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Abstract

In a study of proton-antiproton collisions at a center of mass energy
of 1.8 TeV, we have observed the A} — J/¢ A" decay and measured the
A} mass and its production cross section times branching fraction relative to
that of the B® — J/¢ K? decay. In addition, we have established a limit
for the production cross section times branching fraction for the decay Aj —

J/v¢ A(1520). Our results are:

o M(A)) = 5621 + 4(stat.) + 3(sys.) MeV/c?

aAg-B(AgHJ/lp A%)

® o0 B(BSJ/$KY)

= 0.27 + 0.12(stat.) £+ 0.05(sys.)

G'AO

o —t.B(AY — J/YA(1520)) < 1.38 - 10~

[2>10)
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Chapter 1

Introduction

The primary object of this work is the investigation of exclusive de-
cays of beauty baryons at CDF with the goal of measuring some of their
properties like the mass and production branching fractions. The standard
model [1] predicts the existence of the AJ, the lightest beauty baryon with
a (udb) quark composition. In November of 1991 the UA1 collaboration
reported the first observation of the Aj in the decay channel A} — J/¢ A
at the CERN proton-antiproton collider [2]. Using 4.7 pb™! of data col-
lected in the 1988-1989 collider runs, UA1 reconstructed 16 + 5 A} events
with mass M(A)) = 5640 + 50 + 30 MeV/c? and found a branching ratio
T 50 - B(A) — J/4¥A) = (1.8 £1.0)107>. Both CDF [3] and LEP experi-
ments [4, 5], failed to confirm these results and set upper limits on the A,
production cross section below the value claimed by UAL. Finally, after
analyzing 110 pb~"' of data, CDF observed the A — J/+ A decay [6] and mea-
sured the A} mass. Using the same data we also probed the exclusive channel

A} — J/v A(1520) and established an upper limit for its production rate.

1



An accurate measurement of the A} mass provides a precision test
of theoretical mass predictions based on B-hadron models and is important
for future beauty baryon spectroscopy. The comparison of the production
branching fractions for different A) decay channels can provide a useful input
to theorists working on B-baryon decay models [7].

Chapter 2 provides a theoretical discussion, including the motivation
for B-baryon physics. Chapter 3 gives an overview of the experimental appa-
ratus, including the Tevatron collider. The detector description emphasizes
the systems used for the present analysis, particularly the tracking and muon
identification systems. Chapter 4 describes the data set used in this analysis
with emphasis on the final J/v selection. Chapter 5 describes the search for
the exclusive Aj decay channel, A} — J/v A(1520). The limit for its produc-
tion rate is calculated in Chapter 6. Chapter 7 describes the experimental
procedure for the reconstruction of the A} — J/4¢ A decay, and the measure-
ment of its branching fraction and the A) mass. Chapter 8 summarizes the

results.



Chapter 2

Theory

2.1 The Standard Model

The Standard Model of particle physics describes the fundamental
particles and their interactions. The fundamental particles are fermions and
force-carrying bosons with odd half-integer and integer spin angular momen-
tum respectively. The fermions include six quarks interacting via the strong
force mediated by the exchange of gluons. The quarks are divided in three
families of doublets with a quark of charge +2/3 matched with a quark of
charge —1/3. Quark properties are summarized in Table 2.1 [8], where the
flavor of a quark has the same sign as its charge. Quantum Chromodynamics
(QCD) describes the strong interaction by using the property of SU.(3) group
symmetry [9]. Quarks and gluons carry the color property. Quarks come in 3

colors (R, G, B) and gluons mediate the strong interaction between quarks.

The Electroweak theory [1] arises from the requirement of invariance

of the electromagnetic and weak interactions under transformations of the
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quark | charge | mass, MeV/c?
d -1/3 5-15
U +2/3 2-8
s -1/3 100-300
c +2/3 1000-1600
b -1/3 4100-4500
t +2/3 | 176000 + 130000

Table 2.1: Quark properties.

SU(2)r ® U(l)y group. Fermions can exist in left-handed or right-handed
states (except for neutrinos which are only left-handed in the Standard Model).
Leptons do not interact via the strong force, but do interact via the electroweak
force and hence are arranged in a similar doublet structure. Lepton properties

are summarized in Table 2.2 [8].

lepton | charge | mass, MeV/c?
Ve 0 <1.5-107°
e -1 0.511
v, 0 < 0.17
© -1 105.66
v, 0 < 24
T -1 1777.00

Table 2.2: Lepton properties.

Leptons are directly observable in nature. Quarks, however, are not
directly observed. In the Standard Model, quarks are bound in objects which
are color singlets. A colored quark can be bound with an antiquark with
corresponding anti-color to form a meson. Three quarks of different color can
be bound to form a baryon. Mesons and baryons are collectively called hadrons

to be distinguished from the leptons and gauge bosons.
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2.2 A} Production in pp Collisions

Several aspects of hadron colliders make them suitable for measure-
ments in B physics. At a hadron collider, large numbers of B-hadrons are
produced thanks to a b-quark production cross section which is very large
relative to that at et e~ colliders. In pp collisions, incoming u and d quarks
and gluons from the proton and antiproton interact producing a bb pair. The
partons in the proton and antiproton consist not only of the three valence
quarks or antiquarks but also of the sea of ¢g pairs and gluons. Thus, b-quark

production includes the following processes:
qg+q — bX

g+gq — bX
g—|—§—>bX
g+g — bX

Figure 2.1 shows some lowest order Feynman diagrams illustrating pp produc-
tion of bb pairs.

A QCD calculation of these processes and all others to next-to-leading
order has been performed [10]. The calculation includes two free parameters:
the b-quark mass, my, for which the value of 4.75 GeV/c? is used and a renor-
malization mass scale, g, which is taken to be uy = y/m? + P?, where Py is
the b-quark momentum component in the plane transverse to the pp collision
axis. The former is not the same value shown in Table 2.1, because the mass
that enters in the calculation depends on the renormalization scheme. In our
analysis we use these parameters to simulate b-quark production as described

later in detail. The cross section prediction also depends upon the structure



q b
g b
g b

Figure 2.1: Lowest order Feynman diagrams of the processes contributing to

bb production in hadron collisions.



functions which parameterize the composition and momentum distribution of
quarks and gluons that make up the proton and antiproton. Using a set of par-
ton distribution functions which have been shown to agree with the CDF data
[11], one can calculate the theoretical expectation of the cross section for b-
quark production as a function of the transverse momentum, Pr, of the quark.
Figure 2.2 shows theoretical predictions along with measurements made by
CDF.

Once b-quarks are produced they fragment into B-hadrons. The frag-
mentation process involves the fraction of the momentum the B-hadron carries
relative to that of the original b-quark. In the Peterson model [12], this process

is described by the equation

1 €
H -1
Di(z)=N-z7'(1—-- - —

—9
Z l—z)

where Df (2) is the fragmentation function for quark g to fragment into hadron
H, z is the fraction of the quark momentum carried by the hadron, N is a
normalization constant, and ¢, is a (Peterson) fragmentation parameter. Mea-

surements at e e~ experiments yield the value [13]

o 40.0014-0.002
€6 = 0.00675 501 "0.002

The above argument pertains most directly to meson production via
fragmentation, while baryon production requires coupling with a diquark. It
is assumed for the present that the b-quark is heavy enough that the effective
mass of the diquark is similar to that of the antiquark in the meson case
and therefore that €,(A]) is close to the inclusive €, value presented above.
When performing Monte Carlo simulations, we will allow a greater variation

for €(A})) than for (B°) to account for this assumption.
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Figure 2.2: b-quark production cross section showing both experimental data

from CDF and a range of theoretical predictions.



A second issue described by the fragmentation process is the expected
species of the B-hadron. Since the s-quark is heavier than the v and d quarks, it
is less likely to be created during the hadronization process. Baryon production
rate is also expected to be suppressed in comparison with the B® and BT
mesons production rates. Table 2.3 lists expected values for the production

fractions of B-hadrons [14] based on the assumption that fge = fp+ and

feo+ fp+ + [, + fao = 1.

B-hadron | Quark Composition | Fraction, %
B* ub 37.8 +2.2
B° db 37.8 +2.2
B, sb 112115
A udb 13.2+4.1

Table 2.3: B-hadron production fractions.

2.3 A} Decay

The decays of b-quark have been studied intensively as they provide
the source of information for the V,;, and V,; elements of CKM matrix [15].
Most of B-decays proceed via a b — c¢ transition. The b — ¢ transition
(Figure 2.3) is accompanied by the emission of a W boson. Since there is not
enough mass to produce a real W, a virtual W is produced followed by the
standard W decay modes. To produce the observed hadrons, the quarks must
be “dressed” with other quarks, as shown in Figure 2.4. The A} decay proceeds
either via internal W emission, where quarks from W decay join with spectator
quarks, or external W emission, where the W decays into leptons or quarks

that hadronize independently. Figure 2.4 shows the simplest diagrams for the



(¢, u)

(¢, u)

Figure 2.3: Diagrams for b-quark decay to a three-quark state (top) or a
semileptonic final state (bottom). The amplitude of the b — u decay is sup-

pressed by the factor |‘;—":| = 0.08 £ 0.02.
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Figure 2.4: Lower-order A} decays proceeding via internal (top) and external

(bottom) W emission.
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two cases. The top diagram is an example of a color-suppressed spectator
diagram. The virtual W is a color singlet and the diagram is possible only if
the ¢ from the W decay forms the color singlet J/v. The color suppression
factor to first approximation is expected to be 1/N? = 1/9, where N, = 3 is

the number of colors.

2.4 A) Mass and Rate Expectations

As soon as the first evidence of a Aj signal was announced [16],
an argument about its validity [17] has appeared. It became important to
understand what is the expected mass of the A}. Several studies, compiled in

Table 2.4, predict that the A} mass should lie close to 5.6 GeV/c?. Table 2.5

lists published experimental results of the A} mass measurements.

Mass, MeV/c? Year of Prediction Reference

5596 1980 [18]
5585 1980 [19]
5640 1982 [20]
5580 1983 [21]
5547 1986 [22]
5379-5659 1987 23]
56005660 1990 [24]
5600-5630 1991 [25]

Table 2.4: Theoretical predictions for the A} mass.

