probability. We
will now define this to be the probability that the (57.1 GeV) nt gives a pulse height (EM
+ HAD) of less than 5 GeV. To obtain a “clean” pion sample, we begin with a total of

18482 events, followed by the following cuts:
1. Remove 3436 events tagged as muons
2. Remove 278 events tagged as having late particle hits
3. Remove 27 events for which the total pulse height exceeds 85 GeV.

4. Remove 70 events tagged as electrons by the heamn Cerenkov counter
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Figure B.6: (EM + Hadron) pulse height distribution of §7.1 GeV nt’s at tower 2 cen-
ter, showing a small peak corresponding to minimum ionizing particles (non-interactive

punchthrough and untagged muons). Note the 52 underflow entries.

5. Remove 189 events, untagged by the (inefficient) Cerenkov tag, but electron-like in

that they have EM > 50 GeV and HAD < 3.3 GeV.

This leaves 14482 “pion” events. Note that cuts 3-5 don’t remove non-interactive punch-

through candidates.

B.3.2 Analysis for (EM + Hadron)

The pulse height histogram (EM + HAD) for these pions is shown in figure B.6. There
are 223 events with 0 < EM + HAD < 5 GeV and 52 underflows. The muon pulse height
histogram with the same binning is shown in figure B.5. The ratio between the two is
plotted bin-by-bin in figure B.7 (left). Apart from the underflow bin, the ratio looks fairly
constant in the range 0 - 5 GeV at a value of (223 pion events/3178 muon events) = 0.070.
[t scems reasonable then to count only 0.070 X 92 = 6 of the pion underflow events as real,
and disregard the remaining 52 — 6 = 46 events in the pion data (maybe there was no real
beam particle in these events?). In summary then, there are 223 + 6 = 229 4 15 events or

1.6% of the pion events which have (EM -+ HAD) < 5 GeV:

Fraction of muon-like events = 1.6%
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Figure B.7: Ratio ‘1‘ of number of entries per bin in the pulse height distributions for pions

and muons. Left-hand plot is for the total pulse height (EM + Hadron), right-hand plot

is for the EM pulse height.
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Figure B.8:

Figure B.9: EM pulse height distribution of 57.1 GeV 7*’s,

# of events per 0.5 GeV

EM pulse height distribution of 57.1 GeV u*’s at tower 2 center.

# of events per 0.5 GeV
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Some of these events must be muons which were untagged because of the muon tag inef-
ficiency. There should be at least

(1.0 — 0.9653)

=1
0.9653 2£d

3436 x

such untagged muon events, leaving at most (229+15)—(124+4) = 105415 non-interacting
pions. The non-interactive pion punchthrough probability is therefore at most

105 £ 15

m =0.73% £ 0.1%

for 57.1 GeV nt’s at the center of tower 2 (corresponding to Ayedge > 4.92 1 0.14).

B.3.3 Analysis for the EM Shower Counter

A similar analysis can be performed to determine the pion interaction probability in the
EM calorimeter alone. Figure B.8 shows the pulse height distribution in tower 2 (EM only)
for muons, while figure B.9 shows the same distribution for pions. The bin-by-bin ratios
are shown in figure B.7 (right). The ratio is approximately constant in the pulse height
interval 0 - 0.3 GeV with an average value of 2092/1455 = 1.44. The total number of
pions with a muon-like pulse height is therefore 3436 x 2092/1455 = 4940. Correcting for
the muon tag inefliciency, we therefore find that the probability that a pion is muon-like
in the EM calorimeter is

4940 — 124
—————— = 33.5Y .59 tatistical onl
1118 — 194 3.5% £ 0.5% (statistical only)
This number is surprisingly small. It would correspond to the EM calorimeter being
1.09 absorption lengths for these pions (¢7'9? = 0.336), which is more than calculated

from the materials (see helow).

B.4 Ayeqp Calculations

Given the absorption lengths in table B.2, we can add up the different materials to obtain
a value for A for a central wedge, for 60 GeV /c particles. This section demonstrates the

method for the pion case.
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Material # layers | layer thickness | total thickness | 7 abs lengths
Coil sim!) 6.4 cm 0.125

Front plate 0.9525 0.019

Pb 30 2.54/8 = 0.3175 9.525 0.465

Al cladding 30 2x0.15 x 2.54 2.286 0.045

Str. chmbr. 0.022A,2,)
Polystyrene 31 0.5 15.5

Mylar 1 0.4 x 2.54 1.016

All plastic 3 18.034 0.185

Total 0.841 %

Table B.3: Material thicknesses and numbers of absorption lengths for the components of

the central electromagnetic shower counter. Notes are given in the text.

B.4.1 Central Hadron

Fe: (32 layers)x(2.54 cm/layer)+(21.3 cm) = 3.82 + 0.23 abs lengths
Scin: (32 layers)x (1.0 cm/layer)+(97 cm) = 0.33 + 0.01 abs lengths

Spring retainers: 0.7 em Fe — 0.03 absorption lengths

Acua = (4.18 £ 0.2)/ sin @ absorption lengths for 60 GeV/c pions.

