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Observation of Diffractive J/i¢) Production

at the Fermilab Tevatron

by
Andrei Solodsky

Abstract

The first observation of diffractive J/¢(— pp~) production in pp colli-
sions at 4/s=1.8 TeV is presented using data collected from the Collider Detector
at Fermilab (CDF). In a sample of events with two muons of transverse momentum
Pl > 2 GeV/c within the pseudorapidity region |n| <1.0, the ratio of diffractive to
total J/v production rates is found to be R, = (1.45 £ 0.25)%. Diffractive events
are identified by their rapidity gap signature. The ratio R, is studied as a function
of the momentum fraction xy; of the struck parton in the (anti)proton. By combining
this measurement with a similar one of diffractive dijet production with a leading
antiproton, the gluon fraction of the (anti)proton diffractive structure is found to be
0.59 £ 0.15. These results are compared with reported results for diffractive W, dijet

and b-quark production.






Chapter 1

Introduction

The current theory of strong interactions, Quantum Chromodynamics (QCD),
has been very successful in describing perturbative hadronic interactions at large mo-
mentum transfers (Q?), e.g. jet or prompt photon production. However, most of
the hadronic cross section is associated with non-perturbative processes, e.g. elastic
and diffractive scattering, which cannot be calculated from QCD since the perturba-
tion theory fails in this regime. In terms of final state properties, diffractive events
are characterized by the presence of rapidity gaps, regions in rapidity space devoid
of particles, which are not exponentially suppressed with increasing gap width, as
would be expected for gaps produced by fluctuations in the hadronization of a non-
diffractive event. The specific property of the final state of single-diffractive events,
p+p — p+ X, is the appearance of a leading hadron, i.e. a hadron with a momentum
close to the beam momentum, which scatters quasi-elastically and is separated from

the diffractive final state X by a rapidity gap.

Diffractive processes play a very important role in fundamental particle dy-

namics and have a close connection to the problem of quark and gluon confinement.



In theory, diffractive scattering is described by non-perturbative QCD (non-pQCD),

for which only phenomenological models are available.

The term diffraction is related to the behavior of the cross-section for dif-
fractive event production as a function of the momentum transfer. An exponential
fall-off with increasing momentum transfer is observed, reminiscent of the properties
of the diffraction of light on a circular aperture. Another characteristic of diffractive

processes is weak dependence on the center-of-mass energy.

In terms of quantum field theory, any process between two hadrons is de-
scribed by the exchange of field carriers. In order to preserve a hadron as a color
singlet in the single diffraction process the exchanged object should carry the quan-
tum numbers of the vacuum. This colorless exchange object with vacuum quantum
numbers is commonly referred to as the pomeron. The partonic structure of pomeron
exchange is one important question which can be addressed by studying hard (large

momentum transfer) diffraction processes.

At the Fermilab Tevatron pp collider, the gluonic content of pomeron ex-
change can be probed by measuring diffractive .J/1) meson production, since in leading
order .J/v production occurs mostly through the subprocess g+¢ — J/1+g¢g. A simi-
lar study was done by analyzing diffractive bb production [1], another process sensitive
to the gluon part of pomeron exchange. In that analysis the ratio of diffractive to
non-diffractive bb cross-sections, averaged over phase space, was measured. In the
measurement discussed here, we extract the diffractive to non-diffractive ratio as a
function of the momentum fraction of the struck parton in the (anti)proton z,; and
thereby determining the diffractive structure function of the (anti)proton. Since .J/v’s
probe a different kinematical region than bb events, a comparison with the previous

work may lead to interesting results.



In this dissertation, we present the first observation of diffractive .J/¢ meson
production in pp collisions at /s = 1.8 TeV using the Collider Detector at Fermi-
lab (CDF). Chapter 2 provides a brief overview of theoretical aspects of diffractive
scattering, including models of hard diffraction dissociation. Chapter 3 discusses the
current theoretical understanding of charmonium hadroproduction. This chapter also
addresses the physical motivation for the study of diffractive .J/¢ production at the
Tevatron. In Chapter 4, the Fermilab accelerator complex and components of the
Collider Detector at Fermilab are described, paying more attention to the detector
parts that are relevant to this analysis. The data collection, trigger requirements, .J/1)
candidate selection criteria and background contributions are presented in Chapter 5.
Chapter 6 describes the details of the method used to extract the diffractive J/v
signal, the correction factors required to calculate the ratio of diffractive to non-
diffractive .J/1 production, and includes a study of the B-hadron decay contribution
in the selected J/¢ sample. Extensive Monte Carlo studies of J/v production, which
are critical for evaluating the fraction of diffractive events satisfying our rapidity
gap requirement, are presented in Chapter 7. The final ratio of diffractive to non-
diffractive prompt J/v» production, R;/,, corrected for the rapidity gap acceptance,
is also given in this chapter. The analysis of diffractive .J/1 events with an additional
jet required in the event is presented in Chapter 8. The distribution of xy;, calculated
from the reconstructed jet, is presented in this chapter. By comparing the ratio R/,
for the J/v + jet sample as a function of x,; with that for dijet production [22], the
gluon fraction of the (anti)proton diffractive structure function is derived. The last

chapter summarizes the results and compares them with other measurements.






Chapter 2

Theoretical Models of Hard

Diffraction

2.1 Introduction

The dynamics of diffractive processes are one important aspect of the more
general unsolved problem of non-pQCD, the others being hadronization in high energy
collisions and the confinement of quarks and gluons. The understanding of diffractive
phenomena from the Lagrangian of QCD is a ‘first class challenge’ to theorists, which
in recent years has received revived attention due to the discovery of diffractive hard
scattering. In this chapter we discuss the phenomenology of hard diffraction, paying
more attention to the experimental findings which shaped the theoretical understand-

ing of the problem, and presenting them in historical order.
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2.2 Rapidity Gaps and the Pomeron Concept

In collision experiments, the distribution of final state particles is usually

expressed in terms of the rapidity, y, defined as

1 E+p,
=] 2.1
) 2n<E z>, (2.1)

where E and p, are the total energy and longitudinal momentum of the particle,

respectively. For relativistic particles

6
y~ —In tan§ , (2.2)

where the polar angle # is with respect to the z-axis of the beam and the approxima-
tion is exact for massless particles. The quantity on the right side of expression 2.2,
named pseudorapidity, is usually denoted by n. We will use rapidity and pseudora-
pidity interchangeably throughout this dissertation.

In a totally inelastic interaction the final state hadrons are distributed with
a flat rapidity plateau. This corresponds to longitudinal phase space where the trans-
verse momenta of produced particles are limited to a few hundred MeV, but lon-
gitudinal momenta cover the available phase space. The probability for producing
events with a rapidity gap, i.e. a rapidity region without any particles, due to fluc-
tuations in the hadronization in such a rapidity distribution decreases exponentially
with the width of the gap. Experimentally, gaps are observed at a much higher rate.
Diffraction is often defined as events with large rapidity gaps in the produced-particle
phase space which are not exponentially suppressed [2]. This is a more general defi-
nition than that in terms of an escaping proton taking a large fraction (zp 2 0.9) of
the incident proton momentum, which imposes a rapidity gap simply by kinematical

constraints. Nevertheless, a gap can be anywhere in the event and therefore the gap



definition of diffraction allows a forward system of higher mass than a single proton.
In this dissertation we will assume that for diffractive events the probability of a
forward system of mass higher than the proton mass is negligibly small.

The simplest gap events are produced in elastic and single diffractive scat-
tering. Due to the scattered proton an exchange of energy-momentum occurs, but
not of quantum numbers. In Regge phenomenology [3], these processes are described
by the exchange of a pomeron (IP), named after Russian theoretician Isaak Yakovle-
vich Pomeranchuk (1913-1966). In QCD the Pomeron is a color-singlet with vacuum
quantum numbers.

The kinematics of single diffraction (SD) scattering can be described in terms
of two variables: the momentum fraction x, = p;/p; of the quasi-elastically scattered
proton relative to the initial proton momentum and the square of the momentum
transfer ¢ = (p; — ps)®. The pomeron then carries the momentum fraction £ =1 — =,
and has a negative mass-squared m3 = t < 0 indicating that it is a virtual exchanged
object. Meanwhile, the other proton dissociates producing a hadronic system X
of mass M% = s - &, i.e. the invariant mass-squared of the pomeron-proton collision.
Experimentally it is found that the cross section for single diffraction is well described
by

dUSD

1
dtds ~— ¢

a
(are™" + age® + aze™ + ..) ~ W|F(t)|2, (2.3)
X

where the exponential damping in ¢ can be interpreted in terms of a proton form
factor F'(t) giving the probability that the proton stays intact after the momentum
kick t.

The Regge factorization formalism relates the differential cross sections for

elastic and diffractive processes. This is accomplished through the factorization of



different vertices such that the same type of vertex in different processes is given by the
same expression. Exchange of other than vacuum quantum numbers are interpreted
as meson exchanges (p, ). The exchanged object is not a real state, but virtual with
a negative mass-squared. In fact, it is a representation of a whole set of states with
essentially the same quantum numbers. The dependence of spin @ on mass-squared
t of such a set provides a linear relation which can be extrapolated to m? =t < 0
and gives the trajectory «(t) for the exchange. This yields the fundamental energy

2a(1)=2 of the cross section. The pomeron trajectory ap(t) = 1+€e+

dependence o ~ s
o't ~ 1+ 0.115+0.26¢ [4] has the largest value of all trajectories at t = 0 (intercept),
resulting in the main contribution to the hadron-hadron cross section. In contrast
to the p and 7 trajectories, which have well known integer spin states at the pole
positions ¢ = m?2,,.,,,, there are no real observed states on the pomeron trajectory. A
recently found spin-2 glueball candidate with mass 1926 12 MeV [5] fits well on the

pomeron trajectory. This would be in agreement with the proposal that the pomeron

is some gluonic system [6, 7]which may be interpreted as a virtual glueball [8].

2.3 Diffractive Hard Scattering

In QCD the pomeron can be considered as a hadron-like object with a quark
and gluon content. In this concept, pomeron-hadron interactions would then resemble
hadron-hadron collisions and produce final state hadrons in longitudinal phase space,
just as observed.

According to the pomeron factorization hypothesis, the diffractive hard scat-
tering process is described [9] in terms of an emitted pomeron and a pomeron-particle

interaction, which is a hard scattering process on the parton level. As a result, the
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diffractive hard scattering cross section can be factorized as the product of the inclu-
sive single diffraction cross section and the ratio of the pomeron-proton cross section
for producing jets and the cross section for producing anything,

dO’jj o dUSD O'(]Pp-)]])
dtdM?% — dtdM2 o(Pp — X)

(2.4)

Here, dogp can be taken as the parameterization of data in Eq. 2.3 and the total
pomeron-proton cross section o(IPp — X) can be determined from elastic and soft-
diffraction data using the Regge formalism, resulting in a value of order 1 mb.
Together these two parts of Eq. 2.4 can be interpreted as an expression for a pomeron
flur fp,(&,t) in the proton. The cross section for pomeron-proton to jets, o(IPp —

7j), is assumed to be given by pQCD as

- do
o(Pp — jj) = /d%d%dtz fiyp (1, Qz)fj/p(l"z; QZ)d—(; (2.5)
ij

where & and ¢ are the cross-section and the four-momentum transfer respectively
for the elementary reaction among partons; a parton density function f;p for the
pomeron is introduced in a similar way to those for ordinary (real) hadrons. Assum-
ing the pomeron to be gluon-dominated it is reasonable to try zg(z) = az(l — z)
or xg(x) = b(1 — x)® for the case of only two gluons or of many, in analogy with
the proton [9]. In the same way, if the pomeron were essentially a ¢g system one
would guess xq(z) = cx(1 — ). The normalization constants a, b, ¢ can be chosen to
satisfy the momentum sum rule fol dr) v fiyp(r) = 1, which seems like a rational
assumption.

A Monte Carlo simulation based on the formalism described above reveals a
clearly observable event signature: a leading proton (xp 2 0.9) separated by a large
rapidity gap from a central hadronic system with high- Py jets. In 1987 this striking

event signature was observed by the UAS8 experiment [10] signaling the discovery of
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diffractive hard scattering phenomena, which were studied further with more data [11,
12].

The jets detected by UAS8 exhibited the distinctive properties of QCD jets,
e.g. jet Er and angular distributions and energy profiles. The longitudinal momentum
of the jets provides information on the momentum fraction, 3, of the parton in the
pomeron. A change in the shape of the §-distribution shifts the parton-parton center-
of-mass system (c.m.s.) with respect to the c.m.s. of the diffractive system X and
thereby the momentum distribution of the jets [9]. Comparison of data and Monte
Carlo indicates a preference for a hard parton distribution in the pomeron [11].

Gluon and quark contributions inside the pomeron cannot be separately
measured using the UAS8 data only. The UA1 experiment reported some evidence
for diffractive heavy flavor, charm and bottom, production [13, 14]. This may be
explained by a gluon-dominated pomeron such that the gg — bb subprocess can be at
work, but no ultimate conclusion could be made given the normalization uncertainty

in the model and the experimental errors [15].

2.4 Rapidity Gap Events at HERA and the Tevatron

The pomeron model of diffractive hard scattering described above can be
naturally extended to other types of particle collisions, p+ a — p + X where a is a
lepton or a photon. Based on the factorization hypothesis [9, 16] the cross section is

given by
do(p+a—=p+X)=fp,t)o(P+a— X) (2.6)

The pomeron flux can be taken as a simple parameterization of data in terms of

exponentials as above (see Eq. 2.3), or derived from Regge phenomenology in the
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form [17]

2 2ap(t)—1
fon(€0) = Tl 0 ¢ 27

with parameters determined from hadronic inclusive diffractive scattering experi-
ments. Here, [, is the effective pomeron-quark coupling and F}(t) is a proton form

factor given by

4m? — 2.8t 1 2
Fi(t) = —2 2.
1) Am2 —t <1—t/0.7>’ (2:8)

where m,, is the proton mass. For the hard scattering cross section o(IP +a — X)
one should use the relevant convolution of parton densities and parton cross sections,
e.g. Eq. 2.5 for hadron-pomeron collisions.

In Ref. [9], it was proposed to study the pomeron structure with deep in-
elastic scattering (DIS) at HERA, an electron-proton collider. DIS is a clean process
with a well understood point-like probe with high resolving power. In diffractive DIS
the experimental signature should be very clear: a quasi-elastically scattered proton
(going down the beam pipe) well separated by a rapidity gap from the remaining
hadronic system. The kinematics is described by the diffractive variables ¢ and ¢, and
the standard DIS variables Q* = —¢*> = —(p, — ps)? and Bjorken z = Q?/(2P - q),
where P, p,, p., q are the four-momenta of the initial proton, initial electron, scattered
electron and exchanged photon, respectively.

In terms of the above kinematical variables, the cross section for diffractive

DIS can be written as a generalization of non-diffractive formula

d X Ao’ 2
Ud(;fSdeZt - ;C; <1 Yyt %>F2D(4) (8,Q% 1) (2.9)

where FQD(4) is the diffractive proton structure function. Assuming sea factorization,

FQD(4) can be expressed as the product of a function which depends on £ and ¢t and a
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function which depends on 3 and ?

(@, Q% 6,1) = g(6, ) 3" (8,Q°) (2.10)

where the pomeron structure function Fy” is given by the densities of (anti)quarks

of flavor f

f

In DIS gluons only enter indirectly through the process g — q¢, because the photon
does not couple directly to gluons. The above formulae do not depend on Regge
theory but are generalizations of non-diffractive formulae. In terms of the Ingelman-
Schlein pomeron model [9], the functions g(£,¢) and F3P(3,Q?%) can be interpreted
as the pomeron flux factor and the pomeron structure function respectively.

Although diffractive DIS had been predicted, it was a big surprise for many
when it was observed first by ZEUS [18] and then by the H1 collaboration [19]. The
observed gap events have the same ? dependence as normal DIS and are therefore
not some higher twist correction. The overall measured rate of gap events is about
10% of all events, so that it is not a rare phenomenon.

Based on Eq. 2.9, the diffractive structure function F2D(4)

is extracted from
the cross section of rapidity gap events. Since ¢ is not measured it is effectively
integrated out, giving the observable FQD(?’) (€,8,Q%). Study of FQD(?’) shows that to
a first approximation the £ dependence factorizes [19] and is of the form 1/£" with
n =1.1940.06(stat) £0.07(syst). This is in general agreement with the expectation
fpjp ~ 1/€20PO=1 ~ 1 J€1234052 from the pomeron Regge trajectory above.
However, after collecting more data in an extended kinematic range, devia-

D(3)

tions from sea factorization were observed [20]. The power of £ in F,” was found

to depend on 3. One way to accommodate this is to introduce a sub-leading reggeon
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(R) exchange with expected trajectory am(t) ~ 0.55 + 0.9¢ and quantum numbers
of the p,w,a or f meson [20]. A fit to diffractive DIS data yields the intercept
ar(0) = 0.50£0.19, in agreement with expectation, but agp(0) = 1.204+0.04 which is
significantly larger than the 1.12 obtained from soft hadronic cross section. In this two
reggeon scenario there is no evidence for a 5 or Q? dependence in these intercepts and
one can therefore integrate over &, resulting in the measurement of Fy’(3,@%). This
quantity can be interpreted as the structure function of the exchanged color singlet
object, which is mainly the pomeron. The F{’ is essentially scale independent, i.e.
almost constant with Q2. The small Q? dependence is actually compatible with being
logarithmic as in normal QCD evolution, although the rise with In(Q?) persists up to
large values of 3, in contrast to the proton structure function. There is only a weak
dependence on [, so that the partons are quite hard compared to the case of ordinary
hadrons. These features are in accordance with a large, 80 — 90%, gluon component

of the diffractive exchange, as confirmed by a quantitative QCD analysis [20].