Recently, the A) semileptonic decay modes have been observed by
CDF and LEP experiments. Branching fractions and lifetime measurements
were performed. The measured branching fraction of inclusive semileptonic
decays is in agreement with the theoretical expectations. The average lifetime

is comparable with that of B-meson as expected too. These observations
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Decay Channel Events Observed Mass, MeV/c> Reference

AJ/y 16 +5 5640 4+ 50 =30 UAL [2]
pD°m™ 52 + 20 56407500 SFM [26]
Af = otn™ 90 + 21 56501550 SFM [26]
At m- 4 5621 + 174+ 15 ALEPH [27]
At ay 1 5668 + 16 +8 DELPHI [5]

Table 2.5: Experimental results on the Aj mass.

prove the existence of A). However, the semileptonic decays are not fully
reconstructed (due to the presence of an undetected v) and this makes it
impossible to perform a precise mass measurement. Table 2.6 summarizes the

results of measured A} properties and lists the references.

Events Observed fy, - B(Ay — AT £X) Lifetime, ps Reference

69 + 13 (0.8 +£0.3) x 1072 1.14 +£0.22 +0.07 OPAL, [55]
107 (1.5 +0.4) x 1072 1.24 +£0.15 £ 0.056 ALEPH, [56]
125 (1.2 +0.4) x 1072 1.19 +£0.21 +£0.08 DELPHI, [57]
197 + 25 (1.8 +£1.0) x 1072 1.32 +£0.15 £ 0.07 CDF, [58]

Table 2.6: Experimental results on the observation of the semileptonic A) —

A} £ X decays.

Theoretical studies [28, 29] estimate the branching ratio for A} —
J/¥ A to be B(A] — J/¢A) < 1073. The Monte Carlo simulation suggests
that if B(A] — J/¥A) ~ 1073, there should be approximately 50 recon-
structed A} events in 110 pb™! of data collected by CDF when the cuts used
to suppress combinatorial backgrounds are similar to those used in B-meson
reconstruction procedure [30].

The Relativistic Orsay Quark Model [31] predicts ratios of branch-

ing fractions for B-mesons which are in agreement with the CDF and CLEO
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data. A calculation within the non-relativistic quark model was performed [7]
since the relativistic model was not available for the calculations on baryons.
The non-relativistic method is not appropriate for calculations of higher order
partial waves. The calculated width ratios of the S-wave transitions of the

hadronic A} decay channels are

, s(Ap = J/Y M)/, s(Ay — T[4 A(1405))/, s(Ay — J /4 A(1520)) = 1/0.9/0

According to these predictions, the decay A) — J/v A(1405) is not
forbidden. Unfortunately, it always has neutral particles in the final state.
Such a decay could not be observed at CDF, since the low mass resolution for
neutral particles reconstructed in the calorimeter would not permit the signal
to be seen above the large combinatorial background. The A(1520), however,
decays into a charged kaon and a proton, which enables CDF to perform a
search for the A) — J/v¢ A(1520) decay.

The disadvantage of A) — J/¢ A decay is that its reconstruction
efficiency in CDF is limited by the A decay features and the detector perfor-
mance. The proton from the A decay carries a large fraction of its parent
momentum, making the pion spectrum relatively soft (see Chapter 7). The
CDF tracking system is ineflicient in reconstructing tracks with transverse
momenta below 200 MeV/c (see Chapter 3) affecting the reconstruction effi-
ciency of the A} — J/v¢ A decay. The A) — J/+ A(1520) decay is much less
sensitive to the tracking system inefliciency at low-momenta since the A(1520)
decay products, kaon and proton, carry comparable fractions of the A(1520)
momentum. This makes a search for the A} — J/v A(1520) at CDF a rea-
sonable task, even though its branching fraction could be smaller then that of

A? — J/3 A.
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Chapter 3

The Collider Detector at

Fermilab

This chapter describes the experimental apparatus used to obtain the
data for this analysis. The description includes all the steps from the produc-
tion of p and p for collisions at energy /s = 1.8 TeV to the detection of the
final decay products by the Collider Detector at Fermilab [32]. The detector
is described with particular emphasis on the components most significant for
this analysis, which includes the muon systems and the tracking systems as
well as the dimuon J/% trigger, which allows a sample of events containing
J/¢¥ — ptp~ to be recorded. These events are used in selecting the final data

sample for this analysis as described in the next chapter.

3.1 The Fermilab Tevatron Collider

The process of providing high energy pp collisions is outlined in Fig-
ure 3.1 and the topology of the accelerator is shown in Figure 3.2. The process

begins by ionizing hydrogen gas and accelerating the H~ ions to 750 keV in
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a Cockcroft-Walton electrostatic accelerator. The ions are then accelerated
to 200 MeV in a 150 m long linear accelerator (linac), at the end of which
they pass through a carbon foil to strip the electrons leaving only protons.
These protons are stored in the Booster Ring, a synchrotron accelerator with
a circumference of 475 m, that increases the energy to 8 GeV. In the Booster,
proton bunches are collected and injected into a larger synchrotron with a
circumference of 6.3 km, the Main Ring. At this point the proton energy is
raised to 150 GeV. During pp collider activity, part of the protons are removed
from the Main Ring and focused on a long beryllium target where they in-
teract producing a number of secondary particles including antiprotons. The
antiprotons are selected by magnets and stored in the Accumulator Ring. Af-
ter a sufficient number of antiprotons are collected, they are reinjected first
into the Main Ring (for an initial acceleration) and then into the Tevatron.
The Tevatron is another circular accelerator, built from superconducting mag-
nets, accelerating protons and antiprotons to 900 GeV in the same tunnel as
the Main Ring. In collider operation, protons and antiprotons are accelerated
simultaneously in counter-rotating beams and collide at regions equipped with
strong focusing magnets.

The instantaneous luminosity of the Tevatron during pp collisions can
be calculated using the equation:

N, Nf

L=-22 (3.1)

dmryry,

where N, and N; are the numbers of p and p per bunch, f is the bunch “colli-
sion” frequency, and 7, and r, are the major and minor axes of the elliptical
cross section of the beam profile at the interaction point. The interaction re-

gion for the CDF experiment is at B0 (see Figure 3.2). Quadrupole magnets
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Figure 3.1: Elements in the generation and acceleration of protons and an-

tiprotons at Fermilab.
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focus the beam so that its shape at the center of the CDF detector is roughly
circular in a cross section perpendicular to the beams, with a radius defined
by » = 40 pm. The longitudinal extent of the interaction region is approxi-
mately Gaussian with a width of 30 cm. In a typical collider store in run 1A
(1992 — 1993) there were six bunches of 12 x 10'° protons and six bunches of
3 x 10'° antiprotons colliding every 3.5 ps. That resulted in average instan-

2571, Data from an integrated luminosity

taneous luminosity of 3.5 x 100 cm
of approximately 20 pb~! were written to tape during this run. In run 1B
(1994 - 1995) the Tevatron luminosity was raised by increasing the number of
protons to 22.5 x 10'° and the number of antiprotons to 6.5 x 10!° per bunch
. The average instantaneous luminosity reached 8.3 x 10°° cm?s™'. The inte-
grated luminosity of data recorded during run 1B was approximately 90 pb~!.

This analysis uses all the 110 pb™! of data accumulated during the Tevatron

Collider run 1A and run 1B.

3.2 CDF Detector

The CDF detector is located at the B0 interaction region of the Teva-
tron. CDF is a multipurpose detector consisting of tracking, calorimetry and
muon subsystems. Figure 3.3 is an isometric cut-away view of CDF, showing
the central, forward, and backward regions. Figure 3.4 shows a side-view cross
section of 1/4 of the detector and its coordinate system. In the CDF coordi-
nate system, z-axis is along the proton direction, z-axis points away from the
Tevatron in the horizontal plane and y-axis points up; in polar coordinates, r
is the radius, 6 is the polar angle, and ¢ is the azimuthal angle. We will also

use the parameter called pseudorapidity, defined as n = —In(tan(8/2)).
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Figure 3.2: Topology of Tevatron Collider at Fermilab.
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Figure 3.3: Isometric cut-away view of the CDF detector.
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Charged tracks are measured in the central pseudorapidity region
(|n] < 1.1) of the detector. The tracking system achieves a momentum reso-
lution of §Pr/P} < 0.002(GeV/c)™' using a solenoidal magnetic field of 14.1
kG and a large tracking volume. The muon system consists of drift cham-
bers to record position information for charged particles that pass through
the calorimeters. The calorimetry system consists of towers of alternating ab-
sorber and scintillator pointing to the nominal interaction vertex for energy

measurements of both electromagnetic and hadronic showers.

3.2.1 Track Parameterization

In a homogenous magnetic field charged particles travel on a helix
with the axis of the helix parallel to the magnetic field. At CDF the helix of

a charged track is described by five parameters,
a = (cotb, C, 29, D, )

where 6 is the polar angle with respect to the proton beam direction, C =
1/(2Qp) is the half curvature, where p is the radius and is the charge of the
particle. z is the 2z position at the point of closest approach, D is the impact
parameter (minimum distance between helix and origin in plane transverse to
the beamline), ¢y is the azimuth of track at the point of closest approach.
The magnetic field points in the negative z direction. The impact parameter
is given by D = Q - (y/z% + y& — p), where p = 1/(2QC) is the radius of the
helix, and (zo, yo) are its axis coordinates. Figure 3.5 shows the projection of

the track helix in the z — y plane.
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Figure 3.5: Track of a particle with positive charge.
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3.2.2 Tracking System

The tracking system is used to provide position information of charged
particles along their helical trajectories in the solenoidal magnetic field. It also
enables us to measure the momenta of charged particles passing through the
tracking system volume and to reconstruct decay vertices. The primary com-
ponents of the tracking system are a solenoidal magnet, a silicon microstrip
vertex detector (SVX), a vertex time projection chamber (VTX), and the cen-
tral tracking chamber (CTC).

The CDF solenoidal magnet provides an axial magnetic field within
a cylindrical volume of 3 m in diameter and 5 m in length. The magnet coil
consists of NbTi/Cu superconductor. During normal operation a current of
4650 A results in a magnetic field of 14.1 kG. The magnetic field flux is returned
through a steel yoke which supports the calorimeters. A precision mapping of
the magnetic field is described in Reference [33].

The silicon vertex detector [34], SVX, shown in Figure 3.6, is
the innermost tracking element. It consists of silicon microstrip detectors
surrounding the beam pipe. SVX provides precise tracking in the »r — ¢ plane
and is used to obtain a measurement of the impact parameter of traversing

particles.

