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ABSTRACT OF THE DISSERTATION

Lambda(c) and Sigma(c) Baryons Production

ine*e” Annihilation a1 Vs = 29 GeV

by

Sahak Khacheryan
Dector of Philosophy in Physics
University of California, Los Angeles, 1992

Professor Charles D. Buchanan, Chair

Using the TPC/2y detector at PEP, the A, charmed baryon has been observed for
the first time in e*e” annihilation at Vs = 29 GeV via the A —PKn exclusive decay
channel. The extracted A production raie per hadronic event is 0.1230.05(stat)
+0.04(syst); the rate of A per ¢ quark is 0.13+0.07(stat+syst). The A/'s also were
searched for by looking at the PK®, PR%n*n", Ar*a’n", and Ae*x hadronic and
semnileptonic decay channels; the estimated A, multiplicity from each mode and its
associated upper limit with 90% confidence is -.09+.09 <.15, .18+.30 <70, .19+.15
<31, and .14+.14 <35, respectively. [The weighted average of the A, multiplicity based
on these five channels is 0.079+0.045(stat+sys1).] There is an indication of a Z.—A.n
signal, where the ratio (27 + E2)/A. is 0.4040.29 with an upper limit of <74 (50%
CL). Our analysis suggests, at the ~1.0-1.5 standard deviation level, that the branching
fraction for A, —PKr decay is larger than the currently accepted value of 4.3+1.1% and/or

the A, multiplicity is larger than the present predictions from hadronization models which

cluster around ~0.04 to 0.055 multiplicity.

xdii

Chapter 1. Introduction

The A particle is the lowest mass charmed baryon. It is a composite particle
containing 2 charm quark and an {ud), spin=0 diquark. So far there are no strict theories
which quantitatively describe the production mechanism of the A particle. This is because
the present QCD (Quanturn Chromo-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 these of
LUND!, WEBBERZ and UCLA.} According to these models, the A particles are mainly
created when an (ud),, 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 mode} dependent. According

to the LUND, WEBBER, and UCLA model predictions, the A, multiplicity is .055, 043,
and .04, respectively, at E.,~29 GeV. This Jow production rate makes the A; observation
difficult. The new bom A particle has a mean life time about 10—13 sec and decays through
weak interactions. The possible decay forms of the A particles are semileptonic or

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

percent which makes the A observation even harder.

The study of the A¢ paricle 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 parton region. However,

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



fraction of A;—PKn, where the latter is also difficuit to measure. Thus this measurement

muy also shed light on the complicated and presently incalculable hadrenic decay processes

which involve nonperturbative QCD processes as well.

The historical background of the A particle prediction and its experimental
observation is the following: in 1964 M. Gell-Mann? and G. Zweigs independently
proposed three hypothetical particles (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 Sime 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 Ga'ugc theory in the Electro-Weak interactions. In 1974, the J/¥ particle was
observed independently by two different experimental groups, one at SLACS and the
second one at Brookhaven,? In the following two years, thearetical models were created

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

Among these hadrons was the A, the lowest mass charrmed baryon. In 1975, the first
evidence of a Ag event was observed in a neutrino-proton interaction experiment at
Brockhaven National Laboratory.? In the next five years, the A baryon was observed in
photon interactions!0 (Fermilab, 1976), proton-proton interactions!i (ISR, CERN, 1979),
and e*e” amnihilation!2 (SPEAR(MARK II), SLAC, 1950, E . n=5-8 GeV). The
collaborations which have observed a A, signal in e*e- annihilation via exclusive decay
channels such as PKr are: MARK Ti(SPEAR, E n=5.2 GeV), CLEO(10.5 GeV), and
ARGUS(10.2 GeV). Though there is an indication of the A from MARK II at

PEP(E_,=29 GeV) via the semi-inclusive decay mode Ag —A € + missing v, ours is the

first observation of the A, in e*e” interactions at E.,>10 GeV via an exclusive

reconstructible decay channel.

In this analysis we have used the e"’e'—)mul:ihadron data collected by the TPC/2y
eollaborati(;n at PEP during December 1984 through March 1986, The total integrated
luminosity was about 68 pb'l. The main instrument in this experiment was the "Time
Projection Chamber” (TPC) detector, a "second generation detector” which has efficient
particle identification capability (based on the simultancous measurements of the incoming

particle’s momentum and the ionization loss per unit length). This good panticle

identification made the Ag particle observation possible with our detector in our statistically
limited daw events, whereas previous detectors at E,_~29 GeV could nat see its exclusive
decay modes. Though we examine other channels, we focus on the decay A —PKm.
Because we cannot separately measure the branching fraction A;—PKn, this experiment is
restricted to measuring the Multiplicity*Branching-Fraction. By using the recent
experimental branching fraction value, the Ag production rate per event (i.e., multiplicity}
is estimated. This is compared with similar measurements made at E 10 GeV. Attempts
were also made to observe the I particles via their hadronic decay channel T —Acm.
There is some indication of the signal which provides an upper limit on the fraction of Ac's

originating from Z.'s.
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Chapter 2. Theory

In this project, charmed baryon production is studied as a product of ete”
annihilation. The e*e” annihilation and eventual qa creation may proceed cither via
electromagnetic {y*) interaction or via weak neutral current (ZO) interaction (See Figure
2.1). Thcr-eforc, the amplitude squared for such process is IAy+ AZJ2. The contribution of
the interference term is about 10% of the pure electromagnetic process! for the center-of-

mass energy of 29 GeV. The electromagnetic interaction total cross section up to order of

O(a2oy ) is given b).':l

dna? ¢ @ (QZN§ 2
¢(ete-—>hadrons) = s (1+ = )%‘,eq 2.1
120
ith Yy — .
o Q) = e @D @

where 5 stands for the center-of-mass energy squared, o is electromagnetic coupling
constant, ¢q is the charge of the primary quark, ¢s(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), n; is the number of the active quarks (and equals 1o 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 Ge'V and depends on ng). 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



nature. This is because during the hadronization aimost all partons are created out of the
ficld or, more precisely, out of gluon decay with gluon invariant mass on order of few GeV
where Ot can not be considerad small. The created hadrons generally are unstable and they
may decay into lighter and more stable hadrons or leptons. Cnly these relatively stable
particles are able to reach the panticle 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 (duc to its non-
perturbative nature} then there exist only models which describe the physical properties of
the hadrons individually and as a whole. Nowadays there are two main schools of
fragmentation models which have successfully survived. One is the string fragmentation

schoot and the second one is the cluster school.

ol

a) b)

Figure 2.1 e+c- annihilation via a) electromagnetic or b) weak interaction.

— ) ———————— {ii] ——)——s {}}

Figure 2.2 c+c- 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 ficld 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, ie., ~ 1

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



fragment. The next assumption is that the field flux is the same in any secticn along the
tube. Therefore, the potential energy between the two departing quarks has a linear
dependence on their separation distance, Consequently, the dynamics of the light quarks
(like u, d, and s) within a quark pair system can be approximated by the dynamics of
massless quarks connected through a massless relativistic sring. The relativistic string has
a string constant which is Lorentz invariant and, according to the heavy quarkonium
spectroscopy, is about 1 GeV per fermi. It is presumed that the massless string stores the
potential energy but no momentum and that the massless quarks carry the 4-momentum.
The transverse excitation of the field tube and, consequently, for the siring can be ignored.
The substance of any siring 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 uncertainty of the longitudinal
momentumn (due to Heisenberg uncenainty principle ApAx ~1) in general is much less than
the absolute longitudinal momentum value (¢.g., Ap~.2 GeV/c when Ax~1Fermi=5.07
GcV'l), then the dynamics in the longitudinal direction can be described semiclassically.
The same thing is not applicable in the transverse dimensions and, therefore, the dynamics
in this dimensions must be described quantum mechanically. 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.

Nowadays the most dominant models among the string models are the LUND and
UCLA models. These names are 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? is that the fragmentation process
highly depends on quark and diquark mass, spin, and flavor. It is presumed that the qc_l
pairs continually create and annihilate inside the cylindrical field tube. When the separation
between the quarks is large enough, then the field encrgy 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 quask is assumed to be its constitent 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 existing quarks and hadronize into colorless mesons and baryons. The
dynamics of the quark pair creation and the formation of the hadrons in 141 {time and
space) dimensions can be represented as in Figure 2.4. Here the Cli-l':_li-l pair is created at
(x;_1:t;.1)} space-time coordinate and the qiai pair is created at (x;,;;}. 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:?



