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Chapter 1

Introduction

1.1 Introduction

Charm is one of the six quarks, incorporated into the standard model of Weinberg
and Salam [1]. Bjorken suggested[2] and Glashow [3] postulated its existence to
suppress flavor changing neutral currents, the GIM mechanism. The charm quark
was experimentally discovered in 1974 in the form of the J/W(cc) particle at SLAC
and BNL[4]. Many charmed mesons and baryons were discovered soon after.[5]

Charm is considered, by most, the first heavy quark, m. ~ 1.5GeV/c?, and the-
orists have been able to study its production and decay through perturbation tech-
niques. Meaningful comparisons between experiment and theory have been possible.
In this thesis we will study the properties of charmed baryons, made when a charmed
quark (c) combines with two light quarks (u or d or s). The A. (cud) is the lightest
charmed baryon (M,, = 2.285GeV/c?) and the easiest to produce.

This thesis focuses on the study of A.’s produced in experiment E791, performed
at Fermi National Accelerator Laboratory in 1991. This experiment has produced the
largest sample of charmed particles to date and many of our results will be statistically
superior to current results in charmed baryon physics. This thesis also represents a
first report on charmed baryons from E791, using 364 of the total 575 runs available,
or about 2/3 of the data set.
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Figure 1.1: The QCD picture of the hadroproduction of charm through gluon fusion

and ¢ annihilation.

1.2 Hadroproduction of Charm

Charmed particles are produced in hadronic collisions. The hadroproduction of charm
is a complex process and discussed in detail many places [6]. One can attempt to
explain the charm production through QCD and the parton model. In this picture
(1.1) the hadroproduction of charm is a process that involves the hard scattering of
two partons i and j, one from each colliding hadron A and B. The charm production
cross-section [7] is described by a convolution of the parton-parton differential cross
section Cg;f and the parton structure function ( probability density) of F(z,Q?) .
The charm pair (cc) differential cross section with respect to Feynman-z is

dUcE da—z X P 7$ P 7’A7mC7 2
dA’ = Z/dIAd"EB [ ]( A4 BA B: P © ) FZ'A(tﬁA;QQ)FjB(:EBaQQ) (1'1)
TF i dip

Where p and m. are the momentum and the mass of the charmed quark. FZ»A/B(xA/B, Q*)

gives the probability of finding parton ¢ with momentum fraction = in hadron A/B.



() is the typical momentum transfer between the parton and the charm quark. The

Feynman-x variable, &y is defined as

Pz 2p-

~

Pmax \/g

(1.2)

Tp =

where p, is the momentum of the charm quark in the direction of the incident hadron
and /s is the center of mass energy. The summation ¢ and j are over the par-
ton indices. In the Figure(1l.1) the contributing subprocesses for cé¢ production in
hadronic collisions are shown for the lowest order. Processes (a) and (b) are thought
to dominate when /s > 2m., as in our case. Recent calculations[7] give the total
cross section, 0.z, to be about 15ub/N(microbarns per nucleon). This is in general
agreement with latest measurements.

After the ce quarks are created, they hadronize into charmed baryons and mesons
by combining with light sea quarks or quarks from the beam or target hadrons. This
fragmentation occurs with unit probability, thus the cc cross section should closely
approximate the observed charm particle production cross sections. Experimental-
ists observe the number of charmed particles per Xz = 2py,/+/s or dN/dXp. This
spectrum peaks strongly at Xz = 0 and falls rapidly. It is usually parameterized as
dN/dXp = (1 — | Xp])™, m=3.0-5.0.

1.3 A, production

E791 produced charmed baryons by colliding a 500GeV/c =~ beam into a nuclear
target. A schematic of the associated production process is shown in the next page
7 +N —AD +X . (1.3)

In the above equation X represents additional hadrons produced in the interaction.

The threshold energy for this interaction to occur is

FEgo = My, + Mp- + Mx ~ 4.5GeV . (1.4)
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Figure 1.2: Associated production of A.D~.

Since the 7N center of mass energy is E.,, ~ /2myE, = v/5000 ~ 33GeV, charmed
baryon production will occur quite readily. The NA32 [8] collaboration has set the
production level of A, particles in the 7N interactions to be approximately o,y x >
4ub/N. The interaction cross-section for the pions to interact in a nuclear target is

about 23mb/N. Thus, charmed baryons will be created about every 107 interactions.

E791 has recorded 20 x 10 interactions. An estimate of the number of charmed

baryons (A.) produced in these interactions is

2><O'AC

]VAC =~ Nint ( ) X BRpkﬂ' X Ctrig X €recon

Oinelastic
Nipe = 20 x 10°
€trig X €recon = 0.9 X 1073
oA, ! _
<0€ne?astic) - (ﬁ) X 10 ’
BRy» = 4%
Ny, =~ 1400

(1.5)

In the A.D~ associated production process shown in figure 1.2 the A. would be
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produced at low or even negative Xy since it is made from a diquark(du) in the target
fragment. It would be accompanied by a fast moving D™ in the lab frame at higher
Xp. Symmetric production of ATA7 can also occur if the ¢ and ¢ are dressed from the
sea. We can measure the ratio of these production mechanisms by taking the ratio of
Na#INyz

NA? | Optp- X € +optp- X €2

= (1.6)
NA; Op=p+ X €1+ Op+ )= X €

The factors €; and ey are the efficiency of reconstruction for the slightly different
production modes. We might assume that o,- 4+ X €; production is negligible because

it is difficult to produce an antibaryon from the sea, then,

NA;I-NI O‘A;}-D_xﬁl

(1.7)

We can then get the ratio of UAzrD_/UAjAC— after ¢; and e; are determined from
Monte Carlo studies or by other means. In addition, we should also observe more D~

than D' mesons in about the same ratio from the same argument.