Layer | Radius, | Width, | Pitch, | Number | Number
cm cm pm | of Strips | of Chips

0 2.9899 | 1.6040 60 256 2

1 4.2710 | 2.3720 60 384 3

2 5.7022 | 3.1400 60 512 4

3 7.8508 | 4.2925 55 768 6

Table 3.1: Mechanical characteristics of SVX layers.
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The SVX consists of two barrels which are situated side by side. A
barrel is composed of 12 wedges, each of which covers 30 degrees in azimuth.
Every wedge comprises four layers of 280 pm thick silicon strip detectors. Each
layer, called ladder, has three 8.5 cm long rectangular silicon strip detectors,
as shown on Figure 3.7. The total effective length of a ladder is 25 cm. The
strips are wirebonded to the SVX readout chips mounted on the ear card (see
Figure 3.7). On each detector face there are hundreds of metal strips, each
separated by 55 or 60 um. The bulk silicon is n-doped, and under each strip
there is a p-doped region, resulting in an array of pn diodes. Passing charged
particles excite electrons into conduction energy bands. The resulting charges
and “holes” are swept out of the diode region by the electric fields and picked
up by the metal strips. The high strip density results in a transverse impact
parameter resolution of the SVX of about 40 pm, which is very valuable for
studying particles with a lifetime of the order of a picosecond when selecting
track combinations originated from a displaced secondary vertex, like those
resulting from the decays of B-hadrons. The specifications of different SVX
layers are given in Table 3.1. To position the measurements as close as possible
to the beam pipe, Layer 0 and Layer 3 have the active silicon facing towards

the beam pipe while Layer 1 and Layer 2 face outward.

For the Tevatron run 1B a new silicon vertex detector, SVX’ [35],
has been installed to replace the SVX. It has the same overall configuration
as the SVX, although several differences are improving the performance. The
differences include higher radiation hardness, a readout chip with a higher
gain, and a lower noise level due to the AC coupling of the readout chip, so

that radiation induced currents do not saturate the input.

The information provided by the SVX significantly improves the mea-
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Figure 3.6: Isometric view of the SVX barrel.

26



PIGC TATL
READOUT EAR

MECH. AL IGNMENT

HOLE CHIF

WIREBONDS
WIREBONDS

SILITCON DETECTOR

ROHACELL AND CARBON
FIBER SUPPORT

DUMMY EAR
MECH. AL ITGNMENT HOLE

Figure 3.7: The SVX detector ladder, showing the three individual detector

crystals and readout chips.

27



sured track parameters. Thus, the uncertainty in the track impact parameter,
when SVX information is used, ranges from 50 pm for tracks with Pr ~ 1
GeV/c to 15 pm for tracks with Pr &~ 10 GeV/c. In this analysis, SVX helps
to identify B-hadrons by discriminating the tracks coming from the vertices

displaced from the primary interaction point.

The vertex time projection chamber, VTX, provides tracking
information in the » — z plane. It is divided into an east and a west half,
each surrounding an SVX barrel. Each half of the VIX is composed of 28
octagonal modules which cover out to 22 c¢m in radius and to || < 3.25. The
18 chamber modules immediately surrounding the SVX contain 16 sense wires
strung in the » — ¢ plane perpendicularly to a radial line extending from the
origin. The remaining 10 modules have 24 sense wires and are located at larger
z. The drift gap in the argon-ethane atmosphere is 4 cm. Adjacent modules
are rotated by 11.3° in ¢ so that CTC r — ¢ track segments can be better

matched to the VTX segments.

In this analysis the VTX information is used to provide a measure-

ment of the z coordinate of the primary event vertex.

The central tracking chamber [36], CTC, is a cylindrical open-cell
gas-filled drift chamber, which extends from outside the VTX to inside the
solenoidal magnet covering a large part of the central pseudorapidity region
|n| < 1.1. It has 84 sense wire layers arranged in nine superlayers. Five
superlayers have wires aligned parallel to the beam axis. Between each pair
of these axial superlayers there is a set of wires with a +3° tilt with respect
to the beam axis to provide stereo information. Figure 3.8 shows a view of
a CTC end plate. Hits on the CTC wires are matched to tracks and a fit is

performed to measure all track parameters. Within each layer, groups of sense
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Number of layers 84

Number of superlayers 9

Stereo angle for the superlayers 0°, 3°, 0°, —3°, 0°, 3°, 0°, —3°, 0°
Number of super cells per layer 30, 42, 48, 60, 72, 84, 96, 108, 120
Sense wire spacing 0.1 cm

Tilt angle 45°

Radius at innermost sense wire 30.9 cm

Radius at outermost sense wire 132.0 cm

Wire length 321.4 cm

Electric field 1350 V/cm
Magnetic field 14.1 KG

r — ¢ resolution 200 pm

r — z resolution 0.6 cm

5PT/PT 0.002 x PT (GCV/C)
Beam constrained §Pr/Pr 0.0011 x Pr (GeV/c)

Table 3.2: Summary of the CTC parameters.

wires and field shaping wires form cells which are tilted at 45° with respect to

the radial direction. Table 3.2 lists the parameters associated with the CTC.

The CTC does not reconstruct tracks with Pr < 200 MeV/c. Its
efficiency rises from 200 to 400 MeV/c and is uniform for tracks with Pr > 400
MeV/c [37, 38]. In this analysis particle momenta are derived from the CTC
track parameters. Excellent momentum resolution is due to the large volume
of the CTC and the magnetic field strength. Constrained fits (discussed later)
are made in this analysis to further improve the momentum resolution. The
CTC also gives a measurement of the ionization along its tracks, providing

some information for particle identification based on ionization losses.
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3.2.3 Muon Systems

The CDF muon system allows for the identification of muons. It
consists of central and forward systems. The central system has three differ-
ent detector subsystems, described below, each covering a different range of

pseudorapidity.

The central muon system [39], CMU, provides muon identification
and tracking out to || ~ 0.6. The CMU system is divided at § = 90° into east
and west half. In each half, the chambers are segmented into 24 wedges forming
an approximate cylinder around the beamline. Each CMU wedge contains 48
drift cells, 226 cm in length, arranged along the z-axis. The arrangement
of the drift cells within a chamber is shown in Figure 3.9 and that of the
chambers within a calorimeter wedge in Figure 3.10. The total azimuthal
coverage of the CMU system is approximately 85%. Timing information gives
the r — ¢ position, charge division the r — z position. These measurements can
be compared to the position obtained by extrapolating a CTC track to improve
muon identification and momentum measurement. The location of the muon
chambers behind the central calorimeters introduces an effective cut-off of 1.4

GeV/c on the Pr of a detectable muon.

The central muon upgrade system, CMP, provides muon cover-
age behind additional steel shielding. The total amount of material traveled
by a particle hitting the CMP amounts to about 8 absorption lengths. Only
muons with Pr above 2.5 GeV/c are expected to reach the CMP. The per-
centage of real muons is higher when CMP confirmation is required for muon
candidates registered in the CMU. In this analysis the CMP confirmation of

a CMU hit is not required since the muons from J/v decays are rather soft
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Figure 3.9: Arrangement of CMU drift cells, showing a muon track.
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Figure 3.10: Location of central muon chambers within a calorimeter wedge.
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and often have Pr < 2.5 GeV/c. The individual CMP chamber drift cells
have the same size as the CMU cells, 63.5 mm X 26.8 mm in cross section,
and are arranged along the z-axis, 320 cm long. Like the CMU, there are
four layers of drift cells, and muon track stubs can be reconstructed in the
transverse plane by measuring the drift times in all four layers. However, the
charge deposited on the wires is not measured and no z information on the
muon track is available from the CMP.

In general, the CMP chambers are used as confirmation for muon
track stubs in the CMU chambers, both in the online and offline analyses. The
addition of the CMP and its associated layer of steel was crucial in keeping
the false trigger rate due to pion punch-trough down to a manageable level at
high Tevatron luminosities.

The central muon extension system, CMX, covers the region
0.6 < |p| < 1.0 and is located behind approximately 6 absorption lengths
of calorimetry. The real p to fake p ratio in the CMX data is the worst
among muon detectors and the trigger parameterization was not understood
well enough to reproduce it in the Monte Carlo simulation. That gave us reason
not to use CMX-triggered muons, which account for about 20% of registered

J/1¢ decays, in the cross section related measurements of this analysis.

3.2.4 Calorimetry

The CDF calorimetry system overview is given in Table 3.3. The
pseudorapidity ranges are approximate and there are some overlapping re-
gions near the edges of the components. The energy resolution consists of
the two terms listed in the table, added in quadrature. The absorption thick-

nesses in the left column are in terms of radiation lengths for the electromag-
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netic calorimeters (X,), and pion absorption lengths for the hadronic ones
(Ao). The central electromagnetic calorimeter (CEM) consists of alternat-
ing layers of polystyrene scintillator and lead absorber. The central hadronic
(CHA) calorimeter consists of steel and scintillator layers. The wall hadronic
calorimeter (WHA) is designed to complete the 5 coverage of the CHA and
is also made of steel and scintillator sandwich. Plug calorimeters (PEM and
PHA) and forward calorimeters (FEM and FHA) are gas based.

Calorimetry was not used in this analysis other than to aid in muon

identification by providing absorption layers.

Calorimeter Coverage Energy Resolution | Thickness
CEM 0.0< gl <11]| 13.7%/VE®2% | 18 X,
PEM 1.2< g <24 | 22%/VE®2% | 18-21 X,
FEM 24 <|n| <42 | 26%/VE®2% 18 X,
CHA 0.0<|p|<0.9]| 50%/VE ® 3% 4.5 Ao
WHA | 0.7< gl <13 | 75%/VE & 4% 4.5 Ao
PHA 1.3< g <24 | 106%/VE®4% | 5.7 X
FHA 2.4 < |n| <42 | 137%/VE & 4% 7.7 Ao

Table 3.3: Summary of the CDF calorimetry components.

3.2.5 Trigger

This analysis relies on the ability to trigger effectively on events of
interest. The total pp interaction cross section is about 80 mb [40], which is
orders of magnitude larger than the cross section of a typical hard collision
process. This fact drives interaction rates and beam intensities higher, in order
to generate more rare events. However, it is impossible to record all the data
produced in all the pp collisions. At CDF in Run I the collision rate is 300,000

Hz while the detector data can be recorded at a rate of 5 Hz. The on-line event
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selection process at CDF is accomplished with a three-stage trigger system.
The multi-stage structure minimizes deadtime by using fast, relatively simple
triggers to filter events for slower, more complicated ones. For this analysis

we use triggers designed to identify events containing a J/¢¥ — ptp~ decay.