B.4.2 Central EM

The shower counter contains a wider variety of matciial than the central hadron calorime-
ter: aluminum cladding on the lead, strip chambers, etc. Table B.3 summarizes the

contributions from the different materials to the total absorption length. The total is
Acem = (0.84 £ 0.3)/ sin 6 absorption lengths for 60 GeV/c pions.
We can now compare our result with the test beam value for tower 2,

AC[-.;M(tower2) = 0.84/Si11(72.2°)
= (.88 < 1.09 (test beam result).
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Absorption Lengths per Wedge
K+ K- T P P
4.35 +0.20 { 4.60 £ 0.21 | 5.02 £ 0.23 | 6.09 £ 0.28 | 6.45 £+ 0.29

Table B.4: Total number of absorption lengths per wedge, Ao, such that A = Ao/ sin(8),
for 60 GeV/c hadrons.

Notes for table B.3:

1. The coil simulator has roughly the same number of absorption lengths as the outer

tracking and coil;

2. The strip chamber thickness is given in proton absorption lengths, taken from ref-

erence [38]. The correction for pion lengths is negligible;

3. Summing all listed layers gives 1.52 cm less than the actual stack height. This

‘leftover’ material is treated as plastic;

4. The lead stack thickness varies from tower to tower, to maintain a constant number
of radiation lengths, but to a good approximation the actual number of absorption
lengths traversed by a track with angle 8 relative to the beam axis is obtained from
0.841/sinf. (The totals for each tower, in proton absorption lengths taken from the

data booklet, are tabulated in the CEM NIM paper [38].)

B.4.3 Entire Wedge

To compare with the testbeam result we use § = 72.2° for tower 2, and find
A(tower 2) = 4.18/sin (72.2°) 4 0.86 = 5.25 4 0.24,

compared to the lower limit, 4.92 & 0.14, obtained in the test beam.
Then for 60 GeV/c pions incident on a central wedge, there are (4.18 4 .84) = 5.02
+ 0.23 absorption lengths in front of the muon chambers. Similar analyses for the other

hadrons yield the results listed in table B.4.
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B.5 Low Energy Extrapolation

With the high energy values in hand (see table B.4), we scale the PDB curves for oneiqs
from figures B.1 and B.2, in order to extrapolate to lower energy.

The PDB curves are for proton targets, whereas the wedges consist of roughly equal
numbers of protons and neutrons. Hence some care is needed. As stated earlier, for pions

we use the average inelastic cross section
Or = (Ontp + On-p)/2 (B.6)

since o4y & 0z—y and 07—, = 04+, (see data booklet curves). However, kaons require a
separate curve for Kt (u8) and for I{~ (@s), since the anti-up quark can annihilate with
up quarks in the nucleon N so that o~y > ox+ny. Now since neutrons have fewer up
quarks it is also true that ox-, > og-, and hence for a composite target we should
use some sort of average of the K *N or the I{~N cross sections. Unfortunately, those
measurements are unavailable in our energy domain so we content ourselves with using
the shapes of the o+, and o -, curves, and scale them to match the high energy values
from the previous section. This compromise contributes to our final systematic error,

Figure B.10 (dashed lines) shows the extrapolations of the high energy values of the
number of absorption lengths for particles at normal incidence on a wedge down to 2.5
GeV. Fits to the curves from the particle data book (figures B.1 and B.2)are scaled to
match the values in table B.4 at 60 GeV/e. The curves are six parameter polynomial fits
in log(E). That is,

A(E)= Y P,(log E) (B.7)
n=0,5

where the values of the parameters P; are listed in table B.5. ©

A correction can be applied to the curves in figure B.10. Since a minimum ionizing
particle traversing a wedge loses about 1.3 GeV, 7 the inclastic cross section will vary as
E changes. That is, one can calculate

[ A(E)dE

lxcffcctiuc - de (BS)

SThauks to John Filaseta and Jim Wiss of E687 for providing the fitting routine.
T1.3 GeV is an average over the 5 range of the muon chambers. ‘The most probable value varies from 1.2

GeV in tower 0 to 1.6 GeV in tower 6.
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Figure B.10: Number of absorption lengths at normal incidence on a central wedge for

different hadrons.

Particle | PO P1 P2 P3 P4 P5

s 8.492 [-4.713 | 2.968 |-0.9973 | 0.1679 | -0.0110

K+ 1.718 | 2.161 | -0.533 | -0.0925 | 0.0555 | -0.0057

K- 6.676 |-1.832 | 1.326 | -0.6193 | 0.1337 | -0.0103

p 3.814 | 1.442 | 0.2904 | -0.4478 | 0.1200 | -0.0100

D 12.440 | -3.137 | 0.7221 | -0.1178 | 0.0121 | -0.0004

Table B.5: Fit parameters for the momentum dependence of Aq.

In figure B.10 the solid curves are corrected for % losses, dashed curves are uncorrected.
Error bars on the curves are about 3%. The correction is included in figures B.10, B.11,

and B.12. The effect in figure B.11 is as much as 20% for 4.5 GeV 77 ’s.

The fortran function CSMUO:CMWINT in the development area of the CDF offline

analysis package uses the polynomial fits and applies the % correction to provide the user

with A, given the particle species and energy.
Since the 7 distribution of mesons from ‘generic’ events is flat in the region covered by
the central muon chambers, it is convienient to calculate the average value of A for that

region,

Aavg = f_A‘QL)‘(’[ﬂ (Bg)

fdn
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Figure B.11: Noninteractive punchthrough probability (right) and inverse probability (left)
for hadrons incident on a central wedge, averaged over the n coverage of the central muon

correction.

chambers. Includes ‘(lF‘

le

Here, A(n) comes from A(f) = Ag/sin €, where 0 is the track angle relative to the beam
axis, and n = cot(log %) is the pseudorapidity. Figure 11 shows efevs and e=%evs ag a
function of momentum. It shows that 1 out of 25 positive 3 GeV K*’s will not even notice

the calorimeter as they sail through, as compared to 1 in 700 for =n’s.