At the Tevatron, diffractive events in pp scattering were also observed by
selecting events with a rapidity gap and/or a leading antiproton. Several processes
were studied, including single diffraction dissociation with dijet production [21, 22],
diffractive production of W bosons [23], bottom quarks [1] and events with a rapidity
gap between two jets [24, 25]. The fraction of diffractive events for a given process
(relative to the inclusive cross-section for the same process) is about 1%. Comparisons
of the observed rates with the predictions obtained using the factorization formalism
described above and the parton distributions as determined from the HERA data
indicate a substantial difference. The cross-sections measured at the Tevatron are
about a factor of 5 — 6 smaller. A similar study of events with a central dijet system

and rapidity gaps on both sides [26], which can be interpreted as interactions of two

15



pomerons, leads to a factor of 10 — 100 with respect to the expectation based on fac-
torization. By comparing the results of diffractive W, dijet and b-quark production [1]

the gluon fraction of the pomeron was evaluated to be 0.54131%.

2.5 Problems of the Pomeron Model

The failure to describe the data on hard diffraction from both HERA and
the Tevatron with the same pomeron model raises questions on the universality of the
model, e.g. concerning the pomeron flux and structure function. A possible solution
to this problem has been proposed in terms of a pomeron flux renormalization [4].
In this model the prediction for HERA is not affected, but at the higher energy of
the Tevatron the pomeron flux is reduced and the data are essentially reproduced.
In another proposal [27] based on an analysis of single diffraction cross sections, the

pomeron flux is reduced at small ¢ through a &- and ¢-depending damping factor.

A third proposal attempts to explain the discrepancy between diffraction in
ep and pp by the possibility for coherent pomeron interactions in the latter [28]. In
the case of an incoherent interaction, only one parton from the pomeron participates
and all others are spectators. But, in the pomeron-proton interaction with IP= gg
both gluons may take part in the hard interaction, giving a coherent interaction. In
DIS, the coherent interaction cannot occur in the same way because the pomeron
interacts with a particle without colored constituents. This difference between ep
and pp indicates that there should be no complete universality of parton densities in
the pomeron.

Although modified pomeron models may explain the rapidity gap event rates

reasonably well, there is still no adequate understanding of the pomeron and its
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interaction mechanisms. There are problems with the very concept of pomeron. The
concept of structure function is not well defined for a virtual particle and, in particular,
it is unclear whether a momentum sum rule should apply. In fact, since only the
product is an observable quantity, the factorization into a pomeron flux and a pomeron

structure function cannot be uniquely defined.
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Chapter 3

Charmonium Production

There are two dominant processes that contribute to the production of char-
monium states in high energy pp collisions. The first is known as direct production,
when a c¢ pair is produced from the initial particle collision, and the two quarks
combine producing a colorless bound state. Another process is the production of a
bottom quark fragmenting into a B hadron, which can subsequently decay into v and
other hadrons. This production process is further referred as B production. In high
energy colliders the charmonium production is called prompt if the point at which
the state is produced can not be resolved using a vertex detector from the interaction
point of the colliding beams. The prompt charmonium states include states produced
directly and from the decay of a higher mass charmonium state, i.e. J/1’s from elec-
tromagnetic decay of y, mesons. The 9’s produced from the B-hadron decay is an

example of non-prompt source of charmonium.
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3.1 Direct Production

The leading order diagrams for direct i) and y, production in pp collisions
are presented in Fig. 3.1. The cc quarks are produced in a color-singlet state, and the
entire diagram can be calculated, except for the “blob” denoting the hadronization
process of the quarks into a ¢ or x, meson. The 1 diagram can be calculated up to a
factor related to the amplitude of the non-relativistic ¢» wave function at the origin,
14(0)|?. The value of the wave function at the origin can be determined from the 1
leptonic decay width. The partial width for the decay ¢ — [Tl~ derived from the

diagram in Fig. 3.2 is given by [29]

— 7 [(0)" (3.1)

A

where [ = e, u, 7 and ) = % is the charm quark charge. The photon propagator gives
a factor of 1/¢* = 1/M3,, where ¢ is the momentum carried by the photon. The [T] v

vertex enters as v4ma and the ccy vertex contributes a factor of Qv4na, yielding

(3.2)

The integral over the lepton phase space is proportional to ¢*[1/(0)|?, leaving the
l/Mz dependence. All of the quantities on the right hand side of the Eq. 3.1 are
known except for the wave function. Therefore, a measurement of , ;+,- provides a
measurement of the 1) wave function at the origin.

There is a similar production mechanism which only contributes to J/
production. The c¢¢ pair can form a Y, state, which then decays to a J/¢ through an
electromagnetic transition, x, — J/1.

As seen in Fig. 3.1, the ¢ production diagrams contain charm quark loops

which are connected to three gluons, while the quark loops in the y, production
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Figure 3.2: Leading order diagram for v decay into (]~ via virtual photon.

(@l

diagrams are connected to only two. This is a result of G-parity conservation' low.
Since the gluon has negative G-parity, a state consisting of N gluons has G = (—1)".
As a result, the ¢, with odd G-parity, only couples to states with an odd number

of gluons, while the y., with even G-parity, can only couple to states with an even

number of gluons.

3.2 Fragmentation Production

The described model of charmonium production in which a bound c¢ state
is produced in the color singlet configuration is usually referred to as Color Singlet
Model (CSM). This model alone is not able to describe charmonium hadroproduc-
tion. In particular, the predicted by CSM cross sections fall off much more rapidly

with transverse momentum than the cross sections measured at the Tevatron [30].

! G-parity is a quantity conserved by strong interactions. It is simply a combined operation of
charge conjugation and a rotation in isospin space.
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Figure 3.3: Gluon(left) and charm (right) fragmentation production of 1 in the color singlet

model.

However, two effects can significantly enhance the predicted cross section for direct
charmonium production at high Pr. One is the parton fragmentation contribution
which represents a dominant source of prompt quarkonia at high energies [31]. Fig-
ure 3.3 shows a Feynman diagram involved in 1 production via gluon fragmentation
which is O(a2). Given that the leading order diagram (see Fig. 3.1) is O(a?), the
contribution from this diagram to the total 1 cross section should be significant-
ly suppressed. Nevertheless, if the ¢) has a sufficiently large transverse momentum
Pr > M,, then the diagram will be dominated by configurations where the gluon has
Q? ~ Mi < Eg21uon- In this case the gluon is nearly real, and diagram is enhanced by
a factor of (Pr/My)?. When Py becomes large enough this diagram starts dominating
over the leading order diagrams. Because this process produces a (nearly) on-shell
gluon which fragments into a 1, it is referred to as gluon fragmentation production.
The same mechanism also contributes to production of y, mesons. Actually, for the
Xe, one less gluon needs to be emitted, so the process is O(ag). A v can also be
produced by a fragmentation process where a charm quark fragments, as shown in

Fig. 3.3, although this is not as essential, because the production of a charm quark

is substantially suppressed in comparison with the gluon production.
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3.3 Color Octet Model

Up to this point, all considered perturbative processes have produced a
color-singlet c¢ pair which hadronizes into a ¢ or x.. In the Color Singlet Model
the radiated gluons cannot be too soft, or perturbation theory will fail. A few years
ago, Bodwin, Braaten and Lepage developed a general factorization formalism for
heavy quarkonium production, which is based on the non-relativistic QCD model (N-
RQCD) [32], an effective potential model, inspired by Heavy Quark Effective Theory
(HQET) [33, 34, 35]. In this framework, charmonium production is described as
two-step process: cc¢ pair production at perturbative level and the subsequent evo-
lution to colorless vector meson through soft gluon emission at the non-perturbative
domain. This argument is advocated by the fact that the cc¢ pair is produced at dis-
tance 1/m,, m, standing for heavy quark mass, which is much smaller than 1/Agcp,
the typical QCD scale for bound-state system. According to the color octet model
formulation [36], the wave function of an S-wave quarkonium state in terms of Fock

state decompositions is given by

o) =0(1)|QQPSM]) + 0()|QQP PP g) + O(v?)QQ['SPg) +

O)|QQLESgg) + ...

(3.3)

where v is a typical relative velocity of constituent quarks in quarkonium state. Here,

25+1L, ;. is used, and the color state is indicated by

the usual spectroscopic notation,
(1) for singlet and (8) for the octet. Inside a charmonium state, the two quarks are
moving fairly slowly, with v? 2 0.25. Thus, a double expansion, in powers of ag and
v., similar to Eq. 3.3 is possible. The terms that are of lowest order in v., so that

which terms dominate the cross section depends upon the power of both ag and wv,.

Since the cc¢ pair is often produced as a color octet state in this model, the model is
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Figure 3.4: Gluon fragmentation production of 1 in the color octet model. In this case, one

gluon is radiated during the non-perturbative process.

named the Color Octet Model (COM).

As in case of CSM, the entire process cannot be calculated using perturbation
theory. However, a non-perturbative part can be factored out. This part is a well-
defined matrix element, which could be calculated using lattice QCD, or extracted
from experimental measurements. It can be argued that the matrix element is in-
dependent of the kinematics in the perturbative part, which results in an unknown
normalization, but does not affect the spectrum. Moreover, the matrix elements are
universal, so a matrix element measured at one experiment can be used to make
predictions for another experiment, or compared with the matrix element measured
at that experiment. Finally, naive power counting provides an order of magnitude
estimate for the matrix element. In terms of Feynman graphs, what happens is that
one or more of gluons radiated from the cc¢ pair is removed from the perturbative
portion, and added to the non-perturbative portion, as shown in Fig. 3.4. The gluon
can become extremely soft, greatly enhancing the contribution of the diagram. In
fact, a typical approximation is to assume that the gluon carries no energy, only the

excess color.
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Figure 3.5: Feynman diagrams for b production from gluon fusion (left), gluon splitting

(center) and flavor excitation (right).

3.4 B Production

The other mechanism for ¢ production is the decay of B hadron. The initial
interaction produces a b quark, which fragments into a B hadron that subsequently
decays into a v and other particles. At next-to-leading order, the diagrams for b
quark production can be grouped into three classes, shown in Fig. 3.5. Each of these
processes has distinct characteristics. The first diagram represents the process of
gluon fusion. The bb pair produced by this reaction is separated by 180° in azimuthal
angle, and results in two well separated jets. Gluon splitting (second diagram) tends
to produce b quarks which are close together, as the mass of the virtual gluon tends to
be small. As a result, the decay products of the two quarks may appear to come from
a single parent, especially after fragmentation effects and experimental resolution are
included. The third class, flavor excitation, is often the result of the gluon scattering
off one of the virtual b quarks that form the cloud around the valence quarks. In this
case, the other b proceeds close to the initial proton or anti-proton direction.

After the b quark fragments into a B hadron, it can decay to a ¢ or x.
through diagrams such as Fig. 3.6. This decay is suppressed relative to the decay
B — DX for several reasons. First, the W must decay into ¢s, while for the B — DX

decay, all possible W decay modes are allowed. This reduces the rate by about a
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Figure 3.6: Typical B meson decay diagram for charmonium production.

factor of three. Additionally, the ¢ must have the same color as the ¢ quark, as the
fragmentation of the color octet cc¢ state into charmonium is suppressed. This leads
to another factor of three. Finally, the ¢ and ¢ quarks must have similar momenta,
so that they can form a bound state. This results in the relatively small branching
ratios of B(B — J/¢X) = 1.13+0.07% and B(B — 1(25)X) = 0.34 £ 0.05% [37].
While these branching ratios are small, it is an experimental fact that the two muons
from 1) decay provide an excellent experimental trigger, so the process B — X is
tremendously useful from a practical standpoint.

At the Tevatron, the fraction of ¢ mesons originating from B-hadron decays
ranges from 15% to 40% of all ¢)’s with P;f > 5 GeV produced in the central pseudo-
rapidity region, |n| < 0.6, as reported by CDF Collaboration [30]. The study of
B-hadron decay contribution presented in Section 6.9 is of special importance for
the analysis of this dissertation, since it provides an algorithm to disentangle prompt

J/1’s from B production.

3.5 Charmonium Spectroscopy

Naively, one would expect that charmonium decays quickly, as the cc pair

would annihilate into gluons, producing a broad resonance. While this does happen,
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it occurs at a lower rate than in other strong decays, due to several factors. After the
cc pair annihilates into gluons, one or more of the resulting gluons must carry away
most of the energy, about 3 GeV. This is a high enough energy that a, is fairly small,
which reduces the rate for the process. Besides, color conservation requires that at
least two gluons be emitted. In the above discussion of a 1) production, we saw that
G-parity prohibits the production of a ¢ from two gluons, thereby requiring three
gluons. The same is true for the ¢ decay - again, three gluons are required. As a
result, the decay is a higher order process than are most other strong decays, since
most strong decays exchange only one soft gluon. Finally, three body phase-space
is highly suppressed relative to two body phase-space, i.e., the kinematics involved

discourage three body decays.

The combination of all of these factors suppress the rate at which this strong
force decay takes place. Electromagnetic decays, in which either the pair annihilates
into a virtual photon, or a real photon is emitted, form a significant fraction of the

decays of many charmonium states 2.

The internal dynamics of the charmonium system are similar to those of the
positronium system. One difference is that, while positronium is bound together by
exchange of soft photons, charmonium is bound by exchange of soft gluons. Therefore,
while accurate calculations are possible for the energy levels of positronium, similar
calculations for the masses of charmonium states are much more difficult. However,
the quantum numbers that are used to describe positronium can also be applied
to charmonium. The rotational quantum number in positronium results from the

rotational invariance of the potential, while the radial quantum number is the number

20ne exception is states with masses larger than twice the D-meson mass. These states decay
almost exclusively into DD. Since such decays proceed by the exchange of one soft gluon, the rate
for these decays is much higher than the rate of radiative decays to other charmonium states.
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of nodes of the radial wave function plus 1. The QCD quark-quark potential has
similar properties, so similar quantum numbers exist, although the dependence of the
energy levels is different 3.

The lightest charmonium state is the .. In an 7,, the ¢¢ pair is in an S-wave
state, with the quark spins anti-parallel. The next higher state is the J/v, which is
the S-wave state with parallel spins. The excited S-wave states are sometimes denoted
by 1 (nS) or by ¢', )", etc. The P-wave states with parallel spins are denoted as x.,
where J = 0,1, 2 is the total angular momentum of the state. x. is a generic term
that refers to any of the x.;. By radiating a photon, a x. meson may decay into
a lower energy .J/1 state, thus resulting in contribution to prompt .J/v¢ production.
The fraction of J/¢ mesons from y, decays measured at the Tevatron amounts to
about 30% [38] of all prompt .J/¢’s and slightly varies with PI{/¢. Other excited
states, such as the P-wave spin singlet, and D-wave states, are expected to exist, but
are not expected to contribute significantly to ¢ production *. Figure 3.7 shows the

mass spectra of charmonium family and transitions between c¢ states.

3.6 Summary

In conclusion, J/1 mesons can be produced in high energy pp collisions

through three mechanisms:

e The hard scattering can create a c¢ pair, which forms a bound state, directly

producing a .J/v particle.

3 Just as in positronium, the spin-orbit coupling breaks the rotational symmetry. While the effect
is larger than it is in positronium, it can still be treated as a small perturbation.

4Feed down from P-wave singlet is suppressed, because of the need to flip the spin of one of
the quarks, and the decay of a D-wave state to a ¢ requires AL = 2, which is suppressed by an
additional power of a.
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Figure 3.7: Observed and expected transitions of charmonium states.
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e When the c¢ pair binds together, the resulting bound state can be a y, meson,

which can decay to J/v¢ by emitting a photon.

e A bb pair may be produced in the interaction. After fragmentation forms a B
hadron, the hadron can decay to J/¢ or x, plus anything, with x, decaying to

J /1 plus photon.

At charmonium high transverse momentum, gluon fragmentation is the
dominant process of producing the c¢ pair for the first two mechanisms, even though
it is a higher-order process. In general, gluons play a major role in J/¢ hadropro-
duction, making this process a unique tool for studying the gluonic content of the

pomeron.
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Chapter 4

The Tevatron and Collider Detector

The data used in this analysis were collected by CDF during Tevatron runs
that took place from January 1994 until the end of July 1995, collectively called Run

1B. The integrated luminosity accumulated by CDF during this run was (89+4)pb™".