K(x-x;) =-\/P§+mz APhm?  with P{©=P, - k(t-t) @2.3)

where P, is the initial momentum of the i-th quark at t=t; and m is the quark mass. In the

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

becomes (x-x;)= -(t-t;) which describes a straight line in 1+1 dimensions. The hadron
formation is assumed to take place when the world lines of the qiai-l cross with each other.
Afier the qic_;i_l meeting, the potential energy of the string stants to increase at the expense of
the quarks’ kinetic energy until the quarks’ trajectories reach their turning points.
Consequently, the meson constituent quarks make a "yo-yo™ type of motion. The i-th

MEeSon's (qiq_i_l bound statc) momentum and energy are given by:3
P=k(t, |-t , E=k(x; |-x;} . (2.4)

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

proportional to the meson mass squared:

Arca = ;—fi . (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 qﬁ creation is 2 quantum mechanical tunncling process, and the

production probability per unit phase space in time and space is given by:¢ 7.3

d(Probability)/dxdt ~ exp(-x m%/k) =exp(-x msz) exp(-nt P%Jk). (2.6)

10

Figure 2.4 The dynamics of 141 dimensional string breaking and the formation of

hadrons,

Here mp = ‘\} m2 + P?r is the quark transverse mass which reflects the energy required 1o
create the quark pair with quark mass m and transverse momentum PT. Therefore, the Pt
distribution is Gaussian with a width <PT>2= (350 Mev)z. In this estimation the
transverse momentum broadening effect due to soft gluon radiation is also taken into

account. The quark constituent masses have been used in order to estimate the quark



production ratio u:d:s:ic ~ 1:17:0.3:10'“. Therefore, the production of heavy quarks, like
charm and beyond, out of the colorfield can be ignored. The newly created 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 facter. Since the vector mesons are in a Spin=1 state, 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, ic.,
larger phase space. Detailed calculations® show that, for mesons having the same quark
content but different spin=0,1 states, then the meson production rate is roughly

proporticonal to 1/my, .. The phenomenological result for the ratio of the vector meson

probability to the pseudoscalar sieson probability is:

Vector 1 For mesons containing u and/or d light quarks
Pscudoscal: ~ 1.5 For mesons containing one s quark
scudoscalar 3 For mesons centaining one charm or heavier quark

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

coniaining a charm or heavier quark.

A diquark concept has been used in describing baryon production. It has been
assurned that the density of virtual qq pairs is so high that the probability to make a diquark
out of the two virtual quarks is essentially equal to one; i.c., the diquark-antidiquark pairs
can be considered as elementary particles, 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 o determine the diquark mass differences for the different diquark flavor
and spin configurations. The remaining onc unknown diquark mass is m{ud)y and

experimentally has been estimated from the overall Baryon/Meson ratio.

In addition to the baryon production by means of the diquark-antidiquark
mechanism, the LUND mode] also implements the “popcom 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. The default value for the probability of the BMB configuration
relative to overall BB and BMB configurations is equal 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" symmetry is :

a bl
f(z) = S—LI_; exp{—mTH}

z 2.7)

(E+Poy . .
where z = (-E_-bulsbﬁl is the fraction of the remaining jet energy-momentum carried by

: 2 2,52 . .
the outgoing hadron, Mog=my + PTH is the known hadronic transverse mass squared
where 1y is the hadron mass and P%.H is chosen from the Gaussian distribution with g2

z
=2<Pr>
q

The contribution of hard gluon radiation is considered simply a5 a kink to the string

&nd it is illustrated on Figure 2.5. The exact O(a,) differential cross section for such a

process is: .



q)

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

2. .2
[+3 X, + X
detd’ =%‘L"‘"_1I 12 , Q2.8
o dxjdx; n (Ix(1-xp)

where x,, %, are scaled energy variables and x; = z_qul X = 2_1\-'252 The naive cbservation
from Formula 2.8 suggests that the differential cross section turns into infinity for x;—1,
or x;—31. But in reality the diverging terms are diminished by some interference terms
between pure ee—qq processes and ee—qq processes including vertex and fermion QCD
comections. This argument is taken into account and the following requirement is enforced

in order for an event to be qualified as a three jet event:

Parameter Default value Best tuned value

a 1.0 : 0.955
b 0.7 0.6
: .
u 03 0.3
QU
q 0.1 0.1
us)/(ud
s/u 0.4 04
14q9),
EICTV 0.05 0.05
Vector meson
— ar  forud 0.5 0.5
Vector meson
al ors 0.6 0.6
Vector meson f b
— a1 e 0.75 0.75
popcom 0.5 Q.5
<Py, = <Py, 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
M > Ymin Q 2.9

where my; is the invariant mass of any qa, qg. Eg pair and y,... is a constant parameter, A
string stretches from the q 10 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 jet system is accomplished by transferring into the
Lorentz frame where the piece of the lincar string as a whole is at rest; then the
fragmentation procedurc js applied similarly to qg 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 dozen zdjustable parameters. Mostly these adjustable parameters are on the quark
level. The summary of the most significant parameters including their default and best data-
tuned’? 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!112.13.14 resembles both the string and cluster models. The
UCLA suppression factors (like mass, spin etc.) are on the hadronic level, which is also

the case for the cluster models (in particularly for the Webber model; sce 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 medel 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 my; hadron production rate among possible hadrens.
Fu.rmem{orc, the LSFF also gives hadronic n'ansversczmomcntum distribution. It is

worthwhile to emphasize that the LSFF, including 2 (1_%) correction factor {due to the

limited value of the available center of the mass energy ("% can be derived!$ from the
Wilson Area Law!6 plus the available longitudinal momentum phase space. Besides
sequential hadron production (where the flavor 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 "popcom” production suppression of the form x(popcomn) = exp(-M,). In this
expression M, is the total mass of the "popcorn® inesons and the adjustable parameter is
~2 Gev. The "popcorn” suppression mechanism is still under study and needs more

clarification concerning its principle basis and implications.



In order to preserve transverse momentum, the UCLA model requires, in the

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

Tt 2
2P
centered at (- %) with a distzibution function cxp{—b-%} . This is an approximation to

the case when the P1 value for a particular hadron is statistically compensated by the two

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

density in a particular step is

a

2 2 2

L <b{m+2P5..,) m

P(my,z, Pz-m) =-n4 zz) exp{ b Hz TH }{l-—?ﬂ} .Clebsh_Gordan® x(popcorn)
z

(2.10)

where a and b are adjustable parameters and N is a universal constant. ‘The final weight of
cach candidate hadron is determined by its own weight (see 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 part of another following heavy hadron.”

In conclusion, the UCLA model has four adjustable parameters and twe choices.
The A adjustable parameter controls the parton shower and determines the kinks on the
string; & and b are adjustable parameters which are part of the LSEF; and 1 parameter
controls the "popcorn” suppression, One of the choices is that of local transverse
momentum compensation (described above); the second choice is that the leflover quark or

diquark has a fully free spin space for its magnitude and for its projections as well,

i8

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 are based on the parton shower phenomenon and on the formation
of colorless clusters by means of combining the partons located nearby in coordinate and
momentum space. The formed clusters may decay either into two lighter clusters or into
hadron resonances and observable hadrons. The details of the cluster formation depend on

the particular fragmentation models.

WEBBER Modelirasas

The heart of any cluster model is the parten shower process.20 In the Webber
model the parten shower always is evaluated in the perturbative leading-log approximation,
while being aware that its validity in the lower parton invariant mass region (where as(Qz)
is not small) is questionable. As a result of the ee” annihilation, an outgoing qa pair is
created which emit gluons. The gluons by hemselves may branch into either BE Or qc_1 pair
and so on (Sce Figure 2.6). Consequently, the parton shower takes place where the mass

virtualities of the daughter partons are much smaller than the mass virtuality of the parent
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parion. The probability for the branching process a—»bc (where the a—bc process
represents any of these g—qg, g—gg, g—)qa) is given by the Alwarelli-Parisi evolution

equation:

e
Eal Y

A

-
e
p‘<

41 GiMiiiy Gy

A
.
:lﬁFl
+

v

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—qf decay, iii)cluster

formation, iv)cluster decay.

2,,.2
dPpme  _ ’Tda: aPHA")

2 (2.11)
d(log ma) Znin

Pn—bbc(z)
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where ¢ is the runaing coupling constant. If higher order loop corrections are taken into
account properly, then a in reality, is a function of the relative transverse mementum of

the outgoing partons P.zr- z(l-z)mg (instead of Q2 {or m: ), where z is a fraction of the
cnergy carried by one of the daughter particles. P,_,\..(z) is the Altarelli-Parisi splitting

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

4 14z
Peqe® =371 @2.12)
6(1-2(1- z!!
g—»gg(z) z(1-2)
1.2 2
Pg_,q& (z)= 3 z"+(1-2)).
The sclection of the daughter parton virtuality is done using Sudakov form factors:
]'n2 zmnx(m') 5
2 (P/A
5, _pe(mD) = exps - J' dm> Jidz P, (@ @13
m
1T'l'znin zmin(m)

where Sa_,bc(rnz) is the probability that the daughter parton does not have mass virtuality
within the region my; to m. This definition is based on the assumption that the statistics
of the emission process obeys a Poisson distribution with the mean value expressed by the
form insidc.lhc parentheses of the Equation 2.13 with positive sign. From the definition of

the Sudakov form factor, it follows that the probability of the parten to have a virtuality in

the region of the m2 and (m~!'dm)1 is:
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S (m- )