1.4 Excited Charm Production

It is possible that in the hadroproduction of charm excited spin and isospin states
may be favored. The cc pair can hadronize into excited charmed baryon states.
Such candidates are the X.(2455) isospin triplet Xt ¥+ and ¢ formed through
7 N—=Y.DX or m~ N — Y.A.X.

The Y. states decay hadronically, with lifetimes of 1072%s, to A.7 states. The pion
is emitted almost instantly and the A. will live for about 0.2ps before it decays. We
can search for ¥ and XY through the decays ¥t — ATz T and X2 — AF7~. These
decays have never before been clearly seen in hadronic interactions. We expect the
ratio of og, /op, =~ 10% from measurements in e*e™ collisions and photoproduction.[9]

We can express the ratio of observed . to A. events as

Ngis _ Ny, y BR(Y. — A.7).BR(A, — pKr) y €pKrn (1.8)
Nl‘{is N, BR(A. — pKn) €pKr




After some reduction we obtain the true ratios of ¥.’s to A.’s produced as

obs
NEC _ Ec >< epIX”ﬂ' (1 9)
N - obs " '
Ac Ac epfx T

epicrr and ey, are the efficiencies for the reconstructing the 4 and 3 body states

respectively in the spectrometer and BR(X. — A7) = 1.

1.5 Dalitz plot & K% resonance in A, — pKn

The A, will decay about 4% of the time into a pK= final state. There is a strong
tendency for the formation of a K*° and thus A, — pK*° and then K*0 — K~ x*t.
The best measurement on the branching ratio of A, — pK*0 is given as
BR(A, — pK™°)
BR(A, — pkr)

With as many as 1400 A, — pKw decays we can reduce the error on this measurement

= 0.36 £ 0.10[5] (1.10)

considerably.
A Dalitz plot analysis [10] can be used to search for resonance and spin structure
in the matrix element of the A, — pKn decay. The relativistic three-body decay rate

can be written as
dlprcr = 1/(27)* x Myrcr x M2dmi dm? (1.11)

M is the matrix element. If M is constant we should see a uniformly populated Dalitz
plot. If resonances are present, they appear as Breit-Wigner shaped enhancements.
Only two of the three two-body masses are independent and thus a plot of m%_ vs

m?_ will show all resonance structures.

1.6 Double Charm

Events in which both charm particles A.D or AT A are observed can tell us the most
about the production process. Even with a sample of 1000-2000 inclusive decays we
expect only a few decays in which the second charmed particle is also seen. We will

search for such decays and possibly obtain a limit on our sensitivity, if none are seen.



Chapter 2

Detector & Data

The ET791 fixed target experiment was conducted at the Fermi National Laboratory
from July 1991 to January 1992. E791 used an upgraded Tagged Photon Spec-
trometer first commisioned by E516 in 1979 and subsequently used for many charm
experiments including E791. In the following chapters I'll give a short description of

the experiment. Further details can be found elsewhere. [11]

2.1 Beam Production

The Fermilab accelerator produces a 800GeV primary proton beam. It is produced in
a multistep process. Firstly, negative hydrogen ions are produced by passing neutral
hydrogen over a cesium source. The ions are accelerated to an energy of 750KeV
and injected into the Linear Accelerator (LINAC). In the second stage the LINAC
accelerates this negative hydrogen beam to 200MeV and bunches them into buckets
with 19ns spacing. The ions are then stripped of both the electrons and the resulting
proton beam is passed into the third stage. During the 3rd stage the 8GeV booster
ring injects the buckets into the 150GeV Main ring. In the 4th stage, the main ring
accelerates the protons and these are injected into the Tevatron that accelerates the
beam to an energy of 800GeV. This entire process takes about 34 secs and results in

approximatley 2x10'® protons orbiting in the Tevatron in a 56 second cycle. In the



remaining 22 seconds of each minute the proton beam is extracted from the accelerator
and directed to the target experiments. Then the cycle repeats itself.

This extracted primary proton beam is then bombarded on an upstream beryl-
lium target of 30cm thickness which generates numerous pions. These negative pions
are momentum filtered and collimated to produce the 500GeV/c beam used in the
experiment. Quadrupole and dipole magnets transport and focus this beam into a

narrow parallel stream of negative pions, before striking the experiment’s targets.

2.2 Target

The ET91 target[12] consist of five foils (1 Platinum and 4 Carbon) arranged coaxially
in a plexiglass holder, fixing the foils at a precise separation. The platinum foil
was selected for its high Z and high density. This helps in having a thinner foil
yet attaining high interaction length. The platinum foil is made from a polished
Australian mint coin. The platinum foil is 0.5mm thick and the other four carbon
(Diamond) foils are 1.5mm thick. The five targets represent about 2% of a pion
interaction length. The primary vertex position in z is shown in the figure 2.1. The
primary vertices are essentially formed due to the interaction in the targets. Table
2.1 shows the five foil target layout.

