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ABSTRACT OF TilE DISSERTATION 

Lambda(c) and Sigma(c) Baryons Production 

ine+c- Annihilation::itfs:29GeV 

by 

Sahak Khacheryan 

Doctor of Philosophy in Physics 

University of California, Los Angeles, 1992 

Professor Charles D. Buchanan, Chair 

Using the TPC/2ydetector at PEP, the Ac channed baryon has been observed for 

the first time in c+e· annihilation at -.fs"' 29 GeV via the Ac-+PKTC exclusive decay 

channel. The extracted Ac production rate per hadronic event is 0.12t0.05(stat) 

t0.04(syst); the rate of Ac per c quark is O.I3t0.07(stat+syst). The Ac's also were 

searched for by looking at the Pi<.0 , Pi<.0 n+Tt-, A1t+1t+1t-, and Ae+x hadronic and 

scmilcptonic decay channels; the estimated Ac multiplicitY from each mode and its 

associated upper limit with 90% confidence is -.09t.09 <.15, .18t.30 <.70, .19t.15 

<.31, and .14t.14 <.35, respectively. [The weighted average of the Ac multiplicity based 

on these five channels is 0.079t0.045(stat+syst).] There is an indication of a Lc--+Aci:t 

signal, where the ratio (I.+c+ + L~)/Ac is 0.40t0.29 with an upper limit of <.74 (90% 

CL). Our analysis suggests, at the - 1.0- 1.5 standard deviation level, that the branching 

fraction for Ac--+PK1t decay is larger than 1he currently accepted value of 4.3t 1.1% and/or 

the Ac multiplici1y is larger than the present predictions from hadronization models which 

cluster around -0.04 to 0.055 multiplicity. 

xiii 

Chapter 1. Introduction 

The Ac particle is the lowest mass charmed baryon. It is a composite panicle 

containing a chann quark and an (ud)
0 

spin=-0 diquark. So far there are no strict theories 

which quantitatively describe the production mechanism of the Ac particle. This is because 

the present QCD (Quantum Chrome-dynamics) theory is nonperturbative in the hadron 

production processes where low-momentum-transfer kinematics is dominant. Because of 

this difficulty, models are developed which describe the hadronization process 

phenomenologically. For e+e- annihilations, the most successful models are those of 

LUNDI, WEBBER2 and UCLA.3 According to these models, the Ac panicles are mainly 

created when an (ud)
0 

diquark (produced from the QCD color field) combines with a 

primary charm quark produced in the e+e- annihilation. The rate of this hadron creation 

process per hadronic event (i.e., the "multiplicity") is highly model dependent. According 

to the LUND, WEBBER, and UCLA model predictions, the Ac multiplicity is .055, .043, 

and .04, respectively, at Ecm-29 GeY. This low production rate makes the Ac observation 

difficult The new born Ac particle has a mean life time about 10-l] sec and decays through 

weak interactions. The possible decay fonns of the Ac particles are semileptonic or 

hadronic decays. The branching fraction for any decay channel is not more than a few 

percent which makes the Ac observation even harder. 

The study of the Ac panicle is an important one since the experimentally estimated 

Ac production rate tests models such as WEBBER, LUND, and UCLA, which eventually 

may assist in the creation of a "calculable QCD" theory in the soft pa.rton region. However, 

this is complicated by the fact that one measures the Ac production rate times the branching 



fraction of Ac-+PK1t, where the latter is also difficult to measure. Thus this measurement 

may also shed light on lhe complicated and presently incalculable hadronic decay processes 

which involve nonperturbative QCD processes as well. 

The historical background of the Ac particle prediction and its experimental 

observation is the following: in 1964 M. Gell-Mann4 and G. Zweig5 independently 

proposed three hypothetical panicles (u, d, s quarks) as "building blocks" for the existing 

hadrons. Some leading theoreticians then started to speculate about the existence of a 

fourth "charm" quark. These speculations were mainly aesthetic and were based on the 

empirical observation that the quarks and leptons seemed to group into families (or 

generations). At that .time four leptons and three quarks were known. The speculated fourth 

charm quark would make quark-lepton symmetry complete and would ensure the success 

of the Gauge theory in the Electro-Weak interactions. In 1974, the JI'¥ particle was 

observed independently by two different experimental groups, one at SLAc:6 and the 

second one at Brookhaven.7 In the following two years, theoretical models were created 

which predicted the spectrum of the charmed hadrons and the values of their masses.8 

Among these hadrons was the Ac, the lowest mass charmed b3JYon. In 1975, the first 

evidence of a Ac event was observed in a neutrino-proton interaction experiment at 

Brookhaven National Laboratory.9 In the ne:ii:t five years, the Ac baryon was observed in 

photon interactions10 (Fennilab, 1976), proton-proton interactionsll (JSR, CERN, 1979), 

and e+e· annihilation 12 (SPEAR(MARK II), SLAC, 1980, Ecm-5·8 GeV). The 

collaborations which have observed a Ac signal in e+e· annihilation via e:itclusive decay 

channels such as PK1t arc: MARK JI(SPEAR, Ecm"'5.2 GeV), CLEO(l0.5 GeV), and 

ARGUS(I0.2 GcV). Though there is an indication of the Ac from MARK II at 

PEP(Ecm"'29 GeV) via the semi-inclusive decay mode Ac -+A e + missing v, ours is the 

2 

first observation of the Ac in e+e· interactions at Ecm>IO GeV via an exclusive 

reconstructible decay channel. 

In this analysis we have used the e+e· -+multihadron data collected by the TPC/2)' 

collaboration at PEP during December 1984 through March I 986. The total integrated 

luminosity was about 68 pb"
1
. The main instrument in this experiment was the "Time 

Projection Chamber" (TPC) detector, a "second generation detector" which has efficient 

panicle identification capability (based on the simultaneous measurements of the incoming 

particle's momentum and thC ionization loss per unit length). This good panicle 

identification made the Ac panicle observation possible with our detector in our statistically 

limited data events, whereas previous detectors at Ecm-29 GeV could not see its exclusive 

decay modes. Though we examine other channels, we focus on the decay Ac--+PK1t. 

Because we cannot separately measure the branching fraction Ac--+PK1t, this experiment is 

restricted to measuring the Multiplicity*Branching-Fraction. By using the recent 

experimental branching fraction value, the Ac production rate per event (i.e., multiplicity) 

is estimated. This is compared with similar measurements made at Ecm-10 GeV. Attempts 

were also made to observe the Le panicles via their hadronic decay channel Lc--+Ac1t. 

There is some indication of the signal which provides an upper limit on the fraction of Ac's 

originating from Le's. 

3 
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Chapter 2. Theory 

In this project, channed baryon production is studied as a product of c+e

annihilation. The e+c- annihilation and eventual qq creation may proceed either via 

electromagnetic (r) interaction or via weak neutral current (ZO) interaction (See Figure 

2.1). Therefore, the amplitude squared for such process is 1A7 + AzJ2. The contribution of 

the interference tennis about 10% of the pure electromagnetic process1 for the center-of

mass energy of29 GeV. The electromagnetic interaction total cross section up to order of 

O(alns) is given by: 1 

4m:•'c ~>~, a(e+e-~hadrons) =-- I+ £.,e 
s " q 

(2.1) 
q 

with a,(Q') _ 12• 
(33-2nr)log(Q'fA2) 

(2.2) 

where S stands for the center-of-mass energy squared, a is electromagnetic coupling 

constant, eq is the charge of the primary quark, CXs(Q2) is QCD running coupling constant 

( it is called a running coupling constant because it is a continuous function of the center-of

mass energy squared Q2), nr is the number of the active quarks (and equals to 5 since uU, 

dd, sS, cC, and bb quarks can be created when Q=29 GeV), A is QCD parameter and must 

be determined from experiment (A ranges from 0.1 to 0.5 GeV and depends on nc). The 

outgoing partons interact via the strong interaction color force and eventually convert into 

hadrons with 100% probability. This hadronization process is non-perturbative by its 

5 



nature. This is because during the hadronization almost all partons are created out of the 

field or, more precisely, out of gluon decay with gluon invariant mass on order of few GeV 

where Os can not be considered small. The created hadrons generally are unstable and they 

may decay into lighter and more stable hadrons or leptons. Only these relatively stable 

particles arc able to reach the particle detectors and to be recorded. The general picture of 

these processes is illustrated in Figure 2.2. In this chain, if the particle decay branching 

ratios are known then it would be possible to study empirically the properties of the 

hadronization dynamics. Since the hadronization physics is not calculable (due to its non

pcrturbative nature) then there exist only models which describe the physical properties of 

the hadrons individually and as a whole. Nowadays there arc two main schools of 

fragmentation models which have successfully survived. One is the string fragmentation 

school and the second one is the cluster school. 

e+ 
e+ 

q 

'I" ~ 
-'--------

q --e e 

a) b) 

Figure 2.1 e+e- annihilation via a) electromagnetic orb) weak interaction. 
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o· 

,. 
•• 

,. ,· 
,· ,· 

+--Cil-----> liil ..--£iiil--t> livl 

Figure 2.2 e+e- annihilation event with four significant phases: i) perturbative phase, 

ii) fragmentation phase, iii) relatively unstable particle decay phase, iv) detector 

observation phase. 

2.1 String Fragmentation Model 

One of the main characteristics of the strong interaction is that it is non-Abelian; 

i.e., the gluons - the carriers of the field· interact with each other. This interaction causes 

the strong interacting field between two quarks to be squeezed in transverse dimensions 

such that the color field can be approximated as a narrow cylindrical tube (See Figure 2.3). 

It is assumed that the transverse dimension of the tube is typically hadronic size, i.e., - I 

fm, and that the longitudinal size ranges from 1 to 5 fm before the colorfield tube starts to 

7 



fragment. The ne:itt assumption is that the field flu:it is the same in any section along the 

tube. Therefore, the potential energy between the two departing quarks has a linear 

dependence on their scp:iration distance. Consequently, the dynamics of the light quarks 

(like u, d, and s) within a quark pair system can be appro:itimated by the dynamics of 

massless quarks connected through a massless relativistic soing. The relativistic string has 

a string constant which is Lorentz invariant and, according to the heavy quarkonium 

spectroscopy, is about l Ge V per fenni. It is presumed that the massless string stores the 

potential energy but no momentum and that the massless quarks cany the 4-momcntum. 

The transverse e:itcitation of the field tube and, consequently, for the string can be ignored. 

The substance of any suing model is the adoption of the string concept and the formation of 

the hadrons by means of the string breakups, where the characteristic details may depend 

on the particular model under consideration. Since the uncenainty of the longitudinal 

momentum (due to Heisenberg unccnainty principle .6.prut -1) in general is much less than 

the absolute longitudinal momentum value (e.g., .6.p-.2 GeV/c when .6.x-1Fenni=5.07 

Gev·1), then the dynamics in the longitudinal direction can be described scmiclassically. 

The same thing is not applicable in the transverse dimensions and, therefore, the dynamics 

in this dimensions must be described quantum mcchanicall)'. The description of the 

longitudinal fragmentation processes can be restricted in 1+1 dimensions where one 

dimension is for the longitudinal dimension and the second one is for the time. 

Figure 2.3 The qq color field with V(r) - r. 

8 

Nowadays the most dominant models among the suing models are the LUND and 

UCLA models. These names arc heritages of the universities' names where the string 

models were developed for several years. 

2.1.1 LUND Model 

The main characteristic of the LUND model2,3 is that the fragmentation process 

highly depends on quark and diquark mass, spin, and flavor. It is presumed that the qq 

pairs continually create and annihilate inside the cylindrical field tube. When the separation 

between the quarks is large enough, then lhe field energy between the quarks would be able 

to support the transition of the intermediate virtual qq quark pair onto their mass shell. The 

mass shell of the quark is assumed to be its constituent mass. The constituent quark mass is 

the mass that, by means of the trivial quark mass summation in addition to the spin-spin 

interaction energy, makes up the hadronic mass. The newly created qQ quark pair combine 

with the previously e:itisting quarks and hadronize into colorless mesons and baryons. The 

dynamics of the quark pair creation and the formation of the hadrons in l+l (time and 

space) dimensions can be represented as in Figure 2.4. Here the qi-lcii.J pair is created at 

(:iti·l•ti-l) space-time coordinate and the qiqi pair is created ac (xj,tj). The equation of 

motion for the i-th quark before it reaches the crossing point (the thick line shown on the 

Figure 2.4) is given:4 

9 



~
_Gz 

k(x-x,) = - -V p-+m-, (2.3) 

where PO is the initial momentum of the i-th quark at t=lj_ and mis the quark mass. In the 

string model where the light quark masses can be ignored, the equation of the motion 

becomes (x-xi)= -(t-ti) which describes a straight line in J+l dimensions. The hadron 

fonnation is asswncd to take place when the world lines of the qiQi-l cross with each other. 

After the qi(b.1 meeting, the potential energy of the siring starts to increase at the expense of 

the quarks' kinetic energy until the quarks' trajectories reach their turning points. 

Conscqucnt1y, the meson constituent quarks make a "yo-yo" type of motion. The i-th 

meson's (qiqi-l bound state) momentum and energy are given by:5 

(2.4) 

The enclosed area of the "yo-yo" type motion is a relativistic invariant and 

proponional to the meson mass squared: 

(2.5) 

The creation times of the mesons with equal masses are ordered such that the less 

energetic meson is created first. This is based on the relativistic Lorentz time boost with the 

presumption that in the meson rest frame the meson formation takes about constant 't 

proper time. The qq creation is a quantum mechanical tunneling process, and the 

production probability per unit phase space in time and space is given by:6 .1,1 

d(Probability)/dxdt- cxp(-x ~) = cxp(·TC m2{k) cxp(-1t PiJk). (2.6) 
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Figure 2.4 The dynamics of I+l dimensional string breaking and the formation of 

hadrons. 

Here mT = "'-/ m2 
+ P';. is the quark transverse mass which reflects 1hc energy required to 

create the quark pair with quark mass m and transverse momentum Pr. Therefore, the Pr 

distribution is Gaussian with a width <PT>2 = (350 Mev)2. In this estimation the 

transverse momentum broadening effect due to soft gluon radiation is also 1akcn into 

account. The quark constituent masses have been used in order 10 estimate 1he quark 

1 1 



production ratio u:d:s:c - 1:1:0.3:10· 11 . Therefore, the production of heavy quarks, like 

charm and beyond, out of the colorfield can be ignored. The newly cre:iled quarks combine 

with the existing quarks and make vector or pseudoscalar mesons. The ratio of the vector 

meson probability over the pseudoscalar meson is controlled by two factors. One of them is 

the spin factor. Since the vector mesons are in a Spin=l slate, then they have three 

possible spin states, while the pseudoscalar mesons have only one. The second factor is the 

hadron mass factor. The heavier vector meson formation needs a larger string piece, i.e., 

larger phase space. Detailed calculations9 show that, for mesons having the same quark 

content but differenr spin=O,l states, 1hen the meson production rate is roughly 

proportional to 1/mMcson· The phenomenological result for the ratio of the vector meson 

probability to the pseudoscalar meson probability is: 

Vector { 
Pscudoscalar -

1 For mesons containing u and/or d light quarks 
1.5 For mesons containing ones quark 
3 For mesons containing one charm or heavier quark 

Note that in the Vector/Pseudoscalar ratio the spin effect dominates for the mesons 

containing a charm or heavier quark. 