Pa—rbc(ml) dm’= dz ot mlm dm”
dm” | 5, ,p(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 cffect of this destructive interference is that the opening angles are ordered in
the decreasing order for the consecutive shower decays, i.e., 9b<e,. ec«:ea, where 93. 0.
@, are 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 1o 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%.mf « mz). So the asymptotic

form of the parent invariant-mass-squared reads mz = mi +mz + 2E,E L -Zz(l-z)Egc,
Py P . . e
where Ey=zE,, E =(1-2)E,. { = E,E. (and in the case when the parton mass virtuality is
b
much less than its energy then {=(I-cos@,) where 8, is the opening angle between two

daughter particles). Therefore, for the hard decay processes, where z is far fromthe 0 or 1

limits, the 2:(I-z)E: cocfficient 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 are ordered too. More convenient evolution variable is chosen in order 1o

2
. . E°C, .
describe the hard and soft parion shower processes. A new variables set (z, |=—2c-) is
A

chosen instead of (z, mz) for the Equations 2.13, and 2.14, where E is the parent energy
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and { is defined as above. It is worth noticing that the Jacobian for the transformation from
the old variables z, log(rnz) 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

which result from the virtual photon decay) has energy Ef:l%ﬂ or, equivalently, the
opening ariglc between the initial partons is 8, = 90° (ie., §y=1). From Equation 2.14
. E :
(where the m’ is replaced by the t=—2c ), tis selected. Then, since E, is known, the {, is
A
E2
found from t = ﬁ . Then the z value is generated within the range (Zp;,. Z,na,) from the
Altarelli-Parisi splitting function P,_,,(2). After this, the daughter particles' energies are
found: Ep=2E,, E.=(1-2)E,. Then the next parton shower stage starts, where the b and ¢
partons decay. In these cases the angular ordering condiions must be imposed (i.c., Cp=Cy
£ <t,) 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, ¢, b quarks where mg=m,=.3 GeV, m.=.5

2
GeV, mg=1.5 GeV, and my,=5 GeV. The shower processes stop if { < { ;= gh%c)_ .
a

In this expression, Q,, represents the quark mass if b is a quark (with five possible flavor
choices v, d, s, ¢, b), and Qy, represents the gluon mass if b is a gluon. The remaining
gluons in the final stage of the parton shower are forced to decay into uu and dd pairs.
After the parton shower termination, the partons” on-shell mass values are ascribed to the

final emerging partens. The mother’s invariant-mass is reconstructed by moving from the

daughters to the mothers and using the cxact formula m: = mi +m3 + 2z(1-z)E§§ .By

knowing the partons' energies, ransverse momenta (relative to the parent momentumn

direction; P-r-z(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 parion shower terminates. Only the final
stage partons (i.¢., quarks) arc involved in this hadronization phase. A quark and antiquark
which are nearby in coordinate and mornentum 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 auributed to clusters. If
the cluster mass is less than the "fission™ mass (which is chosen to be Q~4 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 qlaz
cluster with mass <4 Gev then a q3ﬁ3 pair is gencrated were g3 could be a quark or an anti-
diquark and it could be one of these choices: u, d, s, ¢, 0y, ud, us, dd, ds, ss. The hadron
candidate is expected to be one of the states 0 (pseudoscalar), 1+(pscudovcclor), 1 (vector)

* +
and 2+(tcnsor) if it is 2 meson, and one of the states % {"octet”), % ("decuplet™} ifitis a

baryon. The production rate of these hadrons is controlled by a weight factor equal to
(231+l)(252+l)%nE where 5, and 5, 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 momenturn 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 are not many clusters with mass larger than 4 GeV (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 "symmetric 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) are created with equal probability. According 10 this
scheme, if P‘A and I’ﬁ are four momenta of the product clusters then they are equal to:

P'&=(1-%%)P‘l‘+%cﬂ?‘z‘ and P‘]‘;=(1-gﬂ)?§' +Qp (2.1%)

M M

;-]
a

Figure 2.7 The heavy cluster decay is displayed.

If the newly created cluster has mass Jarger than €, the above mentioned heavy

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

less than Q, 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 Qy, the gluon decay into diquark-antidiquark pair process is turned
on. In this model vy, ud, dd diquarks are produced with equal probability and their
production intensity is proportional 10 Long. To provide appropriate baryon rates, the
ratio of the overall diquark-antidiquark pair production rate to the gquark-antiguark

production rate needs 10 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 muliiplets 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 aliowed 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 ¢, 2} my=.6 GeV fictious gluon

mass, 3) M=4 GeV fission threshold, 4) Q4 gluon virtuality threshold below which the

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

depends on the constituent quark mass values:

m=my=3 GeV, m;=5GeV, m=15GeV, m=50GeV,
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2.3 Ac Production Mechanism and Models

The hadron production mechanism in the string models may proceed directly or
indirectly. In the direct mechanism the hadrons are made by quarks or diquarks which are
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 A_'s (!-\c's) are produced when the created diquark
(ud)y ((1-13)0) combines with the primary c (E) quark. There are two main indirect A,

production mechanisms which make a significant contribution to the overall A, production

rate. One of these contributions originates from the ECH. E:, I.l: and E:H, Z:*. E:o
particles when they decay into A_T via strong interactions with 100% branching fraction.
The bb events are the second indirect A production source, when the hadrons contining
the b quark may decay inte A_ and some other debris. The fraction of the total A, 's

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

In the UCLA model, the A, 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 A_'s are mainly produced when the cluster containing a
charm quark in it decays into a A, and another baryon. This cluster decay rate is determined
by the avzilable spin and momentumn phase space. Besides this direct A, production
mechanism, there are A, contributions originating from the I particles and bb tvents as

well.
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The present LUND, UCLA and WEBBER model predictions for the A_ production
rate per hadronic event at E_ =29 GeV are .0535, .040, and .043, respectively. In these
models the A_ production rate is expecied to be relatively stable and independent of E ..
The Ac's, unlike to light hadrons, are produced within a few clear-cut hadronization steps,
and the A_'s properties, particularly the multiplicity value, reflect the conceptual design of

the particular model in interest

2.4 Ac Branching Fractions

The A_ is 2 composite particle whose constituents are u, d, and ¢ valence quarks. It
is the ground state energy level of charmed baryons. The spin and isospin values for the A

particle are 1/2 and O respectively. It is possible 1o reconstruct the spinxflavor

wavefunction of the A particie by using the orthogonality relationships of the A, flavor

wavefunction relative to completely symmetric and antisymmetric “ude” flavor

wavefunctions. The A, spinxflavor wavefunction is given by;2l

A= %(an‘LcT -uldTet -dTulbel + dlutel +dleTut - dfcTul -
ubeTdT + uTeTdd + cTutdl - cTuddT - cTaTul + cTdduT).

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

be concluded that (ud) is in spin=0. This is because the A wavefunction changes the sign

under the spin exchange of the u, d quarks. It is evident that the (ud) system is in isospin=0
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state since the remaining ¢ valence quark does not carry isospin and does not contribute to

overall the A, isospin.

The A, particle decay is an area of considerable interest. Since energy conservation
does not allow A_ decay via strong interactions and since there is no open channel for the
electromagnetic decays, then the only possibility for A decay is via weak interactions via
¢ither semileptonic or hadronic decay channels. The interesting point is that during the
hadronic &ccay the strong interactions are also involved. The semileptonic decay is

comparably simpler and it is calculable.

2.4.1 A; Semileptonic Decay22s

The semileptonic decay is illustrated in Figure 2.8 where 1" can be interpreted as e
or u*. The following analyses?4 apply for both Ac—>Ac+v and Ac—>Au+V decays. The
decay process is examined in the spectator quark approximation where the (ud) quarks
participate as spectators and the charm 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 js
minimal. The decay rate expression will be expressed in terms of the observable parent and
daughter hadronic 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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Figure 28 A scmileptonic decay (ud spectator model).