The target separation is chosen such that a charmed particle produced in one foil
typically decayed before the next foil downstream. The mean decay length is less
than lem and the foils are spaced roughly 1.5cm apart. The mean decay length [ can

be calculated using

[ = Byer = b7

where p and m are the measured momentum and mass of the A..
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Figure 2.1: The position of the primary vertex in the Z-axis.

foil number 1 2 3 4 5
z-position (cm) -8.191 -6.690 -5.154 -3.594 -2.060
material Pt C C C C
spacing(cm) 1.501 1.536 1.560 1.534
thickness (mm) 0.52 1.57 1.57 1.53 1.58
interaction length | 0.588 % | 0.412 % | 0.412 % | 0.402 % | 0.415 %

Table 2.1: The five-foil target layout




2.3 Spectrometer

The Tagged Photon Spectrometer (TPS) is a large-acceptance two-magnet spec-
trometer equipped with silicon-microstrip detectors (SMD’s), drift chambers, two
Cherenkov counters and electromagnetic, hadronic calorimetry and the muon detec-
tor. This spectrometer has been extensively described elsewhere[11]. The schematic

of the E791 detector is shown in the figure 2.2.

Silicon Microstrip Detector

The Silicon Microstrip Detectors (SMD’s) are very essential for particle tracking near
the target region and resolving the decay vertices. They provide accurate vertex in-
formation due to their fine segmentation. To increase the tracking and reconstruction
efficiency, six new planes down stream were added for E791 bringing the number of
downstream planes to 17. These planes were oriented in X, Y and V planes, where
V planes were rotated 20.5 degrees with respect to the vertical X-axis.

Each SMD plane consists of a 300 micron thick sandwich of aluminium strips,
arsenic and boron doped silicon, and an aluminium base that creates a reverse p-i-n
type diode.

When a charged particle passes through the SMD plane it deposits its ionization
energy. This creates electron-hole pairs in the semiconductor which are separated by
applying a bias voltage. Narrow aluminium strips deposited on top of the semicon-
ducting silicon wafer provide a conducting path for the freed charge particles. By
connecting electrodes to the individual strip a small electrical pulse can be collected
and amplified, giving the location of the incident particle. A series of silicon plates
with strips with a pitch of a few tens of microns provides an accurate tracking device

suitable for resolving separated vertices due to charm decays.

Proportional Wire Chambers
Two downstream Proportional wire Chambers (PWCs) were used to increase the

track resolution and for tracking redundancy. A gas mixture of 82.7% Argon, 17%

10






CO3 and 0.3% Freon was used. The spacing between the wires is 2mm producing a

resolution of about 600microns (2mm/v/12 = 577um).

Drift Chambers

The Tagged Photon Spectrometer was equipped with four modules of planar drift
chambers. A total of 35 planes measuring four different views, X, X’, U and V were
distributed through seven separate gas boxes. The X and X’ views were made of
vertically strung wires with the X’ view shifted by half a cell relative to the X planes.

The 1st chamber (module) D1 was located upstream of the Ist analysis magnet
M1 and along with the SMD’s and PWC’s, provided an initial measurement of the
track trajectory. D2 was positoned between the two bend magnets. D3 was located
just after the 2nd bend magnet M2 and added tracking information for particles with
momentum high enough to make it through both the magnets. The last chamber D4
was positioned much downstream after the cherenkov counters and just before the
calorimeters.

A drift chamber plane consists of three planes of wires, two planes of high volt-
age(HV) cathode wires and one plane of sense wires and field shaping wires. The
sense wires were 25micron gold plated tungsten while the HV wires were 125micron
Be-Cu. The HV plates were typically held at about -2.4kV while the field shaping
wires were at about -2.0kV. The sense wires were grounded. Adjacent planes of sense
wires in the same assembly shared the same high voltage plane between them.

When a charged particle passed through a drift chamber it ionized the gas in
the chamber. For ET91 the gas used was a mixture of 89% Argon, 10% Carbon
dioxide and 1% CF4. The electrons produced are then amplified and collected by
the sense wires due to the field produced by the negative HV and field planes. The
signal collected is then amplified further and passed through a discriminator, allowing

adjustments to the signal to noise ratio.

Magnets
The Tagged Photon Spectrometer had two magnets which are placed in between

12



Particle Type

C1 Momentum Threshold (GeV/c)

C2 Momentum Threshold (GeV/c).

x 5.35 10.5
K 18.7 37.2
p 35.5 70.7
¢ 0.0193 0.0385
[ 1.01 7.99

Table 2.2: Cherenkov Counter Particle Momentum Thresholds GeV/c.

the D1 and D2, and D2 and the 1st Cherenkov counter respectively. These magnets

provided transverse momentum kicks of 212Mev/c and 320MeV/c to the incoming

charged particles as per the Lorentz Force law. The magnets provide information

about the charge and momentum of the particles. They were operated at 2500 and

1800 amps respectively.

Spectrometer tracks

In each event we reconstruct, on average, 12 - 15 high momentum tracks in the

spectrometer. A spectrum of this measured momentum is shown in figure 2.3 . The

measured momentum resolution for tracks which pass through the full spectrometer

is given as

§
L 0.0047 + 0.00022x p(GeV/c)

p

2.4 Particle Identification

Cherenkov Counters

. [13] (2.1)

There were two Cherenkov threshold detectors used by E791 for particle identification

of pions, kaons and protons. C1 was filled with pure nitrogen and C2 was filled with a

mixture of 80% helium and 20% nitrogen. Both the detectors were held at atmospheric

pressure. Different threshold momenta for the above particle types in each counter

are shown in the table 2.2. For any particle momentum we would expect to see light

if it is above these thresholds. In this way a probability is formed based on the light

13
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seen in Cl and C2 for each particle type. PROB,, PROBg, PROB, are displayed in

(figure 2.3) for a set of spectrometer tracks.