A diquark concept has been used in describing baryon production. It has been 

assumed that the density of vinual q(I pairs is so high that the probability to make a diquark 

out of the two vinual quarks is essentially equal to one; i.e., the diquark-antidiquark pairs 

can be considered as elementary panicles. In this case the diquark suppression is controlled 

according to Formula 2.6 where m now is the diquark mass. The current algebra masses 

are used in order to detennine the diquark mass differences for the different diquark flavor 

and spin configurations. The remaining one unknown diquark mass is m(ud)o and 

experimentally has been estimated from the overall Baryon/Meson ratio. 
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In addition to the baryon production by means of the diquark-an1idiquark 

mechanism, the LUND model also implements the "popcorn mechanism" where there is a 

possibility to have a meson "popping out between baryon and antibaryon" (i.e., BMB 

configuration). Presently it is allowed to have only one meson popping out between the 

baryon and the antibaryon. Thc_default va1ue for the probability of the BMB configuration 

relative to overall BB and BMB configurations is equa1 to 50%. 

The fragmentation process is a stochastic iterative process. The hadronic 

momentum distribution is derived by requiring that the characteristics of the fragmented 

hadrons must be independent of the starting point and of the direction of the fragmentation. 

This means that the fragmentation process must be "left-right" symmetric. Among the 

fragmentation functions which satisfy the "left-right" synuneny is: 

(2.7) 

- (E + PL)H . . . . . 
where z - (E + PL)q is the fraction of the remammg Jet energy-momentum: carried by 

theot · hdro 2 2 p2 · u gomg a n, ffii-H=m8 + TH 1s the known hadronic transverse mass squared 

where mH is the hadron mass and PiH is chosen from the Gaussian distribution with 0 2 
2 

::2<PT> 
,_ 

The contribution of hard gluon radiation is considered simply as a kink to the siring 

and it is illustraled on Figure 2.5. The exact O(as) differential cross section for such a 

process is: 

13 
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Figure 2.5 A hard gluon radiation gives a kink to the string. 

(2.8) 

~ ~ . where x1, x2 are scaled energy variables and x1 = W , x2 = W . The naive obscrvauon 

from Formula 2.8 suggests that the differential cross section turns into infinity for x1-+l, 

or x
2
-+ 1. But in reality the diverging terms are diminished by some interference terms 

between pure cc-+qq processes and ee-+qQ processes including vencx and fermion QCD 

corrections. This argument is taken into account and the following requirement is enforced 

in order for an event to be qualified as a truce jct event: 

14 

Parameter Default value Best tuned value 

a 1.0 0.955 

b 0.7 0.6 

! 
0.3 0.3 u 

sg 
0.1 0.1 q 

(us)/(ud) 
0.4 0.4 s/u 

1(qq), 
0.05 0.05 3(qqJo 

vector meson f d 
all or u, 0.5 0.5 

v cc tor meson 
for s all 0.6 0.6 

Vector meson 
for c,b all 0.75 0.75 

popcorn 0.5 0.5 

<Px>h == <Py>h 0.4 0.35 

Table 2.1 The default and the best tuned parameter values for LUND Monte Carlo version 

5.3. 
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2 2 
mij>YminQ (2.9) 

where "¾j is the invariant mass of any qq, qg, qg pair and Ymin is a constant parameter. A 

suing stretches from the q to the g, then from the g to the Q. Since there are two strings 

connecting to the gluon, therefore, the gluon string constant equals to 2k. The 

fragmentation procedure of this three jct system is accomplished by transferring into the 

Lorentz frame where the piece of the linear string as a whole is at rest; then the 

fragmentation procedure is applied similarly to qq system. When the fragmentation 

processes terminate, then one more reverse Lorentz boost is applied which brings the 

system back to the original reference frame. 

In conclusion, the LUND model is one of the most successful models and has 

about a doz.en adjustable parameters. Mostly these adjustable parameters arc on the quark 

level. The summary of the most significant parameters including their default and best data

tuned10 values in LUNDS.3 are listed in Table 2. 1. In this thesis the LUNDS.3 Monte 

Carlo program with its best tuned parameter values has been used extensively. 

2.1.2 UCLA Model 

The UCLA model 11 ,12,D.l"4 resembles both the string and cluster models. The 

UCLA suppression factors (like mass, spin etc.) an: on the hadronic level, which is also 

the case for the cluster models (in particularly for the Webber model; see below), and the 
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scaled energy momentum (i.e., z) distribution of the hadrons in the UCLA model is 

controlled by the Lund Symmetric Fragmentation Function (LSFF) which is based on the 

relativistic string concept. The essential part of the UCLA model is that it interprets the 

Lund Symmetric Fragmentation Function with broader meaning than the LUND model 

does. In the UCLA model, it is expected that in any iteration step the LSFF gives, in 

addition to the distribution of the scaled energy and longitudinal momentum (as LUND 

does), the weight of the particular mH hadron production rate among possible hadrons. 

Furthermore, the LSFF also gives hadronic transverse momentum distribution. It is 
2 

worthwhile to emphasize that the LSFF, including a (1-~) correction factor (due to the 
sz 

limited value of the available center of the mass energy (s) 1n) can be derived IS from the 

Wilson Area Law16 plus the available longitudinal momentum phase space. Besides 

sequential hadron production (where the navor content of the hadron is shared by its 

preceding and following immediate neighbors), the UCLA model also presumes baryon 

production by means of the "popcorn" mechanism, where the mesons are produced 

between the baryon and anti-baryon pair. The hadron production weight depends on the 

following factors: 

a) The available spin and flavor phase space detennined by the Clebsh-Gordan coupling 

coefficients with the assumption that there is no spin correlation between the diquark and 

leftover anti-diquark. 

b) The hadronic mass suppression determined by the LSFF. 

c) The suppression of the heavy hadrons due to heaviness of the neighbor hadrons. 

d) A "popcorn" production suppression of the form x(popcom) "'exp(-T\Mp). In this 

expression Mp is the total mass of the "popcorn" mesons and the adjustable par.imetcr Tl is 

- 2 Gev· 1• The "popcorn" suppression mechanism is still under study and needs more 

clarification concerning its principle basis and implications. 
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In order to preserve transverse momentum, the UCLA model requires, in the 

outside-in iteration implication, that the PT distribution of each following hadron be 

PT"' { 2P2 } . 
centered at (-+) with a distribution function exp -b :" . This is an approXimation to 

the case when the PT value for a particular hadron is statistically compensated by the two 

hadrons for its immediate left and right. In overall, the hadron production probability 

density in a particular step is 

(2.10) 

where a and b are adjustable parameters and N is a universal constant. The final weight of 

each candidate hadron is determined by its own weight (sec equation 2.10) and also by the 

weight originating from the following three iterations. In particularly, heavy mass 

production is suppressed by its neighbor hadrons, because the leftover heavy quark (s) or 

diquark (ud, ... ) becomes pan of another following heavy hadron.' 

In conclusion, the UCLA model has four adjustable parameters and two choices. 

The A adjustable parameter controls the parton shower and detennines the kinks on the 

string; a and b arc adjustable parameters which arc pan of the LSFF; and 11 parameter 

controls the "popcorn" suppression. One of the choices is that of local transverse 

momentum compensation (described above); the second choice is that the leftover quark or 

diquark has a fully free spin space for its magnitude and for its projections as well. 
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The remarkable thing about UCLA model is that it describes the property of the 

hadronization physics as well as LUND model does while having many fewer adjustable 

parameters. The UCLA model, due to its rigidity, is a powerful model in respect to its 

higher predictive ability comparing to LUND model. 

2.2 Cluster Fragmentation Model 

Cluster models arc based on the panon shower phenomenon and on the fonnation 

of colorless clusters by means of combining the partons located nearby in coordinate and 

momentum space. The fonncd clusters may decay either into two lighter clusters or into 

hadron resonances and observable hadrons. The details of the cluster formation depend on 

the panicular fragmentation models. 

WEBBER Model"-"-'' 

The heart of any cluster model is the parton shower process.20 In the Webber 

model the parton shower always is evaluated in the perturbative leading-log approximation, 

while being aware that its validity in the lower parton invariant mass region (where a/Q2) 

is not small) is questionable. As a resull of thee+ e • annihilation, an outgoing qq pair is 

created which emit gluons. The gluons by themselves may branch into either gg or qq pair 

and so on (See Figure 2.6). Consequently, the parton shower takes place where the mass 

virtua1ities of the daughter partons are much smaller than the mass virtuality of the parent 
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panon. The probability for the branching process a~bc (where the a~bc process 

represents any of these q~qg, g~gg, g~qQ) is given by the Aharelli-Parisi evolution 

equation: 

n• 
n· 
n• .-
•• 
n• 
n• 

r n• 

,. 
Iii Ciil!iiil (jy) 

Figure 2.6 Schematic diagram for an e+e- annihilation event with cluster fragmentation. 

The four phases are shown: i)showers evolution, ii)forced g~qq decay, iii)cluster 

formation, iv)cluster decay. 

(2.11) 

20 

where a.
5 

is the running coupling constant If higher order loop corrections arc taken into 

account properly, then a.
5 

in reality, is a function of the relative transverse momentum of 

the outgoing partons Pi-· z(l-z)m! (instead of Q2 
(or m! )), where z is a fraction of the 

energy carried by one of the daughter particles. Pa-+bc(z) is the Altarelli-Parisi splitting 

function which defines the energy splitting between two outgoing quarks and is given by: 

41+z2 
p q-ig(z) "'3 T-z (2.12) 

2 

p g-+ggCz) -
6(1-z(l-z)) 

z(l-z) 

I 2 2 Pg--,qq (z) • 2 (z +(1-z) ). 

The selection of the daughter parton virtuality is done using Sudakov fonn factors: 

(2.13) 

where Sa-+bc(m~ is the probability that the daughter parton does not have mass virtuality 

within the region mmin tom. This definition is based on the assumption that the statistics 

of the emission process obeys a Poisson dislribution with the mean value expressed by the 

fonn inside the parentheses of the Equation 2.13 with positive sign. From the definition of 

the Sudakov Conn factor, it follows that the probability of the parton to have a virtuality in 

the region of the m
2 

and (m+dml is: 
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P ( ,_ c1m'....i- {s';"'Cm;,.,l}d 2 
a--tb:m) 2 2 m 

dm Sa--tbc(m ) 
(2.14) 

In the case of the soft or low energy gluon, where the wavelength of the newly 

created gluon is relatively large, the gluon formation can not be considered independent 

from the rest of the system. This coherence effect can be estimated from the destructive 

interference phenomenon between the Feynman diagrams in the leading log approximation. 

The overall effect of this destructive interference is that the opening angles arc ordered in 

the decreasing order for the consecutive shower decays, i.e., 8b<8a, 8c<83, where 93, 8b, 

8c arc the opening angles when the parent particles were a, b, and c, respectively. The 

proper usage of this coherence effect regulates the excessive soft gluon emission. It is 

interesting to observe that for the hard decay processes the angular ordering exists as well. 

Since the integrand in the Sudakov form.factor (See Equation 2.13) has a mass 

singularity, it then follows that the daughter partons' mass virtualities in generally are much 

smaller than the mass virtuality of the parent parton (i.e., ~.m: « m;). So the asymptotic 

form of the parent invariant·mass•squared reads m;"' m! +m~ + 2EbEct •2z(l·z)E;t, 

PoP, . . 1· . 
where Eb=zE3 , Ec=(l·z)E3 , t = Eb!;: (and in the case when the part.on mass vinua 1ty 1s 

much less than its energy then t"'O·cos9a) where 8a is the opening angle between two 

daughter particles). Therefore, for the hard decay processes, where z is far from the O or 1 

limits, the 2z(I·z)E; coefficient for two consecutive decays can be considered as the same 

order. Consequently, from the strong ordering of the virtual masses it follows that the 

opening angles arc ordered too. More convenient evolution variable is chosen in order to 
2 

describe the hard and soft panon shower processes. A new variables set (z, t=q.) is 
A 

chosen instead of (z, m
2
) for the Equations 2.13, and 2.14, where Eis the parent energy 
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and tis defined as above. It is worth noticing that the Jacobian for the transformation from 

the old variables z, log(m
2
) to the new variables z, log(t) is equal to one. The panon 

shower is generated in the boosted reference frame where each initial parton (the ones 
E 

which result from the virtual photon decay) has energy E
3
=:Jf or, equivalently, the 

opening a~glc between the initial partons is 80 = 90° ( i.e., ~o=l). From Equation 2.14 
2 

(where the m
2 

is replaced by the t-E 2~ ), tis selected. Then, since E
3 

is known, the ~a is 
A 

found from t = E!~. Then the z value is generated within the range (2min• zrnax) from the 
A 

Altarelli·Parisi splitting function Pa-+bc(z). After this, the daughter particles' energies are 

found: Eb=ZE3 , Ec=(l·z)E3 . Then the next parton shower stage starts, where the band c 

partons decay. In these cases the angular ordering conditions must be imposed (i.e., <b:5S
3

, 

~:5~) which practically have an effect only on the soft parton decay processes. A "fictious 

mass" has been adopted in this model for the gluon with mg=.6 GeV. The constituent 

quark mass values are used for the u, d, s, c, b quarks where md=mu""·3 GeV, ms=.5 

. (Q+Q)' 
GeV, mc''"l.5 GeV, and mb=5 GeV. The shower processes stop 1f C < Cmin=~. 

E, 

In this expression, Qb represents the quark mass if bis a quark (with five possible flavor 

choices u, d, s, c, b), and Qb represents the gluon mass if b is a gluon. The remaining 

gluons in the final stage of the parton shower arc forced to decay into u~ and dd pairs. 

After the parton shower termination, the partons' on•shell mass values are ascribed to the 

final emerging partons. The mother's invariant-mass is reconstructed by moving from the 

daughters to the mothers and using the exact formula m!"' m~ +m~ + 2z(l·z)E;< . By 

knowing the part.ens' energies, transverse momenta (relative to the parent momentum 

direction; Prz(l·z)m; ), mass values and by randomly choosing the azimuthal angle, it is 

straightforward to reconstruct the partons' four·momenta. When the partons' four-
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momenta reconstruction is complete, the system is boosted back to the original reference 

frame where the initial partons were oriented back to back.. 

The hadronization phase proceeds as the parton shower terminates. Only the final 

stage partons (i.e., quarks) arc involved in this hadronization phase. A quark and antiquark 

which are nearby in coordinate and momentum phase space combine into a colorless 

cluster. The colorless cluster concept is more mathematical than physical since continuous 

mass, but no spin (the model is ignorant about the cluster spin), is attributed to clusters. If 

the cluster mass is less than the "fission" mass (which is chosen to be Qr4 GeV) then the 

cluster decays isotropically into hadrons with weight factors equal to the product of the 

available spin space and momentum phase space. For example, if initially there was a q 1Q2 

cluster with mass <4 Gev then a q3Q3 pair is generated were q3 could be a quark or an anti

diquark and it could be one of these choices: u, d, s, c, UU, Ud, US, (fd, ds, 55. The hadron 

candidate is expected to be one of the states o·(pseudoscalar), l\pseudovcctor), f(vector) 

and 2·(tcnsor) if it is a meson, and one of the states r ("octet"), r ("decuplet'") if it is a 

baryon. The production rate of these hadrons is controlled by a weight factor equal to 

(2S 1 +1)(2S2+1)~ where S1 and s2 are the spins of the two product hadrons and p is the 

common momentum of the daughter clusters in the rest frame of the parent particle with 

mass m. Consequently, the hadrons are created with discrete spin and mass values. The 

remnant energy-momentum is transferred to the nearby cluster in order to preserve energy 

and momentum conservation. 