2
1
dr(A A’y =m|A(Ac-aAe*v)l dil4 (2.16)

where dI; is the momentum phase space factor for three A, ctand v particles. df1, factor
is given:
3

ax
dtl, = 2x) 6P e-k-pp) 0 — L @17
em’2E,

where P is the A_ four-momentum and k, p, p’ are four-momenta of the final product A, ¢t
and v particles, respectively. The decay amplitude has the form of the weak current-current

product form and it is given by:

G .
A(A —Ac"V) =7‘2E VL'H (2.18)
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wherc V is the Kobayashi-Maskawa matrix element, * is the leptonic current and H;.s is
the hadronic current when the parent and the daughter have 5 and 5' spins, respectively.
According to general rules, the L*and Hf;s have the form:

=501y,  and  HE oqoevhab s, 2.19)
The hadronic vector current can be reconstructed out of all available independent four-
vectors '{u \ (p+k)“, (|:a-k)u with proper Lorentz invariant coefficients. Therefore, the
parametrized hadronic vector current reads:

; - . 2 2

<k s VP> (k@I + £,0) p+R" + £ @D R JuyPis) . (2.20)
Similarly, the hadronic axial current reads:

<k SIAMIP, =i, (k)Y + 3, @HpHOMYs + 3. )E-0Ms luyg(Ps)  2.21)

where q2=(P-k)2. Afier some integration the differential rate reads:

2y 2y sl
drr GplV KM%y 2 a2 2
§=F#—(IH+I +HI +Hy") (2.22)
whercy:quMz;
2 2 2 12
M m
K!j[[i- E)‘] -4"#)'] ; 2.2%
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Hy= ¥ [aFy+ gF (2.24)

2 1n
Hy= {[2{1 . FO)- 2ka+F_] + (2kg,Fo+ gm"‘} ; (2.25)
Fox [gf m)(Ep + M)]'” .k
= aMm [Em Fmo Byt M]‘ (2.26)
1 2
= (Eq + mM{Ep + M) X
Fo [ 4Mm ] V& +mxEy + M) - (2.27)

Here M and m are the A, and daughter A baryon masses, respectively, and k=£ is the

vy

momenturn of the daughter A baryen in the frame where ¢ is at rest,

In order to estimate the Lorentz invariant form factors, a comparison is donc
between the quark-model current and parametrized current. In Table 2.2, the form factors
are listed which are evatuated at the maximum q2 (where the daughter particle is at rest in
the parent's rest frame). According to the "pole dominance model”, the extended behavior

of the form factors is:

Form_Factor(y) =1y'ﬂily'—’1m + Form_factor (2.28)
Ies

where  Form_factor is any of these coefficients a, 2,,3, g, 8, &. evaluated at maximum
2 2 . 2 -,
9, ¥Ymax =(1-m/M)", Yres=(m, /M)~ and m,. is the mass of the first ¢s vector-meson

resonance which is above the parent baryen mass.
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mg m,, Voo 13,72 |3 a Be=E. [T(Ae™v) [, BF(%)

Gy | (Gew) Gev) | (Gewy 1091} E&xp) Ae'v)
1049

0.51 2.5 975 [-.48 4.0 1.8 -43 | 9.8 523 1.9

Table 2.2 The list of the parameters that in addition to M(A)=2.28 GeV and m(A)=1.12
GeV define the semileptonic decay rate F(Ac—rAe*v).

After integrating the Formula 2.22 for y from 0 to y_,.,, the predicied decay rate becomes
I‘(Ac—-)Ae‘Lv) - 9810 sec’l. Using the experimental total decay rate2’ Ty, for
A .- anything, the branching fraction is calculated to be BF{A —A e+v)

+
(A AN v)=1.9%.

2.4.2 A —PKn Hadronic Decay

The A —PKn 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 A_ particle either may directly decay into PK'R" (Sec Figure
2.9(a)) or it may decay at first into one of the two quasi-particle states?5 Aty {Figure
2.9(b)) or g+ (Figure 2.9(c)) and then eventually into the PK " final state. The strong
interactions are responsible for the A" —>p+n+ and K*"> K'n' decays with BF([&.++
—p " )=100% and BFR*"— K 1")~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.2” There is another complicating ¢lement in the A_decay
which is the interference or Pauli exclusion effect. This is because when c~3sud or cd—su,
then there already exists a u quark as a constituent part of the A_ and the newly created u
quark must have restricted available spin and momentum space. The hardest part for the
A:—yPK'n:"' decay theory is that the sirong interactions (Figure 2.9(2), 2.9(b)) are involved
too. In these cases uu quark pairs are 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 Iatest theoretical work?® for the A, decay
suggests a model. In particular, this model assumes that there is a class arnong the decay
branches which contain a nucl¢on and kaon (i.c., A_~3NKx where x is a number of
neutral or charged pions) and this class makes up about 50%. For the Ac—)PK'n+xn case,
the =" is considered to be the mandatory particle and for the additional x pion preduction
Poisson statistics is associated with:

P=5_Em with i—"g- -7

x x! m

where Q=m,, - (M, + my+ my) is the residual energy, m, =2285MeV is mass of A,
and m,=400MeV, mp=1000MeV. my=600MeV are the conventional mass values for the
I, p, K particles. This crude statistical model predicts BF(AC—)PK_ u+)-7% and does not

guaraniee the accuracy better than a factor of two.

34

Kk P Kk A g? P
n o~ —~ —~
Ud sUud SHuu sd ud

o]
:_.-_b-—c;

S a

[+]

£ —p—p——c
g C
c —p——
..E.___

/;,C:
ra— Q o ———

(@) (W] ©

Figure 2.9 Ac—hPK'rr+ hadronic decay. a)A decays directly into PK'x' final states; b)
s i 0
A decays into ™K with following BF(AH —’p+r|:+)==100%; ¢) Ag decays into K¥'P

with the following BF( K*® K n")=68% (according to LUND).

Similarly the above mentioned statistical model predicts the following hadronic
- o 4 -
decay branching fractions: BF(A - P K°)-=3%. BFADPKnn =3%,

BE(A—AT & 1 )=d%.

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

-+
A_'s. If one resorts to experiment then the measured values?930 for the A DPK 1
branching fraction has not always been consistent and its uncertainty has not been better

than 26%.
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Chapter 3. Experimental Apparatus

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

Interaction Regions are shown.

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

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

Figure 3.1, 3.2). The two mile Linear Accelerator {LINAC) accelerates electrons and
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positrons up to 14.5 GeV encrgy level and then injects them into the PEP storage ring.!
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 are placed
along the LINAC in order to supply the boostng energy. Along the PEP storage ring, the
dipole magneis are installed in order to circulate the beams and a series of quadrupole and
sextupole magnets are installed, with altemnating magnetic poles, in order to focus the
beams. A scries of RF cavities around the PEP ring compensates the electrons’ and
positrons' synchrotron radiation energy losses. The electron-positron beamn-beam
interaction region is surrounded by the TPC/2y 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
10 a couple of miles, the weight of TPC/2y 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 worid.

In this disscrtation only the essential and relevant components of the experimental
apparatus are discussed. In the following sections, the various components of the detector
are discussed according to their rudially increasing physical locations (see 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 3.3 The transverse cross section of TPC/2y detector.

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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3.1 Beam Pipe

Onec of the essential parts of the PEP storage ring is the beam pipe through which
the 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 tegion protects the detector's sensitive volume from synchrotron

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

particle has energy (E) and curvature (p) dependence: P o< 2E 3 - The beam pipe is
pme

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 (l(l's Torm) 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 500pmx50mx1.5cm and the distribution of
the electrons and positrons within the bunch were Gaussian in any coordinate direction.

The typical Luminosity for this experiment was 1.2010%! em’ssee.

3.2 Inner Drift Chamber

The Inner Drift Chamber? (IDC) is located outside of the beam pipe and it embraces
the inner pressure wall. The 1DC occupies 13.2-19.4 cm in radial dimensions and is 114.3
cm long. The IDC has 240 sensc wircs and 480 ficld wires, which are paraliel 10 beam
axes. The sense wires are distributed within four layers where each layer contains 60 sense

wires. Between Jayers, the azimuthal angle difference between the neighbor sensc 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 30% argon and 20% methane gases which was fixed at

8.5 Atm pressure.

3.3 Time Projection Chamber

TIME PROJECTION CHAMBER

wires

Endcap smnse
wirss

Negative high
voltegs elscirode
183 dE/dx wires per sector

15 spatis] wires 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 Chamber? {TPC, sce Figure 3.4) is the central ¢element in our
detector complex and it is not accidental that the whole detector system is named "TPC/2Y
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 cuter 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 Atm
constant pressure and at T=298 OK 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 ar -55 kv level for the second half of data.
Both endeaps were held at ground level potential. The inner and outer ficld cages, endcaps,
and the membranc shape the uniform electric field which is directed from the endeap 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 n; in length. The magniwde of the magnetic field is 13.5 kgauss and is

oriented parallel o the clectric ficld lines and bearn axes.
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Figure 3.5 The wiring configuration in each TPC sector.
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The proportional wire system at the inner endcap surface reads out the signals.
There are three wire layers just above the endcap inner surface and one pad Jayer just on the
endcap surface. All this wire system has six 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 calied the Gating Grid (see Figure 3.5).
The Gating Grid represents a series of parallel 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
consecutive wires have alternating voltage v=910+/-90v and under special circumstances all
wires may have V=910 v equal potential. The next wire set is the Shielding Grid wire set
which is 8 mm from endcap and Gating Grid wire set. The Shiclding Grid wires are 1 mm
apart from each other and are running parallel to the Gating Grid wire set. 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
alternating 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 arc held at 700 v
potential level. There are overall 185 Sense wires and 184 Field wires (see Figure 3.6).
Finally, there are 15 pad rows on each sector'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 poential. The
TPC overall has 13824 cathode pads and 2196 active Sense wires and each pad or Sense

wire has one separaie electronics channel (see Figure 3.7).
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Figure 3.7 The schematic diagram exhibiting the signal processing patterns for a single

pad or Sensc wire electronics channcl.