SLIC and Hadrometer

The segmented liquid ITonisation Calorimeter and the Hadrometer were used to
measure the energy of the decay particles produced. The SLIC was designed to detect
particles that primarly interact through electromagnetic processes. The Hadrometer
can detect hadrons and help in muon detection. Both the detectors were also used in

the experiment trigger.

Muon Walls

Most of the particles are completely absorbed in the two calorimeters described
above. Muons interact mainly through ionization and hence retain most of their
energy after passing through the Calorimeters. These particles can be detected by
simple scintillating paddles attached to phototubes.

E791 had two such muon scintillator arrays, 15X and 16Y, placed at the end
of the spectrometer directly behind a 106cm thick steel shield wall for blocking the
hadrons that had not ranged out in the calorimeters. These paddles gave the X and
Y positions of muons at the rear of the spectrometer and indicated which tracks were

muon candidates.

2.5 Data

Trigger and Data Acquisition

The goal of E791 was to collect a very large sample of charm particles. To ac-
complish this a loose trigger system was designed. The trigger required that a beam
particle passed through the target and deposited an adequate amount of energy in the
calorimeters, transverse to the beam direction. This transverse energy requirement is
a mild indicator of a charm event being produced. The percentage of events accepted,

the high beam rate, and the new data acquisition (DA) system increased the amount

15



of data collected by a factor of 5 over an earlier experiment E769.

The DA system needed to digitize and record data at an extremely high rate. The
data arrived at a rate of 26Mbytes/sec during a Tevatron spill and was written to
42 Exabyte tapes (8mm) at a rate of 9Mbytes/sec. The data from the experimental
detectors was read out by various methods like latches, analog-to-digital converters
(ADCs), and to time-to-digital converters (TDCs).

During the process of writing, the data was compressed to allow more events to
be written per tape. A typical 8mm Exabyte tape would contain about 800K events.
Overall 24,000 data tapes were written which contain 20 billion events adding to
50Terabytes of data collected, the largest ever by a high energy particle physics ex-

periment.

2.6 Farm Reconstruction

To accomplish the huge task of reconstructing this large charm sample, computer
‘farms’ were assembled at The University of Mississippi, Ohio State University (Cur-
rently at Kansas State University), Centro Brassileiro de Pesquisas Fisicas (Brazil)
and Fermi Lab. The three US farms were composed of independent workstations
linked through ethernet. The farm at the University of Mississippi[14] has 3000 MIPS
(Million instructions per second) of computing power and the computing power at
Kansas State matches our farm.

The Mississippi computers were Digital Equipment Corporation’s DEC station
5000s with fifty one 25, 33 and 40 MHz MIPS R3000 RISC CPU’s and seventeen
50MHz MIPS R4000 RISC cpus. The Ultrix operating system was used. The farm
was divided by ethernet bridges into 4 servers each connected to a its own clients.
The servers read out the data packets from the Exabyte tapes and send them to the
clients. The clients, in turn, unpack the data, analyze the events using the E791

analysis package and write the selected and reconstructed events to a disk file. The

16



disk files were then written to Data Summary Tapes (DSTs). In this manner the
farm operates as a loosely coupled parallel processing system.

The reconstruction of an entire run (set of 40 tapes) produces about 12-14 DST's
and takes about 35-40 hours. These DSTs are stripped and sent to the various
collaborators on the experiment for further analysis and stripping. A weekly record

of the farm reconstruction is shown below in figure 2.4
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Figure 2.4: Cumulative number of events processed at Umiss starting November 1992

until July 1994.

Monte Carlo Events
Monte Carlo events are man made events which simulate, through software, the
charm production and spectrometer performance in detail. A charm particle is cre-

ated, it decays, and all the tracks are propagated through the detector as in a real

17



event. An event record is written that is almost indistinguishable from a real data
event. About 1 million A, — pK7 events were generated for this analysis. They were

processed through the farm reconstruction programs just like real data events.

Display of a Reconstructed Event

In the figure 2.5 shown next page, a reconstructed event has been shown with the
target region in grey. The location of the primary vertex and the secondary vertex
are shown, with corresponding errors in grey ellipses. At the end of each track the
track number, track category, momentum and the particle identification are recorded

in that order from left to right. This may be a strong candidate for a D — Kx.
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Chapter 3

Analysis of Data

3.1 Vertexing and Filtering of Events

The purpose of the analysis is to select charm events. In the first stage, probable
charm events were filtered from the large data set by an algorithm which searches
for charm decays, occuring just millimeters from the primary interaction. Spectrom-
eter tracks are clustered into 3D vertices by a vertexing algorithm. Generally, most
tracks, about 6, were put into the “primary vertex”, where the pion was thought to
have interacted in a target. Tracks not belonging to this vertex were grouped into
“secondary vertices”, where 2, 3 or greater “prongs” could form a vertex. Errors were
taken into account in the vertex fitting. The end product was a list of vertex positions
for each event and associated errors. About 15% of all the tracks were not put into
a vertex but still kept for later analysis.