4.1 Accelerator Complex

Figure 4.1 shows the steps required to generate the 900 GeV beams of pro-
tons and antiprotons. The process for producing the protons starts with hydrogen
gas, which is ionized by adding electrons. The negative hydrogen ions are accelerated
to 750 KeV using a Cockroft-Walton electrostatic accelerator, and then to 400 MeV
in a linear accelerator called Linac, which is approximately 500 feet long. Before
entering the Booster accelerator, the ions are passed through a copper foil which re-
moves the electrons, leaving only the protons. Located nearly 20 feet below ground,
the Booster is a rapid cycling synchrotron 500 feet in diameter. It uses magnets to
deflect electrically charged particles in a circular path so that they experience the

repeated action of accelerating electric fields during each revolution. The protons
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travel around the Booster about 20,000 times and their energy is raised to 8 GeV.
The Booster normally cycles twelve times in rapid succession, injecting twelve pulses,
or bunches, of roughly 10! protons, into the Main Ring, the next stage of the acceler-
ating process. The Main Ring is a synchrotron two kilometers in diameter that uses

conventional magnets and accelerates protons to 150 GeV.

Debuncher
and
Accumulator
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\ _—
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Collider D\
Detector Cockroft-Walton

Figure 4.1: Schematic view of the Fermilab accelerator complex for pp collisions.

The process of producing antiprotons is more complex. A beam of protons
accelerated to 120 GeV is taken from the Main Ring and focused onto a tungsten
target. The antiprotons are selected from the spray of the produced secondary parti-
cles and transfered to the Debuncher, where the dimensions and energy spread of the
antiproton beam are reduced using the debunching technique and a process known
as stochastic cooling [39]. From the Debuncher, the antiprotons are transfered to
the Accumulator ring, where they are stored. When enough antiprotons are stored
they are injected into the Main Ring and accelerated to 150 GeV. Now the process
of colliding beams of protons and antiprotons can begin.

Once the protons and antiprotons reach energies of 150 GeV, six bunches
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of protons and six bunches of antiprotons are injected into the Tevatron in opposite
directions, where they are accelerated simultaneously to an energy of 900 GeV. Each
bunch of protons and antiprotons has approximately 2 x 10'! and 3 x 10'° particles,
respectively. The Tevatron consists of superconducting magnets located directly be-
low the Main Ring in the same tunnel. The proton and antiproton bunches share
the same magnetic and RF fields and travel within the same beam pipe. Quadrupole
magnets bring the two beams to collision at the center of the CDF detector, located
in the BO collision hall. At the B0 collision point the beam bunches are approximately
circular in cross section with a radius of 30 ym at lo. Longitudinally, the bunches
have a roughly Gaussian shape of 30 cm width.

The number of collisions per second, N, at the CDF interaction region is

given by

N=oxL (4.1)

where o is the cross section of the proton-antiproton collisions and £ the instantaneous

luminosity of the colliding beams. The instantaneous luminosity is given by

= Nolsf (4.2)

4 o?

where IV, and N; are the numbers of protons and antiprotons per bunch, respectively,
f is the frequency of bunch crossing, and ¢ the r.m.s. width of the beam transverse
profile at the interaction point.

For Run 1B, the maximum instantaneous luminosity achieved was 2.8 x

103" em 257!, with typical values of 1.6 x 10** cm 257!

. The total integrated lumi-
nosity, [ L£dt, of beam delivered to the CDF interaction region during Run 1B was

about 126 pb™!, where 1 pb™! = 103¢ cm™2.
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4.2 The CDF Detector

The Collider Detector at Fermilab (CDF) is a multipurpose detector de-
signed to measure the properties of particles emerging from high-energy pp collisions
at the Tevatron Collider. The detector has azimuthal and forward/backward polar
symmetry and covers 98% of the 47 solid angle. A quarter view schematic drawing

of the CDF detector is shown in Figure 4.2.

The CDF employs a conventional right-handed coordinate system with its
origin at the center of the detector, which is also the nominal interaction point for pp
collisions. The positive z-axis lies along the beam line in the proton direction, West
to East, the positive y-axis points vertically upward, and the positive x-axis points
radially outward in the horizontal plane of the Tevatron ring. The polar angle 6 is
determined from the positive z-axis. The azimuthal angle ¢ is an angle in the z —y
plane measured from the positive z-axis toward the positive y-axis. The radius r
indicates the distance from the z-axis. The pseudorapidity is defined in terms of the

polar angle # by the relation n = —In(tan(6/2)).

The CDF detector is composed of several specialized devices each designed
for a specific task in determining the properties of particles produced in pp collisions,
such as type, charge, momentum, energy, charged particle trajectory, etc. The detec-
tor is made up of three main functional sections: tracking detectors, calorimeters and
muon detectors. Starting from the interaction point and moving radially outward, the
tracking systems reside inside a solenoidal magnetic field of about 1.4 T, generated by
a superconducting solenoidal magnet 3 m in diameter and 4.8 m long. The magnetic
field causes the trajectory of a charged particle to bend. The curvature of the trajec-

tory is used to measure the momentum and charge of the particle. In addition, the
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tracking systems provide a measurement of the vertices from which charged particles

originate in a given event.

The tracking chambers are surrounded by calorimeters used to measure the
electromagnetic and hadronic energy of the emerging particles, both charged and
neutral. The outermost detectors are the muon detectors. The calorimeters and
layers of steel in front of the muon chambers absorb hadrons, so the muons can be

clearly identified by the muon systems.

The following sections present a brief overview of the CDF detector com-
ponents which are important to this analysis. A more complete description of the

detector can be found in [40].
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Figure 4.2: Side-view cross section of one quadrant of the CDF detector, displaying its main

components.
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Figure 4.3: Perspective view of the CDF detector.

4.2.1 Tracking Detectors

The CDF tracking system comprises four detectors: the Silicon Vertex De-
tector (SVX), the Vertex Time Projection Chamber (VTX), the Central Tracking
Chamber (CTC), and the Central Drift Tube (CDT) array. All of these detectors are
placed inside a solenoidal magnetic field of 1.4 T. Each tracking detector is designed
to perform a particular task. The SVX, which is closest to the beam pipe, has the
best position resolution and is used to identify displaced decay vertices indicating
the decay of a B hadron. The VTX surrounds the SVX and is primarily used to
measure the z position of an event’s interaction point, its primary vertex. The CTC
was designed for precise measurement of a charged particle’s momentum and to give

good two-track separation.
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Silicon Vertex Detector

The Silicon Vertex Detector (SVX) [41] is located right outside the 1.9 cm
radius beryllium beam pipe. It consists of two identical cylindrical modules, referred
to as barrels, that are aligned end-to-end along the beam direction. There is a 2.15 cm
gap between the two barrels at z = 0. An isometric view of one of the SVX barrels
is shown in Figure 4.4. The total active length of the detector is 51.5 cm providing
a pseudorapidity coverage of || < 1.9. Since the pp collisions occur with a spread of
o ~ 30 cm about z = 0, due to the longitudinal size of the proton and antiproton

bunches, the track acceptance of the SVX is only about 60%.

READOUT EAR
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W% EANG\ READOUT END

BULKHEAD
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Figure 4.4: An isometric view of one of the SVX barrels.

Each barrel consists of four concentric layers of silicon strip detectors seg-
mented into twelve flat ladders that cover 30° in azimuth. The innermost layer is
at a distance of 2.86 cm and the outermost layer is at a distance of 7.87 cm from

the beam pipe. Each ladder has three 8.5 cm long single-sided silicon strip detectors
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with the readout strips running parallel to the beam line. The strip pitch is 60 pm
for the inner three layers and 55 pm for the outer layer. Axial microstrips provide
precision track reconstruction with a single hit position resolution of 12 ym and an
asymptotic impact parameter resolution of 13 um. The SVX has a total of 96 lad-
ders. The ladders are read out by chips, each of which is responsible for 128 channels
(strips). The entire SVX detector has a total of 46080 channels, nearly one third of
all the channels for the whole CDF detector. The channels for each wedge are read
out in parallel and in a sparse mode, meaning that only channels which have a signal
above some threshold are read out. With typical occupancies ~ 5%, readout times

are about 2 ms, the longest among the CDF detector subsystems.

Vertex Time Projection Chamber

The Vertex Time Projection Chamber (VTX) is a gas drift chamber that
surrounds and provides mechanical support for the SVX detector. The VTX is 2.8 m
long in z and extends to a radius of 22 ¢m from the beam pipe, providing a pseudo-
rapidity coverage of |n| < 3.5. It consists of 28 drift modules filled with a 50%/50%
mixture of argon/ethane gas. Each drift module has a central high voltage grid that
divides it into two 5 cm long drift regions. These modules are mounted end-to-end
along the beam direction. Each module is further subdivided into 8 wedges, or oc-
tants, each covering 45° in azimuth. There are 24 sense wires in each drift region
of the 10 end modules. The 18 inner modules have only 16 sense wires in each drift
region, due to the space allocated for the SVX detector. In each octant, the sense
wires are strung tangent to the azimuthal direction in the plane perpendicular to the
beam line. A sense wire plane is placed in each drift region of a module on either side

of the high voltage grid. Charged particles passing through the VTX ionize the gas
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and free electrons which drift along z toward the central cathode of each module and
collected by sense wires. The drift times in conjunction with the radial positions of
the sense wires are used to reconstruct an r — z profile of the track. Thus, the VTX
provides two dimensional track reconstruction, but it is primarily used to determine
the z displacement of the primary vertex of the event by locating the convergence of
all the reconstructed tracks in the event. The uncertainty in the measurement of the
2 coordinate of the vertex is in the range 1-2 mm, depending on the multiplicity of
charged tracks associated with the reconstructed vertex. Each module is canted 15°
in ¢ relative to its neighbors, therefore rudimentary ¢ information can be obtained

for a track crossing through more than one module.

Central Tracking Chamber

The Central Tracking Chamber (CTC) [42] is the main tracking device of
the CDF detector and performs full three dimensional reconstruction of the tracks of
charged particles.

The CTC is a cylindrical drift chamber with an inner radius of 28 cm, outer
radius of 138 c¢m, and length of 320 cm. It consists of 84 layers of 40 pum diameter
gold plated tungsten sense wires arranged into nine superlayers. In five superlayers
the wires are parallel to the beam line and are grouped in 12 sense wire layers. These
five axial superlayers are interleaved with four superlayers of stereo wires, in which
the sense wires tilted at +3° or —3° with respect to the beam direction. The stereo
angle direction alternates at each stereo superlayer. Each stereo superlayer contains
six sense wire layers. The axial layers provide tracking information in the r — ¢ plane
while the stereo layers give information in the r — 2z plane. Together, the axial and

stereo layers measure the full helical path of charged particles traversing the chamber
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and bending in the magnetic field, yielding momentum and charge measurement.
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Figure 4.5: End view of the Central Tracking Chamber.

The superlayers are divided into cells so that the maximum drift distance
is less than 40 mm, corresponding to a drift time of about 0.8 us, much less than
the 3.5 us interval between bunch crossings. The boundaries of each cell are defined
by two planes of stainless steel field wires, creating an electric field of 1350 V/cm.
The sense wires lie midway between these planes with a potential wire separating
each from its neighbor, which is used to control the gas gain on the sense wires.
Figure 4.5 shows a transverse end view of the CTC. There are in total 6156 sense
wires and ~30000 field shaping wires. To compensate for the Lorenz angle produced
by the crossed electric and magnetic fields the cells are tilted by 45° with respect to

the radial direction. This gives drift electrons trajectories which are approximately
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perpendicular to the radial direction and simplifies track reconstruction. There is a
significant, about 20%, overlap in azimuth between the cells, which guarantees that
every radial high Pr track must pass close to at least one sense wire in each superlayer.

Tracks are reconstructed by fitting hits in the CTC to a helix. The curvature
of the track is related to the transverse momentum of the particle. The spatial
resolution in the r — ¢ plane is between 125 and 250 pm, depending on the location
in the chamber, and is 4 mm in the z direction. The two-track resolution of the CTC

is 3.5 mm. The momentum resolution of the CTC is

oPr

B = 0:002x Pp, (4.3)

where Pr is measured in GeV/c. By combining tracking information from the CTC

and the SVX, the momentum resolution improves to

SPr
— = (0.0009 x Pr)0.0066. (44)
T

The CTC is also able to determine the identity of particles by measuring

the ionization rate along tracks.

Central Drift Tube Array

The Central Drift Tube (CDT) array [43] is the fourth tracking system and
surrounds the CTC at a radius of 1.4 m. The CDT is composed of three layers of 672
3 m long, 1.27 cm diameter drift tubes oriented parallel to the beam pipe. A 50 pm
diameter stainless steel anode wire is placed at the center of each drift tube. The CDT
operates in the limited streamer mode, and provides accurate r — ¢ — z information.
Tracking of charged particles in the r — 2 view of the CDT array is accomplished via

charge division along the anode wires. Drift-time measurements in three layers of the
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CDT provide tracking information in the r — ¢ view. Typical resolutions are 2.5 mm

in the axial (beam) direction and 200 pm in the azimuthal direction.

4.2.2 Calorimetry

The CDF calorimetry consists of three sections, the central, plug, and for-
ward calorimeters, covering the pseudorapidity range |n| < 4.2 and providing full
azimuthal coverage. The calorimeters are segmented in pseudorapidity and azimuth
in a projective tower geometry which points toward the nominal interaction point.
Each tower is composed of an electromagnetic section followed by a hadronic section
to allow comparison of deposited electromagnetic and hadronic energy on a tower-
by-tower basis. The coverage of the calorimeter towers in 7 — ¢ space is shown in
Figure 4.6 for one CDF quadrant.

All CDF calorimeters are sampling calorimeters, which in contrast to homo-
geneous calorimeters sample only a fraction of the energy deposited by an incident
particle. Layers of sampling material are interleaved with layers of absorber. A pri-
mary particle interacts with the absorber material producing a shower of secondary
particles, which deposit a fraction of their energy in the active medium of the sam-
pling layers. The true energy of the initial particle is determined by calibrating the
calorimeter response to particles of known energy.

Two types of sampling calorimeters are used at CDF, employing scintilla-
tor or gas as active medium. Scintillator sampling was chosen for the central and
endwall calorimeters because of its good energy resolution. In the forward region of
the detector the energy resolution becomes less critical, although a finer transverse
segmentation is needed to obtain the same spatial resolution as in the central region.

To achieve this goal gas sampling was employed in the plug and forward calorimeters.
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Figure 4.6: Schematic n— ¢ segmentation of CDF hadronic calorimeters. The shaded region
represents partial depth coverage to accommodate the low-§ quadrupole magnets; the black
region has no coverage. The heavy lines indicate module or chamber boundaries. The EM

calorimeters have complete ¢ coverage out ton = 4.2.

Central Calorimeters

The central calorimeter consists of 48 wedge-shaped modules, assembled into
four free-standing “C”-shaped arches. Each module covers 15° in ¢ and consists of ten
projective towers, with each covering approximately 0.1 units in 1. The central elec-
tromagnetic calorimeter (CEM) [44] uses a hybrid design with scintillator/absorber
sandwiches for energy measurement and an embedded strip chamber for position de-
termination. This design combines the good energy resolution of scintillator with the
high spatial resolution of gas strip chambers. A CEM tower is composed of thirty
3.2 mm thick lead layers, clad on each side with 0.38 mm of aluminum, interleaved

with thirty-one 5 mm thick layers of polystyrene. The thickness of the CEM tower

43



is about 18 radiation lengths for electromagnetic showers, which corresponds to one
interaction length for hadronic showers. In order to maintain a constant radiation
length thickness as the polar angle varies, acrylic layers are substituted for lead lay-
ers, increasing the number of acrylic layers with increasing |n|. The light from the
scintillator is collected by wavelength shifters, which are inserted in the gap between
the steel cover and scintillator/absorber sandwiches, and transmitted by rectangular
lightguides to photomultiplier tubes located at the back of each wedge. A cutaway

cross-section view of a central calorimeter wedge is shown in Figure 4.7.
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Figure 4.7: Layout of the CEM light-collection system in a single wedge of the CEM and

CHA calorimeters.

The energy resolution for electrons between 10 and 100 GeV was measured
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to be 0/E = (13.5% /v Er)®2%, where E7p is the transverse energy of the electrons
in GeV and the symbol & indicates that the independent contributions are added in

quadrature.