There are several reasons which make argon {Ar) an atiractive candidate as a "base”
working gas inside the TPC. First of all, it is an inert (noble) gas. Second, argon atoms
basically do not have absorption energy levels lower than the primary jonization 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 gas allows lower operational voltage for the
same gain. The third reason is that the ionization cnergy loss per em is proportional fo the

density (the weight per unit volume) of the gas medium. Xe and Kr, heaviest noble gases,
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are goéd candidates and satisfy all these conditions, but argon gas is considerably less
expensive. Within the TPC environment there are (two sources which generate photons.
These photons are capable of reaching the cathode and liberating electrons which eventually
can generate an undesitable self-sustaining clectrical discharge. One of these photon
sources is a result of electren capture by the positive argon ions around the avalanche
region. The second photon source originates when the argon jons neutralize at the cathode.
By mixing methane "quench” gas (CH,) with the argon gas (1:4 proportion}, this problem
is solved. The characteristic of the methane polyatomic gas is t-hat it has many vibrational
and rotational energy Jevels and easily absorbs photens. 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 ¢V 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 panticle from the e*e interaction travels through the TPC gas medium,
it ionizes the surrounding gas atoms. For any massive relativistic elementary particle (e.g.,
i1, 1, K, P) the main source of energy loss is due 1o ionization. According to classical
calculations, the energy transferred to the atomic electrons is about 4000 times more than
the energy transferred 10 the nucleus. This is because the assumption of equal momentum
transfer (due to equal Coulomb force and interaction time) inio nuclei and electrons 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 the drifting electrons are absorbed by
the Gating Grid due to the ¥=-910+/-90 v voltages on the alternating 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 TPC drift region and
build a space charge. ‘The space charge may distort the homogencity of the electric ficld and
the drifting electrons may carry misleading information 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 vohage is chosen carefully so thai the electric field
lines running between the sense wires and the cenual membrane would not terminate 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 purpase to "Shield” the
drifting region from the avalanche region. The avalanche region is around the scnse wire
and it extends to a size of a few radii in the radial direction. TL: 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 poiential level on the Sense wires is chosen such that the collected
charge on the Sense Wire is propertional to the number of electrons in the initial ionization,
Each Sense wire is electically 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 ps time span,? 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
("buckels”) are digitized and afierwards are compared with the previously stored threshold
values ("Lower-Limit RAM's"). The "buckets" which are above the Lower-Limit RAM
values are permitted to propagate from the digitizer into a memory buffer. The number of
"buckets” which are 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
are 3.33cm/us, 3.25cm/ps 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 determined then track fitting algorithm is applied. 15 space points are determined by
using 15 pad rows and related Sense Wire information. The 7 position (see Figure 3.6) of
the track is determined by fisting a Gaussian to the disturbed pad channels. Since the signal
on the pad channel can be induced from the nearest 5 sense wires then the {, position of the
track is determined by estimating amplitude-weighted-average { position of corresponding
5 wires. The z position of the track is determined by estimating amplitude-weighted-
average z position of corresponding 5 wires. The M, {, and z measurements' uncertainties
are 150jum,150um, and 200um, rcspecﬁve]y. The "pattern recognition™ algorithm applies a
"histogram™ technique 1o reconstruct the projectiles’ 3-dimensional track. The "histogram”
algorithm determines the tracks with $74/-2% efficiency when there are at least three pad
hits. After determining the tracks in 3-dimensional space, the momenta can be nteasured for

the given magnetic field. For the well reconstructed tracks the momentum uncertainty is:
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where the first term under the root sign is due to uncertainty caused by the Coulomb

scattering and the second term is due 10 uncertainty of the track finding and fitting.

Besides finding the panticles’ track and trajectory, the TPC has another important
function which is to provide the particle identification (ID). The TPC uses the incoming
particle's ionization encrgy loss rate information in order to find the particle ID. In this
experiment the velocity of the projectile panicle is larger than the velocity of the orbiting
electrons inside the atom (~ag), and the projectile velocity is small encugh that Cherenkov
radiation can be ignored. In this case, the average jonization energy loss rate of the unit
charged non electron projectile which passes through a homogencous medium is given by

the Bethe-Bloch equation:5
dE 0542, 2mey’ 2
§ o T)+4Logﬂ3-2ﬂ -8

where E is incident particle energy in units MeV;
x is incident particle traveling distance inside gas medium in units gjcmz;
A is the atomnic weight in grams per mole;

Z is the nuclei atomic number for the gas medium;

B is the incident particle velocity and Y= ! H

1-p?
I=(9.76Z + 58.82-'19)e\’ is the average ionization potential where all orbital atomic
electrons are involved in the averaging process,;

& is the medium density effect.
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5 (By)

Ay (BY)
Figure 3.8 The theoretical prediction for dE/dx tonization energy loss rate vs Lo £BY. 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 formula is within a few percent for any incident
particle velocity. The characteristics of the dE/dx curve are the foliowing (see Figure 3.8):
for an incident particle with velocity larger than ac (where & =1/137) but fess than y=3.2,
dE/dx falls like —1/[32. It reaches a minimum value around y=3.2. As P increases further
(relativistic rise region), the dEfdx slowly increases due to the relativistic expansion of the
ransverse electric field of the 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 parametrized® according to:

i(2.02< LogBY) <5  then B=4.606y +C + 0255 (5-9)*°

if Logo(By) >5 then §=4.606y + C
where y= Logo{By) and C=Ls:;g(]l:,|mm|)z - Log(],onil_pm)2=—12.27. Observation shows
that for large By values, when Log,5(BY) >5, then 8 becomes equal to & = 4.606Log (BY)
+ C = 2Log(Py) + C. Therefore, in this region, where Log;o(By) >3, dE/dx increases as

2Log(By). Then, the dE/dx behavior in the relativistic rise region with upper boundary
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Log;o(BY) < 5 is 2Log(By) + 0255 (5-y)4'36. For the TPC mixed gas environment, the

ionization energy loss rate? is % = ¥ f; 37+ where f}, f5 are the weight fractions of the
i=]

dE
idxi'

argon and methane gas components.
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Figure 3.10 dE/dx vs LogPy fitting curve is obtained by using variety particle samples for

different Py range.

So far the energy loss rate for the incoming particle has been discussed in a format
which turns 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
{¢.g.. 4 mm, see Figure 3.9) is characterized by a Gaussian distribution when large amount
of electrons camy relatively small energy after the collision. The projectile and atomic

electrons collision also creates rare knock-on electrons which add Landau-ail signature to
the Gaussian distribution. The Landau tail behaves like 5 where € is knock-on ¢lectron
€

(8-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 Jarge contribution into
average ionization encrgy loss measurement. In the truncated mean technigue 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 closc to the peak value
(the most probable value) of dE/dx distribution. 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 refcrence. 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 dEfdx vs LogPy fiuting 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 LogPy variable is substituted by
LogP, where P is the particle momentum, p=mpy. The offset between two fitting curves in
abscissa coordinate for m; and m; incident particles must be equal to ILogm;-Logms|.
Therefore, the fitting curves readily are obtained for the directly observable particle: ¢, |,

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

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

measured simultaneously with the momentumn P. Then the X-,I values are determined

according to:®

2 2
. =Mi‘{ (P-Piz) P% , GE/dx - (dEId;)i
5P S(dE/IX)
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Figure 3.11 (dE/dx,P) scatter plots for ei,,nK P particles where dE/fdx is measured

wuncated mean value, The fitting curves also are displayed.
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where the (P;, dE/dx;) pair denotes the coordinates of the dE/fdx vs P fitting curve, when i
=¢, i, t, K, and P. In this dissertation, the "hadron probability” (hadprob) concept is
used in order to identify the long living particles. This is because the panticle identification
at "Fermi Plateau” region, or around the crossover regions in the dE/dz vs P curves is not
unique. To alleviate this problem, the particle fractions as a function of momentum are
used, where the particle fractions are determined based on the "good hadronic events”
(discussed ‘la!er). Since the hadronic events containing at least one muon arc rare, the
hadron probability algerithm is applied only for the ¢, &, K, and P particles. The particie

hadprob is determined:
W.=N£.(P 1,2
=N £,(P) exp(-5 x;}

4
where N is the normalization constant so that T W, =1.

i=

3.4 OQuter Drift Chamber

The Outer Drift Chamber® (ODC) is composed of three coaxial cylindrical layers.
The three layers conventionally are labeled E, F, and G and have radii 119.7 em, 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 cel] a single
sense wire is stretched. The ODC neighbor layers are azimuthally shified 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 aimosphere
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pressure, The main purpose of the ODC is to supply fast trigger signals. The ODC also
has a sccond application, to aid in the photon energy estimated 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 Calorimeter!® (HEX) is 1o measure electron,
positron, and photon energies. The HEX covers 75% of 4m and it is composed of §
identical modules. Each module has 3.84 m length and trapezoidal transverse cross-section.
The depth of every single module is 36 cm and cach 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
ene -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 aimosphere. The HEX
operates in Geiger discharge mode. There are also nylon filaments running perpendicular
to sense wires with 10 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 surface 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 §EE- - % ., where E is in Ge¥Y. The main contribution to the
E

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

uncertainty of energy absorption by the magnetic coil.