Detector elements are attached to front-end electronics which send
signals to digitization modules for assembly into a CDF event record. The front
end electronics include FASTBUS TDCs (Time to Digital Converter) to read
out tracking and prompt muon data. These fast signals are used in the trigger
decision. Other front-end modules, called RABBIT cards, are mounted on the
detector and are used to read out calorimeter and muon chamber information.
These front end systems are connected to digitization modules which do some
processing such as formatting and adding header information. The data are
then collected by an event builder which sorts them at a rate of ~ 30 Hz. The
average size of an event assembled by the event builder is about 200 kB. After
passing it the data are submitted to a Level 3 trigger and events are logged

onto 8 mm tape at a rate of ~ 5 Hz.

The Level 1 trigger reduces the incoming 300 kHz event rate to 1
kHz. It makes a decision every beam crossing, or every 3.5 ps. Only the
most elementary comparisons are possible at this rate. The low-P; dimuon
trigger requires two “bronze” muons, meaning the Level 1 electronics found
two muon track segments with Pr larger than 3.3 GeV/c. For most of run 1A
one of the muon segments had to be a CMU type muon because backgrounds
in the CMX chambers caused too high a Level 1 rate. The later run 1A and
run 1B data did allow two CMX muons to initiate the trigger. The Level 1
trigger efficiency has been studied [41] and the results are used in this analysis

with the Monte Carlo simulation.
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The Level 2 trigger filters events to a rate of 12 Hz by removing
backgrounds which pass Level 1 and making requirements for better defined
thresholds. For low-Pr dimuon triggers the requirement is that one of the
muons stubs is matched to a CFT found track. CFT, or Central Fast Tracker
[42], makes use of fast hit information from the five axial superlayers in the
CTC.

For run 1A, the efficiency of the trigger was determined [41] by study-
ing how often the second leg of J/v¢ decays was matched to a CFT track, when
the first one was responsible for the trigger. For run 1B Level 2 trigger con-
ditions were changed, requiring both muons to be matched with a CFT track
[43]. Accordingly, this analysis is using different muons Py cuts for run 1A
and run 1B data, as described later, as well as different trigger conditions for
Monte Carlo when simulating run 1A and run 1B data.

The Level 3 trigger consists of a software processor farm. When
Level 2 accepts an event, the event data are packaged and sent to one of
48 Silicon Graphics computers which process them in a manner similar to the
offline reconstruction, reducing the event rate to 5 Hz for data logging. During

this reconstruction some of the applied conditions are:

matching between muon stubs and CTC tracks within 4o
e muon transverse momentum Pr > 1.4 GeV/c
e two muons have opposite charges

e dimuon invariant mass 2.8 < M,+,- < 3.4 GeV/c?
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Chapter 4

Data Set

This chapter describes the data set used for the analysis. CDF has
recorded about 110 pb™! of data during the Tevatron Collider Run I. These
data contain more than 700,000 events with J/¢ candidates which passed
the J/v trigger requirements. The invariant mass distribution for the J/%

candidates passing the trigger is shown in Figure 4.1.

4.1 Offline Production

The raw events, written on tapes, are processed off-line and stored on
disk in a compact format without keeping raw detector data. The production
of the event files takes the raw detector information and calculates higher-
level quantities. For example, digitized wire hits in the tracking and muon
systems are converted into momenta, CTC-muon matching variables, vertices,
and so on. Pattern recognition of CTC hits is performed and fitting is done
to calculate the five track parameters for the identified tracks. These higher
level quantities are accessed by the analysis to calculate the physics quantities

of interest.
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Figure 4.1: The p*p~ invariant mass reconstructed without vertex constrain-

ing the muon tracks.
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4.2 J/¢ Selection

When reconstructing the J/1 decays in this analysis, we always re-
quire the muons to originate from a common vertex. This requirement reduces
the errors on the track parameters and improves the J/v¢ mass resolution. The
pTp” invariant mass distribution shown in Figure 4.1 was obtained without
such a requirement, and Figure 4.2 shows the p*p~ invariant mass after the
vertex constraint. The procedure of geometric and kinematic fitting is de-

scribed in greater detail in Section 5.2.

Additional selection criteria on muon candidates which pass the J/v
trigger, can be applied to improve the signal-to-noise ratio for the J/¢ candi-
dates. They involve making requirements on the Pr of the muon candidate and
matching between the CTC track and the muon chamber stub. Muon back-
grounds arising from hadronic punch-through, decay-in-flight (real muons),
muon chamber noise, and back-scattered particles are less likely to have CTC
tracks well-matched to the hits in the muon chambers. These backgrounds
also tend to have lower Pr tracks matched to the hits. Figure 4.3 shows the
transverse momentum distribution for g candidates in the J/4 signal region
and sideband regions from run 1A data. For the purpose of optimizing the
J /1 selection cuts, the signal region is defined as the 3¢ window around the
world average J/v¢ mass of 3096.88 + 0.04 MeV/c* [8], where o is the uncer-
tainty on the measured J/¢ mass. The sideband regions are those outside
the +40 window. The distributions are separated by muon detector type.
The sharp edge at 1.4 GeV/c is due to the reconstruction code which will not
match muon hits to low momentum tracks since muons with Py < 1.4 GeV/c

on average will not traverse the calorimeter absorber. The edge at 2.5 GeV/c
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Figure 4.2: The p* ™ invariant mass distribution showing the J/v candidates

after vertex constraining the muon tracks.
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is an artifact of Level 2 trigger, which requires one of the J/i muon legs to be
found by the CFT, which becomes efficient around 2.5 GeV/c. For the CMP,
only muons with Py higher than about 2.5 GeV/c are expected to pass trough
the 8 absorption lengths of calorimeter. Figure 4.4 shows the same distribu-
tions from run 1B data demonstrating the differences in trigger requirements
for that period of data taking.

For the analysis of run 1A data both muons are required to have a
P higher than 1.8 GeV/c and at least one muon to have a Py higher than
2.8 GeV/c; for the run 1B data both muons are required to have transverse
momenta above 2.0 GeV /c. Figure 4.5 presents the invariant mass distribution
of J/4¢ candidates after applying the above requirements.

The J/v background is reduced by applying selection criteria on the
quality of the match between the hits in the muon chamber and the extrapo-
lated track in the CTC. For real muons, the uncertainty in extrapolating the
CTC track to the muon chambers is dominated by multiple scattering within
the calorimeter. This uncertainty is described by Equation 4.1 [44], which

takes into account the CDF geometry.

13.8 | 0.59 4 0.41/sin 6
~ 3840594—0 [sind (1)

72PN 1-0.71/Pp
where Pr units are GeV/c. The typical uncertainty is such that a 3 GeV/c
muon’s track is expected to be extrapolated to within about 5 cm of the muon
hits in the muon chambers. A x? is formed by dividing the extrapolation dis-
tance by the multiple scattering uncertainty. This is done in the = coordinate
except for the CMU where a x? is calculated also in the z coordinate. Fig-
ure 4.6 shows these x? distributions for the J/4 signal and sideband regions.

In this analysis we require matching within three standard deviations for z
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Figure 4.5: The p*p~ invariant mass distribution after the Pr cuts on the

muon candidates discussed in the text; Run 1A and 1B data shown.
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components and 3.5 standard deviations for CMU z component. Figure 4.7
shows the J/v invariant mass distribution after applying the “matching” re-
quirements.

The signal-to-noise ratio in the J/v¢ sample is rather high. This
allows us to choose a wide mass window for the J/v¢ candidates selection for
the further analysis. Therefore, the measured dimuon mass is required to be
within four standard deviations (calculated using the mass uncertainty of the
event) of the world average. An alternative approach of selecting a fixed size
mass window would be more simple, but it has one shortcoming: there are two
tracking devicesin CDF, CTC and SVX, with different momentum resolutions.
This translates into different mass resolutions for the dimuons measured in the
different detectors. The mass resolution varies from 15.28 MeV /c? for the J/v
candidates which have both muons measured in the SVX to 26.38 MeV/c?
for the J/1¢ candidates which have only CTC information (Figure 4.8). In
this analysis we use the SVX data when it is available and the CTC data
otherwise. Thus, selecting the fixed J/v¢ mass window would not provide the

best signal-to-noise ratio for the final sample of the J/v¢ candidates measured

in both CTC and SVX detectors.
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Figure 4.7: The p*p~ invariant mass distribution after making Pr cuts on
muon candidates and requiring their CTC track and muon chamber stub to

match. Run 1A and 1B data are shown.
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Figure 4.8: The p*p~ invariant mass distributions when both muons are mea-
sured in the SVX (top) and CTC (bottom); Run 1A and 1B data are shown

together.

49



Chapter 5

Search for A) — J/v A(1520)

The topology of the decay chain A} — J/v A(1520), J/¢ — pt u~,
A(1520) — p K in the plane transverse to the proton beam is shown in the
Figure 5.1. We use only the decay modes into charged particles in order to be
able to use the tracking system to obtain a good mass resolution. References
to a specific charge state include also the charge conjugate state, unless ex-
plicitly stated otherwise. The distinctive feature of a B-hadron decay is that
given the relatively high value of the b lifetime, the decay vertex is displaced
from the primary vertex. This makes it possible to distinguish the A, decays
from backgrounds coming from the primary interaction vertex. Both A, decay
products, J/v¢ and A(1520), are short-lived, the J/¢ width being 87 4+ 5 keV
and the A(1520) width being 15.6 + 1.0 MeV. That makes the final decay par-
ticles, p*, p~, p, and K appear to come from the same vertex. These decay

features suggest the reconstruction strategy described in this chapter.

The decay of the B-meson, B® — J/¢ K* has the same topology as
the A) — J/¥A(1520) decay with the only exception that the final products are

pt, p~, m, and K. We reconstruct both A} — J/¥A(1520) and B° — J/¢ K*
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decays, using the B® — J/v K* for monitoring purposes and for the further

cross-section related calculations described in the next chapter.

5.1 Track Selection

To reduce the combinatorial background and improve the mass res-
olution, we apply selection criteria to the reconstructed tracks. These criteria
generally require the track to be well-measured in the CTC and the match

between SVX and CTC track segments to be good.