To enable a more precise measurement of the transverse profile of an elec-
tromagnetic shower, a proportional strip and wire chamber (CES) was embedded in
the CEM wedges between the eighth lead layer and the ninth scintillator layer, at a
depth corresponding to the maximum average transverse development of an electro-
magnetic shower. The CES is a proportional gas chamber with anode wires running
along the beam direction and cathode strips along the ¢ direction, i.e. perpendicular
to the wires. It is used to determine the shower position and the shower transverse
development by measuring the charge deposition on the strips and wires. The posi-
tion resolution of the CES is approximately 2 mm in azimuthal and z direction for

50 GeV electrons.

The CEM calorimeter is followed by the central (CHA) and endwall (WHA)
hadronic calorimeters [45], which cover polar angles between 30° and 150° (|n| < 1.3).
Each tower in the central electromagnetic calorimeter is matched by a hadronic tower.
The CHA is constructed from 32 layers of 2.5 cm thick steel absorber interleaved with
1 c¢m thick layers of acrylic scintillator forming 4.7 interaction lengths. The WHA
contains 15 layers of 5 cm thick steel plates perpendicular to the beam direction
separated with 1 cm thick plates of acrylic scintillator (4.5 interaction length). The
energy resolution of the CHA and the WHA for pions between 10 and 150 GeV was

found to be (50%/+/ Er)®3% and (75%/+/ Er)®4% respectively.

The initial calibration of the central calorimeters was performed with 50 GeV
electrons and pions in a test beam [46]. All modules were also tested with cosmic

rays [47]. Maintaining of the initial calibration was provided by a calibration sys-

45



tem [48] employing radioactive and light sources. Gamma rays from individual **"Cs
sources on each module were used to maintain the scintillator gain calibration over
long time periods. A %Co source automatically driven on a track was used to set the
photomultiplier gain. For the CEM, short term variations were monitored by a xenon-
flasher system that tested the response of the wavelength shifters. A light-emitting
diode injected green light into the CEM phototubes via quartz fibers to check on
short term variations and a nitrogen laser was used in a similar way for the hadronic
phototubes. During Run 1B, source calibration runs were carried out about once a

month and the flasher systems were used for daily calibrations.

Plug Calorimeters

The plug and forward calorimeters are gas calorimeters with a 50%/50%
mixture of argon/ethane gas as active medium. The two plug calorimeters extend
calorimetric coverage out to |n| = 2.4, and the forward calorimeters to || = 4.2. Each
calorimeter consists of an electromagnetic and a hadronic section.

The Plug Electromagnetic Calorimeter (PEM) [49] is composed of four 90°
azimuthal quadrants. Its projective towers cover 5° in ¢, and there are sixteen towers
segmented in 7. The first tower, at |n| = 2.4, is of size An = 0.09, the next four towers
are one half of this size, and the remaining eleven towers are of width 0.009 units of 7.
In the offline analysis, the four small towers are usually combined to form two standard
towers. Each PEM quadrant consists of 34 layers of proportional drift tube arrays
interleaved with 2.7 mm thick layers of lead. The proportional tubes are constructed
of conductive plastic and have of a square inner cross section of 7 mmx7 mm with
0.8 mm thick walls. Each tube contains a centered 50 pm gold-plated tungsten

anode wire. The tubes are arranged side by side in layers perpendicular to the beam
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axis. The layers of tubes are sandwiched by a pair of 1.6 mm thick copper clad
G-10 cathode panels. On one side of the panel, the copper is segmented into pads
to provide projective tower geometry segmentation. On the other side of the G-10
panel the cathode signals from the pads are brought radially to the outer edge of the
quadrant by etched strip lines. Summing up the pad signals longitudinally yields a
single tower signal. Longitudinal segmentation is achieved by ganging the necessary
number of connectors at the same ¢ into three depth segments. The first segment
contains the first five layers, the second the next twenty four, and the third the last
five. The front of the PEM is covered with a 1.3 cm thick steel plate, which acts as
the first absorber layer. Similarly, the rear is covered with a 4.5 cm thick steel plate,

acting as the first absorber layer of the hadronic calorimeter.

All towers of the PEM were calibrated with a 100 GeV electron beam. The
energy resolution for electrons in the range 20 to 200 GeV was measured to be o/E =

(28% /v Er)®2% and the response was found to be linear within 3%.

The Plug Hadronic Calorimeter (PHA) is arranged in twelve 30° sectors,
and covers the region 1.2 < |n| < 2.4. The PHA is a sandwich of 20 proportional
tube layers alternating with 21 5.1 c¢cm thick! steel plates. The PHA proportional
tubes are similar to the PEM tubes. Gold-plated tungsten wires, centered in resistive
plastic tubes with a cross section of 8 mmx14 mm, act as anodes. The cathode plane
consists of 72 electrically distinct pads on the inner side, which are connected to the
outer side via a plated through hole. Copper traces on the outer side carry the signals
to the edge of the chamber. The signals from each chamber in the sector are ganged
together longitudinally to form twelve towers, seventy-two towers per sector. The

cathode tower signals are then amplified and digitized. The anode signal for each

!The plate after the fourth proportional layer has a thickness of 6.4 cm.
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chamber is separately amplified and digitized, providing information on longitudinal
shower development.

The PHA sectors were calibrated with charged 200 GeV pions. The observed
response to pions between 20 and 200 GeV was linear and the energy resolution was

measured to be o/FE = (90% /v Er)®4%.

Forward Calorimeters

The forward calorimeters complete the coverage of the CDF calorimeters,
extending the range to |n| = 4.2. The two identical calorimeters are located 6.5 m from
the interaction point in either z direction. The Forward Electromagnetic Calorimeter
(FEM) is azimuthally arranged in four 90° quadrants. The FEM is a sandwich of
30 layers of gas-filled proportional chambers interleaved with lead plates, segmented
into projective towers in ¢ and . A FEM tower spans 5° in ¢, and there are nineteen
towers of 0.1 units of 7. Pad signals are read out in two equal longitudinal depth
segments. The anode wires are ganged together in five sectors per chamber.

Four quadrants of FEM were calibrated with electrons. The energy response
was found to be linear for electrons in the energy range from 20 to 160 GeV and the
energy resolution was measured to be o/E = (25%/v/Er)®2%.

The FEM towers are followed by the towers of the Forward Hadronic Calorime-
ter (FHA) [52]. Each FHA segment is composed of alternated 27 steel plates and 27
layers of proportional chambers. The construction of the proportional chambers is
similar to that of the FEM, but the tubes are about 1.5 times larger and there is
no longitudinal segmentation. The signals from the anode wires, segmented into six
sections per chamber, are used for monitoring the longitudinal shower development.

The FHA was calibrated with charged pion beams. The calorimeter response
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was found to be linear for pions from 40 to 200 GeV and the energy resolution was
measured to be o/E = (130%/+/Er)®4%.

The gas gain of the proportional chambers in the plug and forward calorime-
ters was monitored, to better than 1%, via a number of special gas monitor drift tubes.
The monitoring tubes were irradiated by 5.9 KeV gamma rays from 5°Fe sources af-

fixed to the tubes.

4.2.3 Muon Detectors

The central muon system consists of three detectors, the Central Muon de-
tector (CMU) [53], the central Muon Upgrade (CMP) and the Central Muon Exten-
sion (CMX). The CMU and CMP cover the pseudorapidity range |n| < 0.6 and the
CMX, 0.6 < |n| < 1.0. All these detectors consist of proportional drift chambers. A
50%/50% mixture of argon/ethane gas is used in all the chambers, bubbled through

either ethanol or isopropanol at —7°C acting as the quenching agent.

Central Muon Chamber

The CMU is located directly behind the CHA at a distance of 3.47 m from
the beam axis. There are about five interaction lengths of material between the
CMU and the beam axis. Muons of Pr > 1.5 GeV/c have sufficient momentum to
pass through the calorimeters and enter the CMU.

The CMU is segmented in ¢ into 12.6° wedges, each of which is further
segmented into three modules of 4.2° each. Each module in a wedge is made up of
four layers of four rectangular cells. A stainless steel resistive sense wire 50 pym in
diameter is located at the center of the cell. Four drift cells, one from each layer, form

a muon tower. Two of the four sense wires, from alternating layers, lie on a radial
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Figure 4.8: One module of the CMU showing the arrangement of the four planes of drift
tubes in a view along the beam direction. Alternating layers’ sense wires have a 2 mm offset
in their azimuthal position. A particle traversing through one muon tower and the associated

drift times are also shown.

line passing through the interaction point. The remaining two wires are offset from
these by 2 mm in the midpoint of the chamber to resolve the ambiguity as to which
side of the sense wires in ¢ a track passes by measuring the difference in arrival times
of the drift electrons. The CMU has 84% coverage in ¢ due to 2.4° gaps between
adjacent wedges and the gap between the two calorimeter arches at n = 0. Tracks
in the CMU are reconstructed with a resolution of 250 pm in the r — ¢ plane and z
resolution 1.2 mm [53]. The CMU also provides a rough measurement of transverse
momentum for muon tracks from the track azimuthal angle with respect to the sense
wires, obtained from timing differences between alternating layers. A reconstructed
muon track in the drift chambers is often referred to as a muon stub. If this stub

matches a CTC track, the track is considered to be a muon candidate.
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Central Muon Upgrade

The Central Muon Upgrade system [54] is located outside the CMU behind
an additional three interaction lengths of steel for extra hadron absorption. Behind
shielding there are four layers of drift tubes of similar construction to those in the
CMU. The CMP system provides 63% azimuthal coverage. The extra shielding dras-
tically reduces the hadronic background in this chamber relative to that in the CMU
but also raises the transverse momentum threshold for detectable muons to 2.2 GeV/c.

The CMP measures the muon position in the r — ¢ plane with a resolution of 300 pm.

Central Muon Extension

Muon detection was extended to the 0.6 < |n| < 1.0 region with the addition
of four free standing conical arches of four layers of drift tubes called the Central Muon
Extension (CMX). Figure 4.3 shows the placement of these arches around the central
detector. The CMX coverage is ~ 66% in azimuth. In order to reach the CMX
chambers a particle has to go through six interaction lengths of material and have
transverse momentum higher than 1.7 GeV/c. The CMX is sandwiched between two
layers of scintillator counters (CSX) [55] which are used for triggering. The CMX drift
tubes are of a similar construction to the CMU and CMP drift tubes. The position

resolution in azimuth obtained with the CMX is about 270 pm.

Forward Muon Detector

The Forward Muon system (FMU) [56] consists of a pair of magnetized
iron toroids with three sets of gas drift chambers and two planes of scintillation
trigger counters. The FMU covers the pseudorapidity range 2.0 < |n| < 3.6. The

drift chambers provide a measurement of muon momentum with resolution 13% and
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position with resolution 130 pm.

4.2.4 Beam-Beam Counters

The beam-beam counters (BBC) are two planes of scintillation counters
mounted in the front of the forward calorimeter on the east and west sides of the
detector. These scintillator hodoscopes are primarily used to provide a minimum bias
trigger [57] for the detector, and are also used to estimate the luminosity. Each BBC
consists of sixteen scintillator counters arranged in a criss-cross grid around the beam
pipe, forming four concentric squares, as shown in Figure 4.9. The dimensions of the
four counters in each square are such that each counter covers an approximately equal
range in pseudorapidity of An = 0.7. The counters are located at a distance of 5.8 m
from the nominal interaction point and cover the angular region from 0.32° to 4.47°,
corresponding to a pseudo-rapidity of range of 3.24 to 5.89. The counters provide an
accurate measurement of the time of the interaction with a timing resolution better
than 200 ps. Coincident signals detected in the counters on each side of the interaction
point, within a fifteen nanosecond gate centered twenty nanoseconds after the beam
crossing, serve as a minimum bias trigger. The minimum bias trigger rejects events
due to collisions between the beam and residual gas in the beam pipe, beam halo,
and cosmic rays.

The integrated (instantaneous) luminosity is measured as the rate of east-
west coincidences divided by oppc, the pp cross section visible in the beam-beam
counters. The measured value of ogpc is 51.15 + 1.60 mb [58].

The beam-beam counters play an important role in the analysis of this dis-
sertation, measuring the charged particle multiplicity in the forward region. Together

with the adjacent forward calorimeter they are used to tag events with a forward ra-
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Figure 4.9: Front view of one of the Beam-Beam Counter planes.

4.3 Trigger System

At the Tevatron, operating with six proton bunches colliding with six anti-
proton bunches, a beam crossing at the CDF detector occurs every 3.5 us. Therefore,

2571 at least one pp interaction

with a typical instantaneous luminosity of £ ~103' cm™
is expected at every beam crossing, yielding an event rate of ~ 300 KHz. The amount
of information the CDF detector collects after a single beam crossing, termed an event

as far as the data and triggering system are concerned, is typically around 200 KB.
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CDF can reliably write data to permanent storage media at a maximum rate of
a few events per second, thus keeping the amount of data for offline processing to
a manageable level. This requires the use of a sophisticated trigger system with a
rejection factor of about 10*-10°, while maintaining high trigger efficiencies for desired

types of events.

In order to select and filter the small fraction of interesting physics events
from the large number of pp interactions produced by the Tevatron, CDF implements a
three-level trigger system [57]. Each successive level uses more detailed requirements.
The decision at each level is based on a logical “OR” of these requirements, which
are designed to select different physics processes. The first two levels of the trigger

system are implemented in hardware, while the third level is implemented in software.

The first level trigger, Level 1, trigger makes a decision whether or not
to accept the event in the relatively short time between beam crossing (3.5 us),
introducing no dead-time(time interval when the trigger system cannot react to a
beam crossing). Level 1 is implemented in custom-built hardware and uses the fast
analog outputs from the calorimeters and muon detectors. The calorimeter towers are
summed, separately for the electromagnetic and hadronic parts, into trigger towers of
0.2 units in  and 15° in ¢, corresponding to an array of 42 (in 1) by 24 (in ¢). The
signals from the towers are summed and weighted by sin # to represent the transverse

energy, Er.

Typical Level 1 trigger requirements are that the transverse energy of a
single trigger tower be above some preprogrammed threshold, or the presence of track
segments in the muon chambers, or a beam-beam counter coincidence, etc. Various
combinations of the above criteria form different Level 1 triggers. The average rate

of accepted events out of Level 1 is approximately 1 KHz.
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Once Level 1 trigger accepts an event, the second level trigger, Level 2, deals
with the event. If the event is rejected, the information stored in the CDF components
is cleared and the detector is ready to consider the next pp interaction. The Level 2
trigger takes about 20 us to decide if the event should be considered further or not,

introducing ~ 10% of dead-time.

Level 2 uses the same 42 x 24 array of trigger towers in 1 — ¢ to search
for clusters of electromagnetic or total energy. This is done by a hardware cluster
finder. The clusters are formed by searching for a seed tower above some prede-
fined threshold and adding in neighboring towers which are over a lower threshold.
Electromagnetic and hadronic energies of all found clusters are summed separately,
digitized and presented to a fast hardware Level 2 processor. Electromagnetic clus-
ters are distinguished from hadronic jet clusters on the basis of the fraction of the
electromagnetic energy in the cluster. For each calorimeter cluster and track segment
in the muon chambers, the fast hardware tracking processor matches tracks found
in the CTC. The result of the Level 2 trigger processing is identification of possible
muon, electron, photon, and jet candidates. The acceptance rate after the Level 2

trigger is ~ 20 Hz.

At Level 2 some triggers are prescaled to reduce the total acceptance rate.
This means that a predefined fraction of events that passed the trigger are considered
to fail it. Prescaling is sometimes more preferable to making the trigger cuts more
stringent and allows to accept as many rate events as possible while still accepting
other data at reasonable rates. Some triggers are dynamically prescaled. A dynam-
ical prescale changes during the course of the run depending on the instantaneous
luminosity: it is large when the luminosity is high and small when the luminosity is

low.
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The Level 3 trigger, which is the last stage of the on-line trigger system,
is entirely based on software. It runs a simplified version of the CDF offline event
reconstruction code on a farm of 64 commercial Silicon Graphics processors. Several
events are analyzed in parallel. After the event reconstruction, various analysis and
filtering software modules are run in separate trigger paths. The Level 3 trigger
reduces the event rate to a few Hz with a rejection factor of 3-4. All events passing

Level 3 were logged to staging disks and then copied to 8 mm tapes.

4.4 Data Acquisition System

The CDF detector has about 150,000 electronic channels of photomultiplier
tubes, strip/wire/pad chambers, drift chambers, drift chambers with current divi-
sion readout, and silicon strip detectors. These channels are read out by front end
electronics, which consists of 60 commercial FASTBUS crates and 129 custom built

RABBIT crates mounted on the detector.

A special Redundant Analog Bus-Based Information Transfer (RABBIT) [59]
system was developed at Fermilab to deal with the very large dynamic range, ~
(0.001 — 100) GeV, required by the calorimetry electronic readout. Most tracking
detectors are read out by a FASTBUS [59] system. The RABBIT system services
calorimetry and muon detectors. The analog signals from the front end electronics
are digitized by analog-to-digital (ADC) or time-to-digital (TDC) converters, depend-
ing on the origin of the signal. The digitized RABBIT channels are read out by fast
intelligent scanners called MXs [59]. FASTBUS Readout controllers (FRC) are in-
stalled in each FASTBUS crate to read out the front end electronics. A series of six

single-board VME based Scanner CPUs (SCPU) read out a subset of the FRCs over
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a custom built Scanner Bus. The Scanner CPUs are controlled by processes running
on a dedicated VME based CPU called the Scanner Manager (SM). FRCs also pro-
vide the interface for the MX readout. The data flow through the hardware trigger
system, consisting of the Level 1 and 2 triggers and Front-end Readout and Decision

boards (FRED), is managed by the Trigger Supervisor (TS) FASTBUS module.