When the cluster has comparably large mass (mass> 4 GeV) then the isotropic 

decay mechanism must be abandoned. In this case the constituent partons inside the cluster 

have comparably large kinetic energy. Therefore, the product cluster in the rest frame is 

expected to have momentum approaching the constituent parton momentum direction (See 
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Figure 2 7). Since there arc not many clusters with mass larger than 4 Ge V (they make up 

about 10%), then the selection of the heavy cluster particular fragmentation mechanism is 

not so crucial. In the standard Webber model the "symmeuic string breaking" scheme has 

been adopted with the presumption that during the cluster breakup only the dd, uU, sS 

quark pairs (and no diquark pairs) arc created with equa1 probability. According to this 

scheme, if~ and P's arc four momenta of the product clusters then they arc equaJ to: 

(2.15) 

• 

A 

Figure 2.7 The heavy cluster decay is displayed. 

If the newly created cluster has mass larger than Qr, the above mentioned heavy 

cluster fragmentation procedure repeats once more. Whenever the product cluster's mass is 

less than Qr, then the isotropic "fission" decay proceeds. 

In order to accommodate the baryon production rate as indicated by data, it is 

presumed that a gluon can decay into diquark-antidiquark pair. When the virtuality of the 
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parent gluon is less than ~. the gluon decay into diquark-antidiquark pair process is turned 

on. In this model uu, ud, dd diquarks arc produced with equal probability and their 

production intensity is proportional to LogQ
2
. To provide appropriate baryon rates, the 

ratio of the overall diquark-antidiquark pair production rate to the quark-antiquark 

production rate needs to be .05. 

The Webber model must be modified for the heavy hadron creation case when the 

newly produced hadron contains at least one charm or heavier quark. This is because the 

spectroscopy of the heavy flavor resonance multiplets so far is underdeveloped. In this case 

if the original cluster contains a heavy quark (charm quark or heavier quark) then the 

adopted cluster decay mechanism is not applicable and the heavy quark is aUowed to decay 

via the weak interaction. 

In summary, the Webber model has four major parameters: 1) A =.25 parameter 

which is the argument for the running coupling constant a
5

, 2) m8=.6 GeV fictious gluon 

mass, 3) Mr=4 GeV fission threshold, 4) ~gluon virtuality threshold below which the 

gluon decay into diquark-antidiquark pair is allowed. In ad~ition to these, the model 

depends on the constituent quark mass values: 

f11u=md=.3 GcV, fl\=.5 GeV, 11\;=l.5 GeV, mb=5.0 GeV. 
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2.3 Ac Production Mechanism and Models 

The hadron production mechanism in the string models may proceed directly or 

indirectly. I_n the direct mechanism the hadrons are made by quarks or diquarks which arc 

the products of the initial virtual photon decay and color field conversion. In the indirect 

hadron production case, the hadrons are the debris of the decays of another higher mass 

hadron. 

In the LUND model the direct Ac's (Ac's) are produced when the created diquark 

(ud)o ((°iid)0) combines with the primary c (~) quark. There are two main indirect Ac 

production mechanisms which make a significant contribution to the overall Ac production 

rate. One of these contributions originates from the I:++, L+, :t-0 and i:*++, 1:*+, i:*0 

C C C C C C 

particles when they decay into Acre via strong interactions with 100% branching fraction. 

The bb events are the second indirect Ac production source, when the hadrons containing 

the b quark may decay into Ac and some other debris. The fraction of the total Ac's 

production rate from these channels are about 50% and 16%, respectively. 

In the UCLA model, the Ac production mechanism is principally similar to LUND 

model except that the production rate is regulated by the hadron level suppression factors. 

In the WEBBER model, the Ac's are mainly produced when the cluster containing a 

chann quark in it decays into a Ac; and another baryon. 'Th.is cluster decay rate is determined 

by the available spin and momentum phase space. Besides this direct Ac production 

mechanism, there are Ac contributions originating from the l:c particles and bb events as 

well. 
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The present LUND, UCLA and WEBBER model predictions for the Ac production 

rate per hadronic event at Ecm=29 GeV arc .055, .040, and .043, respectively. In these 

models the Ac production rate is expected to be relatively stable and independent of Ecm· 

The Ac's, unlike to light hadrons, are produced within a few clear-cut hadronization steps, 

and the Ac's properties, particularly the multiplici1y value, reflect the conceptual design of 

the particular model in interest 

2.4 Ac Branching Fractions 

The Ac is a composite particle whose constituents are u, d, and c vale.ace quarks. It 

is the ground state energy level of channed baryons. The spin and isospin values for the "'c 

particle arc 1/2 and O respectively. It is possible to reconstruct the spinxflavor 

wavcfunction of the Ac particle by using the orthogonality relationships of the Ac flavor 

wavcfunction relative to completely symmetric and ant!symmctric "udc" flavor 

wavefunctions. The "'c spinxflavor wavefunction is given by:21 

1 Ao i= {IT(uid!ci -u!dici -diu!ci + d!uici +d!ciui - diciu! -

u!cidi + uicid! + ciuid!- ciu!di - cidiu! + cid!ui). 

In the above wavefunction, if (ud) is considered as a two particle system then it can 

be concluded that (ud) is in spin=O. This is because the Ac wavefunction changes the sign 

under the spin exchange of the u, d quarks. It is evident that the (ud) system is in isospin=O 
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state since the remaining c valence quark does not carry isospin and does not contribute to 

overall the Ac isospin. 

The Ac particle decay is an area of considerable interest. Since energy conservation 

does not allow Ac decay via strong interactions and since there is no open channel for the 

electromagnetic decays, then the only possibilicy for Ac decay is via weak interactions via 

either semilcptonic or hadronic decay channels. The interesting point is that during the 

hadronic decay the strong interactions are also involved. The semileptonic decay is 

comparably simpler and it is calculable. 

2.4.1 Ac Semileptonic Decay22m 

The semileptonic decay is illustrated in Figure 2.8 where l+ can be interpreted as c + 
+ . + A. + orµ . The following analyses24 apply for both Ac-'!Ae v and Ac-'!nµ v decays. The 

decay process is examined in the spectator quark approximation where the (ud) quarks 

participate as spectators and the chann quark decays as a free particle. In this analysis care 

has been taken so that the Ac-.+Al+v decay rate dependence on the quark mass values is 

minimal. The decay rate expression will be expressed in terms of the observable parent and 

daughter had.tonic masses. In this sense the (ud) quarks are not merely spectators. The 

standard form for the decay rate in terms of the amplitude and available phase space is: 
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Figw< 2.8 Ac scmilcptonic decay (ud spectator model). 

+ I I + I' dr(,\-·>Ae V) = 2M A(h,__.Ae V) dn3 
A. 

s 
u 
d 

A 

(2.16) 

where ctn3 is the momentum phase space factor for three A, e + and v panicles. dil3 factor 

is given: 

(2.17) 

where Pis the Ac four-momentum and k, p, p' are four-momenta of the final product A, c + 

and v particles, respectively. The decay amplitude has the fonn of the weak current-current 

product form and it is given by: 

(2. I 8) 
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where V cs is the Kobayashi-Maskawa matrix element, Lµ is the leptonic current and ~sis 

the hadronic current when the parent and the daughter haves ands' spins, respectively. 
µ s's 

According to general rules, the L and Hµ have the fonn: 

and (2.19) 

The hadronic vector current can be reconstructed out of all available independent four

vectors f, (p+k)µ, (p-kt with proper Lorentz invariant coefficients. Therefore, the 

parametrized hadronic vector current reads: 

(2.20) 

Similarly, the hadronic axial current reads: 

<k,s'IA"IP,s>=um(k,s")[a(qlfr, + '• (q
2
)(p+kl"r, + a_(q

2
)(p-k)"y, )uM(P.s) (2.21) 

where q
2 
=(P-kf After some integration the differential rate reads: 

(2.22) 

M [( 2 )' 2 ]'" K~ 2 1-:2-y -4:ry (2.23) 
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l/2 
F+~ [<Em + m)(EM + M)] [--k- ;- __ k_]. 

• 4Mm Em + m EM + M ' 

F -[<Em+ m)(EM + MJJ'1 k' J 
0"" 4Mm l • (Em + m)(EM + M) · 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

Here Mand m arc the Ac and daughter A baryon masses, respectively, and k-~ is the 

momentum of the daughter A baryon in the frame where c + v is at rest. 

In order to estimate the Lorentz invariant form factors, a comparison is done 

between the quark-model current and parametrized current. In Table 2.2, the fonn factors 

arc listed which arc evaluated at the maximum q2 (where the daughter particle is al rest in 

the parent's rest frame). According to the "pole dominance model", the extended behavior 

of the form factors is: 

y ·Y 
Form_Factor(y) - max res "' Form_factor 

Y • Yrcs 
(2.28) 

where Form_factor is any of these coefficients a, a., a., g, g+, g_ evaluated at maximum 
2 2 • 2 • 

q • Ym.u =(l·m/M) , Yre5=(ms~1) and msc is the mass of the first cs vector-meson 

resonance which is above the parent baryon mass. 
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• 
r(A/v) m, m., Yo, a+=a_ g • g+=g_ rTot BF(%) 

((lcv) (Gcv) {Gev) (Gcv) IOIOs-1 (E;,;p) 
+ 

(Ac v) 

10105-J 

0.51 2.5 .975 -.48 4.0 1.8 -.48 9.8 523 1.9 

Table 2.2 The list of the parameters that in addition to M(Ac)=2.28 GeV and m(A)=].12 

GeV define the semileplonic decay rate r{J\-+Ae+ v). 

After integrating the Formula 2.22 for y from Oto Ymax• the predicted decay rate becomes 

r(Ac-+Ae + v) .., 9.8· l O 10 sec ·I. Using the e:i::perimental total decay rate25 J Tot for 

Ac-+ anything, the branching fraction is calculated to be BF(Ac-+ A e + v) 

•(Ac-+Aµ + v)""l .9%. 

2.4.2 Ac~PK1t Hadronic Decay 

The Ac-.+PK1t hadronic decay is a complicated process by its nature. There are 

several Feynman diagrams which may represent this decay process; some of them are 

illustrated on Figure 2.9. The Ac particle either may directly decay into PK·x + (See Figure 

2.9(a)) or it may decay at first into one of the two quasi-particle states26 .6 ++K- (Figure 

2.9(b)) or K•0p (Figure 2.9(c)) and then eventually into the PK. 1t+ final slate. The strong 

interactions are responsible for the .6++ -.+p\t+ and K.•0-+ K-1t+ decays with BF(.6++ 

-+p + 7t +),,..100% and BF(K.•0-+ K·x +),...68%. Theoretically it has been estimated that the W 

exchange mechanism (i.e., cd-+su; see Figure 2.9(b)) plays a significant role for the 
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charmed baryon hadronic decay.27 There is another complicating element in the Ar; decay 

which is the interference or Pauli exclusion effect This is because when c-+sud or cd-+su, 

then there already exists a u quark as a constituent part of the Ac and the newly created u 

quark must have restricted available spin and momentum space. The hardest part for the 

Ac-+PK·nt decay theory is that the strong interactions (Figure 2.9(a), 2.9(b)) arc involved 

too. In these cases u\l quark pairs arc created out of the color field and this process is 

similar to hadronization physics and, as has been discussed at the beginning of this chapter, 

it is not calculable. Due to these complications the latest theoretical work28 for the Ac decay 

suggests a model. In panicular, this model assumes that there is a class among the decay 

branches which contain a nucleon and kaon (i.e., Ac-+ NKx where x is a number of 

neutral or charged pions) and this class makes up about 50%. For the Ac-+PK·x·\1t case, 

the 7t + is considered to be the mandatory particle and for the additional x pion production 

Poisson statistics is associated with: 

p _ X exp(-X) with 
,.- x! ,.JL -.7 

m, 

where Q = mAc - ("l, + mK+ ITT,r) is the residual energy, mAc-=2285MeV is mass of Ac, 

andfT1,c-400MeV, fl'\,=IOOOMeV, mK=600MeV are the conventional mass values for the 

1t, p, K panicles. This crude statistical model predicts BF(Ac-+PK-1t+)•7o/o and docs not 

guarantee the accuracy better than a factor of two. 
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figure 2.9 Ac-+PK·1t+ hadronic decay. a)Ac decays directly into PK·x + final states; b) 

++ ++ + + 100a ) A d · l K" • 0 P Ac decays into 6 K. with following BF(6 -+p 1t )= n,; c c ecays in o 

with the following BF( K.•0 -+K·x+)..,68% (according to LUND). 

Similarly the above mentioned statistical model predicts the following hadronic 

decay branching fractions: BF(Ac-+ P K0
)c3%, BF(Ac-+ P K0

1t+1t-)=3%, 

+ + -
BF(Ac-.+A1t 1t 7t )=4%. 

In conclusion, there is no strict theory which could describe the hadronic decays of 
- + 

A/s. If one resorts to experiment then the measured valucs29•30 for the Ac-+PK 7t 

branching fraction has not always been consistent and its uncertainty has not been better 

than 26%. 
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Chapter 3. Experimental Apparatus 

.... ........ 
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IR lZ ..... 
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IR I 

"" 

Figure 3.1 Schematic view of Positron Electron Project ring. The locations of the six 

Interaction Regions arc shown. 

This experiment was performed at one of the interaction regions of the Positron 

Electron Project (PEP) storage ring where the TPC/2-y detector facility is installed (sec 

Figure 3.1, 3.2). The two mile Linear Accelerator (LINAC) accelerates electrons and 
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positrons up to 14.5 GeV energy level and then injects them into the PEP storage ring.I 

The purpose of the PEP storage ring is to compensate the circulating electrons' and 

positrons' energy losses due to synchrotron radiation and then bring these electron and 

positron matter and antimatter particles into head on collisions. The klystrons arc placed 

along the LINAC in order to supply the boosting energy. Along the PEP storage ring, the 

dipole magnets arc installed in order to circulate the beams and a series of quadrupole and 

sextupole magnets arc installed, with alternating magnetic poles, in order to focus the 

beams. A series of RF cavities around the PEP ring compensates the electrons' and 

positrons' synchrotron radiation energy losses. The electron-positron beam-beam 

interaction region is surrounded by the TPC/2-y detector complex which is designed to 

register relatively stable elementary particles. The registered data is analyzed by the 

physicists of the PEP 4/9 collaboration. In this experiment in which we were dealing with 

the tiniest elementary particles known in the universe, the time measurement accuracy 

sometimes was often order of hundreds of picoseconds, the spatial measurement resolution 

was of the order of a few hundred micrometers, the dimensions of whole apparatus was up 

to a couple of miles, the weight of TPC/2"( detector by itself was of the order of thousands 

tons, the number of scientists and technicians who have worked on this project over the 

decades was in the hundreds. All these, unmistakably, may qualify the SLAC facility as 

one of the technological wonders in this world. 

In this dissertation only the essential and relevant components of the experimental 

apparatus arc discussed. In the following sections, the various components of the detector 

arc discussed according to their radially increasing physical locations (sec Figure 3.3). The 

representation of the apparatus setup applies only for the configuration of December 1984 

up to March 1986. 
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Figure 3.2 TPC/2y detector facility during the 1985-86 data taking. Only one arm of the 

forward detectors is displayed. 
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Figure 3.3 The transverse cross section of TPC/2r detector. 
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3.1 Beam Pipe 

One of the essential parts of the PEP storage ring is the beam pipe through which 

lhe electrons and positrons navigate in opposite directions. The overall circumference of the 

beam pipe is about 2.2 km and the beam pipe becomes straight around the interaction 

region. The length of the straight pipe is about 100 meters. The straightness of the beam 

pipe at the interaction region protects the detector's sensitive volume from synchrotron 

radiation contamination. The radiation loss per second of the circularly moving relativistic 
4 

particle has energy (E) and curvature (p) dependence: P oc 2E 4 . The beam pipe is 
pm, 

made of aluminum in a cylindrical form with 8.5 cm inner radius. The pipe thickness is 

about .2 cm. To avoid beam gas interactions, high vacuum (10-8 Torr) is created inside the 

beam pipe. During data taking, the electrons or positrons were grouped into three bunches 

of each. The size of each bunch was typically 500µmx50µmX1 .5cm and the distribution of 

the electrons and positrons within the bunch were Gaussian in any coordinate direction. 