5.2 Constrained Fits

In the course of the analysis we subject the track parameters to sev-
eral geometrical and kinematic constraints to improve the mass resolution
[45]. The idea of kinematic fitting is to reduce the measurement errors by
applying known physical constraints. A first possible requirement is that the
daughter tracks from a single decay must all come from the same vertex, such
as in J/¢ — pt p~ decay. Moreover, some combination of decay daughters
must have a particular invariant mass. In the decay chain A) — J/v¢ A(1520),
J/Y — ptp~, A(1520) — p K, the invariant mass of the two muons can be
constrained to the known J/1 mass. Finally, if the A) in the example above
is produced at the primary vertex and decays at a secondary vertex, we may
further require that the sum of the momenta of the decay products point away
from the primary vertex. The fitting procedure involves an adjustment of
the track parameters by imposing constraints to minimize the x?* calculated

from the change in parameters with respect to their errors. The result of
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Figure 5.1: The transverse A) — J/¢¥A(1520) event topology.
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the constrained fit is a new set of track parameters and a corresponding new
covariance matrix. For tracks that did not come from the same vertex the
attempt to constrain the track parameters to have a common vertex results
in a large x* which can be used to distinguish this set of tracks from those
which have higher probability of originating from a common vertex. Similar

procedures are used for the mass and pointing constraints.

5.3 Pr Scale

The transverse momentum scale is used to convert a measured track

curvature into a transverse momentum according to:
Pr(GeV/c) = 1.5 x 107*B(kG)/C(cm)

where B is the magnetic field and C is the curvature of the track. The Pr
scale therefore depends on the magnetic field intensity which has a default
value of 14.116 kG in the offline reconstruction program. This value is based on
measurements made with 5000 A current in the solenoid and extrapolating the
measurement to the operating level of 4650 A. The accuracy of the magnetic
field measurement is 0.05% [46] at 5000 A.

In addition to the magnetic field, the Pr scale also depends on cor-
rections to the measured curvature due to energy losses experienced by the
particle passing through material such as beam pipe, SVX, cables, supports,
inner wall of the CTC, and the CTC gas and wires. This correction can be
applied as an average correction since the actual energy loss of a particle is
not known. The correction depends on the particle’s type and velocity, and

on the amount and type of the material traversed.
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We have also adjusted the scale factor for the magnetic field by re-
quiring the reconstructed J/¢ mass to match the world average value. Thus,
the average values of the magnetic field we use are 14.12598 kG for Run 1A
data and 14.12427 kG for Run 1B data. The magnetic field value is mon-
itored in CDF using nuclear magnetic resonance devices in Run 1B and by
measuring the magnet current in Run 1A. We found that fluctuations in the
field strength do exist. We correct for these fluctuations by reading out the
measured magnetic field values and scaling the average field value on an event
by event basis if the fluctuation is less than 0.3% of the nominal field value.
If the field fluctuation is higher than 0.3% (which is an extremely rare case)
we discard the event. The mass resolution for the J/¢ measured in the SVX
is 15.28 + 0.05 MeV/c? after the magnetic field correction and 15.57 + 0.05

MeV/c? without the field correction.

5.4 A) — J/¢¥A(1520) Decay Reconstruction

5.4.1 A(1520) and K* Candidate Selection

After the J/4 is identified (see Chapter 4) all the remaining tracks
in the event are combined in oppositely charged pairs and their invariant mass
is tested for consistency with the A(1520). Even tracks identified as muons
participate here, as there is a fraction of hadrons mistakenly tagged as muons.
Each pair of tracks is constrained to a common vertex and if the x? probability
for the two tracks to come from the same vertex is greater than 1% the invariant
mass is calculated. Each pair of tracks gets both mass assignments of the
A(1520) daughters (p — —K and K — —p) resulting in two possible candidates

out of each pair. Only the assignment resulting in the invariant mass closer
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to the A(1520) world average mass is kept. A Monte Carlo study shows that
the misidentification rate for this method is only about 5%.

We do not observe a A(1520) signal enhancement over the combina-
torial background, since the latter is extremely high, so we identify a pair of
tracks as a A(1520) candidate if their invariant mass is between 1504 and 1535
MeV/c?. This corresponds to a window of two natural widths (, = 15.5 MeV)
around the pole for A(1520) (M(A(1520)) = 1519.5 + 1.0 MeV/c?).

The same procedure is followed to select the K* candidates from
the B — J/¢¥K* decay. The K* signal is also not distinguished from the
combinatorial background in our data too. The mass window to identify the
K* candidates is taken to be between 842 and 940 MeV/c? (for the K=, , =

49.8 MeV and M(K*) = 891.59 + 0.24 MeV/c?).

5.4.2 A) and B’ Candidates

In order to select A} candidates, the J/v¢ and A(1520) candidates
are tested for a common vertex with a x? probability greater than 1%. The
track parameters of the four-particle system passing this test are recalculated,
requiring simultaneously the two muons to have the J/v mass, the four tracks
to have a common vertex, and the total momentum of the four particles to
point to the primary vertex. If the combined x? probability of this constrained
fit is greater than 1%, the invariant mass of the system is calculated and if it
falls within a search window between 5500 and 5800 MeV/c?, we consider the
event a A) candidate. The B° candidates are selected according to the same
strategy with a mass window between 5150 and 5450 MeV/c?. The invariant
mass distribution of the A} candidates is shown in the top plot of Figure 5.2.

The bottom plot shows the invariant mass distribution of the B° candidates.
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The bin width is 5 MeV/c? for this and all the following Aj and B° plots.
It is evident that further actions are required to reduce the combinatorial

backgrounds.

5.5 Cut Optimization

The expected A signal is very small and care must be taken to ensure
that the analysis cuts do not enhance a background fluctuation. Rather than
tuning cuts on the signal, the specific requirements for Aj — J/¥A(1520) are
based on the optimization of signal-to-noise ratio for B — J/1 K* decay along
with Monte Carlo studies. In a counting experiment, the statistical error on
a signal S is /S + B, where B is the background. Maximal significance is
therefore achieved when S?/(S + B) is maximized. Our intention is also to

use as few cuts as possible.

5.5.1 Additional Tracking Selection and cr Cut

The average lifetime of the A is 1.14 4+ 0.08 ps [8] and that of the
B° meson is 1.56 + 0.06 ps [8]. This translates into decay lengths of the
order of 400 and 500 pm respectively for transverse momenta of the order
of 10 GeV/c. These decay lengths are large compared with the expected
resolution using the SVX and comparable to the expected resolution using
the CTC information. The signal is therefore expected to have a measurable
proper lifetime distribution which is distinguishable from the lifetime of the
combinatorial background. Therefore, to reject the combinatorial background
coming from prompt tracks we apply a c¢r cut. Table 5.1 lists the signal and

background behavior for the BY invariant mass distribution when different
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Figure 5.2: The J/¢—p-K (top) and J/¢—K—= (bottom) invariant masses after

applying the selection procedure discussed in section 5.4.
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numbers of tracks in the B® — J/v¢ K* decay are required to have the SVX
information. WE consider a track to be an SVX-measured, it it has at least
three hits in the SVX detector. Since the case when at least two tracks are
measured in the SVX has the best signal-to-noise ratio for the B® — J/¢ K*,
we will require a minimum of two SVX-measured tracks for A) — J/v A(1520)

and B° — J/v¢ K* decay products.

Minimum number of | 0 1 2 3 4
SVX Tracks Required
Signal 392 | 278 | 270 | 261 | 199
Background 499 | 143 | 99 | 87 | 40
S?/(S + B) 172 | 183 | 198 | 196 | 165

Table 5.1: Signal and background for different numbers of tracks with SVX in-
formation for the B® — J/¢ K* decay after all other cuts described in sections

5.5.1 and 5.5.2 have been applied.

er Cut Value, pm | N/JA| 0 | 50 | 100 | 150 | 200
Signal 352 | 305 | 281 | 270 | 237 | 217
Background 1037 | 564 | 193 | 99 | 65 | 50
S5%/(S + B) 89 | 107 | 167 | 198 | 186 | 176

Table 5.2: Signal and background for the different values of the ¢ cut for
B° — J/4K* all other cuts described in sections 5.5.1 and 5.5.2 have been

applied.

The er is calculated in the transverse plane according to the formula:

(P, L, + P, - L,)M,
Pi

cT =

where P, and P, are the momentum components of the decaying object, P? =

P2+ PyZ, M is the object’s mass, and L, and L, are the  and y projections of
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the distance from the primary vertex to the decay vertex. Table 5.2 lists the
number of signal and background events for the B° after applying different cr
cuts. The statistical significance is highest for a 100 gm cut. The recent CDF
measurement [48] finds the A} lifetime only 15% shorter than the lifetime of
the B° which gives us a reason to choose a 100 gm cut for both A and B° for
simplicity and consistency. Figure 5.3 shows the invariant mass distributions
for A) and B° after requiring two tracks to have SVX information and the
proper lifetime to be above 100 gm. The arrows on the AJ plot mark the area
where we expect to see the mass peak. The B invariant mass distribution is

shown together with the result of a binned likelihood fit.

5.5.2 Kinematics Cuts

In order to further reduce the combinatorial background, which con-
sists mostly of low-momentum tracks, we apply Pr cuts on the A}/B° and
A(1520)/K* candidates. Figure 5.4 presents the Py spectra of the Monte
Carlo simulated A} and A(1520) (solid) and the Pr spectra of A} and A(1520)
candidates (shown in Figure 5.3) after performing the selection requirements
described earlier in this chapter. Here we can see that selecting Aj candidates
with transverse momenta above 6 GeV/c is almost harmless for the signal
while removing some fraction of the background. By requiring the transverse
momentum of the A(1520) to be greater than 2 GeV/c we remove a significant
amount of the background and preserve a large portion of the signal. The
result of applying several different Pr cuts on the B° candidates is shown in
the Table 5.3. We choose Pr(Aj B°) > 5.0 GeV/c and Pr(A(1520) K*) > 2.0
GeV/c as being the most efficient in terms of signal-to-noise ratio. The results

of these Pr cuts are shown in Figure 5.5.
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Figure 5.3: The J/¢-p-K (top) and J/¢-K-m (bottom) invariant masses af-
ter applying selection procedure discussed in the section 5.4 and requiring cr

greater than 100 pm and at least two tracks to have SVX information.