3.6 Muon System

The Muon system!? covers 98% of 47, 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 vnits of the first three layers are parallel
to bearn axes. The drift wbe units of fourth layer are perpendicular to the beam axes. The
iron slabs, which overall have 90 cm thickness, are sandwicr;ed between the layers. The
Muon detector uses TPC exhaust gas: 80% argon, 20% methane at 1 atmosphere. The

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

The Pole-Tip Calorimeter!2 (PTC) has a cylindrical shape and is & 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 4n. The sense wires are placed halfway between the laminates, and the wires
in each layer are rotated by 607 with respect to wires in the neighbor 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 tota! 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 ¢'¢ interaction.

3.8 Forward Detectors

There are several detectors as a pant of Forward detector systern!? which are used 1o
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 Nal Calorimeter, a lead-scintillator Shower Counter, and a
Septum Magnet 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.
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3.9 Trigger

Special conditionst (“Triggers'™ must be satisfied in order to collect the potentially

interesting cvents. The multihadronic events arc required to pass three trigger levels, 15

39.1 Pre-Pre-Triggers

The pre-pre-trigger makes a decision while the Gated-Grid still is in opague
condition. The pre-pre-wrigger uses IDC, ODC and prompt TPC information. In this case
prompt TPC signals is generated when the incoming charged particle crosses the endcap.
For griggering purposes, the TPC endcap is segmented into supersectors (see Figure 3.12).
The supersector is made of two adjacent sectors where the sense wires with similar radial
location are logically “ORed”. The pre-pre-trigger is set cither (a) if within a 0.5 pus tme
window after the beam-crossover there are coincidence hits on both the ODC and 1DC
sectors covering the same azimuthal angle range (A¢=30°). or (b) if there is a prompt
signal on the TPC superscctor within a 1.7 pis 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 satisfaction of the pre-pre-trigger condition, the Gated Grid is switched

to “ransparent”.
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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 into
23 “majority units”, where each unit contains 8 consecutive wires, Here, the lower wire
group number corresponds to smaller radial location. Majority hit (or majority signal) is
defined for the individual group, if there are at least 4 hits in that particular wire group. The
following conditions are 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, A¢=30".
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Condition_B: There is a majority hit with minimum group  number equal to 6,

which occurs within a 3 pts time window after 3.3 s 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 particle satisfies Condition_B, (c) two
charged particles satisfy Condition_B under the precendition that two involved

supersectors 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 2 majority unit number 0 or 1 within
a proper "Ripple time" window. The “ripple” is not considered complete if there are three
consecutive wire groups without a majority hit. The wigger is set if there are two tracks

which generate two complete "ripples®.

The trigger can be generated altematively if another set of conditions are satisfied.
There ase three "Radial Majority Latches" designed for each endcap. The “Radial Majority
Latch” is an output of six logically *ORed" inputs where cach input is a majority signal out
of cight consecutive majority units. Here, the majority signal is present if at least four
majority units out of cight have hits. Again, cach majority unit is composed of eight
consecutive wires which belong to the same sector. The majority unit 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 tipple and all three "Radial Majority Laiches" are set within Majority time
window. The Majority time window is designed such that within that time interval the
ionization which occurs around the central membrane is expected to amive 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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Ch‘apter 4. Measurement of A, Production

4.1 Event Selection

Thc carefully selected "Good Multihadronic” events are used in the following data
analyses. The selection of these évems is based on the "good"” tracks. A track is considered
to be a "good"” track if it satisfies the following conditions:

1) The distance between the closest appreach 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 MeVi/e.

B
4) The uncertainty of the measured curvature (C=—h is less than .3 (GeV/c) ~ or the
PI+P:
L

. AC
curvature resolution is tess than 30% (I.C.,T <.3).

An cvent which already has satisfied the trigger condition is considered to be a
"Goeod Multihadronic” event if:
1) The event contains more than 5 "good" non-electron tracks in it. The elecon is
identified by using the dE/dx information or by using the Pair Finder algorithm. The Pair
Finder searches and identifies 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.

1) The energy sum of all charged tracks is at least 7.25 GeV.
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4) ‘The absolute sum of the momentum projections on the beam axes satisfics
2P, [<4E .

5) There is at least one hemisphere where the invariant mass of the charged tracks is more
than 2 GeV/c? 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 paralle] 1o the beamn axes and centered at the

nominal interaction point.

The data collected during December 1984 to March 1986 has 68pb'l total integrated
luminosity and contains 25782 "Good Multihadronic™ data events. The purity of genuine
hadrenic events within the "Good Multihadronic” sample is about 98%. In the following
data analyses only “Good Multihadronic” cvents, defined as above, are used. Within these
evenls the tracks, hadronic or non-hadronic, were subject to "tight" cuts: the Z coordinate
is required to satisfy 2< 5 cm; the polar angle between the track and the beam must be larger
than 35°; the track momentum must be larger 150 MeV/c and the track curvature

uncertainty must be less than 0.15 (GeV/e) .

4.2 A.—PKn Hadronic Decay

In this section, the experimental result for the Multiplicity*Branching_Fraction is

estimated for the A_.—PKn 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 staed explicitly. Since the

Multiplicity*Branching_Fraction is the measured quantity, the A Mukiplicity then is
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extracted by using the best known BF(A_ —PKn) experimental results from other
experiments. In order to observe the AC signal via its PKn decay channel, the invariant-
mass distribution is constructed out of the P, K, n particles’ 4-momenta and the region
around the A, mass ~ 2285 MeV is studied. Numerous cuts have been applicd in order to
cnhance the significance, The efficiency is estimated by using Monte Carlo simulated

events,

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 follbwing hadronization processes. The first stage alsc 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. qqge. qqa'q’ primary panons
creation is evaluated using the second order perturbative QUD. 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 TPCLUND
detecter 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 rreated in the second stapge 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, ficld
cage), then the following dominant interactions are statistically evaluated: multiple
scaltering, 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 A.—PKn Selection

There are three main reasons which arc responsible for the difficulty of the

A —PKr decay observation. First, the Ag production rate per good hadronic event is low
(about .05-.15). Second, the expected BF(A —PKm} is small {about 4.3%; see below).
Third, since the A lifetime is short {ct = 57 micron), then it is not feasible to isolate the

distinct A,—PKn decay vertex in our TPC environment. All these factors causc the

presence of substantial background contamination and, consequently, serve as obstacles for

the A, detection. Our main task is to increase the signal significance by imposing
meaningful and effective cuts in an unbiased way. After some careful study the following

cuts were applied:

1) The hadprob for %, K, P is required to be larger than 0.7, 0.2, and 0.15, respectively.
In addition to this, if the incoming particle satisfics both the proton and kaon hadprob cut

conditions, then dual identification is prescribed for that particle.

2) The scaled A candidate momentum is chosen to be larger than 0.5.

I?(}%—Km)
= — >05

X
v Pbca.rn
3) The absolute momenta of n, K, P particles are chosen to be larger than 0.4, 0.8, 3.0

GeV, respectively.
4) The vector sum of the absolute transverse momenta of 1, K, and P particles relative to

the A, candidate momentum direction is chosen to be larger than 1.0 GeV:
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P PI™M=lpZl + 1PX] + [PPl > 1Gev.

The scaled momentum cut is based on the characteristics of the A production
mechanism. According to LUND model, the A; particle is mainly produced when a
primary charm quark combincs with an (ud),, diquark. Since the A_, is much heavier than
the remnant anti-diquark, the A_ is expecied 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 Ag’s (.57 fraction of
Ac’s when the hadprob of the P, K, and = particles are determined as above) pass this cut.
This scaled momentum cut also eliminates almost all A_'s originating from bb events. The
motivation for the hadprob cut selection is based on the fact that the protons originating
from the genuine A.'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, 4.1(b},
4.1(c)). The fact that protons happen infrequently in the general events and specially in
comparably large momentum range then it was possible 10 lower the hadprob cut values for

the kaons and protons and allow double identity between them in order to capture more

A.’s. The pion momentum cut is due to large pion fraction in the background events. The
SUM P
P cut reflects the fact that a significant amount of Q = 720 MeV residual energy is

transferred into p, K, and n daughter particles. In the rest frane and for the unpolarized

A particle, which is truc in our case, the A;'s decay isowropicalty. But the fake A,’s,

which are made of random combinations of p, K, and nt jet constituent particles, are
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expected to "decay” anisotropically. In this case, the fake A, momentumn direction is

expecied to serve as a symmelry axis for the spatial distribution of the "daughter” particles.
After applying the above-mentioned cuts, the invariant mass distribution of A,
and f\c particles is represented in Figure 4.2. This particular set of cuts is chosen on the
ground that it has an average Signal g, /Efficiency value (thal i, its extracted multiplicity
will be unbiased by the cuts) while the significance is at maximom. Each of the cuts used
was varied around the final cut values; the exiracted multiplicity were found to be stable (25

one would hope, see Figure 4.6) to these variations.