The typical Luminosity for this experiment was 1.2•10
31 

cm
2
/sec. 

3.2 Inner Drift Chamber 

The Inner Drift Chamberl (IDQ is located outside of the beam pipe and it embraces 

the inner pressure wall. The IDC occupies 13.2-19.4 cm in radial dimensions and is 114.3 

cm long. The JDC has 240 sense wires and 480 field wires, which are parallel to beam 

axes. The sense wires arc distributed within four layers where each layer contains 60 sense 

wires. Between layers, the azimuthal angle difference between the neighbor sense wires is 
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6°. The second and fourth layers are shifted by 3° relative to first and third layers. The IDC 

uses TPC exhaust gas, a mixture of 80% argon and 20% methane gases which was fixed at 

8.5 Atm pressure. 

3.3 Time Projection Chamber 

TIME PROJECTION CHAMBER 

Ne;ativt high 
volta;s tltetrode 

183 dE/dx wire, p1r sector 
15 sp1tt1l wfrts per sector 

Figure 3.4 Time Projection Chamber layout. The six endcap sectors, the membrane, and 

the direction of the uniform electric and magnetic fields are shown. 
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The Time Projection Chamber3 (TPC, see Figw-c 3.4) is the central element in our 

detector complex and it is not accidental that the whole detector system is named "TPC/2-y 

detector". Thanks to the TPC, the charged particles' mass (i.e., particle identification), 3-

dimensional trajectory, and momentum were determined. Due to its significance, the TPC 

is discussed in more detail. The physical features of TPC are the followings: it has a 

cylindrical shape with inner and outer radius .20 m and 1 m, respectively. The TPC length 

is about 2 m and it is terminated at both ends with endcaps. The TPC is filled with a gas 

mixture of 80% argon and 20% methane. The gas environment is maintained at 8.5 Aim 

constant pressure and at T:298 °K constant temperature. Below the configuration of the 

electric and magnetic fields, and the electronics setup is described. A thin membrane which 

has annular form bisects the TPC into two equal pieces. The membrane was set at -50 kv 

equipotential level for the first half of data and at -55 kv level for the second half of data. 

Both endcaps were held at ground level potential. The inner and outer field cages, endcaps, 

and the membrane shape the uniform electric field which is directed from the endcap to the 

membrane. Inside the TPC volume, the uniform magnetic field is created by the 

superconducting coil located outside TPC. The dimensions of the coil are 2.25 m in 

diameter and 3.12 min length. The magnitude of the magnetic field is 13.5 kgauss and is 

orienred parallel to the electric field lines and beam axes. 
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Figure 3.5 The wiring configuration in each TPC sector. 
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The proportional wire system al the inner endcap surface reads out the signals. 

There are three wire layers jusl above the end cap inner surface and one pad layer just on the 

endcap surface. All this wire system has sbt fold symmetry, thus it is sufficient to discuss 

only one sector (or part) of this wire system. The uniformity of the electric field inside TPC 

detector breaks around the first wire layer which is called the Gating Grid (see Figure 3.5). 

The Gating Grid represents a series of para1lel wires which are installed 16 mm away from 

the endcap and inside the TPC. The Gating Grid wires are 1 mm apart from each other. The 

conse.cutive wires have a1tcmating voltage v=910+/-90v and under special circumstances all 

wires may have V:910 v equal poten1ial. The next wire set is the Shielding Grid wire set 

which is 8 mm from cndcap and Gating Grid wire set. The Shielding Grid wires are 1 mm 

apart from each other and are running parallel to the Gating Grid wire seL The Shielding 

Grid wire set is held at ground level voltage at all times. There is another wire layer which 

is located between the Shielding Grid wire set and the endcap surface. This wire set is 4 

mm from the Shielding Grid wire set and endcap surface. This wire layer represents 

a1tcmating Sense and Field wires which are separated by 2 mm from each other. The Sense 

wires are held at 3400v constant potential level, and the Field wires are held at 700 v 

potential level. There are overall 185 Sense wires and 184 Fieid wires (sec Figure 3.6). 

Finally, there are 15 pad rows on each sec[or's inner surface. Each Pad row is just beneath 

the following 13-th Sense wire. The pads electrically are isolated from one another and 

each pad has 7 .5mmx7mm active surface. Each pad is held at ground level potential. The 

TPC overall has 13824 cathode pads and 2196 active Sense wires and each pad or Sense 

wire has one separate electronics channel (see Figure 3. 7). 
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Figure 3.6 The TPC sector layouL 185 sense wires and 15 pad rows are displayed. The 

magnified view of the pad row segment is shown too. 
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Figure 3. 7 The schematic diagram ex.hibiting the signal processing patterns for a single 

pad or Sense wire electronics channel. 

There are several reasons which make argon (Ar) an attractive candidate as a "base" 

working gas inside the n>C. First of all, it is an inert (noble) gas. Second, argon atoms 

basically do not have absorption energy levels lower than the primary ionization energy 

level because of the absence of the vibrational freedom of movement. This makes it easier 

for the accelerating electrons to reach the ionization energy level and to produce the 

secondary ionization. This property of argon g:i.s allows lower operational voltage for the 

same gain. The third reason is that the ionization energy loss per cm is proportional to the 

density (the weight per unit volume) of the gas medium. Xe and Kr, heaviest noble gases, 
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arc good candidates and satisfy all these conditions, but argon gas is considerably less 

expensive. Within the TPC environment there arc two sources which generate photons. 

These photons arc capable of reaching the cathode and liberating electrons which eventually 

can generate an undesirable self-sustaining electrical discharge. One of these photon 

sources is a result of electron capture by the positive argon ions around the avalanche 

region. The second photon source originates when the argon ions neutralize at the cathode. 

By mixing methane "quench'' gas (CH4) with the argon gas (1:4 proportion), this problem 

is solved. The characteristic of the methane polyatomic gas is that it has many vibrational 

and rotational energy levels and easily absorbs photons. The excited methane gas atoms 

either transfer their excess energy to their colliding partners through inelastic collisions and 

fall into the ground level or break up into pieces (decompose). Then, since methane atoms 

have lower primary ionization energy (13.1 eV for methane atom versa 15.8 eV for argon 

atom), it is highly probable that an electron would be transferred from the methane atom to 

the positive argon ion when they collide with each other. The methane ion after reaching the 

cathode decomposes, in contrast with the argon ion case where the photon was emitted. 

Therefore, the above mentioned undesirable photon sources are eliminated due to methane 

gas presence. 

As a charged particle from thee+ e· interaction travels through the TPC gas medium, 

it ionizes the surrounding gas atoms. For any massive relativistic elementary particle (e.g., 

µ, 1t, K, P) the main source of energy loss is due to ionization. According 10 classical 

calculations, the energy transferred 10 the atomic electrons is about 4000 times more than 

the energy transferred to the nucleus. This is because the assumption of equal momentum 

transfer (due to equal Coulomb force and inter.iction time) inlo nuclei and e\eclrons leads to 

the conclusion that the transferred energy should be inversely proportional to the mass of 

the target particles. The liberated electrons drift towards the endcaps and the positive ions 
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towards the central membrane. The axially directed magnetic field substantially prevents the 

drifting particles from diffusing into the transverse directions. The drifting electrons first 

approach the Gating Grid. Under normal conditions 1he drifting electrons are absorbed by 

the Gating Grid due to the V=-910+/-90 v voltages on the altem:uing wires of the Gating 

Grid. It is worth mentioning that the main purpose of the Gating Grid installation is the 

neutralization of the positive ions which otherwise may enter into the TIC drift region and 

build a space charge. The space charge may distort the homogeneity of the electric field and 

the drifting electrons may carry misleading infonnation about the initial ionization location. 

Under special conditions (when the Trigger is set) the Gating Grid acquires V=-910 v 

equipotential level. The Gating Grid voltage is chosen carefully so that the electric field 

lines running between the sense wires and lhe central membrane would not tenninate on the 

Gating Grid wire set. In this case the Gating Grid permits the drifting electrons to pass 

through the "gate", 

After passing the Gating Grid, the drifting electrons approach the "Shielding Grid". 

The Shielding Grid is set at ground potential level and it has the purpose to "Shield" the 

drifting region from the avalanche region. The avalanche region is around the sense wire 

and it extends to a size of a few radii in the radial direction. The voltage on the Field wire 

is chosen such that it prevents the avalanche signal crosstalk between the Sense 

wires. 

The electric field lines become very dense around the Sense Wire vicinity where the 

avalanche occurs. The po1ential level on 1he Sense wires is chosen such that the collected 

charge on the Sense Wire is proportional to the number of electrons in the initial ionization. 

Each Sense wire is electrically connected to a Charge Sensitive Preamplifier which 

generates voltage output proportional to its input charge. The Shaper Amplifiers are used in 
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order·to amplify the Preamplifiers output voltage. The output of the Shaper Amplifier is 

sampled every 100 ns within a 45 µs time span,4 which covers the maximum drift time 

required for the electrons to drift from the central membrane to the sense wires. The device 

responsible for this function is a Charge Coupled Device (CCD). These sampled signals 

(''buckets'_') arc digitized and afterwards arc compared with the previously stored threshold 

values ("Lower-Limit RAM's"). The "buckets" which are above the Lower-Limit RAM 

values arc pennitted to propagate from the digitizer into a memory buffer. The number of 

"buckets" which arc above Lower-Limit RAM (LLR) values typically arc 5 to 7 per channel 

and per track. The bucket number represents the sampling time which can be converted into 

the z (axial) coordinate of the track by multiplying it with drift velocity. The drift velocities 

arc 3.33cm/µs, 3.25cm/µs when the membrane voltages were held -50kv and -55kv, 

respectively. 

To reconstruct 3-dimensional track for the charged particle, at first 15 space points 

arc detennincd then track fitting algorithm is applied. 15 space points arc determined by 

using 15 pad rows and related Sense Wire infonnation. The Tl position (see Figure 3.6) of 

the track is determined by fitting a Gaussian to the disturbed pad channels. Since the signal 

on the pad channel can be induced from the nearest S sense wires then the t position of the 

track is determined by estimating amplitude-weighted-average~ position of corresponding 

S wires. The z position of the track is determined by estimating amplitude-weighted

average z position of corresponding S wires. The T\, t, and z measurements' uncertainties 

are lSOµm,ISOµm, and 200µm, respectively. The "pattern recognition" algorithm applies a 

"histogram" technique to reconstruct the projectiles' 3-dimensional track. The "histogram" 

algorithm determines the tracks with 97+/-2% efficiency when there are at least three pad 

hits. After determining the tracks in 3-dimensional space, the momenta can be meas~ for 

the given magnetic field. For the well reconstructed tracks the momentum uncertainty is: 
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6P ...J 2 ., 2 
p•(.015) +(.007PGev) 

where the first term under the root sign is due to uncertainty caused by the Coulomb 

scattering and the second term is due to uncertainty of the track finding and fitting. 

Besides finding the particles' track and trajectory, the TPC has another important 

function which is to provide the particle identification (JD). The TPC uses the incoming 

particle's ionization energy loss rate information in order to find the particle ID. In this 

experiment the velocity of the projectile particle is larger than the velocity of the orbiting 

electrons inside the atom (-ac), and the projectile velocity is small enough that Cherenkov 

radiation can be ignored. In this case, the average ionization energy loss rate of the unit 

charged non electron projectile which passes through a homogeneous medium is given by 

the Bethe·Bloch equation:5 

dE 0.154 Z [ {2m0 )
2 

2 ] - -:--- Lo - + 4Logyp · 2P · 6 dx 
13

2 A I 

where Eis incident particle energy in units MeV; 

xis incident particle traveling distance inside gas medium in units g/cm
2
; 

A is the atomic weight in grams per mole; 

Z is the nuclei atomic number for the gas medium; 

p is the incident particle velocity and r = _ ~ ; 
'/ J.p2 

I= (9.762 + 58.8z-·19)eV is the average ionization potentiaJ where all orbital atomic 

electrons are involved in the averaging process; 

6 is the medium density effect. 
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Figure 3.8 _The theoretical prediction for dE/dx ionization energy loss rate vs Logl}y. The 

lower curve is obtained after taking the density effect into account. (Reproduced from the 

reference 6, Chapter 3) 

The accuracy of the Bethe-Bloch fonnula is within a few percent for any incident 

particle velocity. The characteristics of the dE/dx curve are the following (see Figure 3.8): 

for an incident particle with velocity larger than ac (where a =11137) but less than "'f""3.2, 

dE/dx falls like-1/p2
. It reaches a minimum value around y,:3.2. Asp increases further 

(relativistic rise region), the dE/dx slowly increases due to the relativistic expansion of the 

transverse electric field of lhe incoming charged particle. In reality, the dE/dx increases as a 

function of 2Logy (instead of 4Logy) due to the density effect. The density effect is a 

polarization phenomenon (charge screening) generated by the orbiting atomic electrons of 

the medium. For argon gas medium, the density effect can be parametrized6 according to: 

if 2.02< Log 10<PY) <5 

if Log10(Py) >5 

1:: 4-36 
lhen u=4.606y + C + .0255 (5·y) 

then 6:4.606y + C 

where y= Log10(Pr) and C=Log(lplasmal • Log(l10nii.Po/=-12.27. Observation shows 

that for large Pr values, when Log 10(Pr) >5, then 6 becomes equal to 6 = 4.606Log10(l}y) 

+ C == 2Log(py) + C. Therefore, in this region, where Log10(j3y) >5, df/dx increases as 

2Log(l}r). Then, the dE/dx behavior in the relativistic rise region with upper boundary 
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Log 1o(P"'f) < 5 is 2Log((3r) + .0255 (5-y{
36

. For the TPC mixed gas environment, the 
2 

ionization energy loss rate7 is ddE = I, f. ddE , where r1, r2 are the weight fractions of the 
X i=J I Xi 

argon and methane gas components. 
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Figure 3.9 dE/d.x samples' distribution for minimum ionizing pions with 4 mm track 

segments. 
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Figure 3.10 dE/dx vs Logpy fitting curve is obtained by using variety particle samples for 

different Pr range. 

So far the energy loss rate for the incoming particle has been discussed in a fonnat 

which tums out to be practically different from the measured (detected) ionization energy 

loss rate. The statistics of the dE/dx. ionization energy loss within a restricted track segment 

(e.g., 4 mm, sec Figure 3.9) is characterized by a Gaussian distribution when large amount 

of electrons carry relatively small energy after the collision. The projectile and atomic 

electrons collision also creates rare knock-on electrons which add Landau-tail signature to 

the Gaussian distribution. The Landau tail behaves like~, where e is knock-on elecrron 
E 

(6-ray) energy. This allows an infrequent, but very large energy deposition. A truncated 
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mean technique is applied in order to avoid this infrequent but large contribution into 

average ionization energy loss measuremenl. In the truncated mean technique only the 

lowest 65% of the dE/dx samples from TPC Sense wire signals are used in order to extract 

the mean dE/dx value. In this case, the truncated dE/dx value is very close to the peak value 

(the most probable value) of dE/dx disoibution. The usage of this technique reshapes the 

dE/dx curve further where the relativistic rise eventually saturates (the "Fermi Plateau" 

region). Since there is no theory or model which describes reality perfectly, a fitting curve 

is used as a reference. By using the following particles: protons, pions, Cosmic Ray 

muons, conversion electrons, and electrons-positron outgoing particles from Bhabha 

events in variety velocity ranges, the dE/dx vs Log~y fitting curve has been constructed 

(See Figure 3.10). The estimated systematic uncertainty of the fitting curve is about 0.2%. 