60



+ HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘H

I
_ N
RN RN R R B \“ i SRS S N N Sy S T S S IO A B SO O IR DA R A

O\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

1 2 5 4 S 6 7 8 9

P.(A(1520))
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daughter hadron. The background levels are reduced by approximately the

factor of three in comparison to the distributions shown in Figure 5.3.
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B°, K* Pr cut, | 5.0, | 5.0, | 5.0, | 6.0, | 6.0, | 6.0, | 7.0, | 7.0, | 7.0,
GeV/c 1.5 1202515 |20 |25 |15 |20 25
Signal 321 | 276 | 214 | 299 | 270 | 213 | 273 | 250 | 207

Background | 253 | 108 | 55 | 209 | 99 | 53 | 144 | 84 | 49
S%/(S + B) 180 | 198 | 170 | 176 | 198 | 171 | 179 | 187 | 167

Table 5.3: Signal and background for several values of the Py cut on B° and

K=
5.5.3 Check for B° Reflections

The combinatorial background is a major source of background for
the A} decay mainly because we do not have a reliable way of identifying the
A(1520) decay products and have to loop over all track combinations to find the
A(1520) candidates. As demonstrated above, the combinatorial background
can be suppressed by requiring a positive proper lifetime cut for A) and Py cuts
for A(1520) and A] candidates. On the other hand, we reconstruct hundreds
of B-mesons which possess similar Py and c¢r characteristics as B-baryons.
The tracks of B-meson decay products with masses assigned according to a A}
decay hypothesis can be another source of A background since the B-meson
mass in such a case is “reflected” into the A} search window. Figure 5.6 shows
the result of a Monte Carlo study of the B° reflections, when pion and kaon
from the K™ decay are treated as kaon and proton of a possible A(1520) decay.
The top plot shows the simulated B° peak, while the bottom plot presents the
reflected B”’s into the AJ search window.

According to the Monte Carlo, about 8% of B°’s contribute to the
A} background. That means that having reconstructed 275 B° mesons (Fig-
ure 5.5, bottom), we could have observed about 22 A) candidates which are

consistent with being reflected B® mesons. We check this on the data by reas-
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Figure 5.6: Invariant mass distribution of the Monte Carlo generated B®
mesons (top) when reconstructed according to the A} decay hypothesis (bot-

tom).
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signing the masses for the tracks selected as A(1520) candidates. Proton and
kaon tracks are assigned kaon and pion masses respectively, and if the invariant
mass becomes consistent with the K* mass within 42, and the four-particle
system invariant mass is consistent with the B° mass within +20, we consider
the event a B° reflection and discard it. This procedure rejects 24 A} candi-
dates from Figure 5.5. Figure 5.7 shows Aj candidates (top) after removing
the B reflections, and the removed events are shown in the bottom plot.

We are not able to distinguish a A} — J/1A(1520) decay in the data
accumulated by CDF through the Tevatron Run I. The next chapter presents

the calculation of the limit on the A} — J/1A(1520) branching ratio.
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Chapter 6

. 7Y
Limit on UB%B(Ag — J /1 A(1520))

A direct calculation of the limit on the A) production cross section
times branching fraction O'A(;B(Ag — J/1 A(1520)) is possible with our data,
but the result will contain large systematic uncertainties, including the un-
certainties in the b-quark production cross section and Py spectrum. Instead,
we can calculate the limit on the ratio of the A} and B branching fractions

according to the equation:

oo B(AY — J/$A(1520))B(A(1520) — pK)ers  Nyo
ogoB(B® — J/¢yK*)B(K* — K)epo ~ Ngo

(6.1)

where B(B® — J/¢¥K*) = (1.58 £ 0.28) - 10~3, B(K* — K*nT) = 0.66513 +
0.00013, B(A(1520) — pK) = 0.30 £+ 0.01 [8]. In order to do this, we have
to determine the value of ego and € A9 from the Monte Carlo and extract the
number of observed B? (Ngo) and an upper limit for the number of A (NA(;)
from the data. This method allows us to minimize the systematic uncertainties

since they almost completely cancel out in this ratio.
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6.1 Additional Selection Requirements

In order to minimize the systematic uncertainty on the calculation
of the ratio of reconstruction efficiencies for AY and B, we impose additional

requirements on the samples of A and B°.

First of all, we require the J/1 muons to be reconstructed in the
CMU system, since the efficiencies of the CMX detectors are not very well
measured and would introduce an unknown systematic effect. The result of

this cut on the B signal is shown in Figure 6.1.

The second requirement is due to the fact that the CDF tracking
system efficiency is Pr-dependent for particles with transverse momenta be-
low 400 MeV/c [47]. Another consideration is that the track reconstruction
efficiency is different for tracks that pass through the whole CTC volume and
those that exit the CTC from the sidewall without crossing all the CTC super-
layers. Therefore, we require all tracks to have transverse momentum above
400 MeV/c and a CTC exit radius greater than 130 cm, which ensures that
tracks traverse all the CTC superlayers. These cuts are relatively minor, since
the Pr cuts of 2 GeV/c on A(1520) and K* do not leave many low-momentum

tracks. Figure 6.2 shows the sample of B° candidates after this requirement.

Finally, we have limited the sample to events where the tracks of the
AY and B° decay products are all reconstructed in the SVX. The requirement
on the hadron proper lifetime to be greater than 100 pm, discussed in Chapter
5, will have different efficiencies for events with different numbers of tracks
measured in the SVX, since the ¢ resolution depends on the proportion of
tracks measured in the SVX and CTC. By limiting the data sample to events

with all tracks measured in the SVX, we avoid the systematic uncertainties
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Figure 6.1: The B° signal after requiring the muons to be detected in the

CMU system only (top) and the events removed by this cut (bottom).
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associated with the detector simulation and the way in which the data is

distributed along the beamline. This cut rejects 24% of the B° signal.

Figure 6.3 shows the B invariant mass distribution after the addi-
tional cuts described in this section have been applied. This subsample is used

as a reference signal for the A branching fraction limit measurement.

The additional requirements, described above, reduce the B° signal
by about 45%. The individual rejection power of these track quality cuts on the
A} sample is shown in Figure 6.4 and the remaining sample of A{ candidates,

which we use to find the branching fraction limit, is presented in Figure 6.5.

6.2 Ratio of Efficiencies and Systematic Un-

certainties

We find the relative A) and B° reconstruction efficiencies using a
Monte Carlo simulation including next-to-leading order QCD calculations [49]
with renormalization scale p?2 = (PZ+m}) and a b-quark mass my, = 4.75GeV/c?,
and the MRSDO proton parton distribution functions. The detector simula-
tion includes J/¢ Level-1 and Level-2 trigger simulation. We use the CDF
measured Aj lifetime [48] and the world average value for the B lifetime [8].

After reconstructing the generated events with the analysis module
and imposing all the cuts and selection procedures described earlier, we find the
ratio of the A and BP efficiencies, €go /eAg = 0.9740.01, where the uncertainty
is statistical only. To estimate the systematic uncertainty on this ratio, we
vary several theoretical and experimental parameters by their uncertainties

and calculate the resulting change in eBo/eAg. Table 6.1 gives a breakdown of
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Figure 6.3: The invariant mass distribution of the B® candidates used as a ref-
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cuts described in Section 6.1 have been applied.
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the systematic uncertainties on €B0/€Ag-

Source of Central Value Variation Change
Uncertainty Used in Range in
Analysis Z%z, %
A polarization, % 0 -1—1 5.0
B polarization, % 74 65 — 80 1.0
Peterson € for A, 0.006 0.002 — 0.010 8.9
Peterson € for By 0.006 0.004 — 0.008 3.9
er(Ap), pm 351 318 — 384 1.5
cr(BY), pm 484 461 — 507 1.0
SVX cr resolution, pm 40 0 — 80 0.5
A(1520) width, MeV 15.6 14.6 — 16.6 1.3
K* width, MeV 50.5 49.9 — 51.1 1.3
Detector mass 3 (A(1520)) +25% 0.7
resolution for A(1520) 5 (K™) +25%
and K*, MeV
J /4 trigger efficiency standard tlo 1.3
b spectrum M, = 4.75 M, = 4.5 GeV/c? 0.7
GeV/c?, L= po/d —
B = o M, = 5.0 GeV/c?
p=2X po
Tracking efficiency 98.5 97 — 100 0.8
for p, %
Total 10.5

Table 6.1: One standard deviation systematic uncertainties on ego /eAg.

The major contribution to the uncertainty on the ratio of efficiencies
is the theoretical uncertainty in the fragmentation parameters for B-mesons
and especially for B-baryons (see Chapter 2). Variations in the fragmentation
parameter result in different spectra of B-particles, with an impact on the
overall reconstruction efficiency due to the J/4 trigger and the tracking system
inefficiency at low momenta. We find an 8.9 % (3.9 %) change in €go /51\2 due

to the uncertainty in the fragmentation parameter for the Ay (B°).
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The polarizations of the Aj and B decays affect the A(1520) and
K* Pr spectra. Since the A} polarization is not yet measured experimentally
and the B° polarization is known with a significant uncertainty [50], [51], they
introduce systematic errors in the A) and B° reconstruction efficiencies. By
varying the A} and B polarization parameters in the Monte Carlo we obtain
2 and 1 per cent change in €BO/€A2 respectively.

Other systematics include the uncertainties in the A} and B° life-
times, the lifetime and mass resolution of the detector, the trigger and tracking
efficiencies and the b-quark cross section uncertainty. Their contributions are
rather small; most of them affect the A) and B reconstruction in the same
way and cancel out in the ratio measurement. The systematic uncertainties

added in quadrature result in a 10.5% total systematic uncertainty on €BO/€A2-

6.3 Determination of NAg and Npgo

It is possible to determine the number of A} candidates, NAg, by
counting the number of entries in a given mass window and subtracting the
background estimated from the sidebands. Poisson statistics could then be
used to calculate an upper limit. This counting method has the advantages
of being simple and conservative. Its major disadvantage is insensitivity to
fluctuations in the background shape. If the search window, for example,
happens to have two spikes at the window edges, the counting experiment
would consider them both as possible candidates. In the counting method,
the limit also depends on the size of the chosen window.

An alternative method is to perform an unbinned maximum like-

lihood fit to the data with a two-component function (a linear function to
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describe the background and a Gaussian to describe the possible signal). In
this case the shape of the distribution is taken into account, yielding a more

precise result. This fit involves maximizing the following likelihood function:

_(mi=Pp)?
e 2ko;)?
£ = ot (e £ )" ﬁ " s+ e (Pemi 4 By) (6.2)
N =1 ns + np )

where n, and n; are the number of signal and background events respectively,
which together with P, are the parameters of the fit. N is the total num-
ber of events in the mass distribution, m,; and o; are the measured mass and
mass uncertainty for each event, and k is a scaling factor for o;. Its value is
determined from a fit to the distribution of (M(B") — m,)/o;, where M(B°)
is the world average mass of the B°, and m; and o; are mass and mass un-
certainty of each event in the BY sample used as a reference signal for the A,
branching fraction limit measurement (Figure 6.3). The expected distribution
of (M(B") — m;)/o; is a Gaussian centered at zero with o = 1 when both m;,
and o; are determined correctly. The fit result shown in Figure 6.6 suggests
that the mass uncertainty is underestimated by a factor of 1.44 £+ 0.13. We
correct it by scaling o; in Formula 6.2 by k& = 1.44.