B.6 Muon Background Charge Asymmetry

There are two backgrounds to the inclusive direct muon spectrum in the central region
(CMU): Pion and kaon decay, and non-interactive hadron punchthrough. There is no
difference between the signature in the detector for direct muons at a given p, and non-

interactive charged hadrons of the same p;. Decays, on the other hand, can sometimes be
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Figure B.12: Overall noninteractive punchthrough probability and inverse probability as-

suming & = 22 — (.35 (solid curve). Number of hadrons per noninteractive punchthrough

is also shown (dashed curve).

rejected because the decay muons have, on the average, lower momentum than the parent
hadrons. The reconstructed p; in the CTC is therefore on the average lower for the decay
muons, the decay muons will suffer more multiple scattering in the calorimeter (leading
to a less accurate track matching), and some of them will range out before reaching the
muon chambers. This effectively reduces the decay background (due to the steeply falling
Pt spectrum). Some kaon decays can also be rejected due to observable kinks in the CTC.
Kinks that cffectively straighten the CTC tracks without being rejected, can, on the other
hand, significantly increase the decay background (again due to the steeply falling p,
spectrum). We will assume in the following that this effect is not dominant.

Let us define the background charge ratio R(p,) as the ratio of positives to negatives

at a given py:

. Ny PistacDr | Ny P
R - _ Positives(p)) 1+ 35 ;>:+¢,,D,,\ N PaterDs B.10
'backgr(pt) P—ten Dy P ( ' )

T Negatives(n,) — Nt Np
egatives(pr) 1+ Ne PiveaDe T Ne PotesDn

where Py, Pr+, Py-, P,, and P; arc the pion (charge independent), kaon (charge de-
pendent), proton and antiproton non-interactive punchthrough probabilities, €,D, and
ex Dy the (charge independent) decay probablities to p multiplied by the probabilities

for non-rejection, and Ny, Ny, N, = N; the (charge independent) numbers of particles at
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the given p;.

The charge ratio for punchthrough alone (i.e. ignoring decays) represents an upper
limit for the (punchthrough + decay) charge ratio. A lower limit for the charge ratio
can be obtained by overestimating the number of retained decay events, for instance by

completely ignoring the fact that some decay events can be rejected. This allows us to

write
{4 N PicetDrc | Ny Py 14 Nc Pt 4 No By
w  PrtDx Ny Pr+Dy < Rb & ‘(])t) < xid s Xz (B.].l)
1+ McPi=tDie Ny Py ackgr 14 NacPi= | No B
Ne PaiDns ' Ny PatDn n Pr ' NnPn

where again the limits correspond to ¢ = 1 and ¢ = 0, respectively. These limits are
illustrated in figures B.13 a and b for two different assumptions about the particle ratios

(representing reasonable limits on the heavy particle fractions):

a) Nk/Nx = Nipy5)/Nz = 0.10 independent of p,
b) Ni /Ny = Ngpp)/Nr = 0.36 independent of p; (the UAS mix).
The upper curves are calculated assuming no contribution from decay-in-flight, while the
lower curves come from the assumption that all secondary muons would pass the muon
identification cuts.
The decay probabilities times branching ratios have been calculated using a radius of
215 em (the interface between the EM and hadron calorimeters), pion and kaon masses of

0.13957 and 0.49367 GeV/c? and c7 for pions and kaons of 780.4 and 370.9 cm:

D, = 1 — e003845/p for pions
Dy = 0.635(1 — ¢~%-2862/vt) for kaons
where 0.635 is the branching ratio for ' — uv.

A significant deviation from 1.0 is observed in all cases at low p;. The inclusive CMU
charge ratio for B0 data should therefore provide a useful handle on the punchthrough
background (we expect a charge ratio of 1.0 both for the direct muon signal and for the
decay background). Once observed, this charge ratio deserves a more careful calculation.

What about dimuons? Whereas it is generally believed that the inclusive (single) CMU
rate at low p; is dominated by background (so that the charge asymmetry calculated above
should be observable), the dimuon rate may be dominated by signal (for which the ¥+
ratio is 1.0). The £ ratio for the background should instead be the square of R calculated
above. The ¥t ratio in B0 data, compared to the * ratio for single muon candidates,

should therefore be a good indicator of hackground in the dimuon sample.
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Figure B.13: Limits on predicted charge asymmetry for tracks in the muon chambers. a)
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B.7 Conclusion

The rate for non-interacting hadron punch-through’s in the central muon chambers is
sensitive to both the energy dependence of the inelastic cross section and the derivative
of the dependence. Protons turn out to make a non-negligible contribution to the rate,
and the varying amounts of material traversed by particles with different pseudorapidity
n also changes the rate. Hence the calculation is fairly complex and there are a number
of systematic uncertainties that can fudge the final answer.

Even so, we have presented a method for calculating the rates and the error on the rate,
and first indications are that agreement with the data is reasonable. One consequence of
our results is that we expect to see a charge asymmetry amongst the tracks reaching the

central muon chambers. This excess of positively charged tracks arises from the small

absorption cross section for K't’s,
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Appendix C

Decay-in-Flight Acceptance

The decay of pions and kaons into muons is simulated using CDFSIM, and then the full,
standard event reconstruction is applied in order to calculate the acceptance of the central

muon chambers for secondary muons !.