A spectrum of dE/dx fitting curves could be created if the Logj3yvariable is substituted by 

LogP, where Pis the particle momentum, p=m~y. The offset between two fining curves in 

abscissa coordinate for m1 and m2 inciden1 particles must be equal to 1Logm1-Logm21. 

Therefore, the fitting curves readily are obtained for the directly observable particle: e, µ, 

Jt, K, and P (See Figure 3.11). 

In order to identify the particle, the dE/dx truncated mCan ionization loss value is 

measured simultaneously with the momentum P. Then the xf values are determined 

according to:8 

2 ·{ (P-P/ P; dE/ds - (dE/d>)·
2
] 

X· =Mi --- -+ 
' liP2 p O(dE/dXJ' 
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Figure 3.11 (dE/dx,P) scatter plots for e,µ,1t,K,P particles where dE/dx is measured 

truncated mean value. The fitting curves also arc displayed. 
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where the (Pj, dE/d,1) pair denotes the coordinates of the dE/dx vs P fitting curve, when i 

,,, e, µ, tt, K, and P. In this dissertation, the "hadron probability" (hadprob) concept is 

used in order to identify the long living panicles. This is because the panicle identification 

at "Fermi Plateau" region, or around the crossover regions in the dE/dx vs P curves is not 

unique. To alleviate this problem, the particle fractions as a function of momentum are 

used, where the panicle fractions are detennined based on the "good hadronic events" 

(discussed later). Since the hadronic events containing at least one muon arc rare, the 

hadron probability algorithm is applied only for thee, tt, K, and P particles. The particle 

hadprob is determined: 

4 
where N is the normalization constant so that L W i "'I. 

i=l 

3.4 Outer Drift Chamber 

The Outer Drift Chamber9 (ODC) is composed of three coaxial cylindrical layers. 

The three layers conventionally are labeled E, F, and G and have radii 119.7 cm, 121.7 

cm, and 123.8 cm, respectively. The drift chamber is 310 cm long and centered at the 

interaction point. Each layer is divided into 216 cells and at the center of each cell a single 

sense wire is stretched. The ODC neighbor layers arc azimuthally shifted from each other 

so that the ODC chamber accomplishes better azimuthal angle measurement accuracy. The 

ODC chamber uses TPC exhaust gas, 80% argon and 20% methane, at one atmosphere 
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pressure. The main purpose of the ODC is to supply fast trigger signals. The ODC also 

has a second application, to aid in the photon energy cstima1ed by the HEX calorimeter 

(discussed in section 3.5). There are some fraction of photons which develop early 

showers in the magnetic coil. Since ODC is located between the magnetic coil and HEX 

calorimeter, the ODC information can be used to correct the early photon-induced shower 

energy. 

3.5 Hexagonal Calorimeter 

The purpose of the Hexagonal Calorimeter10 (HEX) is 10 measure electron, 

positron, and photon energies. The HEX covers 75% of 4,r and it is composed of 6 

identical modules. Each module has 3.84 m length and trapezoidal transverse cross-section. 

The depth of every single module is 36 cm and each module represents a sandwich of 40 

lead-laminates/drift-chamber layers. The overall thickness of lead layers in units of 

radiation length is 10.4. Both laminate surfaces are divided into parallel strips. The width 

of a single strip, as seen from the interaction point, is 8 mrad or 10 mrad depending on 

whether the strip is located in the front (27 layers), or rear (13 layers) HEX section. One 

laminate surface has strips with orientation +60° with respect to the beam axes, the other 

one -60°. Halfway between the laminates, the sense wires run parallel to the beam axes. 

The separation between the sense wires is 5 mm. The HEX is filled with a mixture of 

92.3% argon, 5.5% methylal, and 2.2% nitrous oxide at one atmosphere. The HEX 

operates in Geiger discharge mode. There are also nylon filaments running perpendicular 

to sense wires with JO mm separation. These filaments restrict the avalanche processes 

within 10 mm in length along the sense wire. During the avalanche, the signals are induced 

59 



on the sudace strips above and below the sense wire. These induced signals, in 

conjunction with the sense wire signals, provide three-stereo views of Geiger discharge. 

The total number of Geiger discharge is proportional to the incident initial particle energy. 

The proportionality constant is about 6 MeV per Geiger discharge. The HEX energy 

measurement resolution is li: = 17
1! , where Eis in GeV. The main contribution to the 

E 

energy measurement uncertainty is due to the uncertainty of energy escape and the 

uncertainty of energy absorption by the magnetic coil. 

3.6 Muon System 

The Muon systcm10 covers 98% of 4Jt. In the central region, the Muon system has 

a hexagonal shape and consists of four layers of triangular drift tubes. There is a single 

sense wire at the center of each tube. The drift tube units of the first three layers arc parallel 

to beam axes. The drift tube units of fourth layer are perpendicular to the beam axes. The 

iron slabs, which overall have 90 cm thickness, are sandwiched between the layers. The 

Muon detector uses TPC exhaust gas: 80% argon, 20% methane at I atmosphere. The 

Muon detector operates in the proportional mode. The muon detection efficiency is 99%. 
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3.7 Pole-Tip Calorimeter 

The Pole-Tip Calorimeter12 (PTC) has a cylindrical shape and is a sandwich of 51 

layers of lead-laminates and Multiwire Proportional Chambers. Overall lead-laminates' 

thickness in units of radiation length is about 13.5. The Pole_ Tip Calorimeter modules are 

installed on the iron pole tips Which returns the magnetic flux. Overall two PTC modules 

cover 18% of 41t. The sense wires are placed halfway between the laminates, and the wires 

in each layer :m: rotated by 60° with respect to wires in the neighOOr layers. This gives a 3-

stereo view for a single hit. The PTC is inside TPC gas volume and operates in 

proportional mode. The PTC measures the incoming electron, positron, and photon energy 

by using electromagnetic shower evaluation algorithm. The total sum of the signals from all 

channels is proportional to the incident particle energy. The PTC is both monitors the 

luminosity and also provides electron, positron, and photon information for particles from 

the e + e- interaction. 

3.8 Forward Detectors 

There arc several detectors as a pan of Forward detector system13 which are used to 

observe or reject low angle electrons as a resulting from photon-photon interaction. The 

Forward Detectors consist of 5 Drift Chambers, one Cherenkov counter, a Time-of-Flight 

scintillator hodoscope, a NaI Calorimeter, a lead-scintillator Shower Counter, and a 

Septum MagneL In the following data analysis sections, no important information has been 

used from the Forward Detector, and we do not discuss it here in detail. 

61 



3.9 Trigger 

Special conditions14 ("Triggers'') must be satisfied in order to collect the potentially 

interesting events. The multihadronic events arc required to pass three trigger levcls. 15 

3.9.1 Pre-Pre-Triggers 

The pre-pre-trigger makes a decision while the Gated-Grid still is in opaque 

condition. The pre-pre-trigger uses IDC, ODC and prompt TPC information. In this case 

prompt TPC signals is generated when the incoming charged paniclc crosses the endcap. 

For triggering purposes, the TPC cndcap is segmented into supcrscctors (sec Figure 3.12}. 

The supersector is made of two adjacent sectors where the sense wires with similar radial 

location arc logica11y "ORcd". The pre-pre-trigger is set either (a} if within a 0.5 µs time 

window after the beam-crossover there arc coincidence hits on both the ODC and IDC 

sectors covering the same azimuthal angle range (.6$=30°), Or (b) if there is a prompt 

signal on the TPC supersector within a 1.7 µs time window after the beam-crossover in 

conjunction with a hit in the second or third IDC sectors counted from the edge of the active 

supersector. After salisfaction of the pre-pre-trigger condition, the Gated Grid is switched 

to "uansparent". 
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Figure 3.12 TPC supersector configuration is shown. 12 ODC and IDC dodecants can 

be observed. 

3.9.2 Pre-Triggers 

For triggering purposes, 183 sense wires from the TPC supersector are ganged imo 

23 "majority units", where each unit contains 8 consecutive wires. Herc, the lower wire 

group number corresponds to smaller radial location. Majority hit (or majority signal) is 

defined for the individual group, if there arc at least 4 hits in that particular wire group. The 

follo\111.ng conditions arc used for a pre-trigger decision: 

Condition_A: There is a coincidence hit on both IDC and ODC sectors within 

the same azimuthal angle range, .6$=30°. 
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Condition_B: There is a majority hit with minimum group number equal to 6, 

which occurs within a 3 µs time window after 3.3 µs of the beam-crossover. 

The pre-trigger is set if (a) two charged particles satisfy Condition_A, (b) one 

charged particle satisfies Condition_A and another panicle satisfies Condition_B, (c) two 

charged particles satisfy Condition_B under the precondition that two involved 

supcrsectors are non-adjacent 

3.9.3 Final Triggers 

A "ripple~ is generated if there are a sequential majority hits with decreasing group 

number and increasing arrival time which terminates at a majority unit number O or 1 within 

a proper "Ripple time" window. The ''ripple" is not considered cc,mplete if there arc three 

consecutive wire groups without a majority hit. The trigger is set if there arc two tracks 

which generate two complete "ripples". 

The trigger can be generated alternatively if another set of conditions are satisfied. 

There are three "Radial Majority Latches" designed for each endcap. The '°Radial Majority 

Latch" is an output of six logically "ORcd" inputs where each input is a majority signal out 

of eight consecutive majority units. Herc, the majority signal is present if at least four 

majority units out of eight have hits. Again, each majority unit is composed of eight 

consecutive wires which belong to the same sector. The majority uni1 is considered to have 

a hit if at least four out of eight consecutive wires have hits. Each "Radial Majority Latch" 

covers all sectors within certain radial range (64 wires). The majority trigger is set if there 
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is one complete ripple and all three "Radial Majority Latches" are set within Majority time 

window. The Majority time window is designed such that within 1hat time interval the 

ionization which occurs around the central membrane is expected to arrive at the endcap. 

Thus the majority trigger is designed for two charged particles when one of them makes 

about 90° relative to beam axes. 
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Chapter 4. Measurement of Ac Production 

4.1 Event Selection 

The carefully selected "Good Multihadronic" events arc used in the following data 

analyses. Toe selection of these events is based on the "good" tracks. A track is considered 

to be a "good" track if it satisfies the following conditions: 

I) The distance between the closest approach of the extrapolated track and the nominal 

primary vertex point in the xy plane and in the z coordinate satisfies xy< 6 cm, z< 10 cm, 

respectively. 

2) The polar angle between the track and the beam axes is more than 30°. 

3) The track momentum is larger than 120 MeV/c. 
1 . -1 

4) The uncertainty of the measured curvature (C-~ 1s less than .3 (Ge V /c) or the 
p2+p2 

' ' . &C 
curvature resolution is less than 30% (1.e., C < .3). 

An event which already has satisfied the trigger condition is considered to be a 

"Good Multihadronic" event if: 

J) The ev.ent contains more than 5 "good" non.electron tracks in it. The electron is 

identified by using the dE/dx information or by using the Pair Finder algorithm. The Pair 

Finder searches and identifies e+ e· pairs which most probably are the result of pair 

production processes from photons interacting in material. 

2) More than 50% of the observed tracks are "good'' tracks. 

3) The energy sum of all charged tracks is at least 7 .2S Ge V. 
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4) The absolute sum of thC momentum projections on the beam axes satisfies 

:EIP,l<.4Ec1,lc. 

5) There is at least one hemisphere where the invariant mass of the charged tracks is more 

than 2 Ge V /c2 or there are more than 3 charged tracks. 

6) The location of the reconstructed event vertex is within a geometrical cylinder of radius 

20 mm and length 70 mm which is oriented parallel to the beam axes and centered at the 

nominal interaction poinL 

The data collected during December 1984 to March 1986 has 68pb"1 total integrated 

luminosity and contains 25782 "Good Multihadronic" data events. The purity of genuine 

hadronic events within the "Good Multihadronic" sample is about 98%. In the following 

data analyses only "Good Multihadronic" events, defined as above, are used. Within these 

evenlS the tracks, hadronic or non-hadronic, were subject to "tight" culS: the Z coordinate 

is ~uired to satisfy z< 5 cm; the polar angle between the track and the beam must be larger 

than 35°; the track momentum must be larger 150 MeY/c and the track curvature 

uncertainty must be less than 0.15 (GeV/cf 1, 

4.2 A,----)PK1t Hadronic Decay 

In this section, the experimental result for the Multiplicity*Branching_Fraction is 

estimated for the Ac~PK1t hadronic decay channel, where "multiplicity" means the 

production per event. In this dissertation the multiplicity and the particle decay processes 

include their charge conjugate partners unless it is stated explicitly. Since the 

Multiplicity*Branching_Fraction is the measured quantity, the Ac Multiplicity then is 
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extracted by using the best known BF(Ac~PK1t) experimental results from other 

experiments. In order to observe the Ac signal via its PK1t decay channel, the invariant

mass disuibution is constructed out of ihe P, K, 1t particles' 4-momenta and the region 

around the Ac mass"' 2285 MeY is studied. Numerous cuts have been applied in order to 

enhance the significance. The efficiency is estimated by using Monte Carlo simulated 

evenlS. 

The Monte Carlo simulation is composes of two stages. The first stage is 

responsible for the creation of the primary quarks and gluons, and also it is responsible for 

the following hadronization processes. The first stage also takes care of the decay 

processes for the short living particles (strong and electromagnetic decays). In this 

dissertation Jetset 5.3 computer Monte Carlo program is used where the Lund 

hadronization model is implemented and the qq, qqg, qQgg, qqq•Q• primary panons 

creation is evaluated using the second order perturbative QCD. The Webber model was also 

available for the description of the hadronization processes but it has not been used 

extensively. The second stage of the Monte Carlo event generation ·is called the 'Il'CLUND 

detector simulation. The inputs of this second stage are the particles' type and the momenta 

which arc the outputs from the first stage. The comparably long living particles decay 

(weak decays) and the following reactions are treated in the second stage where the weak 

decay matrix element is used properly whenever it was needed. In this stage, when the 

incoming particle encounters detector material (i.e., Beam Pipe, pressure wall, IDC, field 

cage), then the following dominant interactions are statistically evaluated: multiple 

scattering, nuclear interaction, bremsstrahlung, photon conversion and dE/dx ionization 

energy loss. In this dissertation the "Fast Monte Carlo program" is used for the detector 

simulation. This Fast Monte Carlo program skips some event reconstruction details but 

creates statistically quite accurate final results. Since the efficiency estimation needs large 
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number of Monte Carlo generated events, the usage of the Fast Monte Carlo is quite 

adequate. 

4.2.1 Ac--tPK1t Selection 

There are three main reasons which are responsible for the difficulty of the 

Ac-+PK1t decay observation. First, the Ac production nte per good hadronic event is low 

(about .05~.15). Second, the expected BF(Ac-+PK1t) is small (about 4.3%; see below). 

Third, since the Ac lifetime is short (ct.,, 57 micron), then it is not feasible to isolate the 

distinct Ac.-..+PK1t decay vertex in our TPC environment. All these factors cause the 

pn::sence of substantial background contamination and, consequently, serve as obstacles for 

the Ac detection. Our main task is to increase the signal significance by imposing 

meaningful and effective cuts in an unbiased way. After some r,areful study the following 

cuts were applied: 

I) The hadprob for 1t, K, Pis required to be larger than 0.7, 0:2, and 0.15, respectively. 

In addition to this, if the incoming panicle satisfies both the proton and kaon hadprob cut 

conditions, then dual identification is prescribed for that particle. 

2) The scaled Ac candidate momentum is chosen to be larger than 0.5. 

IY(P+K+tt)I 
Xp l!!! pbc:im > 0.5 . 