In order to find the most probable number of signal events, we fix n,
and maximize the likelihood function with respect to the other fit parameters.
For the determination of NAg, parameter P;, which corresponds to the mass of
the signal being fitted, is allowed to vary only between the bounds determined
from our A mass measurement described in the next chapter, i.e. between
5603.5 and 5642.5 MeV/c?. This procedure is repeated for different values of
ns. The top plot of Figure 6.7 shows the distribution of —2In(L) versus the

number of A) signal candidate events. According to the fit, the most probable
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> | Sigma 1.44 + 0.13

Figure 6.6: The distribution of the difference between world average and mea-
sured mass weighted by the measured mass uncertainty for the B sample. The

Gaussian fit to this distribution has o = 1 when mass uncertainty is scaled by

k= 1.44.
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number of A} events in our data is NAg = 0. The same method, applied to
the sample of B candidates, returns the result Ngo = 135.9 (bottom plot
of Figure 6.7). The likelihood intervals corresponding to a 68.3% probability
have a total width of ANAg = 3.1 and ANpgo = 25.0 events respectively.

To check the effect of the scaling factor k£ uncertainty on the measure-
ment, the above procedure was performed for 1.3 < k < 1.6. The variation
of k affects both Ngo and the limit on NAg (at 90% confidence level) by no
more than 2%. The limit on the ratio Nao /Npgo changes by less than 1% when
k is varied. This effect is very small compared, for example, to the statistical
uncertainty on Ngo and is not taken into account in further calculations of the

limit.

6.4 The Limit on the Branching Ratio

We can rewrite Equation 6.1 so that the left-hand part of the equation

is the product for which the limit is being found:

TN o 0 . B(K*— Km) ego Ny
B(A; — A(1520)) = B(B" — K 2
o ( b J/";b ( 5 0)) ( J/":b )B(A(1520) N pK) EA(; NBO

(6.3)

A simplified way of calculating the limit on :ﬁ (A) — J/4¥A(1520))
5O

is to find the upper limit for N A9 with a certain confidence level (for example,

90%) and increase B(B° — J/¢K*)%ZBO NL by a given amount
AY 0

to take into account possible upward fluctuations. For example, if we increase

B(B° — J/¢K*)MEBO L by one standard deviation, we get:

B(A(1520)—>pK) EAO NBO
b

O A0
Ay

B(A} — J/¢A(1520)) < (B(B® — J/YK*) + o(B(B° — J/¢¥K*)))x

gpgo
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N(9O%CL)
B(K*—>K7l')—|—0'(B(K*—>K7F)) €po €po A9

“B(A(1520) — pK) — o(B(A(1520) — pK)) "~ ‘ery | ‘ens’ Npo — o(Npo)

where N[(X%O% er) is the limit on the number of observed Ag events at the 90%
b
confidence level, and o(X) is the uncertainty on X. The result of this calcu-

lation is:

O A0
Ay

B(AY — J/%A(1520)) < 1.67 x 107*.

agpo

Unfortunately, this approach does overestimate the limit. If the

* B(K*—>K=« € . . .
product B(B° — J/¢yK )me‘jz NLO was known with infinite pre-
b

cision, using N A9 limit at the 90% confidence level would provide the limit

on :L(;B(Ag — J/¢¥A(1520)) at the same 90% confidence level. The fact
5O

that all uncertainties on B(B° — J/¢K*)%ZBO ~— have to be
A9 B0

taken into account increases the value of the confidence level for :L(;B (A) —
BO
J /P A(1520)).

The correct way of calculating the limit is to construct the likelihood

- - 0 o\ B(K*=Kr) e N3
function with the parameter B(B° — J/¢y K )WEA(; N and find a
90% confidence interval with respect to this parameter. This procedure is not
practical since the experimental observable is the invariant mass distribution
and the fitting parameter must be a number of events.

To find the limit, therefore, we use a numerical Monte Carlo method

with the assumption that all the components from

B(K* — K7) €epo 1
B(A(1520) — pK) €0 Npo

B(B° — J/$K*)

have Gaussian errors. The probability distribution of observing a number of
A} events in our data, shown in Figure 6.8, is found by maximizing the likeli-

hood function 6.2. Then the number of A} events, Ny, is generated randomly
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according to this distribution and the other terms from the right part of Equa-
tion 6.3 are generated independently according to the Gaussian distribution
with corresponding means and widths. The product :%E (A) — J/4¥A(1520))
is then calculated from Equation 6.3. This procedure is repeated a large num-
ber of times and the distribution of :%B(Ag — J/1¥A(1520)), shown in Fig-
ure 6.9, is obtained. In this approach, therefore, all the components from the
right-hand part of the Equation 6.3 assume all their possible values within
known limits instead of being fixed at a predetermined level. We find that

90% of the time the value of :LgB(Ag — J/9A(1520)) is less than 1.38-107%.
5O
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Chapter 7

Observation of A) — J/u A

Another exclusive B-baryon decay that can be studied at CDF is
the A) — J/¢ A decay. The advantage of this mode is that it is easy to
form an efficient dimuon trigger, as in the case of A} — J/v¢ A(1520), and
the A is easily identified even without particle identification system because
of its characteristic decay pattern and the long decay length. The transverse
topology of the decay chain A} — J/¥ A, J/4b —» ptp~, A — pm is shown
in Figure 7.1. The main difference between this decay mode and the one
discussed in the previous two chapters is that the A} daughter, the A, is long
lived with an average lifetime of (2.632 4 0.020) x 107'° s [8]. Another feature
of the A decay is that the proton is carrying more than 80% of the parent
momentum (for A momenta much larger than the @ value of the decay). This
makes it easy to distinguish proton and pion, but severely reduces the decay’s
reconstruction efficiency because of the CDF tracking system cut-off at low

momenta.

When reconstructing the A} — J/1A(1520) decay, we use the decay

of the B-meson , B® — J/¢ K* for monitoring purposes. Now we will use
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another B® decay mode, B — J/v K? with K — =« 7~ for the same pur-
poses, since it has decay kinematics similar to A} — J/¢¥A. The K? has an
average lifetime of (0.8927 £ 0.0009) x 107'° s [8], so in both cases we have to
reconstruct two displaced vertices.

We use the same track selection procedures and geometric and kine-

matic constrained fits for this part of the analysis as described in Chapter

5.

7.1 A and K? Candidate Selection

The candidates for the A — p7~ events in the J/v are sample are
identified by testing all pairs of oppositely charged tracks (except for those
identified as the J/v¢ daughters) for consistency with the A mass. We assign
the proton mass to the track with the highest momentum in each pair. Ac-
cording the a Monte Carlo study, this is always correct for A reconstructed
in the CDF detector. At the same time we search the data for K — 7t «~
events. The A and K? candidates are subjected to the vertex constraints and
three requirements are imposed to reduce the combinatorial backgrounds. We
require the A/K? vertex to be displaced by more than 1.0 cm with respect to
the pu™ u~ vertex in the transverse plane in the direction of the A/K? trans-
verse momentum. This reduces the background due to tracks originating from
the primary vertex. For each track belonging to a A/K? candidate we require
consistency between the ionization loss measured in the CTC and the expected
loss for the type of particle and its momentum. It is easy to separate pions and
protons because of the difference in their masses and we are able to identify

which track corresponds to the proton candidate. If the measured ionization is
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Figure 7.1: The transverse A} — J/4 A event topology.

87



different from the predicted value by more than 20, we reject that candidate.
As in the A(1520)/ K* reconstruction procedure, we make a Pr cut on the A
and K? candidates. Because of the soft spectrum of pions from A — pn~
decay, the requirement is Pr > 1.5 GeV/c for A and K? candidates in order to
preserve the signal. Figures 7.2 and 7.3 show the invariant mass distributions
of the pm~ and n+ 7~ samples respectively after the selection criteria listed

above.

7.2 A) and B’ Candidate Selection

To reconstruct the A) — J/1¢A decay, we select A candidates with in-
variant mass within +4 MeV/c? of the world average A mass of 1115.7 MeV /c?
(arrows on Figure 7.2) and combine them with the J/+ candidates. The mass
window for K candidates is taken to be +12 MeV/c? around the K¥ mass of
497.67 MeV/c*. The four tracks are subjected to a constrained fit where the
dimuon is required to have the J/v¢ mass, the A/K? momentum is required
to point away from the dimuon vertex and the total momentum of the four
tracks is pointing away from the primary vertex. The cuts, listed in Chapter
5, are also used in this analysis: the A} and B candidates are required to
have a lifetime ¢ > 100 pym, and a transverse momentum Py > 6.0 GeV/c.
Figure 7.4 shows the J/4 A invariant mass spectrum after following the above
procedures and rejecting m — p candidates if a m — 7 mass assignment results in
an invariant mass consistent with K decay (similar to the procedure described

in Section 5.5.3). Figure 7.5 shows the J/v K? invariant mass distribution.
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7.3 A} Mass Determination

We observe 38 events in the mass range 5.60 — 5.65 GeV/c* (Fig-
ure 7.4), which should contain 90% of the A} signal given an expected mass
resolution of 13 MeV/c?. The expected average number of background events
in this mass region is 18.1 4+ 1.6, as interpolated from a linear fit to the side-
bands. The number of A} candidates in the signal region, returned from the
Gaussian part of the fit is 19.9 + 6.4. The probability that this signal is due
to a background fluctuation corresponds to approximately 3.1o for a normal
distribution. The statistical significance of the signal has also been tested for
variations in the event selection requirements and the signal was found to be
robust. The measured B” mass of 5281.3 & 1.8 MeV/c* (Figure 7.5) is consis-
tent with the world average value of 5279.2 4+ 1.8 MeV/c?, and the width is
consistent with the expected mass resolution.

To determine the A) mass, we apply an unbinned likelihood fit to the
data of Figure 7.4. We use the likelihood of Equation 6.2, developed for the

A} — J/v A(1520)) analysis, and obtain M(A]) = 5621 &4 MeV/c%.