C.1 Why Use the Monte Carlo?
The probability for a pion or a kaon to decay to a muon, via the processes
T — pv, K — pv

is simply
Mr

cTPy

Pp,) =1 — e~ Mrlerm o (C.1)

where c¢7 is the decay length, r is the distance from the beam axis traveled by the meson,
M is the meson mass, and p; is the transverse momentum of the meson 2. Values are listed
in table C.1. (The approximation is valid for » = R,,,, and the momentum acceptance of
the central muon chambers, and improves with increasing py.)

Furthermore, the energy distribution of the decay muons is flat over the range of

kinematically allowed energies E,,, which is

M
fibvnca()n S E[L S Emcsmn

where fr = 0.57 for pions and fr = 0.05 for kaons,

and where E,, ¢y, 1 the energy of the primary pion or kaon. Hence, given the geometry

of the central muon coverage and the branching ratios for I or 7 — ur, one should be

"The contents of this appendix have appeared as a CDF internal memo, [37).

2Pransverse momentum’, p;, means transverse relative Lo the beam axis.
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M (MeV) | er (em) | mRemy/em (MeV) | B.R.
nt 139.6 780.4 62.1 100 %
K* 493.7 370.9 461.9 63.5 %

Table C.1: Some properites of kaons and pions. Ry, = 347 cm is the radius of the central

muon chambers. B.R. is the branching ratio to uv.

able to calculate the probability that muons above some momentum threshold reach the

muon chambers, without resorting to complicated monte carlo’s.

But the above gives only a rough estimate of the decay muon acceptance. Three

principal effects muddy the picture (see figure 2.7):

1. Low Secondary Momentum The decay muons have lower momenta than the

parent mesons, so some of the secondary muons will fail the muon identification cuts

because

e the track may fail the p; cut;

o increased multiple scattering for the soft secondary could cause it to fail the
CTC/CMU track matching cuts;

o % losses in the calorimeter cause some muons to range out before reaching the
muon chambers. Range-out energy of a muon traversing an entire wedge is 1.4

GeV /sin 6.

2. Kinks The decaying meson gives the muon a ‘kick’ in the direction transverse to
the parent momentum, which can produce a ‘kink’ in the track, with different con-

sequences:

e The central tracking pattern recognition code may not recognize two distinct
tracks, and will instead fit the parent and secondary tracks to a single track
with some ‘compromise’ momentum value. Figure C.2 shows momentum distri-
butions for tracks reconstructed from mesons that were forced to decay in the

simulation. Note that some tracks have higher momenta than their parents!
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e The transverse kick can send the muon astray, so that it fails the CTC/CMU
track matching cuts. Coupled with the increased multiple scattering of the soft
secondaries, this is a non-negligible effect.

e The reconstructed track will have an impact parameter or residuals values that

cause the track to fail quality cuts.

3. % losses slow the meson down and thereby increase its decay probability. This is
a small correction to the total rate, but for low momentum mesons it decreases the
magnitude of the expected charge asymmetry, discussed later in this note and in
reference [36).
CDFSIM, the CDF detector simulation, includes these effects and allows for a more real-
istic calculation of the decay acceptance.
Earlier work by Skarha showed negligible stiffening of the minimum bias dN/dp; dis-
tribution due to misreconstruction of kinked tracks [28]. Muon data, however, contains

more decay contamination and the effect is larger.

C.2 The Method

The shape of the observed momentum distribution for decay muons,

(N,

T (C.2)

)obm

depends on the shape of the parent meson distribution, %, which will be different for

different physics studies (i.e., min bias, jets, vector bosons, etc). Rather than choosing a

specific parametrization for %]’—)V:, we have adopted a more general approach.

C.2.1 Event Generation
FAKEV generates 3000 mesons at each of 24 transverse momentum. The transverse
momenta are

Pttt =(2,3,4,...,19, 20,22, 24, ...30)GeV /c. (C.3)
The meson distributions in azimuth angle ¢ and in pseudorapidity 5| < 1.1 are flat. The
1 interval is larger than the range covered by the central muon chambers, |5| < 0.65, to

allow for secondary muons scattered to wide angles in the rz-plane of the detector.
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Figure C.1: Distribution of radii at which a parent meson decays into a muon. The
solid curve (+'s) includes the dE/dx losses that slow down the parent mesons, thereby
increasing the decay probability in the calorimeter. The dashed curve (X's) is uncorrected.
The two curves are the same until the beginning of the calorimeter (r =~ 150 ¢m). The

curves are only intended to guide the eye.

FAKEV also selects the decay radius for the meson according to the distribution shown

in figure C.1 (solid curve). The decay radius ry is the distance traveled by the meson

hefore the simulation forces the particle to decay,
0 <rax < Rcmu, Ry = 347cmn,

where R, is the innnermost radius of the central muon chambers. As CDFSIM steps
a particle through the layers of the detector, it compares the current radial position » of
the particle with 74, and if » > 74 then the program forces the decay of the particle.
However, if the meson has already showered then decay will not occur. In this way we
correctly find the fraction of mesons that decay hefore reaching the muon chambers.
Figure C.1 shows the distribution of decay radii for simulated 7 GeV/c kaons. The
dashed curve is the distribution that comes from equation (C.1), for fixed p;. The solid
curve includes a correction for the dE/dx losses of the meson. As a meson traversing the
calorimeter slows down due to multiple coulomb interactions, its decay probability per unit
distance increases. The r-dependence of py in equation (C.1) is included in the calculation.