The farm reconstruction passed about 16% of the original event sample to the
next level of analysis. Probable charm events were selected based on finding a sec-
ondary vertex downstream and well separated from the primary vertex. This selection
criterion called the “Significance of Separation along the z-axis between the primary
and the secondary vertices” (SDZ) is an important cut for distinguishing the charm
particle decays from the background. Mathematically SDZ can be expressed as
Zsee — Lpri _ Agz

2 2 o7
Up'rz + Osec z

SDZ = (3.1)
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Figure 3.1: Illustration of SDZ.

Zsee and Z,,; are the positions of the secondary and primary vertices along the beam
line respectively. o,,; and o, are the corresponding errors. At the filtering stage an
SD7 > 4 is applied or Az > 40, for three prongs. An illustration of a typical event
with the “SDZ” cut is shown above. As the SDZ cut is increased the signal to noise

ratio increases dramatically, but with loss in efficiency for detecting A. — pKnr.

3.2 Stripping

Further processing of the Data Summary Tapes is called “stripping”. Stripping in-
volves more selective analysis of data on the DSTs and reduces the number of events
needed to be handled in further analyses. We used a Vertex-list driven approach
where each event is examined by looking at the vertices formed by the intersection of
two or more particle tracks in the vertex list as described above. We were searching
for events that had a well separated secondary vertex, that contained 3 tracks, and
in A, — pKr decays, two of the tracks must be identified as a proton and a kaon.
Two strips were applied to events passing the filter stage. First an N-prong strip and

then a specific pK 7 analysis strip.
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Nprong Strip

A total of 364 runs were processed through the Nprong strip. The Nprong strip
passed all events that had one secondary vertex with 3 or greater number of tracks.
One of the tracks must be a strong proton or a kaon candidate. This strip will save
all events like A, — pKw, Df — KK=, and D®* — Krr. The D} and D% are very
similar to A, — pK7 and were kept for background studies. Each run of about 32

million events was reduced to about 900k events by the Nprong strip.

pKr Analysis Strip

The A, — pK= strip looks specifically for this mode. The A, — pKx substrip loops
over all the secondary vertices and picks the vertices with exactly 3 tracks (prongs).
The total summed charge (q::) must be +1 imposing the conservation of charge
condition. ! Since the kaon will always have the sign that is opposite to that of the
A, the track with this sign is assigned to a kaon. The other two tracks are assigned
to the proton and the pion. Now, for these two tracks, the probability of these being
a proton is computed using the cherenkov probabilities and the track with higher
probabilty is marked as a proton and the remaining track would be the pion. On the
track that is assigned for the kaon a cherenkov kaon identification cut (PROBg >
0.15) is applied. All track combinations satisfying the above criteria are stored. Mass
and cherenkov proton identification cut (PROB, > 0.05), a very loose cut, are applied
to them. For all those vertices that pass through these cuts the Lorentz invariant mass
(Equation 3.2) of the pK'x candidate is computed by adding the masses of the tracks
in the vertex,

M. = (E,+ Ex + E;)* — (P, + Px + P,)". (3.2)

pKm

The resultant A, candidate mass M,k is subjected to a mass window cut requiring
that the Mk, mass should be greater than 2.1GeV/c* and less than 2.5 GeV/c? to
reduce the data sample.

All the vertices that pass through the mass window cut are accepted and are

subjected to further tests or cuts. The cuts are defined as follows:

'The decay of A¥ will be At — ptK—7t and A7 — p~Kta~ .
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Secondary Vertex

Primary Vertex

Figure 3.2: Illustration of the DIP and PTB cuts.

1. SDZ: Significance of separation of primary and secondary vertices discussed above.
2. PTB: Transverse momentum balance about the A, line of flight. This parameter
checks for the conservation of momentum of the A, candidate and the p/K'# candidates.
3. DIP: Impact parameter of the A. momentum vector at the primary vertex. The
resultant momentum of the three tracks (pKx) from the secondary vertex, when
projected backwards should point to the primary vertex, and an estimate of the error
is called the DIP as shown in the figure (3.2) above.

4. TAU: Proper lifetime cut for the particle. Typically a A. particle lives for 0.20ps.
We can utilise this information and place an upper limit on the proper lifetime of the
candidate. 7 < 1.3 picosecs. Decays beyond this time are likely to be background
or other charm decays. The proper life time of the particle is computed using the

expression

5. CHVTX: The chi square of the fitted secondary vertex. This cut selects good
vertex candidates.

6. PROB,, PROBg, PROB,: 7, K, p probabilities determined by the cherenkov light
detectors (discussed in chapter 2, refer to figure 2.2 for the spectrum of Cherenkov

probabilities)
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These parameters are plotted and shown in the figure 3.3. The cuts applied at this
stage are very mild. The events filtered by this strip are written to Data Tapes which
go through another process of substripping. The substripping at this point is done in
two different ways. The programs search for probable A, and ¥, candidates and write
them to a disk file. Various parameters pertaining to the track, particle properties
are written to the disk file to facilitate detailed analysis and proper selection of the

final cuts. A list of cuts used at several stages of analysis are given in table 3.1.