7.4 Systematic Uncertainties on the A} Mass
Measurement

The absolute value of the momentum scale in CDF is calibrated by
normalizing the average reconstructed J/v¢ mass to its world average value, as
described in Chapter 5. During the course of Run I we observe a time depen-
dent variation of the magnetic field which results in the J/¢ mass variation

shown in Figure 7.6. The full range of field variation corresponds to a mass
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variation of 2.6 MeV/c? for both B and A]. We take one half of this variation
as the systematic uncertainty due to the momentum scale.

A variation in the measured J/v¢ mass as a function of the difference
in polar angle between the two muons was noted in the earlier CDF mass
measurements [53, 54]. The uncertainty in the J/¢ mass shown in Figure 7.7
translates into an uncertainty in the A} and B° mass of 2.0 MeV/c%.

The measured mass uncertainty for each event, o; from Formula 6.2,
is a function of the reconstructed track parameter uncertainties which can be
miscalculated because of lack of understanding of the material in the detector.
The track fitting procedure has been modified for the A} and B° candidates
to include the effect of multiple scattering in all known detector materials by
scaling the covariance matrix. A mass shift of 0.5 MeV/c? is seen when the
covariance matrix scaling is varied over a wide range, and this value is assigned
as the systematic uncertainty in mass due to uncertainty in track parameter
measurement.

Reconstructed tracks have their momentum measurements corrected
for the energy loss due to passage through the material within the tracking
system. The error in this correction has the potential of introducing a system-
atic uncertainty in the measured A} mass because the relatively slow moving
proton in the A decay would be quite sensitive to it. The change in mass
of the J/¢ A candidates is studied for a variety of energy loss corrections as
described in [53] and an average shift of 0.6 MeV /c? is observed. This value
is taken as the systematic uncertainty due to the energy loss correction.

The summary of the systematic uncertainties on the Aj mass mea-
surement is given in Table 7.1. The total uncertainty of 3.0 MeV/c? is obtained

by adding the listed numbers in quadrature. This number is also a valid es-
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Figure 7.6: The measured J/v mass variation in the course of Run 1A (top)

and Run 1B (bottom).

95



J /v mass, GeV/c?
(@]

5.099

35.098

35.097

35.096

3.095

3094 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
—2 —-1.5 = —-0.5 0 0.5 1 1.5 2

Acot u'u”

Figure 7.7: The measured J/¢ mass variation as a function of the opening

angle between the two muons.

96



Source of Change in

Uncertainty A} mass, MeV/c?
Momentum Scale 1.3
A cot 8 effect 2.0
Track measurement 0.5
Energy loss 0.6
Total 3.0

Table 7.1: Systematic uncertainties in the A mass measurement.

timate of the systematic uncertainty for the B® mass measurement. The dif-
ference between our B mass measurement result and the world average value
is 2.1 MeV/c?, which is an indication that no other large source of systematic
error is present in the measurement. Therefore, our A) mass measurement

result is
M(A) = 5621 & 4(stat.) + 3(sys.)MeV/c".

The systematic effects influence the mass measurements of the A
and B° similarly, so the measured difference in their masses is almost free of
systematic errors. We have studied the systematic uncertainty on the differ-
ence between A and B° masses by means of Monte Carlo. The largest shift
in mass difference introduced by the sources of uncertainty listed in Table 7.1

was found to be 1.0 MeV/c?. Consequently,
M(A)) — M(B°) = 340 & 5(stat.) + 1(sys.)MeV/c".

. . UAO.B(A2—>J/¢ A)
7.5 Determination of O_BOI)_B(BO_>J/¢ 4))

To measure the branching ratio of A) — J/v¢ A decay, we follow a

procedure similar to the one described in the Chapter 6. We determine the
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ratio of production cross section times branching ratio of A} — J/¢ A and

B° — J/v K? decays, described by:

apo - B(Ay — J/P A) _ B(K] > nt77) o EBY Npo
op - B(B° = J[$KS)  B(A—pr)  en Ny

(7.1)

where B(B° — J/¢ K?) = (3.7 £1.0) x 107*, B(A — pn~) = 0.639 =+ 0.005,
B(K? — n* 7~) = 0.6864-0.003 [8]; Nyo and Npo are the numbers of observed
AY and B° events respectively, and ego and €)y are the overall reconstruction
efficiencies of A} and B° states.

In order to reduce the systematic uncertainties on the ratio of recon-
struction efficiencies, Z%z, we impose additional requirements similar to those
discussed in the Chapte; 6. We require both muons to be reconstructed in the
SVX. Hadrons are not required to have SVX-measured tracks, because both A
and K? are long-lived particles and most of their decays occur outside the SVX
volume. A and K? decay products are required to have Pr > 400 MeV/c and
CTC exit radius greater than 130 cm to ensure the uniform tracking efficiency.
We use only events where the J/1 is measured in the CMU system, restricting
the data to a pseudorapidity range of —0.6 < < 0.6, to rely on the trigger
simulation in our Monte Carlo. Figure 7.8 shows the distributions of J/¢ A
(top) and J/¢ K? (bottom) invariant masses after applying these additional
selection criteria.

The unbinned likelihood fit of a Gaussian signal plus linear back-
ground yields NAg = 7.8+ 3.4 and Ngo = 57.6 £ 8.7.

The ratio of reconstruction efficiencies of the A) and B° states was
found using the Monte Carlo technique developed for the A) — J/+ A(1520)

analysis. We find :Lﬁ = 2.02 £ 0.05.
BO
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Source of Central Value Variation Range | Change in
Uncertainty Used in Analysis i}jZ’ %

Ay polarization 0 -1—1 15
J /% helicity 0 -1—1 2
Peterson € for A, 0.006 0.002 — 0.010 8.5
Peterson € for By 0.006 0.004 — 0.008 4
er(Ap), pm 400 352 — 448 1.5
er(Bq), pm 450 417 — 483 0.5
SVX cr resolution, pm 50 40 — 60 0.5
J /4 trigger efficiency standard tlo 2.5
b spectrum M, = 4.75 GeV/c?, | My = 4.5 GeV/c?, 1.5

= fho p=po/t —

M, = 5.0 GeV/c?,

p=2X po

Mass uncertainty 1.15 0.9 — 1.7 2.5
scale parameter

Total 19

Table 7.2: One standard deviation systematic uncertainties on €go /eAg.

The systematic uncertainties that can affect ZALZ were studied by vary-
ing the theoretical parameters known with limited precision in the Monte Carlo
simulation. The summary of the uncertainties is given in Table 7.2. The
greatest contribution is due to the unknown polarization of the A} decay. The
reconstruction efficiency of A — pm~ decays is affected by the soft spectrum
of the pion transverse momentum. The softness depends on the AJ decay po-
larization parameters. In particular, the emission angle of the A with respect
to the polarization direction in the A} rest frame, ©, follows the distribution
I(©) o< a(A)P(A])cos(0), where the decay parameters a(A)) and the po-
larization P(A}) are unknown. Wide ranges of possible values for a(A}) and

P(A}) have been used in the simulation and we determine the 1o variation in

EBd

~ to be ~ 15%. Similarly, we vary the parameters from the other sources of
b
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systematic uncertainty, listed in Table 7.2, and add the resulting uncertainty
values in quadrature to obtain a total of 19% as a 1o systematic uncertainty
in the ratio of efficiencies.

We find the ratio of cross section times branching fraction with the
Pr(AY, B°) > 6 GeV/c and |p(AD, B®)| < 0.6 to be

apg - B(Ay — J/¢ A)

om0 - B(BY = J/$ KV) = 0.27 + 0.12(stat.) + 0.05(sys.).
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Chapter 8

Conclusions

The J/¢ — pt p~ sample of the 1992 — 1995 CDF data taking run
has been used to search for exclusive Aj decays. The decay A} — J/1 A has
been observed and an upper limit for the A} — J/1 A(1520) decay established.

The A mass is measured to be:
M(AY) = 5621 & 4 (stat.) &+ 3 (sys.) MeV/c?
and the mass difference with the B is:
M(A)) — M(B°) = 340 + 5 (stat.) &+ 1 (sys.) MeV/c*.

Figure 8.1 presents a summary of the results on the A) mass mea-
surements reported by different experiments, showing the superior precision
of our measurement.

We measure the ratio of production cross section times branching
ratio for the A) — J/¢ A and B° — J/+¢ K? decays to be:

oy - B(AY — J /9 A)
oo - B(B° — J/4 K9)

Assuming o0 /ogo = 0.132/0.378 [14] and B(B° — J/¢ K?) = 3.7 x

=0.27 + 0.12(stat.) £ 0.05 (sys.).

10~* [8], we find

102



UAT [Z]

SFM [26]

SFM [26]

PDG (8]

DELPHI 5]

G U

ALEPH [27/]

- o

CDF

5450 5500 5550 5600 5650 5700 5750 5800

MeV /c”
A\, Mass /

Figure 8.1: Measurements of the A} mass by different experiments. Error bars

indicate statistical and systematic uncertainties added in quadrature.
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B(A) — J/¢ A) = (2.86 &= 1.27 (stat.) & 0.53 (sys.)) x 107*.

This value is approximately a factor of 50 smaller than the result
reported by UA1 [2] and is in agreement with theoretical expectations [28] and
earlier limits from CDF [3] and LEP experiments [4], [5]. Figure 8.2 presents
a summary of the results on the A) — J/¢ A branching ratio measurements
from the different experiments and theoretical predictions. We can conclude,
that the branching ratio of the A) — J/4 A decay mode is comparable to the
branching ratios of B-meson decay with a J/v in the final state.

A 90% confidence level upper limit was established for the ratio of
production cross section for Aj and B° states times the A) — J/v A(1520)

branching fraction:

O A0
% BA? — J/pA(1520)) < 1.38 - 1074

agpo

and assuming o,0/0g0 = 0.132/0.378, we have

B(AY — J/+ A(1520)) < 3.95 x 107*.

The fact that we do not observe Aj — J/v A(1520) decay supports
the theoretical prediction [7] that , s(A) — J/v¢ A(1520)) = 0, providing an
experimental input for the development of theoretical models of B-baryon

decays.
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Figure 8.2: Measurements of the A} — J/v A branching ratio by various ex-

periments, and a range of theoretical predictions. Squares indicate the 90%

confidence level limits; error bars indicate statistical and systematic uncertain-

ties added in quadrature.
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