The solid and dashed curves are the same nuntil the beginning of the calorimeter (rr ~ 150
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CTC/CMU Match Cuts
dx dz do

loose | 20. cm [ 20. cm | 0.2 rad

CTC Track Cuts

Do Azyy Dt
0.5 ¢cm | 5.0 em | 2.0 GeV/c

tight | 8. cm | 15. ¢m | 0.06 rad

Table C.2: Values of the cuts made on the CTC tracks, and on the match between the

CTC track and the CMU stub. The parameters are described in the text.

cm) and differ by about 20% at the muon chambers.

C.2.2 Track Reconstruction

After simulating the propagation of the mesons and their daughters through the detector,
the results are analysed with the same programs used for events from pp collisions. That
is, we reconstruct the ‘stubs’ in the muon chambers, reconstruct the CTC tracks using
the vertex-constrained fit, extrapolate the CTC track through the calorimeter (including
effects of the return magnetic field in the steel), and then match the closest track/stub pair
at the muon chambers. Even these very simple events produce multiple CTC tracks and
muon stubs: multiple tracks arise if the decay kink is so large that the reconstruction algo-
rithm resolves two tracks, and multiple stubs can come from knock-on electrons produced
in the chamber walls. The resulting track/stub matches are considered muon-candidates,
and figure C.2 shows the distributions of observed transverse momenta for ecach of the
parent meson momenta.

Cuts arc made on both the CTC track quality and on the CTC/CMU match. Ta-
ble C.2 lists the cut values. Dy is the distance of closest approach of the track to the
collision vertex in the ré-plane of the detector (impact parameter). In the rz-planc,
Azyy = |zp5 — zpk] 18 the distance between the collision vertex and the z-coordinate of
the track at » = 0. The transverse momentum p, is the observed value as measured by
the CTC track reconstruction code. The CTC/CMU matching parameters da, dz are the
differences, in centimeters, between the CMU stub and the extrapolated CTC track at the
muon chambers, in the ¢-direction and along the beam axis, respectively. da is the slope

difference in the r¢-plane between the CMU stub and the CTC track.
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Given the plots in figure C.2, one can calculate the observed muon momentum distri-

bution (equation C.2) for an arbitrary parent distribution, using the recipe
. 1
N(pt) = s 3 dims(pIm(p)) (C4)
j

where N(p)') is the observed number of muons with transverse momentum
i,
Pt
3000 is the number of generated parent mesons;
J is an index running over the meson momenta of equation (C.3);

th

p]’-‘ is the parent meson transverse momentum for the j' plot in

figure C.2;
d; is the probability for the meson to decay before the muon chambers;
n;(pt) is the number of entries in the p{' bin of the 7% plot in figure
C.2;
nz(pjl-") is the number of parent mesons with momentum pJ]"".

Restated, the factor d;n;(p}')/3000 is the probability of a parent meson of momentum p¥

producing a muon with momentum p}’.

- K . .
e~ MBemu/eT2)") ising the constants listed

For the dashed curve in figure C.1, d; = (1 —
in table C.1. But in the dE/dx corrected simulation, d; is a constant calculated in the

simulation, and is typically 10% larger than d; for no dE/dx.

C.3 Sample Calculations

We illustrate equation (C.4) with two examples, namely, a flat momentum distribution
for the parent mesons, and a distribution like the one for the charged tracks in the 1987

jet data.

C.3.1 Flat Input Spectrum

In this case, m( p]{") =1 for all j in equation (C.4). Figure C.3 shows N(p}') for kaons, for

two different sets of track/stub matching cuts. The cuts arve listed in table C.2,
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Figure C.3: Acceptance for muons from kaon decay-in-flight assuming a flat distribution
of parent momenta. In the top curve, loose cuts for the match between the CTC track

and the CMU stub have been applied, while the lower curve had tight cuts.

C.3.2 Jet % Distribution

In this case, m(pl*) in equation (C.4) comes from a rapidly falling distribution, typical
of the charged tracks in 1987 jet data. Figure C.4 shows the resulting secondary muon
spectrum, for two exireme choices of the 17:— ratio (27]. The muons have passed the tight
cuts of table C.2. The total rate is fairly insensitive to the particle mix, which is simply a

reflection of the fact that the acceptances for kaons and pions separately are comparable.

C.3.3 Do-It-Yourself

The interested reader will have a parent % distribution of his own, for which he will want
to calculate the observed secondary muon spectrum. A standalone Fortran programn that
reads the contents of the plots in figure C.2 and then calculates equation (C.4) is available,

and is thoroughly described in the Vax file

FNAL::USRSROOT:[DSMITH.DIF]CMDIF.DOC .
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Figure C.4: Transverse momentum distribution of observed decay muons, (E%)O"S’ based
on a parent meson distribution similar to that of charged tracks in jet events. The con-

tributions from pions and kaons are shown, together with the sum of the two, for two

different particle mixtures.
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Figure C.5: Charge asymmetry in the central muon chambers. The curves combine
non-interactive punchthrough with meson decay-in-flight. The solid curve includes the

meson dE /dz losses in the calorimeter, while the dashed curve is uncorrected. The points

come from 1987 muon data.
C.4 Charge Asymmetry

The small absorption cross section for positive kaons leads to an excess of positive tracks
in the central muon chambers. Charge symmetric contributions to the central muon
rate, such as decay-in-flight or prompt muons, will decrease the observed asymmetry. An
carlier CDF note [36] (see appendix on noninteractive punchthrough) set limits on the
magnitude of the asymmetry by making broad assumptions about the contribution from
decay-in-flight. Now we are in a position to refine the prediction.