_774>
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Figure 4.10: Schematic of data flow through the CDF Data Acquisition system.

During data taking, once the Level 2 trigger accepts an event, it commu-
nicates its decision via FRED to the Trigger Supervisor, which instructs the FRCs
to load the event. When all FRCs finish loading an event, the Trigger Supervisor

notifies the Scanner Manager about the event, via the Trigger Supervisor Interface

o7



(TSI), which is an FRC in the Trigger Supervisor crate. After that the SM broadcast-
s the “Load Event” control signal to the SCPU. Communication with the Scanner
CPUs, Scanner Manager and the Level 3 systems is via a dedicated reflective-memory
network called SCRAMNet (Shared Common RAM Network). After a SCPU has re-
ceived data from all FRCs connected to it, it sends the “Load Event” acknowledgment
to the SM. After all the SCPUs are finished loading the event, the SM informs the
Trigger Supervisor via TSI, which frees the front end buffers so that another event
can be loaded. Additionally, the SM finds an available memory buffer in Level 3,
and issues a “Send Event” command to the SCPU. Each SCPU transmits its event
fragment over the Ultranet network to the correct Level 3 memory buffer. After the
transmission is finished, the SCPU returns a “Send Event” acknowledgment to the
SM. The SM notifies the Level 3 when the event is complete. The Level 3 builds and
formats the complete event from the received fragments and passes it to Level 3 trig-
ger software. Events passing the Level 3 trigger are passed to the Consumer Server
(CS) via Ultranet. The CS then passes events to the Consumers using either Ultranet
or Ethernet. One of the consumers is the Data Logger, which writes accepted events
to staging disks and subsequently to tape. The SM crate contains the User Control
Interface (UCI) and the Error Monitor processes, running on local CPU VME boards.
Thus a command passing from the DAQ user via Run Control (RC) to and from the
SM, which controls the entire system, is implemented via yet another independent

path, the VME bus of the SM crate.
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Chapter 5

Data

The events used in the analysis of this dissertation were selected by a three
level trigger system, described in Section 4.3. The criteria used to identify muon

triggers are described in more detail in the following section.

5.1 Muon Triggers

Muon candidates from the decay J/¢ — utp~ are identified in the cen-
tral pseudorapidity region (|| < 1.0) by the muon drift chambers described in Sec-
tion 4.2.3. The central muon chambers, CMU and CMP, cover the region |n| < 0.6,
and the central muon extension system, CMX, extends this coverage to || < 1.0.
These muon detectors are used in a three-level trigger system to require one or two

muons in the event.

5.1.1 Level 1

For the Level 1 trigger the central muon detectors are logically segmented

in azimuth into 5° wide trigger towers. The east and west halves of the detectors are
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independent. Also, the CMU and CMX trigger towers are counted separately. A muon
track or stub at the trigger level consists of at least two hits on radially aligned wires
in the CMU or CMX chambers. To reduce backgrounds each muon stub is required to
have a matching hit from the hadron-calorimeter TDC fastout. In addition, for CMX
stubs the trigger uses the timing information provided by scintillator counters (CSX),
in order to reduce the rate from particles not associated with the primary interaction.
The transverse momentum, Pr, of the muon track segment is roughly evaluated by
using the arrival times of the drift electrons at the sense wires to determine the
deflection angle due to the magnetic field. The Level 1 dimuon trigger requires two
muon stubs with Pr > 3.3 GeV/c. Despite the Pp cut, a muon with a Pr as low as
1.5 GeV/c can pass the dimuon triggers. The trigger hardware combines azimuthally
adjacent towers with muon stubs into a single muon. Thus, to pass the dimuon
trigger, there must be a tower between two muons which does not contain a muon
stub, or the muons must be in opposite halves of the detector or in different muon
systems (CMU and CMX). The Level 1 single muon trigger requires a track segment
in the CMU system with Pr > 6 GeV/c in coincidence with hits in the CMP, or a

track segment in the CMX with Pr > 10 GeV/c in coincidence with hits in the CSX.

5.1.2 Level 2

To identify muons the Level 2 muon trigger matches CTC tracks recon-
structed in the 7 — ¢ plane using the Central Fast Track processor (CFT) [60], above
a specific Pr threshold to muon trigger towers which are set at Level 1. The momen-
tum resolution of the CFT is o(Pr)/Pr = 3.5% with high efficiency. If the CFT track
extrapolates to a muon trigger tower, the wedge containing this tower and the trigger

tower itself are marked as having a golden muon. Golden muons are associated with

60



calorimeter trigger towers defined in Section 4.3. Contiguous calorimeter towers are
grouped by the hardware cluster finder to form Level 2 muon clusters. Clusters are
tagged as to whether they are for CMU and/or CMX muons. A typical muon cluster
includes 3 calorimeter towers; however, golden muon hits in adjacent wedges form
a 6-tower cluster, and a single CFT track associated with CMU and CMX Level 1
trigger towers on the same side in the same wedge yields a 5-tower cluster. Each such
cluster is treated as one gold muon by Level 2. The Level 2 dimuon trigger demands a
Level 1 dimuon trigger and one or two Level 2 muon clusters as described above. The
trigger with two golden muons requires associated CFT tracks of Ppr > 2.2 GeV/c.
For two CMU/CMX muon candidates on the same side of the detector the trigger
also requires at least one empty wedge between the two golden wedges. For a CMU
muon candidate pair with one muon in the east and the other in the west half of the
detector, the golden wedges must be at different azimuth for the trigger to fire. The
Level 2 dimuon trigger requiring one Level 2 CMU cluster and in addition demands
a second Level 1 muon stub in either the CMU or the CMX,, or the highest Py muon
cluster to have 6 or more towers. In the first case the threshold of matching a CFT
track is set at 3.4 GeV/c and in the second case at 2.2 GeV/c. The Level 2 single
muon trigger requires a Level 1 single muon trigger and one Level 2 muon cluster with
a CFT track of Pr > 7.5 GeV/c or Pr > 12 GeV/c. The extrapolated position of the
CFT track to the muon tower is required to be within 5° in azimuth. In addition,
depending on further use, several single muon triggers apply jet requirements or a

minimum ionizing cut.
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5.1.3 Level 3

At the third level of the trigger, a computer farm is used to fully reconstruct
the data, including three-dimensional track reconstruction in the CTC in addition to
the standard muon reconstruction. There are two Level 3 triggers used to select J/1)
candidates. The first trigger requires a Level 2 trigger with two golden muons and
applies a set of quality cuts detailed below, while the second requires an event to only
pass any other Level 2 muon trigger. In addition to the requirement of two Level 2

muons, the first Level 3 trigger applies the following selection criteria:

e a pair of oppositely charged muons;
e muon track transverse momentum of Pr > 1.4 GeV/c;
e dimuon invariant mass between 2.8 and 3.4 GeV/c?;

e matching between the extrapolated CTC track and the muon stub within 4o
in the r — ¢ and r — 2z view for CMU muons, and in the r — ¢ view only for
CMX and CMP muons, where o is the track extrapolation uncertainty due to

multiple scattering and resolution.

The triggers are necessary to ensure that the events are in a region where
the efficiency of the detector is well understood. Additional requirements are applied
for the purpose of increasing the signal to background ratio. The backgrounds that

need to be suppressed are discussed below.

5.2 Non-J/i¢ Background Contributions

The main source of muon background is punch-through, which is usually

divided into two types. Non-interactive (or sail-through) punch-through takes place
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when a charged hadron, typically a pion or a kaon, travels through the entire calorime-
ter without initiating a hadronic shower. Averaged over the different particles, there
is a 0.5% probability of a hadron penetrating the calorimeters without initiating a
shower [61, 62]. Since this is the specific property of muons which the muon detectors
exploit to identify muons, these particles are misidentified as muons. There is little
that can be done to reject this type of background, beyond increasing the shielding
in front of the muon chambers. Interactive punch-through occurs when a particle
initiates a shower in the calorimeter, but the shower is not fully contained by the
hadronic calorimeter and one or more charged particles escape. If one of these parti-
cles leaves a stub in the muon chamber consistent with a track reconstructed in the
CTC, a muon candidate is formed. Since these particles are generally traveling at an
angle relative to the particle that initiated the shower, the match of the muon stub

with the extrapolated CTC track is often much worse than for a real muon.

Another source of background is decay-in-flight muons. These are muons
produced by the decays (7%, K*) — /Lil/u. Depending on where in the detector the
decay occurs, it will either result in a poorer match between the muon stub and the
extrapolated CTC track or there may be difficulties in attempting to extrapolate the
track to the production vertex. The magnitude of any extrapolation discrepancies
will depend upon the parent transverse momentum; higher Pr decays will produce

smaller kinks and smaller discrepancies.

Background is also contributed by heavy flavor decays, consisting of opposite
sign muon pairs produced by bb or c¢ production when both heavy quarks decay
semileptonically by bb — céu*p X or cé — s5utp~ X or by the sequential decay
b — cpu v, followed by ¢ — su*v,. Whereas most of the other backgrounds do not

contain muons, the muon candidates produced by these decays are real muons. The
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only differences with J/1) events are that the mass does not peak sharply and the
muons do not originate from a common vertex.

Still another background is dimuons from Drell-Yan production. Unlike the
heavy flavor decay background, these dimuons are produced from the same vertex.
The Drell-Yan dimuons form an invariant mass which contributes to the background

under the .J/1¢ mass peak.

5.3 Offline Dimuon Selection

The sample of .J/1¢ candidates selected by the Level 3 trigger is further

processed in the offline analysis by applying the following set of selection criteria.

e All runs declared “bad” for analysis based on the muon detectors or containing

duplicate events are removed from the sample.

e Asexplained in Section 6.2 we use BBC information to tag rapidity gaps. There-
fore, we only use data for which there is no BBC-coincidence requirement in

the trigger.

e In diffractive .J/¢ events, a second minimum bias interaction most likely con-
tributes to non-zero multiplicity on the rapidity gap side of the event. In order
to eliminate events with more than one interaction during the same beam-beam

crossing, only events with one reconstructed vertex are retained.

e The vertex distribution has a roughly Gaussian shape of 30 cm width and is
centered within a few cm around z = 0. To ensure good coverage by the central
detector, each event is required to have a vertex within +60 cm of the center of

the detector along the beam line.

64



e A minimum transverse momentum of 2 GeV/c is required for each muon to

ensure that the muon trigger was efficient for dimuon events.

e Several of the backgrounds mentioned above create muon candidates for which
the matching between the muon stub and the CTC track is not as good as in the
case of muons from .J/1¢ decays. To reduce these backgrounds, the matching
requirement is tightened to be less than 30 in the r — ¢ view and less than
V120 in the r — z view: x7_,(CMU)< 9, x2_,(CMU)< 12, x7_,(CMP)< 9,

X2 5 (CMX)< 9.

e For optimal vertex resolution both muon candidate tracks are required to be

reconstructed in the SVX detector.

e The muon tracks are constrained to come from a common vertex. The y?
from the vertex constrained fit (CTVMFT) is required to be less than 6.6,
which corresponds to a confidence level for the fit larger than 1%. There are
several advantages in imposing this constraint. The calculated dimuon mass
using the vertex constrained momenta is more accurate than the unconstrained
mass, resulting in less background under the mass peak. Also, some of the
background sources yield tracks which do not extrapolate to a common vertex.
Requiring the two tracks to be consistent with a common vertex reduces these

backgrounds.

1

e The calculated uncertainty of the two dimensional decay distance L, * is re-

'L, is the projection of the vector X, pointing from the primary to the secondary vertex, onto
the transverse momentum of the J/4:

x5’
Loy="—1
|Pr |
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quired to be < 150 pum to ensure a precise vertex measurement.

e The dimuon invariant mass of J/1¢ candidates is required to be in the window

3.05 < Myt, < 3.15 GeV/é2.

The mass window requirement is presented for reference only. It is relaxed
in order to estimate the non-J/¢ background under the J/1 peak (see Section 6.4)

and to study the contribution from B-hadron decays presented in Section 6.9.

Criterion Accepted Events
Initial sample 990,422
Bad runs and duplicate events 835,236
No BBC coincidence in the trigger 734,375
Only 1 vertex 74,058
| Zyertex] < 60 cm 70,149
PR >2GeV/e 52,343
X$,¢(CMU/CMP/CMX)< 9, x2_,(CMX)< 12 48,396
Both muon tracks in the SVX 31,551
Vertex constrained fit x* < 6.6 28,669
0(Lyy) <150 pm 26,115
3.05 < M+, < 3.15 GeV/c? 18,910

Table 5.1: Criteria used to select the J/1 — p*p~ sample for the diffractive analysis.

Table 5.1 lists the offline selection criteria together with the number of events
remaining in the sample after each cut. Figure 5.1 shows the distribution of the
primary vertex z-position (a), the x? of the vertex constrained fit (b), the muon
transverse momentum (c) and the calculated decay length uncertainty (d) for the
events remaining in the sample and those removed (shaded area) by the corresponding

selection criterion. The final .J/1 sample contains 18,910 events.
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Figure 5.1: (a) Primary vertex z-position, (b) x? of the vertex constrained fit, (c) muon
transverse momentum and (d) calculated decay length uncertainty for the events remaining

in the sample (histogram) and those removed (shaded area) by the selection criterion.
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Chapter 6

Diffractive J/¢ Production

6.1 Introduction

CDF has published several papers on hard diffraction, diffractive W [23],
dijet [21] and bottom-quark production [1]. The interest in these processes lies in
the information they provide about the quark and gluon content of the colorless
exchange, the so-called pomeron, which mediates diffractive reactions. In hadron-
hadron collisions J/¢ mesons are mainly produced through gg fusion reactions (See
Fig. 6.1) and therefore diffractive .JJ/t¢ production enables us to probe directly the

gluon content in the pomeron [63].

Sections 6.2 - 6.6 describe the method of extracting the diffractive J/v
signal. The corrections used to calculate the fraction of diffractive J/¢ production
are discussed in Section 6.7. The diffractive to non-diffractive .J/1) production ratio is
given in Section 6.8, and an extensive study on separation of prompt and non-prompt

J /1) components is provided in Section 6.9.
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Figure 6.1: Schematic diagram for diffractive J /vy production by color-singlet exchange in

pp interactions.
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6.2 Rapidity Gaps

Single-diffractive (SD) events are characterized by a rapidity gap (absence
of particles) in one of the forward regions of the detector. The interpretation of
such events in terms of pomeron exchange is illustrated in Figure 6.1. Suppose an
incoming proton emits a pomeron that interacts with an incoming antiproton. Since
the pomeron is a colorless object with vacuum quantum numbers, no particles are
produced in the rapidity region between the proton and the pomeron, and a rapidity
gap appears on the east side of the detector (at CDF protons travel from west to
east). The width of this gap is An ~ —In¢, where £ is the fraction of the proton
momentum carried by the pomeron. The far edge of the gap is given by the outgoing
proton rapidity, which is Npreton = I0(v/S/Mproton) & 7.5 1.

When searching for rapidity gaps, two effects must be taken into account:
detector noise, which fills true rapidity gaps with fake particle signals, and multiplicity
fluctuations, which create rapidity gaps of non-diffractive origin. To deal with the
detector noise problem, the standard technique at CDF is to set calorimeter thresholds
just above noise level and to correlate calorimeter gaps with gaps in the beam-beam
counters. Optimal calorimeter thresholds were determined by studying a sample of
events triggered on beam-beam crossings only and with no reconstructed vertex [64].
These thresholds are listed in Table 6.1.

For this analysis rapidity gaps are identified by the following two require-

ments:

1. No calorimeter tower energy above threshold in the region —4.2 <n < —2.4 for

west gaps, or 2.4 <7 < 4.2 for east gaps.

!'We use rapidity y and pseudo-rapidity n interchangeably, since in practice they are approximately
equal.
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n region Tower Er threshold (GeV)
| < 1.1 0.2

1.1 < |n| < 1.5 | 0.45 x sin[2 arctan(exp(—n))]
1.5 <|n <2302

2.3 < |n| < 3.0 | —0.143 x || + 0.579

3.0 < |n| < 4.2 | —0.0625 x || + 0.3375

Table 6.1: Tower E thresholds used to tag rapidity gaps in the calorimeters. In the central
and plug calorimeters the thresholds are constant at 200 MeV except around edge cells.
In the forward calorimeters the Ep thresholds are approximately equivalent to a constant

energy threshold of 1.5 GeV.

2. No hit in the beam-beam counters (BBC) on the same side as the calorimeter
gap. Here, a beam-beam counter hit is defined as the logical AND of the hit
signals of the two attached PMT’s. A PMT is hit if the corresponding TDC
count is less than 100 nsec. The logical AND is satisfied if the difference between
the two PMT TDC’s is less than 15 nsec. The rapidity coverage of the beam-

beam counters extends from 3.2 to 5.9 on each side of the detector.