Cut NPRONG | STRIP | A, — ANALYSIS | ¥. — ANALYSIS
NPRONG >3 3 3
SDZ > 4 4 10 6
PTB < 0.50GeV/c 0.35 GeV/c 0.50 GeV/c
CHVTX < 5
TAU < 1.5ps
DIP < 120pm
PROB, > 0.1 0.1
PROBk > 0.13
PROB, > 0.12
PROB, i, > 0.1 0.1 0.2
INPRI 1

Table 3.1: Summary of cuts used at several stages of analysis

Monte Carlo Events and Selection of Cuts

About a million E791 Monte Carlo Events were generated and were passed through
the same stripping process as the real data. These Monte Carlo events aid us in se-
lecting efficient cuts to apply to the real data. The Monte Carlo events were also used
for calculating the efficiencies pertaining to the Xz distribution or other distributions.
Below we show the spectrometer efficiency for reconstructing A. — pKnx decays as
a function of Xz, figure 3.4. We also show a comparison of Monte Carlo and Data
Events in figures 3.5 and 3.6 Cuts were selected based on optimising the Monte Carlo

signal relative to background in the data, so as not to bias selection of A. events.
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3.3 Analysis

A. — pKr Signal Analysis
The substripped events are passed through another step of filtering to further reduce
the size of the data before being written to a disk file. This file is then loaded on to
the Physics Analysis Workstation (PAW) Histogramming package and the final cuts
are selected and fitting analysis performed. A list of final cuts applied are shown in
the table above along with cuts from previous filters. PROB,k is the product of the
cherenkov probabilities for the p,K and = canditates.

The final A, mass spectrum is shown in figure 3.7. A gaussian fit to the A, signal
and linear fit to the background gives 982 + 52 A, — pKn events. Table 3.2 shows
the number of A.’s found and their mean measured masses. We make an estimate of
the total cross-section in chapter 4.

The measured ratio of AT to A7 is

Ny+ 523 4+35
Ny- 459 £ 37

=1.14 £ 0.12. (3.3)

This corresponds to a small enhancement of A} to A7 as mentioned in chapter 1.
If we assume the efficiency for reconstructing AYD~ and AFA events are about the
same, €; ™~ €, using equation 1.7, we obtain

IAIDT .14 4 0.12. (3.4)

OpfAD

The ratio suggests that most A.’s are produced by a symmetric production mecha-
nism. The contribution from diquark fragmentation is small.
ET791 also measured the ratio of D™ to D™ mesons[15].
Np-
Np+

=1.22+0.01 (3.5)

The ratios (3.3) and (3.5) are consistent with each other, although the D~ to D* ratio
is determined with much higher accuracy. Ratio 3.5 also suggests that the associated

production mechanism contributes about 20% to the total production of AT and D~.
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A% AF Az

Nj’f’j 982 £ 52 923 £ 35 459 £ 37
M (GeV/c?) | 2.289 + 0.00025 | 2.290 £ 0.00058 | 2.289 + 0.00066

Table 3.2: Number of observed A, — pKn events and fitted mass differences

Xf Analysis

The Feynman X spectrum of A, particles was extracted by dividing the pKz candi-
dates into several Xy ranges. The resultant mass plots were then fit to a gaussian
signal component and linear background giving N°** for each bin of Xp. The width
of the A. signal was fixed to 8 MeV/c? in these fits.

Xr Bin | N%¢ £ o5 | Noom € = Neobs /Nger Nebs N(X)
0.1 -0.0| 138 & 11 | 195305 | 7.1E~* + 5.6E=° | 105 £ 18 | 14872 =+ 2809
0.0 - 0.1 | 797 £ 27 | 210219 | 3.8E73 £ 1.3E~* | 472 & 34 | 124868 + 9967
0.1 -0.2 | 683 & 28 | 154458 | 4.4E=3 £ 1.8E~* | 323 4 28 | 73077 4 6999
0.2-03 | 218 £ 16 | 89987 | 24E=3 £ 1.8E~* | 64 £ 11 | 27083 4 5078

0.3-04 30 £6 42030 | 7.1E"* + 14E~*| 20 £6 | 28011 4 10039

Table 3.3: X analysis AE.

The true number of A, in that range is N(X) = N°**(X) /e, where ¢, is the efficiency
for detection in that Xz bin. We define

Nobs X
€r = 73531( ) (3.6)
ch (X)
as the ratio of the number of reconstructed Monte Carlo events to generated events in
each Xp range. 1| show the Xz spectrum of A./’s in figure 3.8 . If we fit this spectrum

to a form % = (1 — | Xp|)", for 0.0 < X < 0.4, we get a valuen = 5.8 £ 0.6 .

Y. — A.m Analysis
The ¥, decays strongly to A.x. The pion is required to come from the primary

vertex list, signified by INPRI = 1 in the table, and the A, — pKx in a 3 prong

31



10°

L n=>584 0.6

0

0.04 0.08 012 0.16 0.2 0.24 0.28 0352 0.56

Xe

Figure 3.8: Acceptance corrected Xp spectrum fitted to % = (1 —[XF|)".

32

0.4



secondary vertex as usual. Events which are selected by the earlier substrip are taken
and an additional loop over the tracks from the primary vertex is added, looking for
the signature of a pion. Once this additional track is found, the invariant mass of the
A.m combination is calculated and the Y. mass is computed. The SDZ cut has been
lowered to a significance factor of 6 and the cherenkov product probability PROB,k»
is raised to 0.2 with the other cuts remaining the same. The list of cuts shown for
this analysis is shown in table 3.1.