Figure C.5 shows the ratio
N, (p:)
N_(p:)

where Ny(p:) and N_(p;) are the numbers of positive and negative tracks observed in

1Up) =

the central muon chambers, as a function of transverse momentum. The solid curve
uses the results of the monte carlo simulation to calculate the number of tracks coming
from muon decay. The dashed curve does not include the dE/dx correction. Only non-
interactive punchthrough, taken from reference [36], and decay-in-flight are considered. R
is an overestimate of the observe The fraction of kaons and protons in the charged track

spectrum in the CTC is taken to be ‘% = gﬂ:jl = 0.10.
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Also shown in figure C.5 are points from 1987 muon data, using the tight cuts of table
C.2. The agreement is close but not perfect. At the lowest p;, a technical hurdle causes
an overestimate of the asymmetry. Correcting this point requires considerable additional

work and did not seem worthwhile. At higher p,, other effects may contribute:

e We have considered only non-interactive punchthrough and decay-in-flight. A mini-
mum ionizing cut on the data removed most shower leakage (interactive punchthrough),

but the remaining contribution will diminish the observed asymmetry;

e The ;—" mixture of the parent spectrum is poorly understood but is probably greater

than 0.10. Increasing I;‘ mncreases the predicted asymmetry;

e Cosmic rays and prompt muons make small contributions to the data sample we
used, but both diminish the observed asymmetry and they are not included in the
prediction. Track misassociation, where a muon stub is matched with the wrong

central track, is another possible background.

In spite of these shortcomings, the data and the prediction agree qualitatively and we

conclude that the asymmetry is a useful tool for understanding the single muon data.

C.5 Conclusions

A general method for calculating decay-in-flight rates in the central muon chambers shows
that the contribution from = decay falls off more quickly (as a function of p;) than the
contribution from K decay, so that for reasonable input spectra and hadron mixes, the
two rates become comparable in the p, = 5-10 GeV/c range. By 15 GeV/c, decay-in-flight
1s a small background for central muon studies. Combining the decay-in-flight study with
carlier non-interactive punchthrough results leads to a prediction of the charge asymmetry

that compares favorably with 1987 muon data.
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Appendix D

Dimuons

D.1 Generalities

Events containing two prompt muons provide an extremely powerful tool for studying the
physics of high energy collisions. In the first place, the backgrounds are much smaller
because the probability of seeing two decay-in-flights or punchthroughs is roughly the
square of the single track probability. In the second place, certain signatures are definitive
and unambiguous, most notably the presence of peaks in the invariant mass distribution.
A dimuon sample not only gives a clean signal, but helps clarify the single muon signature
as well. Almost all the muon candidates in an invariant mass peak are true muons and
studying the characteristics of those tracks (matching distributions, calorimeter signals,
etc) is a sure way to refine the single muon identification cuts and optimize the signal-to-
noise. Future analyses will certainly center on dimuons.

In this thesis, however, dimuons give only qualitative results because no trigger in the
1987 run was efficient for dimuons. With the exception of Z° — u*u~, the different dimuon
production mechanisms generate mainly low p, muons, whereas the Golden muon trigger
required p; >~ 10 GeV/c (intended for W#* detection, sce [2]). The rate for dimuons in
other triggers is a factor of ten less than for single muons, due to the muon branching
ratio for heavy mesons (table 1.2). Chapter 4 shows that the number of single muons in
the jet triggers is quite small, and the order of magnitude reduction for dimuons kills any
hope of quantitative conclusions. Nevertheless, most of the 1987 trigger thresholds were
soft (i.e., non-zero trigger efficiency below the nominal threshold), and dimuon production
is copious,, so some dimuon events were recorded.

We have gone through the entire 1987 data sct for all triggers and extracted the cvents

with multiple muon candidates, using the loose matching cuts of table 3.1, no encrgy cut,
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and no p; cut. (The 1.4 GeV range-out energy of the calorimeter makes an effective p;
cut.) This yields 259 dimuon events. The resultant distributions show evidence of heavy

flavor production, and hint at the potential of dimuons in future analyses. Before looking

at the plots, a few words on the underlying physics.

Production Mechanics

Four main processes are of interest:

Lopp— (J/¢, T) = ptp”
(Calorimeter isolation, resonances in invariant mass distribution.)

b

pp — BB, B — utvjet B — v jet
(Back-to-back muons may overlap the jets.)

3. pp — BB, B — jet, B — ptvD, D - pvK
(Unlike-sign dimuon, not back-to-back, jet activity.)

4. pp —» BB, B — puvjet, B =D — uvjet

(Like-sign dimuon, back-to-back, cascade p~ is softer, jet activity.)

(@3]

pp — ptu~ (Drell-Yan)

(Calorimeter isolation, invariant mass continuuimn.)
6. B°Be° oscillations will contribute like-sign dimuons at a low rate.

Each process has its own topology, briefly described in parentheses in the list. The dis-
tinguishing features are the amount of calorimeter activity around the muons, and the
relative signs of the muon charges. In the following we use these handles to explore the

dimuon sample.

D.2 Invariant Mass Distribution

Figure D.1 shows the invariant mass distributions for like-sign and unlike-sign muon pairs.

The unlike-sign plot shows a peak at M, = 3 GeV/c?, which is the mass of the J/i
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Figure D.1: Invariant mass of unlike- and like-charge muon pairs.
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particle. The peak is spread over three 100 MeV bins, for an rms of 100-150 MeV. The

momentum resolution of the CTC is

so that the invariant mass resolution is

§ M/ My > 1/0.002(p% + p2,) + 0.006.