3) The absolute momenta of 7t, K, P particles arc chosen to be larger than 0.4, 0.8, 3.0 

GeV, respectively. 

4) The vector sum of the absolute transverse momenta of 7t, K, and P panicles relative to 

the Ae, candidate momentum dircc1ion is chosen to be larger than 1.0 GeV: 
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A 
"C 

The scaled momentum cut is based on the characteristics of the Ac production 

mechanism. According to LUND model, the Ac particle is mainly produced when a 

primary charm quark combines with an (ud)0 diquark. Since the Ac is much heavier than 

the renmant anti-diquark, the Ac is expected to carry a large portion of the initial charm 

quark momentum. According to the Monte Carlo simulation, the scaled momentum cut 

suppresses the background substantially while a large fraction of the Ac's (.57 fraction of 

Ac's when the had prob of the P, K, and 7t panicles are determined as above) pass this cul. 

This scaled momentum cut also eliminates almost all Ac's originating from bb events. The 

motivation for the hadprob cut selection is based on the fact that the protons originating 

from the genuine Ac's have an identification ambiguity. After scaled momentum cut 

enforcement, the proton momentum distribution falls in the range where the proton 

identification could be confused with the kaon identification (see Figure 3.11, 4.l(b), 

4.l(c)). The fact that protons happen infrequently in the general events and specially in 

comparably large momentum range then it was possible to lower the hadprob cut values for 

the kaons and protons and allow double identity between them in order lo capture more 

Ac's. The pion momentum cut is due to large pion fraction in the background events. The 

PiUM cut reflects the fact thal a significant amount of Q ... 720 MeV residual energy is 

transferred into p, K, and 7t daughter panicles. In the rest frame and for the unpolarized 

Ac particle, which is true in our case, the Ac's decay isorropically. But the fake Ac's, 

which are made of random combinations of p, K, and 1t jct constituent particles, are 
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expected to "decay" anisotropically. In this case, the fake Ac momentum direction is 

expected to serve as a symmcby axis for the spatial distribution of the "daughter" particles. 

After applying the above-mentioned cuts, the invariant mass distribution of Ac 

and Ac particles is represen1ed in Figure 4.2. This particular set of cuts is chosen on the 

ground that it has an average Signald::iiJEfficiency value (that is, its extracted multiplicity 

will be unbiased by the cuts) while the significance is at maximum. Each of the cuts used 

was varied around the final cut values; the extrac1ed multiplicity were found to be stable (as 

one would hope, see Figure 4.6) to these variations. 

Herc, the averaging process is computed in 5-dimensional space: Hadprob_K and 
SUM 

Hadprob_P, Momentum_1t, Momentum_K, Momentum_P, P . If these five variables 
T 

arc independent. then the Signald::iiJEfficiency can be represented as: 

SignalJfficiency = 

a~(Hadprob_cut)•a~1:1.(P n_cut)•a~1a(PK_cut)•a~at:1(P pr-cut) 

a~c(Hadprob_cut)*~c(P n-cut)•a~c(PK_cut)•a~c(P pr-cut) 

• a~(PT_cut)•Signaldaia(No_cuts) 

a~ c(PT_cut)*Signa!Mc(No_cuts) 

72 

"' .Q 

1 

a., 
.g 0.6 

% f 0.4. 

0.2 

0 

1 

"' 0.8 g 
~10.6 
e 
-8-0.4 
"' I 

0.2 

0 

~ 

,. 

•., .. 

,· 

Momentum (GeV/c) 

Momentum (GeV/c) 

(b) 

1 

c: 0.8 
B e 
~I 0.6 

[ 0.4 

" " I 0.2 

0 

(,) 

Momentum (GeV/c) 

(c) 

Figure 4.1. (a), (b), and (c) display Monte Carlo results for the hadprob as a function o_f 

momentum for 1t, k, and p particles, respectively. Here, the hadprob_pion, hadprob_kaon, 

and hadprob_proton are the hadron probability of 1t, k, p particles for being identified as 

1t, k, and p, respectively, where Tt, k, p particles were decay products of true Ac particles. 

The Tt, k, and p panicles were idenlified (right or wrong) on the detector level when only 
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Xp >0.5 the scaJed momentum cut was applied. The result is based on the "Ac MC events" 

which is equivalent to 1,075,066 "Good Hadronic" MC events. 

where a~
3
ta(Hadprob_cut), atta(P Jt_cut), a~:na(PK_cut), a!3ta(P pr-cut) are attenuation 

factors after imposing Hadprob_cut, PJt_cut, PK_cut, and Ppr_cut, respectively. The last 

expression implies that the formula A. I (see Appendix) could be appropriate to be used. 

Therefore, the averaging algorithm for the five variables can be formulated: 

(4.1) 

Here, the (S/EOAve_Hpr is the average value of the SignaldaiJEfficiency when the 

Hadprob_K and Hadprob_P cuts have been varied and the othe; four cut parameters were 

fixed to constant initial values. (S/EOsbrt denotes the value of Signalda
1
JEfficiency for the 

staning initial values of Hadprob_K&P, Momentum_1t/K/P, and ~UM_ Since not aJI 

variables arc completely independent, the averaging procedure has been repeated several 

times. This averaging procedure is applied in order to avoid accepting statistically biased 

(large or small) values of the Signal/Efficiency. The validity of this averaging procedure is 

justified by the presumption that the statistical uncenainty of the SignaldaiJEfficiency is 

much larger than the unforeseen systematic uncertainties related to the Hadprob_K&P, 

Momentum_1t/K/P, and P;uM variables. Since the presumption mentioned above is true 

(sec Figure 4.6) then there is no danger to obscure (to average out) the potentially 

interesting physical content within the signal. 
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Figure 4,2 Invariant-mass distribulion of Ac-+PK1t decay based on data. 
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Figure 4.3 Invariant-mass distribution of Ac---+PK1t decay based on generated "Ac events" 

equivalent to l.66•106 Monte Carlo "Good Hadronic events." 
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Figure 4.6 Signal/Efficiency(%) is plotted for various Hadprob_K/P, Momentum_1t/K/P 

and PT cuts when the initial cuts of these variables are .2/.15, .4/.8/3.0GeV, and l.OGeV, 

respectively. The plot demonstrates that the Signal/Efficiency(%) variance is negligible 

comparing to statistical uncertainties for the following cut parameters: 

Hadp,ob_K/P(cut) =.2/.15 •. 2/.2, .2/.25, .2/.3 •. 2/.35, .35/.15 • .35/.2, .35/.25, .35/.3. 

.35/.35 

Momentum_K (cut)= 0, 1.4, 1.6, 1.8, 2.0, 2.2 

Momentum_P (cut)= 0, 2.5, 3.5, 4.0 

Momentum_7t (cut)= 0, .6, .8, 1.0, 1.2, 1.4, 1.6 

PT (cut) = 0,.8, 1.2 

77 



Two independent functions arc used to fit the histogram depicted in Figure 4.2. One 

of these functions is a Gaussian function for the signal fit and the second function is the a 

parameter smooth function for the background fit. The RMS width of the Gaussian 

disuibution is detcnnincd from the Monte Carlo study and is fixed at 20 McV (see Figure 

4.2, 4.3). Figure 4.3 displays the Ac invariant-mass distribution for the Monte Carlo 

generated events where each event is a regular hadronic event except that it contains a 

Ac-+PKn- source in it. These generated events arc equivalent to 1.66"'106 "Good 

Multihadronic" events with respect to their Ac contenL In these generated events the p:ircnt 

Ac particle decays isoU'opically in its rest frame. Since the Ac particle decays weakly, it has 

a negligible mass uncertainty (about 0.003 cV); thus the Gaussian width is a result of the P, 

K, n- particles momentum measurements' uncertainties. Funhcr Monte Carlo studies show 

that the RMS signal width dependence on the scaled momentum is small and, therefore, 

insignificant in this analysis. The background fining function for the distribution in Figure 

4.2 is chosen to be: 

Fit_Back = A(l+Bx + Cx
2 

)(D-xl0i 

where A, B, C, D, and E arc free parameters and x=M-1.9. In generally x=M-Mmin and 

Mmin is the lowest possible invariant mass of the decay product particles and in our case 

Mmm=Mp+MK+M,c .. l.57. The enforced PiUM cut has shifted Mmin value upward •1.9. 

After the fitting, the combined number of observed Ac and Ac is l 9.3t7.8. This 

signal is peaked at M=2292t9 McV, which is in agreement with the world average Ac 

mass ( 2285.2tl.2 MeV). The probability for the background (44 events) within a t2a 

range of the peak to fluctuate and to become larger than the background plus signal value 
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(63) is less than 0.2%. When the same cuts were applied to the data but with wrong-sign 

P+K·n-· combinations, then no observable signal was noticed around the Ac mass region 

(see Figure 4.4). Similarly, no signal was observed around the Ac mass for the 126,730 

MC generated events where the Ac-+PK1t source was deliberately eliminated (see Figure 

4.5). 

•• Efficiency Data Multip*BF 

1%) (XI0.3) 

0.5-0.6 20 (tl.4) 6.2t5_5 1.2ot-1.01 

0.6-0.75 28 ('1.3) 9.2t5.0 1.21to.69 

0.75-1.0 33 (T2.2) 3_9t2.9 0.46t0.34 

Total (x.,=0.5-1.0) 19.3 t1.8 2_93t1.31 

Table 4.1 The MC estimated efficiencies and the recorded number of Ac's from the data 

are listed for three Xp bins. The total Multiplicity•BF(Ac-+PK1t) is extracted from this 

information for the Xp::::0.5-1 region. 

In the Table 4.1, the data for the Ac&Ac combined signal is listed for three Xp bi~s 

in conjunction with the estimated Efficiency and measured Multiplicity*BF. The efficiency 

uncertainties arc enclosed in parentheses and are treated as a part of the systematic 

uncertainties (see section 4.2.2 below). The result is Multiplicity•BF(xp=0.5-

1.0)=.00293t.oo131(stat); this is the central experimental result of this thesis. The Figure 
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4.7 shows the xp scaled momentum distribution for the Muhiplicity,..BF entity for the three 

xp bins. On this figure only the statistical e1Tors are shown. On the same plot also the Lund 

predicted Muhiplicity*BF distribution is shown, normalized to lhe data. Clearly, the 

measured momentum spectrum is poorly determined; this comparison serves only to show 

that the measured spectrum is not wildly different from the shape expected from Monte 

Carlo studies. After using the Xp extrapolation coefficient:::1.69 (discussed below), the 

Multiplicity*BF for the total Xp range of 0.0 to 1.0 becomes 0.0050t0.0022. If one uses 

the best known BF(Ac--+PKn:) =4.3t(I.1)%1 then the overall muhiplicity becomes 0.12 

t0.05(stat). 

dN/dXp 
(ubiruy 

uni!,) 

,, +,·J 
{

Shape predimd 
by Lund model 

, (nonnalized to 

/ this dlda) 

'",LJ L_ _ _j_ _ _,_ __ '----'-

0 0.2 0.4 0.6 0.8 

Figure 4.7 Ac scaled momentum distribution is shown for three Xp bins (data). 
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4.2.2 Ac Acceptance Correction and Total Cross 

Section for the Ac~PK1t Decay Channel 

There arc severa1 sources of systematic uncertainties which increase the uncertainty 

of the measured Ac multiplicity value. One of lhe major sources of systematic uncertainty is 

in the Xp ~xtrapolation. Within this experimental framework, the Ac measurements were 

conducted in the limited Xp=D.5· I.0 scaled momentum region. To estimate the Ac 

multiplicity for the entire xp=0.0-1.0 momentum region, an extrapolation coefficient must 

be estimated. According to the CLEQ2 result, the extrapolation coefficient extracted from 

their Ac data distribution is l.44t.22 for Xp=0.0-I.O. The CLEO experiment was 

conducted at ..fs=I0.55 GeV and the analysis did nol include Ac contributions from the bb 

events. MC analyses indicate that the bb events contribu1e about I 9% of the Ac's 

originating from the cC events at Ecm""29GeV and that 80% of the Ac's originating from the 

bb events have Xp<.5. If the LUND estimate of Ac's originating from bb events is 

allowed to possess a 50% uncertainty, then the Xp extrapolation coefficient including 1he 

bb events contribution becomes about l.69t0.26 (or tl5%) al Ecm=29GeV. The 

estimated Xp extrapolation uncertainty (ffi.26) required the knowledge of the uncenainty of 

the number of Ac's with Xp""0.5-1.0 which has been estimated (-10%) from the Ac 

distribution out of CLE03 result for PKn: channel. The absolute value of the Xp 

extrapolation coefficient is evaluated with LSFF parameters a:.60 (t. IOt .04), b:.52 (t 

.05t.03) Gev·
2 

which lire optimally parametrized by the CLE01 collaboration for the best 

available channed hadron data. In the last·refcrenced article it was established that the 

LUND model's parameters once adjusted for the Ecm"'J0.55 GeV cenlral mass energy can 

be used for any center of mass energy case as well (including Ecrn""29 GeV case). This is 
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because the momentum distribution of channed hadrons is sensitive to QED and QCD 

corrections and the LUND model treats these corrections properly for the provided center 

of mass energy value. 

The second significant contribution to the systematic uncertainties is the track 

finding efficiency. For any stable charged panicle inside the TPC volume the track finding 

efficiency is estimated to be equal to 97t2%. Therefore, the uncertainty of the simultaneous 

track reconstruction of three daughter particles 1t, K, p is about 6%. The correction for 

tracking efficiency has already been included in the Monte Carlo estimation of the 

efficiency, but its uncertainty must be included in the overall uncertainty. 

The third significant factor of the Ac multiplicity uncertainty is that due to nuclear 

interactions. The uncertainties related to the nuclear interactions between the hadrons and 

the material composing of the beam pipe and inner pressure wall Gust before the TPC 

sensitive volume) is known according to the following:5 

a) The nuclear interaction length is known within 10% uncertainty. 

b) The total nuclear interaction rate is known within 20% uncertainty. 

c) Toe production cross section for the specific initial and final particles case is known 

within 75% uncertainty. 

The Monte Carlo generated events were analyzed both with and without the presence of the 

nuclear interaction. The detected Ac's increased by 20% after twning the nuclear interaction 

off. Therefore, total uncert:>.inty from nuclear interaction (20%) is about 20•0.2=4%. The 

expected uncertainty contribution due to lack of knowledge of the precise nuclear 
X+6X X BX 

cxp(--x-) - cxp(-x) Xo 
interaction length (10% error) is O X 

O 
• --x- • 2.5%; where 

exp(· Xo) 1 • Xo 

•2 

X0 is the Nuclear Interaction Length of the material and l .; "" .2 value is used since 
0 

the presence of the material attenuates the Ac flux by 20%. The overall expected uncertainty 

contributio~ of these two effects into the Ac multiplicity is about 5%. The uncertainty of 

the product particle composition after the nuclear interaction is irrelevant for the Ac 

multiplicity estimate. 

There is also an uncertainty in the Ac multiplicity associated with the particle 

identification, in particular the error on the x2 parameter. The systematic uncertainties 

related with the particle identification are: 

a) The dF/dx curve is known within .2% error. 

b) The dF/dx resolution is known within 8% error. 

c) The momentum resolution is known within 10% error. 

Among these uncertainties, the dF/dx resolution uncertainty is the dominant one.6 Monte 

Carlo generated events were analyzed with 2.9% default dF/dx resolution value. Second 

Monte Carlo generated events set was analyzed with the dF/dx resolution incremented by 

8%. The change in the detected Ac rate is estimated to be roughly 4%. 

The. systematic uncertainty related with the signal and background fitting is 

estimated by imposing the following variations: 

a) The Gaussian and the background shapes were fixed according to Monte Carlo. 

b) The Gaussian shape was fixed according to Monte Carlo and the background 

was fit to the data. 

c) The Gaussian and the background shapes were fit to the data. 