Here, the averaging process is computed in 5-dimensional space: Hadprob_K and
S5UM
Hadprob_P, Momentum_n, Momentum_K, Momentum_P, P . If these [ive variables
T

are independent, then the Signaly, /Efficiency can be represented as:

Signaly, /Efficiency =

o Hadprob_cun*oly “(P,_cu*a3 " Py _cun*ol U@, _cut

o} (Hadprob_cuty*a} (P, _cuyra) (P _curya}' (@, cuy

| a§P(Pr_cut*Signal y,,(No_cuts)

MC '(#A:‘!C(no_cuts) =
a (Pr_cut}*Signaly,~(No_cuts)

:1,(Hadprob_cut)*uz(Pn_cut)‘a;(PK_cul)‘cr.4(P cul)*as(PT_cul) H

pr=
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Figure 4.1. (&), (b}, and (c) display Monte Carlo results for the hadprob as a function o_f
momentum for 7T, k, and p particles, respectively, Here, the hadprob_pion, hadprob_kaon,
and hadprob_proton are the hadron probability of =, k, p particles for being identified as
7, k, and p, respectively, where n, k, p particles were decay preducts of true A particles.

The =, k, and p particles were ideniified {right or wrong) on the detector level when only
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%xp >0.5 the scaled momentum cut was applied. The result is based on the “Ac MCevents”

which is equivalent to 1,075,066 “"Good Hadronic" MC events.

At
Y]

N
@

where adlm(Hadprob_cut), a‘;au(Pn_cm), ad;m(PK_cut), u‘:m(P _cut) are attenuation

[y
oo

factors after imposing Hadprob_cut, P,_cut, P _cut, and Ppr_cut, respectively. The last

#1720 Mev
(=Y
[+2]

expression implies that the formula A.1 (see Appendix) could be appropriate to be used. i
Therefore, the averaging algorithm for the five variables can be formulated: 14 —
' 12
(S/EDave = (/ED ave_tpe (SEDAve_py (S/ED ave_p, (S/EDAve_p, 10 | \
SEDAve Pp ——3— (4.1} 3
(S/EDg, 8
i | ]
Here, the (S/Ef)pye_npr is the average value of the Signal . /Efficiency when the 6 » i\
Hadprob_K and Hadprob_P cuis have been varied and the other four cut parameters were 4 R
fixed to constant initial values. (S/EOSm denotes the value of S;gna]dalalEfﬁcicncy for the 2
starting initial values of Hadprob_K&P, Momentum_n/K/P, and P:}UM. Since not all B I
variables are completely independent, the averaging procedure has been repeated several o 1 ]._8 é ZI. 2 2 l 4 ZI_ 5 7 ] 3
times. This averaging procedure is applied in order to avoid accepting statistically biased Mass(GeV/d)

(large or small) values of the Signal/Efficiency. The validity of this averaging procedure is

justified by the presumption that the s1atistical uncenainty of the Signal fficiency is
J Y P P ¥ BnalgyEfficiency Figure 4.2 Invariant-mass distribution of A.—PKn decay based on data.

much larger than the unforeseen systematic uncertainties related to the Hadprob_K&P,

Momentum_n/K/F, and P;UM variables. Since the presumption mentioned above is true

{see 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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done to fit the fake A signal, Py (cut) =0,.5 12
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Two independent functions are 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
distribution is determined from the Monte Carlo stedy and is fixed at 20 MeV (see Figure
4.2, 4.3). Figure 4.3 displays the A 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 are equivalent to 1.66% 10° "Good
MulGhadronic” events with respect to their A content. In these generated events the parent
A, particle decays isotropically in its rest frame. Since the A, particle decays weakly, it has
a negligible mass uncertainty (about 0.003 ¢V); thus the Gaussian width is a result of the P,
K, & particles momentum measurements’ uncertainties. Further Monte Carlo studies show
that the RMS signal width dependence on the scaled momentum is smail and, therefore,
insignificant in this analysis. The background fining function for the distribution in Figure

4.2 is chosen to be:
Fit_Back = A(1+Bx + Cx2 )(D-x)20xE .

where A, B, C, D, and E are free parameters and x=M-1.9. In generally x=M-M_._and

min
M;, is the lowest possible invariant mass of the decay product particles and in our case

M in=Mpt M +M, = 1.57. The enforced PE.UM cut has shifted M; value upward ~1.9.

After the fitting, the combined number of observed Apand A-c is 19.3+7.8. This
signal is peaked at M=229249 MeV, which is in agreement with the world average A,
mass ( 2285.2¢1.2 MeV). The probability for the background (44 events) within a +2¢

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

PYK™n" combinations, then no observable signal was noticed around the A mass region
(see Figure 4.4). Similarly, no signal was observed around the A, mass for the 126,730

MC generated events where the A.—PKr source was deliberately eliminated (see Figure

4.5).
Xp Efficiency Data Multip*BF
(%) x10%)
0.5-0.6 20 (t1.4) 6.2%5.5 1.20%1.07
0.6-075 |28(F1.3) 9.2%5.0 1.2740.65
0.75-1.0 33 (12.2) 3.9%2.9 0.4610.34
Total (x5=0.5-1.0) 19.3 47,8 2.93%1.31

Table 4.1 The MC estimated efficiencies and the recorded number of A.'s from the data

are listed for three xp bins. The total Multiplicity* BF(A_—PKn) is extracted from this

information for the xp=0.5-1 region.

In the Table 4.1, the data for the Ac&l‘:c combined signal is listed for three xp bins

in conjunction with the estimated Efficiency and measured Multiplicity*BF. The efficiency
uncertainties arc enclosed in parentheses and are treated as 2 part of the systematic
uncertainties (see section 4.2.2 below). The result is Multiplicity *BF(xp=0.35-

1.0)=.00293% 0013 1(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 Multiplicity*BF entity for the three
Xp bin;ﬁ. On this figure only the statistical emors are shown. On the same plot 2lso the Luad
predicted Multiplicity*BF distribution is shown, normalized to the data. Clearly, the
measured momentum specirum is poorly determined; this comparison serves only (o 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
Muliiplicity*BF for the total x, range of 0.0 to 1.0 becomes 0.005010.0022. If one uses
the best known BF(A,—PKmn) =4.3+(1.1)%! then the overall multiplicity becomes 0.12

H).05(star).
T T T T
dN/dXp l
(arbitrary ] Shape predicted
units) B by Lund modsl

/N (normalized to

/ this data)
i

Figure 47 A, scaled momentum distribution is shown for three xp bins (data).
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4.2.2 A¢ Acceptance Correction and Total Cross
Section for the Ac—PKn Decay Channel

There are several sources of systematic uncertainties which increase the uncertainty

of the measured A multiplicity \;aiuc. One of the major sources of systematic uncertainty is
in the xp extrapolation. Within this experimenial framework, the A measurements were
conducted in the limited xp=0.5-1.0 scaled momentum region. To estimate the A
multiplicity for the entire x;=0.0-1.0 momentum region, an extrapolation coefficient must

be estimated, According to the CLEO? result, the extrapolation coefficient extracted from
their A_ data distribution is 1.44+.22 for %p=0.0-1.0. The CLEO experiment was

conducted at ¥5=10.55 GeV and the analysis did not include A contributions from the bb
events. MC analyses indicate that the bb events contribute about 19% of the Al's
originating from the cc events at E »=29GeV and that 80% of the A_'s originating from the
bb events have xp<.5. If the LUND estimate of A.’s originating from bb events is
allowed to possess a 50% uncertainty, then the xp extrapolation coefficient including the
bb events contribution becomes about 1.69%0.26 (or +15%) at E_ =29GeV. The
estimated xp, extrapolation uncertainty (+0.26) required the knowledge of the uncertainty of
the number of A.’s with xp=0.5-1.0 which has been estimated (~10%) from the Ac
distribution out of CLEO? result for PKn channel. The absolute value of the Xp
extrapolation coefficient is evaluated with LSFF parameters a=.60 (+. 10+.04), b=.52 (+
[051.03) Gev? which are optimally parametrized by the CLEQY collaboration for the best
available charmed hadron data, In the last-referenced article it was established that the
LUND model's parameters once adjusted for the E.,=10.55 GeV central mass encrgy can

be used for any center of mass energy case as well (including E ;=29 GeV case). This is
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because the momentum distribution of chanmed hadrons is sensitive to QED and QCD
corrections and the LUND model treats these corrections properly for the provided center

of mass encrgy value.

The second significant contribution o the systematic uncertainties is the track
finding efficiency. For any stable charged particle inside the TPC volume the track finding
efficicncy is estimated to be equal to 5742%. Therefare, the uncertainty of the simultaneous
track reconstruction of three daughter particles 7, K, p is about 6% . The correction for
tracking efficiency has alrcady been inciuded in the Monte Carlo estimation of the

efficiency, but its uncertainty must be included in the overall uncertainty.

The third significant factor of the A, multiplicity uncertainty is that due to nuclear

interactions. The uncertainties related to the nuclear interactions berween the hadrons and
the matetial composing of the beam pipe and inner pressure wall (just before the TPC
sensitive volume) is known according to the following:

a) The nuclear interaction length is known within 10% uncertainty.

b) The total nuclear interaction rate is known within 20% uncertainty.