The mass difference spectrum of the ¥. and A. candidates (AM) should start
at the pion mass and rise slowly. The Y. will emerge as a peak over this rising

background.
AM = Mp[\"ﬂw - Mp[\"?r (37)

It is also required that AM should be less than 0.280GeV/c? to reduce the size of
the data sample. The charge of the four tracks (p, K, 7 from the secondary vertex and

the 7 from the primary vertex) are added and written to the disk file to distinguish
Y+ and XY decays.

ze e o
Ngs 764+ 14 | 53+£11 [23 49
AM (MeV/c2) | 166.5 + 5 | 166.7 & 7

Table 3.4: Number of observed Y. and fitted masses(MeV/c?).

The AM mass plots for the X2 1% and total ¥9** are shown in figure 3.9.
A fit to a gaussian signal and quadratic background is displayed. The width of the
gaussian if fixed to 4MeV /c? based on the Monte Carlo data. The fit results are given
in table 3.4. The plots of the AM spectrum are shown in figure 3.9 .

An estimate of the ratio of the number of ¥.’s to all A.’s produced can be made

following equation (1.8). The production ratio of the can be expressed as

Ny,
N

N, Eis EpKr N, EIZS 1

= = X —
b b
NRP*° €pKnn N en

c

(3.8)

c

We have expressed €,x-r = €,xrX€r, Where €,x,; 1s the efficiency for reconstructing
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A, — pKr and the €, is the efficinecy for reconstructing the pion in the primary
vertex. The observed number of A, — pKx with SDZ > 6, PTB < 0.50 GeV/c and
PROB,k. > 0.2 1s Nj’f’j = 722 4+ 43. We estimate ¢, = 0.76 £ 0.08 from other Monte
Carlo data [16]. Finally we get a ratio of

Ny _ 53+£11 " 1

Np, 722443 0.76 £ 0.08

A similar calculation of the ratio Ng++ to Ny, gives

Nyt+
—<— =10.04 £ 0.016 (3.10)
Ny

=0.09 +£0.022 . (3.9)

c

Ac — pK*0(890) Analysis
A larger fraction of A, — pKr decays proceed through pK*C. In the analysis strip for
A. — pKr, the two-body masses Mg ,, M, and Mg, are computed. A Dalitz plot of
M7 vs Mfm for events such that M, is in mass range 2.26 < Mk, < 2.32GeV/c?
has been plotted and shown in figure 3.10. This plot indicates a strong resonance on
the M2 axis at a mass M%_ =~ [0.89GeV/c?]?, the K*9(890). No other resonance
structure is obvious. This Dalitz plot contains both signal and background events.

We estimate the number of pK*® decays relative to all pK# decays by directly
fitting the pK7 mass plot with a K* constraint. We show the Mg, plot for events in
the above Mk, mass region in figure 3.12. Looking for the K7 events in the signal
region of the A, 2.26 < Mk, < 2.32GeV/c? shows a peak over a linear background
which corresponds to the K* resonance. This peak spans a mass range of 0.84 <
Mg, < 0.94GeV/c?.

Imposing the above Mg, mass range cut on all the A, — pKn events approx-
imately gives the number of A, events decaying through the K*0 resonance. This
M,k mass plot is shown in figure 3.11. Fitting the plot we obtain N;l}j—*o = 281 +

25 events. We calculate the relative branching ratio for the p K *9 resonance using the

expression
BR(A, — pK=0) N i 1
( - p . ) — Acb pIX 0 >< 6Ac pI\ >< — - (311)
BR(A. — pK7) N . €y o BR(K*® — Kr)
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We have made an estimate of the ratio of the efficiencies to be

¢ B pDalitZ B

Ac—pK*0  PA—pK*0 o 1¢
R Y XTEN NI (3.12)

€A.—pKm IOAC—>pIX"7T

Where pEf]fﬁfT is the number of all A, — pKr events per unit area in the Dalitz plot

Dalitz
AcpK*0

If we assume that the BR(K*0 — K~ 7t) = 2/3, we calculate

and p is the number of A, — pKA* events per unit area in the K*° mass window.

BR(A, — pK*0)
BR(A. — pKn)

= 0.46 +0.06 . (3.13)

We have ignored contirbutions from A™* — pr resonances and A* — pK resonances.
We have also ignored the small corrections due to the tails of the Breit-Wigner shaped
K*°(890) resonance. These effects are more easily handled by a full Dalitz plot anal-
ysis of A, — pKr.
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Chapter 4
Conclusions

We have made a number of measurements relavent to charmed baryon physics. In
this chapter I review the measurements and compare them to other previous mea-
surements. Past charm particle measurements are nicely summarized in the article
“Hadroproduction of Charm Particles” by J.A.Appel [17]. We will generally compare
our results to the most recent high statistics measurements made by experiment NA32
at CERN and experiment E769 at Fermilab in 7-N interactions. I will also comment

on the improvements that can be made in the E791 measurements.

4.1 Measurements with A, — pKn

A, — pKr has been our benchmark for checking charmed baryons decays. All of our
measurements are based on this decay and with about 1000 reconstructed events, we
have the world’s largest statistical sample at this time. We will make an estimate
of the total inclusive cross section for producing A.’s in hadronic interactions and

compare production results with others.