From studying these variations, the estimated systematic uncertainty for the Ar; multiplicity 

due to data fitting is estimated to be about 10%. 
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The final systematic uncertainty contribution is due to the limited number of Monte 

Carlo generated events and is about 4%. The Table 4.2 lisLS the summary of Ac multiplicity 

corn:ction coefficienLS and their uncertainties. 

Source Correction Uncertainty(%) 

Xp Extrapolation 1.69 15 

Tracking 1.00 6 

Nuclear Interaction 1.00 5 

Particle Identification 1.00 4 

Signal and Back. Fitting 1.00 10 

Monte Carlo Statistics 1.00 4 

Subtotal 1.69 20 

Table 4.2 Swnmary of the A.,_ multiplicity correction coefficienLS and their uncertainties. 

So far the branching fraction uncertainty has not been incorporated yet. The 

combined systematic uncertainty of the BF(Ac-+PKn) =4.3tl.1% uncertainty (about 
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26%) and the subtotal uncertainty (about 20%) from Table 4.2 totals about 33%. The final 

result for the Ac multiplicity becomes: 

Multiplicity(Ac) = 0.115t0.05 I (stat)t0.023(syst)t0.029(syst(BF)) 

= O. l 15t-0.05 I (stat):W.037(syst) = O. l l 5t .063(stat+syst) "' 0.12 T 0.06(stat+syst). 

The number of Ac or Ac's per charm quark can be estimated by assuming that there 

are 2*4/11 ·c or C quarks per hadronic event, and correcting for the Ac's above Xp=0.5 

originating from bb evenLS (about 5% of the total), and using the Xp extrapolation factor of 

l.44T.22 (T15%) quoted by CLEO for cC evenLS: 

Ac= 
C 

Multip*BF(xp=0.5-1.0) 1.44 
~-BF 1.05 
11 

= .128t.063(stat+syst) t.033(BF only) 

""0.13 T 0.07(stat+syst) 

Our measurement of the number of Ac per charm quark is somewhat in between the 

Mark 117 and the CLEQ8/ ARGUS9 results, as listed in Table 4.3. The Mark II 

measurement for the Ac per charm is a direct measurement and does not use branching 

fraction information, but does presume that 60% of the Ac's will eventually decay into a 

proton. To be able to compare these results, the systematic uncertainty due to the branching 

fraction has been separated in the ARGUS and CLEO results, and in the present analysis. 

Our result is in agreement with the Mark TI, ARGUS, and CLEO resulLS and the differences 

of our result from the Mark II, ARGUS and CLEO results are less than one standard 

deviation. From the same Table 4.3 one may make an observation that the earliest Mark II 

result is significantly above the CLEO and ARGUS results. It is speculated IO that the Mark 

II result contains large ambiguities which have been underestimated by the authors and 
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therefore that Mark II result is less reliable. The weighted average of the ARGUS, CLEO, 

and TPC/21 results (all of which use the PK1t decay mode and share in common its 

uncertainty) is Acfc=0.091t0.0l3(stat+syst), excluding the BF(Ac-+PK1t) uncertainty 

(and t .026 including it). 

The Mark II, ARGUS, CLEO, and our measured Ac multiplicity values are 

consistently higher than the LUND, WEBBER, and UCLA predictions. The differences of 

our measured Ac multiplicity in units of standard deviations from the LUND, WEBBER, 

and UCLA model predictions are about I.I, 1.3, and 1.30', respectively (see Table 4.4). In 

these estimates, the contribution of the BF(Ac-+PK1t) uncertainty plays a significant role 

and therefore we would like to approach this from a somewhat different perspective: The 

measured value #Lamc*BF(Ac-+PK1t) per chann quark is expected to be independent of 

e + e · annihilation energy; the weighted average of ARGUS, CLEO, and our TPC/21 results 

is: 

(AJc)BF =.00389t .00055. 

If one would use LUND estimate of \c = 
0

·1~f: · 1-J- = .064 then the estimated 

BF(Ac-+PK1t) becomes: 

BF(A
0
--->PK<)=6.08t .86% • 6.lt .9% 
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Group Date BF(%) (AJc) BF AJc 

Presumed •10·3 

M"k II (SPEAR) 1-1980 -------· .20t .05(stat+syst) 

5.2GeV 

ARGUS 6-1988 4.3tl.1 3.66t .72(stat+syst) .085t .Ol 7(stat+syst) 

I0.2GeY t.022(BF only) 

ClEO 9-1990 4.3tl.l 4.07!·.8S(stat+syst) .095t .020(stat+syst) 

10.SGeV -t.024(BF only) 

TPC/ly, 29 GeV 5-1992 4.3-tl. I 5.53-tl.71 (stat+syst) . I 3-t.06(stat+syst) 

r-resent analvsis) t03(BF only) 

Combined ARGUS, CLEO, and 3.89t.55(stat+syst) .091 t.013(stat+syst) 

TPC/ly results t.023(BF only) 

Table 4.3 Measurements of the number of Ac's per chann quark according to Mark II, 

ARGUS, CLEO, and the present TPC/2.y experiment based on Ac.....+PKn data. 

- uni Deviation w- Deviation UCLA Deviation 

Mulli"licil" (# Siema) I(# Sioma\ '# Sioma\ 

.12T.06 .oss 1.1 .042 1.3 .04 1.3 

Table 4.4 The predicted Ac multiplicity values according to the Lund, Webber, and UCLA 

models and their deviations from the measured Ac multiplicity in units of standard 

deviations (O'). 
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This is 2.1 standard deviation above the present experimental value of BF(Ac-+PK1t) = 

4.3t 1.1 % (excluding its uncertainty from the comparison). The WEBBER and UCLA 

models yield results of 8.0%tl.l % and 8.5tl.2%, 3.4 and 3.5 standard deviations above 

the present experimental value. Therefore, from this analysis we may conclude that there is 

a strong evidence that: 

a) BF(Ac-+PK1t) is Iaeger than 4.3% and/or 

b) The Ac; multiplicity is larger than the present models predict 

If we presume the validity of BF(Ac-tPK1t) = 4.3t I.I%, then Mark II, ARGUS, 

CLEO, and our measured Ac multiplicity results suggest the possibility that perhaps the 

color dynamics in the vicinity of a heavy quark (charm and heavier) is different than the for 

light quark case. There is a speculation II which suggests that the colorfield density could 

be condensed in the heavy quark vicinity. This is because the heavy quarks arc localized 

(have low mobility) in space and time while they exchange gluons with neighbor quarks. 

The larger colorfield strength around the heavy quark could enhance the baryon production 

rate. This scenario corresponds to an increase of the string tension (k) in Formula 2.6 for 

the LUND model case or the decrease of the b parameter value in Formula 2.10 for the 

UCLA model case. In this case, the k coefficient in Formula 2.6 needs to be interpreted as 

a tension of the colorfield tube per unit cross·section area. 
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4.3 A, ~PK0 Hadronic Decay 

Despite the fact that the branching fraction 12 for the Ac-+PK0 hadronic decay is 

relatively small (2.1 t0.6%), it is tempting to explore this channel since it has a low 

background level. The K 0 meson (the antiparticles behave in similar fashion) can be 

represen~ed as a combination of K~ and K~ CP eigenstates each with equal weighL The 

K~ particles have a mean life time ct"' 2.675 cm and decay into n: + n: - with a 68.6% 

branching fraction. A standard TPC/2y secondary venex finding algorithm has been 

developed in order efficiently to find the K~ particles. The K; finding algorithm uses only 

the K~ -+7t + n:-decay channel. The detailed description of the K~ finding algorithm is 

discussed elsewhere.13 According to this K~ secondary vertex finding algorithm, the K~ 

must be rejected if the 7t+7t- daughter particles' dE/dx information and kinematics are 

consistent with either e + e- photon conversion or A-+n:p decay. The K~ is also rejected if 

the reconstructed secondary vertex point originates from the region where the TPC/2y 

detector's cylindrical walls are located and if the "deflection angle" is greater than 10°. The 

deflection angle is the angle between the vector of K~ parent particle momentum direction 

and the vector joining the primary vertex and the secondary vertex. The ''wall rejection" 

algorithm rejects those K~'s which result from nuclear interaction between the incoming 

hadron and the nucleon of the nucleus of a wall atom. Finally, if there are secondary 

vertices sharing the same track then among these secondary vertices the one which has the 

best "secondary vertex quality" will be accepted. 

The cuts for this Ac-+PK° decay channel are the followings: 

a) Hadprob for the proton should be at least 0.15. 

b) The scaled Ac momentum must be at least 0.5. 
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Figure 4.8 Invariant-mass distribution of Ac-+ PK° decay b~ on data. 

After applying these cuts, the Monte Carlo estimated acceptance (not including the 

branching fraction) for the Ac-+PK0 decay channel becomes 6.31-0.5%. The resulting 

invariant-mass distribution of PK
0 

combinations is shown in Figure 4.8. The histogram is 

fit by a five paramclcr polynomial function for the background and Gaussian function for 

the signal. The RMS width (standard deviation) of the Gaussian function is fixed at 3S 

MeV, as determined by Monte Carlo. From the fitting, the signal is -3.0T 3.0 events. 

During the fitting the center of the Gaussian curve was fixed at the 2285 McV expected Ac 
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mass. Since the signal is small, only the estimated upper limit can be meaningful. 

Nowadays in the scientific conununity several methods are used to estimate the upper limit 

The estimated upper limit value and its interpretation depend highly on the particular 

method in use. In this dissertation only the "Poisson processes with background" method14 

is used. This method is equally valid for large and small statistics. This method also is 

independent of the signal shape and presumes that the errors of the expected background 

and the expected center of the peak area are negligible.IS The upper limit of the recorded 

signal (-3.0t 3.0) at 90% Confidence Level for the known background n8=I0 (evaluated 

from the data within M(Ac)T2cr invariant-mass range) is equal to 5. By using the 

acceptance value ( .. 6.3%), and presuming the most recent and reliable branching fraction 

value (2.It-0.6, see above for the reference) for the PK° decay then the upper limit with 

90% Confidence Level for the Ac production rate per had.conic event becomes 0.15. For 

this upper limit estimate the acceptance correction or branching fraction correction has not 

been incorporated since they do not affect the relationship between the background and 

number of observed events within the region of interest Thus the production rate of Ac's 

per hadronic event based on Ac~PK0 decay channel becomes: 

Multiplicity(,\;)= ·.088t.091 < .15 (90% CL) 

The cuts for this Ac~PK0 
7t + 7t - hadronic decay channel are: 

a) P, K0 
are defined as in the Ac~PK° decay analysis (see Section 4.3). 
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b) Protons' Hadprob value must be at least 0.7. 

c) Xp scaled momentum must be at least 0.5. 

After applying these cuts the Monte Carlo estimated acceptance for the Ac~PK
0 

7t + 7t hadronic decay channel becomes 6.3t 0.6%. The data for the invariant-mass 

distribution of Ac~PK° 7t + 7t - is shown on Figure 4.9. The fitting on this distribution is 

enforced at 2285 Me V fixed Ac mass and with fixed 20 Me Y RMS width. After fitting, the 

estimated signal is 5.4t8.9. Since the signal is small, only the estimated upper limit can be 

meaningful. The upper limit of the recorded signal (5.4t8.9) at 90% Confidence Level for 

the known background n8=66 (evaluated from the data within M(Ac)t2u invariant-mass 

range) is equal to 20. By using the acceptance value (=6.3%) and presuming the most 

recent and reliable branching fraction value (1.St.6%) for the Pl<0 
Jt+ Jt- decay, the upper 

limit with 90% Confidence Level for the Ac production rate per hadronic event becomes 

0.7. (Note: One may get a fairly close upper limit value (=.57) for the Ac production rate if 

one would use the standard algorithm XuL ""Xm+1.28*cr which is valid for the Gaussian 

-o + -
statistics). Thus the production rate of Ac's per hadronic event based on Ac~PK 7t 7t 

decay channel becomes: 

Multiplicity(J\:)= .18t.30 < .70 (90% CL). 
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Figure 4.9 Invariant-mass distribution of Ac~PK° Jt + Jt - decay based on data. 

The detailed description of the A finding algorithm is discussed in elsewhere.16 

The secondary vertices of the A particles are determined acconling to the standard TPcny 

secondary vertex finding algorithm. In this algorithm the A particles are detennined in the 

same fashion as K~'s except with some modifications of certain numerical parameters. 
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+ + + -The cuts for Ac-+A1t Jt 1t decay channel are: 

a) Pion's Hadprob values must be at least0.7. 

b) The scaJed Ac momentum must be at least 0.5. 

+ + + -After these cuts the Monte Carlo acceptance for the Ac-+A1t l'C l'C decay channel 

becomes 8.0t0.9%. The data for the invariant-mass distribution of A3l'C is represented in 

Figure 4.10. The fitting on this distribution is enforced at 2285 MeV fixed Ac mass and 

with fixed 20 MeV RMS width determined by MC. After fitting, the estimated signal is 

10.91'8.2. Since the signal is insignificant, only the estimated upper limit can be 

meaningful. The upper limit of the recorded signal (10.9t8.2) at 90% Confidence Level for 

the known background n8 ... 52 (evaluated from the data within M(Ac)t2cr invariant-mass 

range) is cquaJ to 18. By using the acceptance value ("'8.0%), and presuming the most 

recent and reliable branching fraction 17 value (2.8t.9%) for the A1t + l'C + Jt- decay then the 

upper limit with 90% Confidence Level for the Ac production rate per hadronic event 

becomes 0.31. (Note: One may get a fairly close upper limit value ( ... 37) for the Ac 

production rate if one would use the standard algorithm XUL =Xm+l.28•cr which is valid 

for the Gaussian statistics). Thus the production rate of Ac's pe.r hadronic event based on 

+ + + -Ac -+A1c Jt 1t decay channel becomes equal to: 

Multiplicity(Ac)= .19t.15 < .31 (90% CL). 
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Figure 4.10 Invariant-mass distribution of A:-i>A1t + Jt + rt - decay based on data 

4.6 A,~eAv0 Semileptonic Decay 

In this section the upper limit on the Ac production is estimated by reconstructing 

eA invariant-mass combinations and using BF(Ac-+eAX)=l.6t.7I(stat+syst), the best 

available experimental rcsull.18 To avoid possible misinterpretation, it is worth mentioning 

that the weighted average BF(Ac-+PK1t)=4.3tl.1% value of ARGUS and CLEO 

experimental results has been used in order to evaluate the above mentioned Ac-+eAX 
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decay branching fraction. By reviewing the ex.isting hadrons one may make a conclusion 

that only the A; particle may contain e + A right sign combinations as a final product. The 

possible candidates for Ac-+eAX decays are: Aev, :E0ev, :E'0 ev, Arr.0 ev, A(mr.)°ev, and 

A• ev. Among these, the reactions I:0 ev, 1:*0 ev, Arr.0 ev are highly suppressed.19 This is 

because the Ac has Isospin=O and the isospin carrier (ud)0 diquark participates merely as a 

spectator during the decay reaction while any of the I:0 , I:*0
, rr.0 product particles is in an 

Isospin=l state. The decay modes, such as Ac--+A(nrr.)0ev, require qQ quark pair creation 

and are highly suppressed too. This is because the required qQ pair is more likely to be 

created between the strange quark and the (ud)0 diquark due to the strong "kick" to the 

strange quark as a result of the large energy release during the charm quark decay. In this 

case the A as a final decay product may not exist. The Ac-+A • ev decay mode is 

suppressed20 due to less available momentum phase space and relatively low A• -.+I.0 x0 

branching fraction. Therefore, the eA observation is mainly due to Ac-+eAv decay mode. 