A typical diffractive .J/1 candidate is shown in Figure 6.2. As shown in the
top lego plot, there is no calorimeter activity in the region 2.4 < n < 4.2. In addition
to the two muons from the .J/v¢ decay there is a jet produced back-to-back in ¢ with

respect to the .J/.

6.3 Diffractive Event Signal

To select rapidity gap events we plot the BBC hit multiplicity versus the
multiplicity of the forward calorimeter towers above the energy thresholds described

in Section 6.2 for events with a dimuon mass in the range 3.05 < M,+,- < 3.15
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Figure 6.2: Typical diffractive J/v¢ candidate as observed in the detector. Top: n-¢ lego

plot of transverse energy deposited in the calorimeter. The plot shows two muons observed
in muon chambers and one energetic jet with Er = 12 GeV. Bottom: transverse view of the

event and side view of the part of the central calorimeter with the detected jet.

73



GeV/c? (see Fig. 6.4). Figure 6.3a shows this multiplicity plot for east and west
sides superimposed, i.e. using two entries per event. There is a clear excess in the
Ngpc = Ncar, = 0 bin, which is associated with a diffractive signal. Figure 6.3b
shows the same distribution with only one entry per event, which is chosen to be the
side with the minimum BBC multiplicity.

The diagonal bins (N = Npgc = Ncay) of the multiplicity distribution
(Fig. 6.3b) are used to estimate the non-diffractive background in the (0,0) bin, since
Monte Carlo studies of other diffractive processes (see for example [64]), as well as of
this process (see Section 7.1), have shown that there is very little diffractive signal
leaking into the non-zero diagonal multiplicity bins.

Both the non-J/v and non-diffractive backgrounds must be carefully sub-
tracted in order to correctly evaluate the ratio of diffractive to non-diffractive J/1)

production.

6.4 Non-J/v Background

In order to measure the ratio of diffractive to non-diffractive .J/v¢ production,
we first need to estimate the number of non-.J/¢ events in the (0,0) bin. This is done
by performing a binned log-likelihood fit of the dimuon mass spectrum in the (0,0)

bin to the function

p1 AM _l(M)Z D4
M) = e 2\ pr3 + 6.1
J(M) V2T ps Nyins (6.1)

where AM = 0.01 GeV/c? is the bin width and Ny,s = 40 is the number of bins in the
fit. The fit parameters are py, ... ,pys, where p; represents the number of .J/v events
and py the number of non-J/1) events. To estimate the non-diffractive background

in the (0,0) bin from the diagonal bins of the lower plot in Fig. 6.3, we also need to
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fit for the non-J/1¢ background in the diagonal bins, as well as in the inclusive J/1)
candidate sample. In order to account for the muon final state radiation, the dimuon
mass distribution of the inclusive .J/v¢ candidate sample is fitted to the sum of two
Gaussians and a linear function. The fit results are displayed in Figs. 6.4 to 6.7 and
summarized in Table 6.2. The fit yields the following result for the number of J/1)
events in the (0,0) bin:

0,0
N = 980 £10.3 (6.2)

6.5 Non-diffractive Background

To remove the non-diffractive component from the (0,0) bin, we plot the
number of events as a function of diagonal multiplicity, after subtracting the non-.J /1)
background, and perform an extrapolation to the zero-multiplicity bin of a linear fit

to bins 2-12. The relevant plot is shown in Fig. 6.8. The fit to bins 2-12 yields

Neyents = a x Multiplicity + b
(after subtraction of non-J /1 background)
a = 2.52+£0.60
b=21.5+4.2
x*/Ndof = 11.7/9

Extrapolating to the (0,0) multiplicity bin yields a non-diffractive background of

21.5 £ 4.2 events. The diffractive .J/1 content of the (0,0) bin is therefore:

Ny = (98.0£10.3) — (21.5£4.2) = 76.5411.1 (6.3)
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Multiplicity  Neyents N(non—J/v)  N(J/¢)
0 104 6.0£1.4 98.0£10.3
1 34 0.3+0.3 33.7£5.8
2 25 0.6£0.5 24.44£5.0
3 41 1.4+0.7 39.6 £6.4
4 23 1.0£0.6 22.0+4.8
Y 38 25%£0.9 35.5+£6.2
6 48 22+1.0 45.8+ 7.0
7 50 26+1.0 474+ 7.1
8 42 1.6+04 40.4£6.5
9 47 1.14+0.6 45.9+6.9
10 48 4.3+£1.2 43.7+£ 7.0
11 46 4.0+£1.1 42.0+£6.9
12 63 6.6 1.5 56.4+8.1

Full sample 18910  1230+£27.5 17680 + 140

Table 6.2: Results of fits to the dimuon invariant mass distribution as a function of calorime-
ter tower and BBC multiplicity for events where the two multiplicities are equal. The first
column indicates this common multiplicity. The second column gives the total number of
events in the corresponding multiplicity bin. The third column provides the fit results for the
number of non-J /¢ background events and fourth column gives the number of J/1 events
left after subtracting the background. The last line provides the result of a fit to the entire

inclusive J /v candidate sample.
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Figure 6.5: Mass distribution of the diffractive J/1 candidates (Ngpc = Ncar, =0). A fit

to the sum of a gaussian and a constant function is superimposed.

6.6 Comparison of Diffractive and Non-diffractive

J/1¥ Event Kinematics

As shown in Section 6.5, the zero-multiplicity bin contains approximately
80% diffractive J/1’s. Figures 6.9 and 6.10 show distributions of the .J/v transverse
momentum, the 7, and the vertex z position for the events in the zero-multiplicity
bin and for the total inclusive sample. The distributions for “diffractive” (zero mul-

tiplicity) and “non-diffractive” (inclusive) events are very similar.
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6.7 Corrections

In order to evaluate the ratio of diffractive to non-diffractive .J/1¢ production,

three effects need to be taken into account:

1. The occupancy of the BBC and of the forward calorimeters due to detector

noise or beam halo, which hides a rapidity gap signal (“kills” the gap).

2. The one-vertex cut efficiency. The one-vertex requirement, aimed to exclude
events with multiple interactions in a beam crossing, also rejects some single-
interaction J/¢ events due to confusion in vertex reconstruction resulting in

extra reconstructed vertices, particularly in events with high track multiplicity.

3. The gap acceptance, A,,,, defined as the fraction of single-diffractive interac-

gap>

tions having a rapidity gap in the selected region 2.4 < |n| < 5.9.

6.7.1 Forward Detector Live Time Efficiency

The forward detector live time efficiency, defined as the complement of the
occupancy, was measured by studying the rate of hits in these detectors in a sample
of trigger-unbiased events with no reconstructed primary vertex [65]. We will refer
to such hits as “noise”. Since the Run 1B minimum bias data were collected with
the BBC trigger requirement activated, it was not possible to create an appropriate
trigger-unbiased no-vertex sample from the data of this run. Therefore, Run 1A mini-
mum bias data were used for this study. Figure 6.11 shows the probability of no-noise
in the forward detectors as a function of instantaneous luminosity. Parameterizing
the luminosity dependence of the no-noise probability using a linear function allows

us to estimate the live time efficiency at the average luminosity of our run 1B J/1)
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sample.

The average luminosity of the sample is 7.3 x 10*%cm™s™!. At this lum-
inosity, the live time efficiencies obtained from Figure 6.11 for the east and west
forward detectors are 0.825 and 0.766, respectively. The average of these two numbers

is used as an overall live time efficiency,

ELive = 0.80 £ 0.03 .

6.7.2 Single Vertex Cut Efficiency

The one-vertex cut efficiency is defined as the number of events with one
primary vertex divided by the number of single-interaction events. In order to evaluate
the number of single-interaction events, we first calculate the number of minimum bias

interactions per bunch crossing, which is given by

n = Cacc ’ ‘Cir}qt *OBBC (64)

where L, is the instantaneous luminosity in units of 10*%cm 257!, C,.. = 1 —
0.002704- L;,; is the accidental correction factor for L. [66] , o0ppc = 51.15 mb is the
minimum bias cross section, and f = 286.28 is the frequency of the bunch crossing.
The probability of zero extra minimum bias interactions per bunch crossing, which
represents the fraction of single-interaction events, is then given by e™", using Poisson
statistics.

Some Level 2 triggers had dynamic prescaling, which depended on the in-
stantaneous luminosity. In order to avoid bias, only events that pass the unprescaled
Level 2 triggers (~ 60% of all events) were used in the evaluation of the one-vertex

cut efficiency. To study the luminosity dependence of the efficiency, the sample of

J/1 candidates passing all selection requirements was divided into luminosity bins
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of width 1 x 10*%cm 257!, The one-vertex cut efficiency obtained for different inter-
vals of instantaneous luminosity is given in Table 6.3. From this analysis an overall
efficiency of (56.1 & 3.8)% is derived, where the assigned uncertainty accounts for

observed variations in efficiency as a function of instantaneous luminosity.

For diffractive events, the one-vertex cut efficiency was estimated by as-
suming that the probability of zero minimum bias interactions is 1, since particles
produced from the extra minimum bias interaction would most likely spoil the rapid-
ity gap. The one-vertex cut efficiency obtained for the single-diffractive J/¢ sample

is 0.85 £ 0.03.

Linst; 10%%cm™s™" | Ny | Nivix | B = Niyix/Nan | Py = e | Efficiency, %
2-3 338 | 116 | 0.343240.0260 | 0.6318 | 54.32 +4.12
3-4 1993 | 580 | 0.2910 £0.0102 | 0.5292 | 54.99 & 1.93
4-5 6377 | 1549 | 0.2429 +0.0054 | 0.4471 | 54.33 £1.21
5-6 9985 | 2182 | 0.2185+0.0041 | 0.3793 | 57.61 +1.08
6-7 10116 | 1823 | 0.180240.0038 | 0.3197 | 56.37 +1.19
7-8 10103 | 1525 | 0.1509 4 0.0036 | 0.2695 | 55.99 + 1.34
8-9 9429 | 1251 | 0.132740.0035 | 0.2275 | 58.33 + 1.54
9-10 8407 | 964 | 0.114740.0035 | 0.1921 | 59.71 +1.82

10-11 6910 | 583 | 0.0844 4 0.0033 | 0.1620 | 52.10 + 2.04
11-12 5462 | 409 | 0.0749 +0.0036 | 0.1372 | 54.59 4 2.62
12-13 4028 | 262 | 0.0650 & 0.0039 | 0.1161 | 55.99 + 3.36
0-25 85252 | 11735 | 0.1377 4+ 0.0012 | 0.2452 | 56.14 + 0.49

Table 6.3: Single-vertex cut efficiency. The first column indicates the luminosity interval.
The second, third and fourth columns give the total number of events, the number of events
with one reconstructed primary vertex, and the ratio of these two numbers, respectively.
The fifth column provides the calculated probability of zero minimum bias interactions per

bunch crossing, and the last column the one-vertex cut efficiency (ratio R/P;).
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6.8 Ratio of Diffractive to Non-diffractive Events

Denoting by R,/ the fraction of .J/1 events produced by single-diffractive
interactions, the measured diffractive fraction for events satisfying our rapidity gap

definition is

N. gNh 1
SDJ /vy 1vtx (65)

RJ x A =
/v sap NNDJ/w 6?3,( €Live

where Ag,, denotes the rapidity gap acceptance, i.e the fraction of diffractive J/v

events satisfying our rapidity gap requirements (see Section 6.2).

Table 6.4 lists the estimated values of corrections factors in Eq. 6.5.

Correction Factor Value Uncertainty

ELive 0.80 +0.03
eNb 0.561 +0.038
e3> 0.85 —

Table 6.4: Correction factors.

Thus, we find

76.5+11.1  0.561 £0.038 1
X X
17680 £ 140 0.85 0.80 £0.03 (6.6)

RJ/w X Agap =

=[0.36 4 0.05(stat) £ 0.03(syst)]%,

where the statistical error combines in quadrature the uncertainties on the number
of diffractive J/1 events in the (0,0) bin and in the inclusive sample, and systematic

error is due to uncertainties in €4, and £yye.
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6.9 Study of B-hadron Decay Component in the J/1)
Event Sample

The fraction of the B-hadron decay background in our final .J/¢ sample was
estimated by using the precise measurement of the decay length provided by the SVX.

The invariant mass distribution of the final dimuon sample is shown in Fig-
ure 6.12. The light-shaded area indicates the .J/1 signal region 3.05 < M,+,- <
3.15 GeV/c?. This region contains 18910 events. The dark-shaded area shows two
sideband regions, one with mass from 2.8 to 3.0 GeV/c? and the other from 3.2 to
3.4 GeV/c?. The sidebands, which contain 4457 events, were used to determine the
shape of the lifetime distribution for background events in the .J/i¢ signal region.
After background subtraction, the number of J/1’s in the signal region is found to

be 17680 £ 140 (see Table 6.2).

6.9.1 Definition of Proper Decay Length

For each J/i in the sample, a two dimensional decay distance L,, was
calculated, defined as the projection of the vector X , pointing from the primary

vertex to the secondary vertex, onto the transverse momentum of the J/1:

(6.7)

The position of the secondary vertex is obtained by constraining the two muon tracks
to come from a common decay vertex. The primary vertex position is approximated
by the mean beam position, determined run by run by averaging over many events.

The uncertainty on L, is obtained using

T AP (o, F AP+ 3%, PLF,
PF

(6.8)

U(Lmy) =
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Figure 6.12: Invariant mass distribution of oppositely charged dimuons after all selection
cuts except for the mass cut. The shaded areas indicate the J /v signal (gray) and sideband
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where 0,,, 0, and o0,, are covariance matrix elements for the secondary vertex fit,
0, is the uncertainty of the primary vertex (beam spot), and P, and P, are the z and
y components of the B-hadron momentum, Pg.

To convert the transverse decay length into a proper lifetime, the relativistic
quantity (4v)p of the B hadron must be determined. Since the .J/1 selected by the
dimuon trigger typically carries most of the momentum of the B hadron, the (37),
of the J/1 is a good first approximation to (57)p.

Using a Monte Carlo procedure, a ((3v) correction factor F.., which relates
the boost factor (3v), of the J/1 to the boost factor (8v)g of the J/i parent B
hadron, was calculated as a function of P}p . Details of this procedure can be found
in the measurement of B-hadron lifetime [67]. The parameterization of Fo.(P}) is

given by
Fron(PY) = 2.44 - exp(—1.18PY) + 0.84 (6.9)

The pseudo proper decay length, c7, is then calculated from L, using the

equation

My,

Ly, ——— 1 6.10
! P}p'Fcorr(P:lzé) ( )

cT =

6.9.2 Lifetime Distribution Fit

In order to obtain the B-hadron fraction from the c¢r distribution, we fit to

three sources of dimuon events in the J/1 invariant mass region:

e J/yY’s from B decays.

e J/v’s directly produced in pp collisions, or resulting from decay of intermediate
states which are significantly short-lived so that their vertex is indistinguishable

from the primary vertex (e.g. from x.’s).
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e Background coming from processes whose invariant mass falls accidentally in
the J/v¢ mass window: these events include dimuons from Drell-Yan produc-
tion, double semileptonic b-quark decays, meson decays-in-flight and residual
hadron punch-through. The shape of this contribution is obtained by fitting

the corresponding J/v sideband distributions.

The first step in the fit is to determine the background c7 shape by fitting
the c¢r distribution for events from sidebands of the dimuon invariant mass distribu-
tion. The background fit is parameterized as a sum of a Gaussian function and three
exponential tails, one symmetrical for both the negative and positive sides and two

assymetrical, one for each side,

1
Bbkg(x) = (1 - f-l— - f— - fsym)G(xaabkg) + f+E(l‘, )‘-i-) + §fsymE(x7)\sym)7 ifz >0

1
Bbkg(x) = (1 - f-l— - f— - fsym)G(xaabkg) + f_E(—l‘, )‘—) + §fsymE(_x7)‘sym)7ifx <0

where the normalized Gaussian and exponential functions are:

G(z,0) = 27meul:p(—rﬂ) (6.11)
E(z,\) = %exp(—%) (6.12)

The background fit parameters are:

fo fraction of the negative exponential

fe fraction of the positive exponential
Joym  fraction of the symmetrical exponential
A slope of the negative exponential

AL slope of the positive exponential

Asym  slope of the symmetrical exponential
opg  Width of the gaussian
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The pseudo-cr distribution of the side bands is shown in Figure 6.13. Ta-
ble 6.5 summarizes the values of the fitted parameters and the errors thereof. The
distribution is clearly asymmetric, with a larger tail at positive lifetimes. An asym-
metric background c7 distribution would be expected, since the dimuon sample con-

tains events from sequential semileptonic b-quark decays (b — cuv — suvuv).

Parameter Value Uncertainty
f- (%)  8.07 +0.93
fi (%) 164  +1.03

fom (%) 317 4004
A (um) 5080 +780
Ay (pm) 770 +60

Asym (um) 168 +12.7
Obkg (um) 43.1 +1.56

Table 6.5: Parameters of the background fit.