Estimate of the Total Cross Section
We can make an estimate of the total inclusive cross section, oy, following defi-

nitions and equation(1.5). The number of A.’s observed can be expressed as
NP* =2xL.op, A" BR(pK~ )€k x5, (4.1)
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L is the integrated luminosity. A is the average atomic number of our target.
i pi Al

- i At;
ZZ pzAI‘ )

Where p; is the density and At; is the thickness of each target. The number of triggers

N

~ 20.5 (4.2)

can be expressed as
12/3 inelastic .
Nt’rig =L X Cinelastic xA / X €trig (43)

Solving these two equations for oy, , we get
b tnelastic A2/3
NOCS Oinelastic x l % Ctrig A /

7 Nt’rig . BR(p[(ﬂ').ﬁpj(ﬂ, 2 Ac X Al

6757"'ig

(4.4)

OA

The factor of 1/2 accounts for the fact that there are on an average 2 A.’s per event. We
have calculated A ~ 20.5 above for the effective target atomic number. If we assume
that the trigger efficiencies are the same for inelastic and charm events then
982 £ 52 23mb 1
= X X =x0.37 4.5
© 13.3x10°  (.044 £ 0.006) % (2.7x1073 £+ 6.4x10-%) 2 (45)

OA

We arrive at Ny, by using an average of 815K evts/tapex40 tapesx364 runs =
13.3x10%. We have assumed a branching ratio BR(A, — pKw) = 4.4 £ 0.6 % from

the 1994 PDG [5]. We calculate a measurement of the total inclusive cross-section of
oa, = (2.61 £0.39)ub/N . (4.6)

The error on the branching ratio dominates the statistical error on the cross-section
measurement. We also give oy, .BR in the table (4.1) to show the full statistical power
of our measurement.

This measurement is similar to the previous measurement as displayed in the table
(4.1). Our largest uncertainities in this calculation are in the Ny,;, normalization and
assumption about equality of trigger efficiencies. A more detailed study of cross-
section vs target number will be needed to finalize this calculation. Although more

work is needed to verify this calculation, we feel that these corrections are small.
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O'AC(/Lb/N) O'ACBR(/Lb/N) dcg],\;z (1—XF)TL XF Z 0

E791 | 2.61 £ 0.6 0.11+ 0.03 n =584 0.65 | 500GeV/c #~N
NA32 | 4.1£.5+£.7 | 0.18 £ 0.02 £ 0.03 | n = 3.5 £+ 0.50 | 250GeV /c 7~ N

Table 4.1: Comparison of production measurements with NA32

Al /A ratio

We have measured the particle-antiparticle ratio in (3.3) to be

N+
S =1.14£0.12 (ET91) . (4.7)
N,-

It is consistent with being in the 1.0-1.2 range. NA32 has shown a similar result from

a smaller number of hadro-produced events

zj&i =0.99£0.16 (NA32) (4.8)
ET791’s measurement covers a small range of negative Xz and should be more sensitive
to the target diquark formulation of AF. There is little evidence that this is a strong
effect in the hadro-production for A.’s. Our Lund hadronization Monte Carlo contains
diquark formations. It would be instructive to investigate the charm particle ratios

it provides.

Xr measurements

We have good acceptance for observing A.’s produced near Xy = 0. Our mo-
mentum range for detecting A.’s extends from Xp = -0.1 to Xz =0.4. We have fit
our Xz spectrum to dN/dXz o< (1-Xz)". Our results for parameterization of the Xz
distribution are given in table (4.1). With n ~ 5.5, we see a very rapidly falling distri-
bution. NA32 observes a more gradual decline in the X distribution which is more
characteristic of the D meson production. E769 has measured for D* production in

250 GeV/c n~ N interactions a power n = 3.21 4+ 0.24 [17] .
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4.2 Y. measurements

We have observed evidence for . production with much difficulty, even with a very
large and clean sample of A. events. We see good evidence for £? — At7~ decays
but little evidence for Xt — Afzt. Our X? measurement indicates that the number
of X%s produced relative to all A.’s produced is about 13%. Its not understood why
Y+t is not easily observed. This is a significant observation and may have some
impact on the fragmentation models. Isospin conservation predicts equal production
of all X.’s. In order to improve our signal to noise ratio in studying ¥, — A.7 decays,
it is essential that we have better selection of pions associated with ¥. decays in
the primary vertex. Further studies on selecting this pion must be done. Our final

calculation of the ratio Ny, to N_ gives

30 S+t

C

%—if 0.09 £ 0.022 | 0.04 £ 0.016

Table 4.2: ¥, production measurements.

4.3 A, — pK* measurement

Our measurement of A, — pK*9 clearly indicates that this decay channel dominates

A. — pKx decays. The latest Particle Data Group measurement [5] gives

BR(A. — pK*9)

=0.36 0.1 PDG 4.9
BR(A. — pKr) ( ) (4.9)
The E791 measurement is
BR(A, — pK*0
(A = PE™) 0464006 (ET91) (4.10)

BR(A. — pKr)

The E791 measurement gives an enormous increase in the statistical certainty. A
proper treatment of this measurement can only be made through a full Dalitz plot

analysis.

43



4.4 Summary

We have observed a large and clean sample of A, — pKz decays in E791. We
were able to present measurements on production and decay with high statistical
accuracy. It is doubtful that our ¥. measurements in E791 will be of high quality due
to unavoidable backgrounds from our high multiplicity events. As indicated, further

studies are needed on all of the analyses.

Systematic Errors
In this thesis we have made no attempt to assign systematic errors to our calcula-
tions. This will be essential for the publication of the data. In each section we have

stated assumptions that are made and suggested further studies.
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