The following two arguments make the Ac--+eAX observation feasible. First, since the 

massive A particle carries a substantial fraction of the Ac parent particle energy

momentum, then the reconstructed invariant-mass distribution of Ae particles does not 

spread too much (See Figure 4.14). Second, the Ac parent partisles have a hard momentum 

distribution and therefore a large momentum cut (xp>D.4 ) substantially reduces the 

background noise while substantially passing the signal. The particles are defined as in the 

section 4.5. In addition, the electron is required not to originate from a pair conversion. In 

order to get the maximum signal significance the following cuts were applied: 

a) Electron Hadprob value must be at least 0.05. 

b) The scaled momentum of Ae panicles must be at least 0.4. 

c) Pi"b•IP~-P~I =2IP~I >0.5GeV 

Momentum (GeV/c) 

Figure 4.11. Hadron probability vs momentum 

of electron for being identified as an 

electron. Here the electron is a decay 

product of a true Ac and was qualified as 

a "good" track. This result is based on 

Monte Carlo events. 
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Figure 4.12 Invariant-mass 

distribution of right sign 

Ae- and l\e+ combinations 

in 126,730 "Good Hadronic" MC 

events where there is no 

Ac-+eAve source. 

Mass(GeV/ r?) 

Figure 4. 13 Invariant-mass distribution Figure 4.14 Invariant-mass 

of Ac--+eAVe decay based on data. distribution of Ac--+eAve decay 
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Figure 4.15 Invariant-mass distribution 
or wrong sign Ac+ and Ae· combinations 

in data.. 

based on generated "Ac events" 

equivalent to 1.10*106 Monte 

Carlo "Good Hadronic events". 
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Figure 4.16 Invariant-mass 

distribution of wrong sign 

Ac+ and Ac· combinations in 

126,730 "Good Hadronic" MC 

events. 

After applying these cuts the overall detection acceptance of Ac-+eAve decay is 

about 5.lt0.4%. This acceptance has been estimated by using generated Monte Carlo 

events where each event contains a Ac-+eA v e source in it These generated Monte Carlo 

events are equivalent to l.10*106 "Good Multihadronic" events. The Monte Carlo program 

implements the weak decay matrix element for the Ac-+eAve decay and that the spectator 

diquark collapses to a A particle by fusing wilh a strange quark. The efficiency is 
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determined by the ratio of the number of detected Ac's over the number of source Ac's in 

the generator level. While choosing the optimal cuts for the maximum signal significance, 
(R-W)d , 

care has been taken so that Eff;i a has an average value and also that the data 

background level is close to its expected value (estimated by Monte Carlo study). Figure 

4.13, 4.15 display the final results for the right sign eA distribution (5 entries) and wrong 

sign eA distribution (2 entries), respectively. The data entries obey Poisson statistics and 

the probability for a known background of 2 events to fluctuate and become larger or equal 

to the observed 5 events is Jess than 6%. For the measured signal+background value (5) 

with the known background (2), the upper limit at 90% Confidence Level is 7.5. Again, 

the "Poisson processes with background" method21 was used in order to estimate the upper 

limit on the signal. By using the acceptance value (=5.1%), and presuming the most recent 

and reliable branching fraction value (l.6T.7I, see above for the reference) for the 

Ac-+ei\X decay, the upper limit with 90% Confidence Level for the Ac production rate per 

hadronic event becomes .36. Thus the production rate of Ac's per hadronic event based on 

Ar:,-+e.Ave decay channel becomes: 

Multiplicity(I\:)= .14t.14 < .36 (90% CL). 
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Chapter 5. Le Search 

We have also carried out searches for Le's which decay via suong interaction into 

Acre particles with 100% branching fraction. The I.c, particle is the lsospin=l partner of the 

Ac baryon. The I:c's contain a c quark and two light quarks in a Spin=l, Isospin==l state. 

The three isospin states of Le's are :r;+, :r;, I:~ and they are ex.peeled to occur with equal 

rates in e + e· annihilation. Among these Le's only :r;+ and I:~ and their charge conjugates 

arc observable within our experimental framework. In order to search for I.e's, the 

selection of Ac particles were proceeded by considering only the dominant Ac-+PK7t 

channel with the same selection rules as described in section 4.2.1 (except that the scaled 

momentum cut now is applied on I.e's). No cut has been enforced on the Le's daughter 

pion except that the hadprob_7t must be larger than 0. 7. The distribution of inv _mass(I:J -

inv _mass(Ac) is preferred in order to suppress the measured Ac mass uncertainty 

contribution. The Ac candidates were chosen within inv_Mass(Ac)=2285t40 MeV (i.e., 

Mass(AJt2cr) and the resulting .6.m(Lc·Ac) distribution is displayed on Figure 5.2. The 

Monte Carlo estimated acceptance of Ic's is 11. ltl. l %. After applying the fit on the inv

mass distribution with fixed RMS width o=4 McV and the background shape determined 

by the Monte Carlo study then the measured peak area becomes 5.9t3.2. The .6.m(I:c-Ac) 

is estimated to be 167t2 MeV and it is in agreement with ARGUS 1 and CLEQ2 results of 

167.8t0.4MeV and 167.6tt.6MeV, respectively. The upper limit on the detected signal 

(5.9t3.2) at the 90% Confidence Level for the known background ng=4.3 (estimated 

mean background events for the .6mt2o invariant-mass region based on data) is equal to 

J02 

• 

1 l. By using the Le acceptance value (=11.1 %), and presuming the most recent and 

reliable branching fraction value (4.3tt.1 %, see section 4.2) for the Ac--+PKrt decay and 

100% for the :Ec~Ac1t decay, then the upper limit with 90% Confidence Level for the Le 

production.rote per hadronic event becomes 0.13 where this upper limit value also Ulkes 

into account the contribution from the :r; with the expectation that l:~"s comribute 1/3 of 

the overall Le signal. The ratio of :r++ and l:0 particles overall multiplicity over the A 
0 o C 

multiplicity becomes equal to: 

MultiplicityC't++ + I:~) 

Multiplicity(AJ 
0.40t0.29 < 0.74 (90% CL). 

Again, the "Poisson processes with background" method is used in order to estimate the 

upper limit at 90% CL. Though the multiplicity ratio result above is not statistically very 

significant, it is in agreement with ARGUS and CLEO results (.24t .11 and .12t.04, 
"))Th . +++ 0 respective y . us prcsunung that I:c , Le, and I:c arc produced with equal rates, then 

the fraction of Ac's which are decay products of I:c 'sis 0.60!"0.42. We note that the ratio 

to Le production to Ac production could serve as a direct way to measure the suppression 

of (ud)1 diquarlc to (ud)
0 

diquark. 

The distributions of 1:;+ and I:~ particles are shown on Figures 5.4 and 5.5, 

respectively. There is no indication that there is any noticeable isospin mass-splitting. There 

are several theoretical speculations3 that the mass differences between :r++ and 1;0 may 
C C 

range4 as much as +18 MeV to-6.5 MeV. TI1e isospin muss-spliuing may arise if the mass

energy contribution from the Coulomb static electromagnetic interaction between the quarks 

differs from the intrinsic mass contribution of u, d quarks (i.e., 2md versa 2mu)- It is a 

mystery that so far no any experimentaJ group has discovered ( particles which have 

JOJ 



Spin=3/2 and similar quark content as I:c's. According to the Lund Monte Carlo prediction 

the production rate of ('sis twice as large as the I:c production rate (see Figure 5.1). 

'll • 
Bl C 

> 1) 
~ 8J LC 
!Q 

• 0 ~ 
.., 4) -0 
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00 (;(B 0.16 0.31 0.32 0.4 
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Figure 5.1 Monte Carlo study of the Invariant-mass distribution of I:c-+Ac1t decay where 

Ac-+PK1t with 100% branching fraction. The distribution is based on the generated "Ac 

events" (i.e., each event contains at least one Ac with BF(Ac-+PK1t)=I00%) equivalent to 

1.66*106 Monte Carlo "Good Hadronic Events." 
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Figure 5.2 Invariant-mass distribution 

of Le++ and I:~ particles from data. 
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Figure 5.4 Invariant-mass distribution 

of Le++ particles based on data. 
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Figure 5.3 Invariant-mass 

distribution of fake Le++ and I:~ 

particles when wrong-sign pions 

were used in Ac-+PK1t decay 

reconstruction. The distribution 

is based on data. 
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Figure 5.5 Invariant-mass 

distribution of I:~ part.ides based 

on data. 
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Chapter 6. Conclusions 

In this experiment which uses the powerful particle identification ability of the 

TPC/2ydetector at PEP, Ac's were observed for the first time via the exclusive Ac-+PK1t 

decay channel at 29 GeV annihilation energy. We obtain a signal of I 9.3:t-7 .8 events. Our 

measured Ac multiplicity per hadronic event is .12t.05(stat)t.04(syst), presuming the 

branching fraction Ac-+PK1t is 4.3tl.1% and including its uncertainty in the quoted 

systematic uncertainty. This yields a value of AJc-quark of 0.I3t0.07, which supports the 

ARGUS and CLEO results, which also use the Ac-+PK1t decay mode. The weighted 

average of ARGUS, CLEO, and our results for the number of Ac's per charm quark is 

estimated to be (see Table 4.3): 

Acfc (weighted average) =.091 t.013(stal+syst) (6.1) 

where the branching fraction uncertainty for the Ac-+PK1t decay is discarded for a 

moment The deviations of the weighted average AJc from the LUND, WEBBER, and 

UCLA model predictions are -2.1-3.6 standard deviations. Hence, there is strong 

evidence that the branching fraction for the Ac-+PK1t decay is higher than 4.3% and/or the 

Ac multiplicity is larger than the present model predictions. If the LUND, WEBBER, and 

UCLA model predictions for the Ac production rate (which cluster around .05) are close to 

the true value, then the branching fraction value is determined to shift upwards from its 

present 4.3% value to -6-8.5%. If, on the other hand, we presume the validity of the 

BF(Ac-+PK7t)"'4.3tl.1% value, then the LUND, WEBBER, and UCLA model 

predictions for the Ac multiplicity are all low by a factor of -2. A relatively higher Ac 

production rate suggests that there might be a unique behavior of the color dynamics in the 
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heavy quark (chann and beyond) vicinity where the color field is perhaps more condensed 

and therefore could cause the enhancement or the baryon production. 

_L Mult• ..L 2 
Mode Signal BF(%) Multiplicity. or 2 2 X; BF(~) o, o, 

(E1perimen1) U.L.(90'1o CL) (Theory) 

PK• 19.3t7.8 4.3tl.l .12t.06 277 33.2 .83 7 

pf<_O ·3.0t3.0 2.lt0.6 ·.09t.09 121 -10.7 3.37 3 

<.15 

pf<.0mt 5.4t8.9 I .8t0.6 .18t.30 II 2.0 .II 3 

<.70 

Amm 10.9t8.2 2.8t0.9 .19t.15 44 8.4 .55 4 

<.31 

Aev 5 right sign l.6t0. 7 .14t.14 51 7.1 .19 1.9 

2 wronv sivn <.35 

Total 504 40 5.05 

Table 6.1 The summary list of the observed signals, branching fraction values, and 

multiplicities of the PK1t, PK.0 , Pk0 1t1t, Amm, and Aev channels. The terms which 

determine the weighted average multiplicity and the reduced .,_2 values are listed as well. 

The observed Ac mass is 2292t9 MeV and it is in agreement with the world 

average Ac mass (2285tl.2 MeV). Our extracted Ac momentum distribution is poorly 
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determined, but is in agreement with the shape predicted, for ex:ample, by the Lund model. 

The CLEO collaboration has parametrized their data for Ac momentum distribution and they 

concluded that the LUND Monte Carlo is fairly adequate for the description of the Ac 

momentum distribution. The UCLA model would be similar. The WEBBER model 

predicts a much softer Ac momentum distribution and it is not an adequate model to be used 

for the presentation of the Ac momentum distribution. 

In Chapter 4 the Ac multiplicity has also been estimated by studying three addition 

hadronic decay channels (Pi<.0 , Pk0 1t +7C-, Arr.+ 1t-1t+) and one semileptonic decay channel 

(Aev). The theoretical estimates of the hadronic and semileptonic decay branching fractions 

are within the reasonable ranges (see Table 6.1 and also sections 2.4.1 and 2.4.2). As a 

reminder, the hadronic decay branching fractions are based on the statistical model and it 

docs not guarantee the accuracy better than factor of two. The additional four modes are 

considerably less well determined than the PK1t mode, but are in adequate agreement with 

iL The best estimated multiplicity value is the weighted average of these five measured 

multiplicity values and it is equal to: 

5 I r -n· ,~1<>2 ' 
ii (Ac)= --~• - == .079t.045(stat+syst) 

5 I 
I-
i== I cr~ 

' 

(6.2) 

where ni stands for the multiplicity for the channel i (see Table 6.1). The reduced .,_2 

(-5.05/4 =1.26) indicates that overall the agreement of these modes is satisfactory, despite 

the low value from Pf<.0• However, we feel that the result from PK1t mode only (Ac 

multiplicity=0.12t.06) is the more conservative result to quote and use from our studies. 
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There is an indication of a I:c signal of 5.9t3.2 events. Our measured .6.m(I:c-Ac) 

is estimated to be equal 167t2 MeV and it is in agreement with ARGUS and CLEO results 

of 167.6tl.6 and 167.St0.4, respectively. There is no indication of isospin mass

splitting. The ratio (I:;+ + I: ~)/Ac is found to be 0.40t0.29 (<0.74 with 90% 

confidence). This estimated ratio of Le production rate to Ac production rate is too 

imprecise to deduce any strong conclusion about suppression of (ud) 1 diquark relative to 

(ud)g. The ( particles have not been observable in this experiment; why they are not 

observed needs more attention and further study by physics community. 

Future improvements in our knowledge of the Ac decay branching fractions, 

combined with larger data samples on Ac production and models such as LUND, 

WEBBER, and UCLA, can lead to improved understanding of the colorfield dynamics near 

a heavy quark. 

IIO 

Appendix: Function Averaging 

Let's assume that f(x1, x2,·-· x0) is a function of n independent x1, x2, ... Xn 

variables. If the function f can be represented as 

where Uj(Xj) is a continuous function of xi, then the average of the function f can be 

evaluated from: 

(A.I) 

where <f>x.i is the average value of the function f over the variable xi when the rest of the 

n-1 variables are fixed at x1=x~ •... xi-1=xf_1, xi+1=xf+ 1, ... Xn=x~. 

Proof: 

<f(x 1, xz, .. -. X0)> 

If within <a1(x1)> term, we multiply and divide by the constant coefficient 

etz(x;) ... a 0 (x~), then one derives: 
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f(x~, x~ .... x~ 

After iterating the same averaging procedure with respect to variable x2 then for, x3 and up 

to variable Xn, then one may derive: 

a1(x~)a2(x~) ... an(X~) 

(f(x~, x~ •... x~ ))" 

which proves the Formula A. I. 

<f:>x1 <f:>xz- .. <f:>xn 
o o o n-1 f(x 1, x 2 , ... xn) 

The averaging algorithm A. I saves a large number of steps when one tries to 

numerically estimate the average of the function f. For exa,mple, if one numerically 

estimates the average of function f (which can be represented as f(x1, x2,··· xrJ = a 1(x1) 

a2(xi) ... an(Xn)) and uses the algorithm (A.I) and if each variable xi varies m times 

within its boundary limits, then the function f may need to be evaluated only nm times. In 

the case when one resorts to the standard algorithm (see Formula A.2) to average the 

function f, one may need to estimate the function fas many as mn times. 

l n, m 
=,; L L 

m ip•I i2:d 
(A.2) 
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