The pseudo-cr distribution for the signal region consists of three compo-
nents: prompt J/i¢’s, B-decay contribution, and the non-.J/ background described
above.

The prompt J/v) component is parameterized as

P(l‘) = (1 - ftail)G($,U]/1/}) + %ftaiZE(xa )‘taz‘l) (613)

where fi,; and Ay are the fraction and slope of the exponential tail, and o/, is the
width of the gaussian for the prompt .J/¢ component.
The B-decay contribution is determined by convoluting the prompt shape

function P(z) with an exponential according to the formula

B(x) = / Py — 1) - By Ag)dy (6.14)
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where \p is the average B lifetime. The analytical form of the integral 6.14 is provided
in Appendix A. For our lifetime fit the \p is fixed at 460 pym, as found by the CDF
inclusive B-hadron lifetime measurement [67].

The functional form for the J/v signal, S(z), consisting of prompt and B

components, is given by

S(x) = (1= fp)P(x) + fpB(x) (6.15)

where fp is the fraction of the B-decay contribution, which we seek to estimate.

The total fitted function T'(z) in the signal region is then

T(x) = (1 = forg)S(x) + forgBorg(x) (6.16)

where fy, is the fraction of background events in the signal region, which was eval-
uated in the dimuon invariant mass fit and fixed at 0.065 for this fit.

The parameters of the signal region c¢7 distribution fit are:

fs  fraction of J/v’s from B decay
fokg  background fraction

fiaa  fraction of the exponential tail
At slope of the exponential tail
o7, width of the prompt gaussian

Figure 6.14 shows the pseudo-cr distribution for the signal region with a
fit to the function T'(z) superimposed. The fit parameters and errors thereof are
summarized in Table 6.6.

Figure 6.15 shows the three different contributions used in our fit of the signal
region c1 distribution. The dark-shaded area shows the background contribution, the
light-shaded region shows the contribution from B decays, and the unshaded region
the contribution from prompt .J/¢’s.

Figure 6.16 shows the fitted prompt J/¢ and B-hadron decay contributions.
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Parameter Value Uncertainty

/B (%)  16.78 +0.38
rail (%)  4.60 +0.38
)‘tail (/LIII) 445 +68

T/ (pm)  39.0 +0.34

Table 6.6: Parameters of the pseudo-ct distribution fit in the signal region.

The vertical line at 100 um separates two regions, a long-lived region domi-
nated by B-decay contribution, and a short-lived region consisting mostly of prompt
J/1’s. By integrating numerically the fitted prompt and B-decay .J/v components,
we obtain estimates of the contamination of the .J/i¢ sample by B-hadron decay

background in these two regions. The results are presented in Table 6.7.

ct <100 pm ¢ > 100 pm
Foyp (%) 97.7 2.3
Fgz (%) 19.8 80.2

Table 6.7: Fractions of prompt J/¢ and B-decay contributions in the short- and long-lived

ct regions, calculated by numerical integration of the ct fit results.

Multiplying the overall fraction fp = 16.78% of the B-decay contribution
in our final J/v¢ sample (Table 6.6) by the fraction Fp = 19.8% of the B-hadron
background contained within the ¢r < 100 pum cut (Table 6.7) yields 3.3% for the
background in events that satisfy the ¢7 < 100 um cut. The number of events left in
our J/v sample after applying the ¢ < 100 um cut is 15824. In our further analysis

we only use the sample of events after the c7 cut.
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Multiplicity — Neyents V(non—.J/v)) N(J/4)
0 92 4.6+ 1.2 87.4+9.7
1 25 0.3+0.3 24.7+£5.0
2 22 0.6 +0.3 214+ 4.7
3 37 0.8+0.5 36.2+6.1
4 19 0.7+0.5 18.3+4.4
5 33 214+0.8 30.9+5.8
6 40 3.2+ 1.0 36.8+6.4
7 45 20+1.0 43.0 £6.8
8 34 1.2£0.6 32.8+5.9
9 40 1.1£0.6 38.9+6.3
10 36 284+1.0 33.2+6.1
11 36 3.3+1.1 32.7+6.1
12 53 4.5+1.2 485+ 74

Full sample 15824 916 £+ 23 13339 + 128

Table 6.8: Results of fits of the dimuon invariant mass distribution as a function of calorime-
ter tower and BBC multiplicity for prompt-J /1 events for which the two multiplicities are

equal.

6.10 Fraction of Diffractive Prompt-.J/¢ Events

The diffractive prompt-.J/t¢ content of the (0,0) bin is

NGy = (874£9.7) — (19.943.9) = 6754104

(6.17)
where the non-diffractive background of 19.9 £ 3.9 events was obtained by extrapo-
lating a linear fit to the values of bins 2-12 of column 4 of Table 6.8 to bin 0. Similar

to expression of Eq. 6.5, the measured fraction of diffractive prompt J/1 events sat-

isfying our gap definition is given by

Nsopr/w  Elvix 1
= 1
RPJ/ZZJ X Agap NNDpJ/w 5%3)( X ELive (6 8)

where Ag,,, denotes the rapidity gap acceptance. The correction factors are presented

in Table &8.3.
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Correction Factor Value Uncertainty

ELive 0.80 +0.03
eNb. 0.573 +0.038
gD 0.86 —

Table 6.9: Correction factors.

Applying all corrections, from Eq. 6.18 obtain

67.5+104 " 0.573 £0.038 " 1
13339 128 0.86 0.80 £ 0.03

RpJ/w X Agap = (6 19)

= [0.42 + 0.06(stat) £ 0.03(syst)]%
The corresponding ratio for bb production [1] with the same rapidity gap
definition is

Ry X Agap = [0.23 £ 0.07(stat) + 0.05(syst)]%

Since both .J/1 and bb diffractive production are sensitive mostly to the
gluon content of the pomeron, the difference between the two measured ratios must
be due to the different kinematical regions probed in the two measurements, corre-

sponding to different regions of ;. This topic is discussed in detail in Section 8.4.
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Chapter 7

Monte Carlo Studies

7.1 Monte Carlo Studies

This analysis is based on the rapidity gap (RG) method, which identifies
diffractive J/1 events by the presence of a large RG in a forward region. Not all
diffractive events produced with £ values within a given range satisfy our rapidity
gap requirements. The fraction of events satisfying these requirements is defined as

the rapidity gap acceptance for the given £ range.

The RG acceptance is evaluated using a MC simulation. For a reliable
acceptance calculation, the simulation must generate diffractive events with a correct

underlying event as well as correct .J/v kinematics.

We first generated a sample of non-diffractive J/1 events using the PYTHIA
5.7 Monte Carlo program [69]. The standard PYTHIA uses the Color Singlet Model
(CSM) as a mechanism of .J/1 hadroproduction. This model underestimates the mag-
nitude of the J/1 cross section measured at the Tevatron [30], and does not describe

the shape of the py distribution. These discrepancies are overcome by incorporating
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the Color Octet Model (COM) in PYTHIA.

The following a? partonic processes contribute to .J/1) hadroproduction:

g+g—J/v+g
g+g—J/v+q

q+q—J/Y+yg

The COM was implemented in PYTHIA [70] by modifying the routine PYSIGH
(ISUB=86) for the partonic process g + g — J/¢ + g to include contributions from
3558), 15(58) and 3Pl(g)(!] = 0,1,2) colored states in *S; charmonium hadroproduc-
tion [36]. Studies using the modified PYTHIA [70] show that gluon-gluon scattering
is the dominant process in .JJ/1 hadroproduction, as expected, gluon-quark scattering
contributes ~ 20%, and quark-antiquark scattering represents a tiny contribution,
which is ignored in our simulation. The modified code of the ISUB=86 routine is
presented in Appendix B.

The muons from the generated sample of J/1¢ — u* + p~ events were
restricted to the central pseudorapidity range of |n| < 1.0. The CTEQ2L set of
parton distribution functions (PDFs) was used for the proton, and detector effects
were simulated by QFL. The same set of selection criteria was applied to the generated
J/1) events as to the data. Figure 7.1 shows the transverse momentum distributions

for Monte Carlo generated .J/1 events and for the data.
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The shaded histogram shows the pr distribution for Monte Carlo events
generated by PYTHIA with only the CSM implemented. A comparison between
distributions of muon transverse momentum, pseudorapidity and vertex z-position
from the dimuon vertex constrained fit for MC generated non-diffractive .J/v¢ events
and for data is presented in Figure 7.2. The Monte Carlo distributions are in good
agreement with the data, suggesting that the corrected PYTHIA can be used reliably
in diffractive gap acceptance calculations.

The distribution of calorimeter tower multiplicity versus BBC hit multiplici-
ty for MC generated non-diffractive .J/¢ events is shown in Fig. 7.3. The multiplicity
distribution of calorimeter towers is in general agreement with the non-diffractive
data (see Fig. 6.3b), while the saturation effect of the BBC observed in the data is
poorly reproduced by detector simulation program. Despite of these facts leading
to a higher non-diffractive contribution in low multiplicity bins, the expected non-
diffractive background in the (0, 0) bin used to extract diffractive signal is very small,
and changes slowly along the diagonal bins (N = Nppc = Ncar) of the multiplicity
distribution.

Diffractive J/¢ production was simulated using the POMPYT 2.6 Monte
Carlo program [71]. Three different parton distribution functions (PDF) for the
Pomeron were used, characterized by their functional dependence on (3, the momen-

tum fraction of the pomeron carried by its parton participating in the J /1 production:
e hard gluon gf,(8) =63(1 — 3)
o flat gluon Gf () =1

° 1/ Bfe(B) =1/p
The 1/4 PDF is similar to the distribution reported in our diffractive dijet Roman
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Figure 7.1: J/¢ transverse momentum distribution compared with the prediction of the
standard PYTHIA Monte Carlo (shaded histogram) and the modified PYTHIA incorporat-

ing the color-octet model (COM) for J /v production (solid histogram).
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Figure 7.2: (a) Muon transverse momentum, (b) pseudo-rapidity and (c) vertex z-position
of J/v candidates (points) compared with the prediction of the modified PYTHIA Monte

Carlo simulation (solid histogram).
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Pot paper [22].

The distributions of calorimeter tower multiplicity versus minimum BBC
hit multiplicity for diffractive J/¢ events generated using a 1/ PDF is shown in
Figure 7.4. The obtained rapidity gap acceptances for events generated with £ < 0.1

and corresponding pomeron PDF are presented in Table 7.1.

Pomeron PDF Gap Acceptance

Hard Gluon 0.21
Flat Gluon 0.30
/0 0.29

Table 7.1: Rapidity gap acceptance for diffractive J/vy events of ¢ < 0.1 for different

Pomeron PDFs.

Figure 7.5 shows the transverse momentum, pseudorapidity, and vertex z-
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position distributions of our diffractive .J/¢ candidate events compared with the pre-
dictions of POMPYT based on the modified PYTHIA Monte Carlo using a 1/
pomeron structure function.

The ratio of diffractive to non-diffractive prompt-.J/¢ production after cor-

rection for the gap acceptance, Ag,, = 0.29, is
Ry = (1.45 £ 0.25)%. (7.1)

The ¢ and 3 distributions for the generated diffractive J/1 events are pre-
sented in Figure 7.6. The shaded histograms are for the events with a rapidity gap
(Nine = Noar, = 0).

Figure 7.7 shows the multiplicity distribution of BBC hits versus calorimeter
towers within the range 0.01 < £<0.03, which is the &-region of high acceptance in
our diffractive data (see Section 8.3), for diffractive Monte Carlo generated events.
The rapidity gap acceptance of the (0,0) bin for diffractive events with £ in the region

0.01 < £<0.03 derived from this multiplicity distribution is

A8 = 0.79

gap

This number is in agreement with the value of 0.87 & 0.13 obtained in Section 8.3

from data considerations.
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Chapter 8

(Gluon Fraction of Diffractive

Structure

8.1 Analysis of J/i + jet Events

Our analysis of diffractive J/1 production was extended to study events in

which one or more jets are reconstructed in addition to the J/¢ candidate.

8.1.1 Jet Clustering Algorithm

Experimentally, jets are detected as energy deposition in localized groups of
calorimeter cells, energy clusters. CDF reconstructs jets using a fixed-cone clustering

algorithm which consists of the following steps:

1. A list of seed calorimeter towers with E; > 1.0 GeV is created.

2. Preclusters are formed from a continuous set of adjacent seed towers; if a tower
is outside a window of 3 x 3 towers surrounding the seed, it is used to form a

new precluster.
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3. Clusters are built from preclusters by considering all the towers in a cone of
radius R = 0.7 in n — ¢ space centered on the precluster. All towers with
Er > 0.1 GeV within the cone are included and the Ep-weighted centroid of

the cluster is calculated.

4. The cluster is repositioned on the centroid. Around the centroid, towers within
the new cone of 0.7 are included in reclustering and a new centroid is calculated.
This procedure is repeated until the set of towers contributing to the jet remains

unchanged.

5. Overlapping jets are merged if they share > 75% of the smaller jet’s energy. If
they share less, the towers in the overlap region are divided between the two
clusters according to their proximity to the cluster centroid. After this division,
the centroids are recalculated and the towers in the original overlap region
are redivided based on their distance from the new centroids. This procedure

iterates until a stable configuration is reached.

8.1.2 Jets in the J/¢ Sample

Since the mean value of the .J/i transverse momentum is ~ 6 GeV/¢, the
reconstructed leading jet, which balances the J/1, is expected to have Er in the
range 4-8 GeV.

The low Pr muons from J/v decay are close to each other in 7-¢ space and
deposit a significant portion of their energy in the calorimeter, so that in a .J/v event
the calorimeter cluster from muon hits may be misidentified as a jet. Figure 8.1 shows
the distribution of energy deposited in the central calorimeter by muons from candi-

date J/v decays. The average energy deposition in the electromagnetic calorimeter
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Figure 8.1: Energy deposited in central electromagnetic (a) and hadronic (b) calorimeter

by muons from J /¢ dimuon candidates.

is 0.35 GeV and in the hadronic calorimeter 2.0 GeV.

Figure 8.2 shows the distribution of the distance in 1-¢ space, AR, between
the muon calorimeter tower and the leading calorimeter cluster for different lead-
ing cluster energy thresholds. The peak at low AR is associated with the muon
calorimeter cluster. The second peak on the plot for FX¥™ > 4 GeV is associated
with the second muon calorimeter cluster, as can be deduced from Fig. 8.3a which
shows the distance between muon calorimeter towers. To exclude from consideration
the calorimeter cluster due to the second muon, an isolation requirement of AR > 0.4
around the second muon was applied. The AR distribution after the isolation cut,

presented in Fig. 8.3c, shows no longer a leading jet peak at the vicinity of AR ~ 1,

where the second muon would be expected.

To avoid confusing a jet with a muon calorimeter cluster the distance in n-¢

between the leading calorimeter cluster and each muon is required to be greater than
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0.7. Since our diffractive .J/1¢ events have a rapidity gap in the region 2.4 < || < 5.9,
the core of the reconstructed jet for non-diffractive events is restricted to the region

In| < 1.7. The number of /1 events passing the above jet requirements is 8732.

8.2 Fraction of Diffractive J/¢ + jet Events

The ratio of diffractive to non-diffractive J/1 + jet events is measured using
the method for extracting the diffractive event signal described in sections 6.3 - 6.8.
Figure 8.4 shows the forward calorimeter tower multiplicity versus BBC hits for the
n-side of the detector with minimum BBC hit multiplicity(top plots) and for the

n-side with maximum BBC multiplicity (bottom plots).

Table 8.1: Results of fits of the dimuon invariant mass distribution as a function of calorime-

ter tower and BBC multiplicity for J /v +jet candidate events for which the two multiplicities

are equal.

Multiplicity  Neyewss N(non—J/v)  N(J/)
0 44 22+0.8 41.8 £6.7
1 10 0.2+0.2 9.8 +£3.2
2 11 0.6+04 10.4 + 3.3
3 15 0.6 +0.4 14.44+ 3.9
4 12 0.6 +0.4 11.44+3.5
5 19 1.3+0.7 17.7+4.4
6 23 1.8+0.7 21.24+4.9
7 23 0.7+0.5 22.3+4.8
8 17 0.3+0.3 16.7+4.1
9 28 0.7+0.5 27.3+5.3
10 19 1.2+0.6 17.8 4.4
11 23 1.8+0.8 21.24+4.9
12 33 39+1.1 29.1 +5.8

Full sample 8732 591 £ 31 8141 £ 98
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As previously, the non-.J /v background in the diagonal bins of the 2-dimensional
multiplicity distribution is obtained by fitting the dimuon invariant mass distribution
to a sum of a gaussian and a constant function. Table 8.1 summarizes the results of the
fits for events with the same BBC hit multiplicity and forward calorimeter tower mul-
tiplicity (diagonal bins). The dimuon mass distribution of the total J/¢ + jet sample
is fitted to the sum of two gaussian and a linear function (last line in Tab. 8.1).