The inequality arises because we take 60 = 6¢ = 0. For the simple case of M,, = 3
GeV and py = pr = 3 GeV/c, we expect 6M,,, = 40 MeV. The errors from (66,84) are
comparable to the error from 6p;, so the width of the J/i peak is consistent with the
detector resolution.

In the unlike-sign mass plot, there is also a spike in the bin corresponding to 1 GeV,
which is the mass of the ¢ meson. There is no peak at the T mass, because the production
cross section for the beauty meson is an order of magnitude less than for the charm meson
[13].

Both plots peak at low M,,,. The p and w particles would appear in these bins for the
unlike-sign plot, but the large intrinsic width of the p (I', = 153 MeV) convoluted with the
detector resolution, the p peak is not sharp, and the small branching ratio for w — u*p~
causes the w to get lost in the noise. A more likely explanation for the dimuons with
M,, <1 GeV is that they are an artifact of the p; cut on the muon-candidates, which
in this case is the range-out energy of 1.4 GeV for muons traversing the calorimeter,
combined with the minimum acceptable opening angle of the dimuons in this analysis,
which is a single calorimeter tower (see table 2.3). Pairs of fake muons with 1.4 < p, < 2
GeV and small A¢ (azimuth angle between the two fake muons) give M, < 1 GeV/c? for
most fake dimuons. But the existence of even such a small J/3) peak supports the claim

that we are seeing real muons and not just junk.

D.3 Like and Unlike Charge Ratios

We call a fake dimuon a pair of muon candidates where one or both tracks is a fake muon.
The track spectrum in the CTC is observed to have equal numbers of positively and

negatively charged tracks[39]. Simple combinatorics requires equal numbers of like-sign
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and unlike-sign fake dimuons. If we define

Ny
R= ——t=
Nep + N__

then for the background to a dimuon signal we expect Ryyrq = 1.

On the other hand, of the four dimuon production processes listed above, most generate
unlike-sign muon pairs. The others processes are less frequent. Hence, for true dimuons
one expects '

R, > 1.
Figure D.2 shows the distribution of azimuth angles between the two muons. There are

175 entries in the unlike-sign plot and 84 entries in the unlike-sign plot, giving

175
Ry = 5y =21+03,

an apparent excess of unlike-sign pairs, consistent with the dimuon production via heavy
flavor processes.

One can imagine mechanisms whereby the background would exhibit such an asym-
metry. If both muon candidates were from shower leakage in the same jet, local charge
conservation might create the observed excess. Or, some other effect could fake the signal.
The best recourse is to empirically estimate Ryyrq from the data. Our method! is to take
stngle muon data and loop over all tracks within the 5 coverage of the muon chambers,
and with p, > 1.4 GeV/c. Each track is paired with the muon, giving a sample of fake
dimuons. We compare the calorimeter isolation and A¢ distributions of the fake muons
with the dimuon-candidates. Figure D.3 shows some results. The A¢ distribution of figure
D.2 is gathered into 3 bins of 60° cach, and is compared with the same distribution for
the fake dimuon sample and for dimuons with 3 E; < 5 GeV within a cone of dR = 0.6
around cach muon. For A¢ < 60°, R, > 1, consistent with heavy flavor semileptonic
cascading (process 3 in the list, above.). But it is suspicious that no excess appears for
A¢ > 120° as we expect from process 2. The enhancement in R, for isolated muons
means that the dimuons do not come from shower leakage. Better statistics from the 1988

run will help us understand this cffect.

"This was Hans Grassman’s idea. Thanks to Marco Incagli for the plots.
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Appendix E

Rabbit Testing

Muons induce charge pulses on the wires of the central muon chambers, which are shaped
and amplified by the Rabbit Muon ADC/TDC cards (“MAT”). The Rabbit system is
described in reference [21]. There is one MAT per chamber (three per wedge), so 160
cards were made for the CMU system, including spares. Each card has a charge-to-
voltage converter (QVC) for each end of a wire, and a time-to-voltage converter (TVC)
for each wire, or 16 QVC’s and 8 TVC’s per board (see figure 2.14).

The Muon ADC/TDC circuit was designed and prototyped by Professor Holloway and
the Fermilab Physics Instrumentation Group. A lowest-bid contractor made the boards,
and the quality was lamentable: components were misplaced, missing, or damaged; solder
overflowed creating shorts or was absent producing open circuits; the printed circuit had
flaws creating shorts or open circuits. The boards required repair before they could be
calibrated and used.

To this end, we built a test stand consisting of a Rabbit crate, a microcomputer, and
timing circuitry. Referring to figure 2.13, cards in a Rabbit crate are controlled by a host
processor (microcomputer or MX) via the EWE. The test stand used a simple version of
the EWE called a EWESIM. The BAT card distributes timing gates to the other Rabbit
cards, triggered by an external gate. In the test stand this external gate comes from the
biming circuitry, assembled using computer controllable BBX clectronics !, Figure E.1
shows the timing circuit. Extensive menu-driven computer programs facilitate use of the
test stand for debugging and calibration [20].

Charge injection into the amplifier channels simulates chamber operation. A Rabbit

card called a MUQMUX (for MUon charge(Q) MUItipleXing) injects a calibrated charge

'BBX is the University of llinois Black Box electronics, a modular computer-controlled system that is

functionally similar to the more widely known CAMAC system.
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Figure E.1: Illinois BlackBox (BBX) electronics used for reference timing in calibration

and debugging of the Muon ADC/TDC cards.

pulse into a selected amplifier channel in response to a front panel pulse from the BBX
circuitry. The card uses the voltage from an addressable DAC to charge a precision
capacitor. (The DAC is on a Rabbit card called, predictably, a Rabder.) A front-panel
pulsc closes a solid-state switch to inject the charge through a multiplexer to the input of
the selected MAT amplifier. The timing of the trigger pulse is computer variable, in 100
nanosecond steps.

The MAT cards have many features, each of which needs to be checked. Following is a
brief outline of how each function is excercised. Table E.1 shows the checklist used during

debugging and calibration.

Voltage

To protect the test stand from short circuits, we measured all supply voltages on a separate
jig as a first step.
TCAL

This is a variable timing gate from the BAT that allows a crude test of the TVC circuits

without an external charge pulse. We verify that TCAL triggers each TVC circuit.
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Top and bottom multiplexers

A redundant feature of Rabbit is that amplifier outputs can be routed to the EWE via

two separate paths. We measure the amplifier linearity both ways to detect weak links in

the circuits.

Hit bits

The muon trigger level-1 card uses drift time information from the TVC circuits to reject
muon candidates below a programmable transverse momentum threshold (‘brass muons’)
[24]. When a charge pulse is above threshold, a digital level is asserted on a connector on

the front panel of the MAT. We test the bits using a trigger level-1 card.

TVC threshold

A Rabbit crate is an electrically noisy environment. To make sure that a TVC is not
started by a voltage transient, each TVC has a discriminator with a hardwired threshold.

We test the thresholds by recording the size of the smallest charge pulses that produce a

TVC output.

SKIP

For suppression of empty channels during data read out (sparse scan), a bit from each
TVC is multiplexed to the Rabbit bus indicating the presence of a valid hit. To test the
bit we built a special Rabbit card that latches the bits and routes them to the Rabbit

digital data bus, whence they can be read by the microcomputer 2.

Fast Analog Outs

The analog QVC output voltages for a ¢-cell (that is, four wires lying on aradial centerline)
are buffered, summed and passed to a front-panel connector. This pulse height information
could provide a fast z-measurement by charge division, to refine the CTC/muon match of
the golden trigger. To test the circuit, the voltages were cabled from the front connector
to the SLAFMUX (sece SKIP comments, and footnote), and then digitized and checked in

the software.

*The board is called the SLAFMUX, for Skip Latch and Fast MUltipleXer.
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Figure E.2: Digitized QVC output voltage versus input charge, for eight QVC channels

(artificial offsets for clarity).

PROM

Each MAT has a unique serial number, inscribed on the front panel and stored in a
Programmable Read Only Memory chip. This is vital to make sure that the correct

charge calibration constants are used in track reconstruction. The serial number is read

from the card and stored along with the gains.

OTHER test

A properly functioning Rabbit card can prevent other cards in the crate from working,
for example if it always controls the analog bus or address lines. The test crate is full of
other cards, and we run a quick check of the other cards while the MAT under scrutiny is
installed.

For a working board, the gains of the QVC’s and TVC’s had to be calibrated. Figure
2.14 shows that for the TVC, this is effectively measuring the output for the current source
I and the capacitance C'3, and that for the QVC it amounts to mecasuring the fecdback
capacitor Cy. The approach was simple: we would inject a known charge at a known time
into the amplifier input, and record the digitized output signals. Varying the amount of
charge and the times gave enough points to fit a straight line to the data and obtain the

gains in units of picoseconds per count or femtocoulombs per count. Figures E.2 and E.3
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Figure E.3: Digitized TVC output voltage versus time of charge injection, for eight TVC

channels (artificial offsets for clarity).

show typical charge calibration curves for a MAT card. The amount of charge injected

into a QVC is
Q (pC) = Ngx (38.13 pV/DAC) x (100 pF)

where Ng is the value written to the Rabdac (“DAC counts”), 38.13 is the measured
conversion between volts and DAC counts, and 100 pF is the value of the charge injection
capacitor. (The Rabdac and Muqmux were designed so that 1 DAC count yields 1 ADC
count from the MAT card after the injected charge has been digitized.) The time T of

charge injection is varied using a BBX digital delay module (DDD4 in figure E.1),
T (nS) = o + Nr(100)

where Ny ois the value written to the delay module (100 nS per count) and #y is some
constant offset time. As the calibration plots show, the amplifiers are quite linear, and the
channel-to-channel variation of the slopes is small, < 1% for the QVC’s and < 5% for the
TVC’s. (Slopes and linearity are calculated and must be within tolerance before a card
passes.) The gains are recorded in a database accessible to the muon pattern recognition

code.
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Muon QVC/TVC Rabbit Card Check List

Serial Number:

PROM contents:

1. Amplifier Tests who when
TCAL TSCAN Results QK? -

ASCAN Results OK? -

MUQMUX TSCAN Result OK?

2. Feature Tests who when

HIT /threshold Test OK?

Channel  Evens QOdds
1

SKIP Test OK?

FAQ Test OK?
3. Calibrations
file name

top bus QVC who when

when

4. Analysis who
$QT run?

.CAL files OK?  Plots OK?
top bus QVC - N

5. Pedestal Test who when (Attach results)

Table E.1: Abbreviated checklist for testing the Muon ADC/TDC Rabbit cards.
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