Figure 8.5 shows the multiplicity distribution of the diagonal bins (N =
Ngpc = Ncaw) after non-J/1 background subtraction. The diffractive signal is es-
timated by linearly extrapolating the fit from bins 2 — 12 to bin 0. The number of

diffractive J/¢ + jet events in the (0,0) bin (Ngpc = Ngap, = 0) is found to be

NGO, o = (41.8£6.7) — (8.7 2.8) = 33.1 £ 7.3

Correction Factor Value Uncertainty

eNb 0.552 +0.038
e3> 0.85 +0.05
ELive 0.80 +0.03

Table 8.2: Correction factors for the ratio of diffractive to non-diffractive J /¢ + jet events.

All necessary correction factors for calculating the ratio of diffractive to non-
diffractive J/1 + jet events are given in Table 8.2. The measured ratio of diffractive

to non-diffractive J/1) + jet events after corrections is given by

R A 33.1+£7.3 0.552+£0.038 1
IIvtget §9P 8139 £ 98 0.85+£0.05 0.80 £0.03

(8.1)
= [0.33 £ 0.07(stat) £ 0.03(syst)]%.

Figures 8.6, 8.7 and 8.8 show distributions of the J/¢ pr, the py of the

four highest energy jets in a .J/v¢ event, and the azimuthal angle difference between
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Figure 8.6: J/1 transverse momentum for J/vy + jet sample.

the J/v¢ and the leading jet, respectively, for single diffractive (SD) candidates and

non-diffractive (ND) sample.

8.3 Measurement of &

The variable £ is related to the mass My of the diffractive state X by

_ Mk

£ . (8.2)
The mass squared of the diffractive state X is given by
Mi =) _E) = QB =0 Ere™- (D Ere™) (8.3)
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Figure 8.7: Transverse momentum of the four highest energy jets in a J/v event.

123



* Gaps
[IND

1/N (dN/dob)

0.25

0.2

0.15

0.1

|
]

— |

—— ——
0 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

0.5 1 15 2 2.5 3
¢ = |cDJ/qJ_q)jet|

0.05

o

Figure 8.8: Azimuthal angle difference between J /1 and leading jet.

124



where the sum is taken over all particles in the final state X excluding the leading
(anti)proton. Including the p, each sum in the product is equal to y/s. For single
diffractive events with a rapidity gap on the negative n side, the leading antiproton
escapes the detector system along the negative z direction. Since the rapidity of the
leading antiproton has a large negative value, the first factor of the product in Eq. 8.3
can still be approximated by /s, even when the p is excluded. Hence, the value of &

for single diffractive events with a rapidity gap at negative 7 is

_ Vs> Epe " _ Y Ere "
5 NG

A similar formula can be written for single diffractive events with a rapidity gap at

§

(8.4)

positive 7,

o Z ET6+77
s

The value of ¢ in Eq. 8.4 is dominated by particles which are close to the edge of the

3 (8.5)

rapidity gap and are in the region of the CDF detector coverage; the contribution of
particles which escape down the beam pipe at large positive 7 is very small and can
be neglected. The value of & measured from the particles within the range of CDF
detectors should therefore be a good approximation to the true value of £ [68].

In evaluation of £, all towers with energy above the threshold specified in
Table 6.1 are considered, the tower Er is multiplied by the correction factor of 1.6,
and the sum Ele ™ is calculated. In this sum, the terms E%ete’"jef for the 4 leading
jets in the event are included instead of the terms for calorimeter towers inside the
cones of these jets. To account for particles in the BBC coverage region, it is assumed
that a BBC hit is due to a particle of E7 = 0.5 GeV and 7 the central value of the
BBC being hit, and a term Ere " for each BBC hit is added to the sum. To take

into account the neutral particles hitting BBC, the obtained BBC part of the sum is
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Figure 8.9: (a) The calorimeter contribution, {car,, and (b) the BBC contribution, {ggc,

to the reconstructed & (uncorrected) for all J/v¢ + jet candidates.

multiplied by a factor of 1.5. Since the beam-beam counters overlap in 1/3 of the BBC
coverage region, a correction factor of 3/4 is applied. The forward calorimeter and
BBCs overlap by about one unit of pseudorapidity. To account for this, the number
of forward calorimeter towers above noise level in the overlap region is divided by
two, since one BBC hit on average corresponds to two forward calorimeter towers,
and subtracted from the number of BBC hits in the outer BBC layers

Figure 8.9 shows the calorimeter contribution to the reconstructed & (uncor-
rected) for all J/¢ candidates, and the BBC contribution, {ggc. Figure 8.10 shows
the distribution of the reconstructed £ multiplied by 1.7, the correction factor for ra-
pidity gap events found in the analysis presented in [26]. The bottom plot in Fig. 8.10
shows an expanded view of the low &, range, where the shaded histogram is for the
diffractive J/1 events with Ngpc = Ncap, = 0.

In our further analysis only diffractive candidate events from the region

0.01 < &.orr <0.03 are used. The excess of events of the £ distribution of the inclusive

126



H -————1—————

o [ T 1T T ]

o 25[ : ] -]

5 - 35F [ Gaps E ]

S 200 30f [IND : 3

= [ o5F E ;

(D) B u 1 ]

S 175F ,fF -

1 _205 -

- 15F i

150 F  f .

[ 10| ]

125 °F : b

[ ob v e e o ]

C 0 0.025 0.05 0.075 0.1 ]

100 | £ -

75 | .

50 - -

25 |- -
o

Figure 8.10: Reconstructed & multiplied by 1.7 (correction factor for rapidity gap events) for
all J/v + jet candidates. Insertion shows expanded view of low £ region (shaded histogram

for diffractive J /1 + jet events with Nggc = Ncar = 0).
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Figure 8.11: Multiplicity of calorimeter towers versus minimum BBC hit multiplicity for

diffractive J /1) + jet candidates within the range 0.01 < £<0.03.

event sample in this region is partly due to leakage of some diffractive signal from
the (0,0) bin to higher multiplicity bins, and partly due to non-diffractive events with
¢ values in this £ range. Assuming that one half of the excess is due to leakage
of diffractive events and assigning to it an uncertainty of +100%, we find the gap

acceptance of the (0,0) bin for diffractive events with £ in the region 0.01 < &, < 0.03

Aé

gap

=0.87£0.13

Figure 8.11 shows the BBC versus calorimeter tower multiplicity for the
events of the inclusive sample within 0.01 < &, < 0.03. As discussed in Section 7.1,
the Monte Carlo simulation showed that the multiplicity bins with Ngpc 4+ Ncag, > 2
are dominated by non-diffractive events. In the present case, the number of events in
these bins is 4, which is consistent with one half of the excess of 10 events.

The sample of events in the (0,0) bin contains 21% of non-diffractive back-
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ground (see Section 8.2). Therefore, to obtain the number of diffractive events in the
region 0.01 < & < 0.03 the total number of gap events in this region has to be
multiplied by the fraction of diffractive events, fsp = 0.79 +0.06, and divided by the

gap acceptance, Agap.

8.4 Study of Bjorken-z Distribution

For pp — J/v¥+ jet+ X, the z-Bjorken of the struck parton in the (anti)pro-

ton is given by

J ] .
PT/w . ein.]/d; + E'%et . ein]et

Tpj = Dg.q/ Pp(p) = (8.6)

where the +(—) sign in the exponent is for the z; (z,). Here we will be concerned
with the zy,; of the parton in the diffracted nucleon “attached” to the rapidity gap.
The leading jet Ep distribution in our sample is dominated by low E7 jets in the
region 3-7 GeV. The jet Er correction (JTC96X) for such low Er jets is not reliable.
Since the E%et of the leading jet is expected to be balanced by the E;/qp of the J/v,
the P;/w is used instead of EJ° in the calculation of the Tpj:

p;/w . (eiﬂJ/w + einjet)

Nz

a:bj ~

(8.7)

Figure 8.12 shows the z,; distribution for rapidity gap events (Fig. 8.12a)
in the region 0.01 < &, < 0.03 and for non-diffractive events (Fig. 8.12b). The
solid histograms were obtained with xy; calculated using E{,{/ ¥ for the leading jet Er,
and the dashed histograms using the corrected E%et. The two distributions are in
reasonable agreement.

From the zy; distributions for diffractive and non-diffractive events, we ob-
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Figure 8.12: wxy; distribution for diffractive J /v candidates in the region 0.01 < &copr < 0.03

(a) and non-diffractive events (b).
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tain the x,; distribution for the diffractive to non-diffractive event ratio,

N3P (h3)

N3 (@v5)

Ry (xp;) =

This ratio may be expressed in terms of cross sections per unit £ by applying the

correction

ND
1 fsp E1vex 1

SD
Agcorr Agap Elvtx €Live

Acorr = (88)

where A&, is the width of the £ range, 0.01 < &, < 0.03, Agap the gap acceptance,
and fsp the diffractive fraction in the (0,0) bin. The values of the correction factors

are listed in Table 8.3.

Correction Factor Value Uncertainty

AL, 0.79 —
fsp 0.79 +0.06
eNb. 0.552 +0.038
S 0.85 —
ELive 0.80 +0.03
Agcomr 0.02 -

Table 8.3: Correction factors used in the calculation of Ry (z;).

The corrected ratio Rj/, must be divided by 2 before comparing it with
the ratio R;; obtained from the analysis of dijets with a leading antiproton, since
in the J/v¢ case gaps both in the positive and negative pseudorapidity regions are
considered. The two ratios are compared in Fig. 8.13. The vertical dashed lines denote
the boundaries of the kinematically safe region for the J/1)+ jet events, 0.004 < z,; <
0.01. The upper bound corresponds to &,;, of the diffractive sample and ensures that
all £ values from the region 0.01 < &y < 0.03 contribute to the xy,; distribution,
while the lower bound, x.;,, is imposed to guard against detector edge effects. The

two distributions exhibit similar behavior.
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8.5 Gluon Fraction of Diffractive Structure Function

In LO QCD, the ratio of diffractive to non-diffractive dijet production as a
function of Bjorken x is equal to the ratio of the diffractive to non-diffractive structure

functions of the proton:

(8.9)

Since Fj;(z) ~ g(x) + 3q(x), where g(z) and g(x) are the gluon and quark fractions

in the proton, respectively, Eq. 8.9 can be written as

O (x)
” g(@)+59(x) — gl®) 14 40

where g”(z) and ¢”(x) denote the gluon and quark fraction of the diffracted proton
structure function, F}}(z).
For .J/tv production, which is dominated by gg interactions, the ratio of

diffractive to non-diffractive production can be written in terms of ¢”(z) and g(z) as

D
9" (z)
Rjyp(w) ~ 8.11
J/I/)( ) g(x) ( )
From Eq. 8.10 then obtain
44" (z)
Bjj@) _ 1H 557 (8.12)

4 q(z)

RJ/@/) (1‘) 1+ 9 9(z)

Evaluating this ratio of ratios by integrating the xy; distributions for R;; and Ry

in the region 0.004 < xy; < 0.01 yields
Rj;(x)

= 1.17 £ 0.27(stat
Rypy(@) | (stat)

Using this value in Eq. 8.12 and the ratio of ¢(z)/g(x) = 0.274 at x = 0.0063 and @) =

6 GeV calculated from the GRV98 LO PDF-set, the gluon fraction of the diffractive
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structure function is found to be
ff = 0.59 + 0.14(stat) £ 0.06(syst) = 0.59 + 0.15

where the statistical uncertainty is based on the 19 rapidity gap events in the kine-

matical region 0.01 < £qqp < 0.03, 0.004 < xp; < 0.01, and the systematic uncertainty

includes in quadrature the uncertainties of the correction factors in Eq. 8.8. This glu-
0.16

on fraction is consistent with the value 0.54%;1% obtained by combining the results of

diffractive W, dijet, and b-quark production [1].
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Chapter 9

Results

The first observation of diffractive J/v(— u*p~) production in pp collisions
at \/s=1.8 TeV was presented using data collected from the Collider Detector at
Fermilab (CDF). Diffractive events were identified by their rapidity gap signature.

In a sample of events with two muons of transverse momentum Pr > 2
GeV/c within the pseudorapidity region |n| <1.0, the ratio of diffractive to total .J/v

production rates was found to be
Ry = (1.4540.25)%.

The ratio R;, is larger than the corresponding ratio for diffractive b-quark
production, Ry; = (0.624+0.25)% [1], by a factor of 2.34 £0.35. Since both .J/v and b-
quark production are mainly sensitive to the gluon content of pomeron exchange, the
difference in the two ratios must be attributed to the different average xy; values of
the two measurements, coupled with the xgjo'% dependence of the diffractive structure
function [22]. Thus, the double ratio ijgqp = Ryy/ Ry is expected to be equal to
(xjj/‘”/xgﬁ)—“-%. Since in these measurements we consider only central J/¢ or b-

quark production, the ratio xij/ v / xfg is approximately proportional to the ratio of the
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corresponding average Pr values for each process, which is &~ 6 GeV/c for the J/1)
and & 36 GeV/c for the b-quark (three times the average Pr of the b-decay electron).
The expected value for RZEW is then RZEW ~ (6/36)7°% = 2.2, in agreement with the
measured value of 2.34 4+ 0.35.

For a more direct study of the diffractive structure function, the analysis was
extended to events in which at least one jet was reconstructed. The ratio R;/, was
studied as a function of x},;. By combining this result with a similar measurement
of diffractive dijet production with a leading antiproton, the gluon fraction of the

(anti)proton diffractive structure was found to be

fy=0.59+0.15

This result is in agreement with the gluon fraction of 0.54701% derived previously by

comparing diffractive W, dijet and b-quark production [1].
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Appendix A

Analytical Form of B-hadron
Lifetime Parameterization

1 — frait T T/ 0?]/¢ T
— f /AR I _
req( exp )2 3

B =
(x) AB OJ/y AB
( . m/)‘tail
ftazl . € if x S 0
2)‘B)‘tail Cq
+
fraine™"*P [ 1 _ 1 ] .
=1 ="+ —| ifz>0
\ 2)‘3)‘tail Cs ( ) Cq
b 1 1 1 1
where ¢ —, ;= - —,
¢ )‘tail )‘B ’ )‘tail )‘B

and freq(z) is the normal frequency function

freq(z) = \/% /_Z exp(—t*/2)dt
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Appendix B

Code for implementing the Color
Octet Model in PYTHIA

aQ Q Q Q@

ELSEIF(ISUB.EQ.86) THEN

..g + g > J/Psi + g.

. Color-Octet Matrix Elements for J/psi

(CTEQ 2L)

SQM3=(2.%1.48) **2
X08351=0.0033
X081S3P=0.0048

COLOR SINGLET

FACQQG1=COMFAC*AS**3% (5./9.) *PARP (38) *SQRT (SQM3) *
& ((SH*(SH-SQM3) ) **2+ (TH* (TH-SQM3) ) **2+ (UH* (UH-SQM3) ) **2) /
& ((SH-SQM3)* (TH-SQM3) * (UH-SQM3) ) **2

COLOR OCTET (3-S-1)

FACQQRG2=-COMFAC*AS**3*(1./18.)*3.1416/SQRT (SQM3) *
(27 . * (SH*TH+THXUH+UH*SH) —19 . *SQM3**2) * ( (TH**2+THXUH+UH**2) % *2—
SQM3* (TH+UH) * (2. *TH**2+TH*UH+2 . *UH**2) +SQM3** 2%
(TH**2+TH*UH+UH**2) ) *X083S1/
((TH-SQM3) * (UH-SQM3) ) #*2/ (SH-SQM3) **2

R

COLOR OCTET (1-S-0)/3 + (3-P-0) !!!
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[ =

Q

FACQQRG3=1000.*COMFAC* (5.*3.1416%AS**3/(4.*SQRT (SQM3) ) ) /SH*
(SH**2* (SH-SQM3) **x2+SH*THxUH* (SQM3-2 . *SH) + (TH*xUH) **2) / (TH*xUH) *
((SH**2-SQM3*SH+SQM3**2) x*2—

TH*UH* (2. *TH**2+3 . *TH*UH+2 . *UH**2) ) *X081S3P/
((TH-SQM3) * (UH-SQM3) ) #*2/ (SH-SQM3) **2
FACQQG3=FACQQRG3/1000.

. Scaling factor for g + q -> J/psi + q
SCALGQ=1.25

IF (KFAC(1,21)*KFAC(2,21) .NE.0) THEN
NCHN=NCHN+1
ISIG(NCHN,1)=21
ISIG(NCHN,2)=21
ISIG(NCHN,3)=1
SIGH(NCHN)=FACQQG1
NCHN=NCHN+1
ISIG(NCHN,1)=21
ISIG(NCHN,2)=21
ISIG(NCHN,3)=1
SIGH(NCHN)=FACQQG2*SCALGQ
NCHN=NCHN+1
ISIG(NCHN,1)=21
ISIG(NCHN,2)=21
ISIG(NCHN,3)=1
SIGH(NCHN)=3.*FACQQG3*SCALGQ
ENDIF
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