¢) The 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 A.'s increased by 20% after tumning the nuclear interaction
off. Therefore, total uncertainty from nuclear interaction (20%) is about 20*0.2=4%. The

expected uncerainty contribution due 10 lack of knowledge of the precise nuclear

X+8X X [, 4
exp(- —x—) - exp(- x—) X
interaction length (10% error) is o X 9 . ‘;( = 2.5%; where
exp(- g;) l- X,

R2

X, is the Nuclear Interaction Length of the material and 1 'Xi = .2 value is used since
o

the presence of the material attenuates the A flux by 20%. The overall expected uncertainty
contribution of these two effects into the A multiplicity is about 5%. The uncertainty of
the product particle composition after the nuclear interaction is irrelevant for the A

muitiplicity estimate.

There is also an vncertainty in the A, multiplicity associated with the particle
identification, in particular the etror on the xz parameter. The systematic uncertainties
related with the pacticle identification are:

a) The dE/dx curve is known within .2% error.

b) The dE/dx resolution is known within 8% error.

¢) The mementum resolution is known within 10% error,

Among these uncertainties, the dE/dx resolution uncertainty is the dominant one.® Monte
Carlo generated events were analyzed with 2.9% default dE/dx resolution value. Second

Monte Carlo generated events set was analyzed with the dE/dx resolution incremented by

8%. The change in the detected A, 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 {it to the data,

¢) The Gaussian and the background shapes were fit to the data

From studying these variations, the estimated systematic uncertainty for the A multiplicity

due to data fitting is estimated to be about 10%.
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The final systernatic uncertainty contribution is due to the limited number of Monte

Carlo generated events and is about 4%. The Table 4.2 lists the summary of A, multiplicity

comrection coefficients 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 Summary of the A multiplicity correction coefficients and their uncertainties.

So far the branching fraction uncentainty has not been incorporated yet. The

combined systemalic uncertainty of the BF(A_ —PKn) =4.311.1% uncertainty (about
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26%) and the subtotal uncentainty (about 20%) from Table 4.2 totals about 33%. The final
result for the A, multiplicity becomes:

Multiplicity(A.) = 0.115H1051 (stat)10.023(syst) 10.029(syst(BF))

= 0.11540.051(stat)+0.037(syst) = 0.115+.063(stat+syst} ~ 0.12 T 0.06(stat+syst).

The number of A_ or Kc’s per charm quark can be estimated by assuming that there
are 2*4/11 ¢ or ¢ quarks per hadrenic event, and correcting for the A.'s above xp=0.5

originating from bb events (about 5% of the total}, and using the xp extrapolation factor of

1.44+.22 (+15%) quoted by CLEQ for cc events:

Je_ Multip*BF(xp=0.5-1.0) 144 _ 1784 n63(statssyst) +.033(BF only)
c 3 BF 1.05
it

=~(.13 1 0.07(stat+syst)

Our measuremnent of the number of A, per charm quark is somewhat in between the
Mark 7 and the CLEO®/ ARGUS? results, as listed in Table 4.3. The Mark 11
measurement for the A, per charm is a direct measurement and does not use branching
fraction information, but does presume that §0% of the A_’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 CLEQ results, and in the present analysis.
Qhur result is in agreement with the Mark I, ARGUS, and CLEQ results and the differences
of our result from the Mark II, ARGUS and CLEO resuits are less than one standard
deviation. From the same Table 4.3 one may make an observation that the eartiest Mark 11
resuit is significantly above the CLEQ and ARGUS results. It is speculated!? that the Mark

II result contains large ambiguities which have been underestimated by the authors and
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therefore that Mark I result is less reliable. The weighted average of the ARGUS, CLEO,
and TPC/2y results (all of which use the PKx decay mode and share in common its

uncertainty) is Agfc=0.09110.013(stat+syst), excluding the BF{A,—PKn) uncertainty

(and +.026 including it).

The Mark II, ARGUS, CLEO, and our measured A, multiplicity values are

consistently higher than the LUND, WEBBER, and UCLA predictions. The differences of
our measured Ag multiplicity in units of standard deviations from the LUND, WEBBER,

and UCLA model predictions are about 1.1, 1.3, and 1.30, respectively (see Table 4.4). In

these estimates, the contribution of the BF(A ~»PKr) uncertainty plays a significant role

and therefore we would like to approach this from a somewhat differcnt perspective: The

measured value #lamc*BF(A;—PKr) per cham quark is expected to be independent of
¢*¢” annihilzation energy; the weighted average of ARGUS, CLEQ, and our TPC/2Zy results

is:
{Afc)BF =.00389% .00055.

A
If one would use LUND estimate of < = 0055 L1 - 064 then the estimated

BF(A,—FKr) becomes:

BF(A 2 PKn)=6.08% 86% = 6.1 .9%
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Group Dars BE(%) | (AfC)BF Afe
Presumed *10-3

Mark Il (SPEAR) I-1980 R l .204.05(stat+syst)
5.2 GeV 7
ARGUS 6-1988  |4.3t1.1 | 3.661.72(stat+syst) |.0851.017(stat+syst)
10.2 GeV +.022(BF only)
CLEQ 9-1990 4.3¥%1.1 {4.07t.83(stat+syst) |.095+.020(stat+syst)
10.5 GeV 1.024(BF only)
TPC/2Y, 29 GeV 5-1992 4.3+1.1 | 5.53+2.71(stat+syst) | . 1 3T.00(stat+syst)
{present analysis) +.03(BE only)
Combined ARGUS, CLEQ, and 3.891.55(star+syst) |.091+.013(stat+syst)
TPC/2y results +.023(BF only)

Table 43 Measurements of the number of A;'s per charm quark according to Mark II,

ARGUS, CLEOQ, and the present TPC/2y expeniment based on A —PKn data.

Measued | Lund Deviation Webber Deviation UCLA Deviation
Muliiplicity (# Sigma) (# Sigma) (# Sizgma)
12+.06 055 1.1 042 1.3 .04 1.3

Table 4.4 The predicted A multiplicity values according to the Lund, Webber, and UCLA
models and their deviations from the measured A, multiplicity in units of standard

deviations {(0).
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This is 2.1 standard deviation above the present experimental value of BF(A;—=PKn) =
4.3t 1.1% (excluding its uncenainty from the comparison). The WEBBER and UCLA
models yield results of 8.0%+1.1% and 8.5+1.2%, 3.4 and 3.5 standard deviations above
the present experimental value. Therefore, from this analysis we may conclude that thers is
a strong evidence that:

2) BF(A_—PKn) is larger than 4.3% and/or

b} The A multiplicity is larger than the present models predicL

If we presume ihe validity of BF(A,—PKn) = 4.3t 1.1%, then Mark 11, ARGUS,
CLEOQ, and our measured A, 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!! which suggests that the colorfield density could
be condensed in the heavy quark vicinity. This is because the heavy quarks are 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 Formuia 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,~PK°Hadronic Decay

Despite the fact that the branching fraction!? for the A.—PK® hadronic decay is

relatively small (2.1 0.6%), it is tempting to explore this channel since it has a low

background level. The K° meson (the antiparticles behave in similar fashion) can be

represented as a combination of K§ and K| CP eigenstates each with equal weight. The

Kg particles have a mean life time ¢T = 2.673 cm and decay into aTn” with a 68.6%

branching fraction. A standard TPC/2y secondary vertex finding algorithm has been
developed in order efficiently to find the Kg particles, The Kg finding algorithm uses only

the K§g —ntn"decay channel. The detailed description of the K§ finding algorithm is
discussed elsewhere.!3 According to this Kg secondary vertex finding algorithm, the Kg
must be rejected if the ntr” daughter particles’ dE/dx information and kinematics are
consistent with either e e photon conversion or A—np decay, The K‘S’ is also rejected if
the reconstructed secondary vertex point originates from the region where the TPCR2y
detector's cylindrical walls are located and if the "deflection angie” is greater than 10°, The

deflection angle is the angle between the vecior of Kg parent particle momentum direction

and the vector joining the primary vertex and the secondary vertex. The "wall rejection”

algorithm rejects those Kg'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 verex quality" will be accepted.

The cuts for this I'tc—)F‘Eu decay channel are the followings:

) 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 A_— PK° decay based on data.

After applying these cuts, the Monte Carlo estimated acceptance (not including the
branching fraction) for the Ac—)PE" decay channel becomes 6.3+0.5%. The résulu'ng
invariant-mass distribution of PK® combinations is shown in Figure 4.8, The histogram is
fit by a five parameter polynomiat function for the background and Gaussian function for
the signal. The RMS width (standard deviation) of the Gaussian function is fixed at 35
McV, as determined by Monte Carlo. From the fitting, the signal is -3.0¢ 3.0 cvents.
During the fitting the center of the Gaussian curve was fixed at the 2285 MeV expected A

mass. Since the signal is small, only the estimated upper limit can be meaningful.
Nowadays in the scientific comununity several methods are used 10 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” method!$
is used. Th-is 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 expecled background
and the expected center of the peak area are negligible.! The upper limit of the recorded
signal (-3.0% 3.0) at 90% Confidence Level for the known background ng=10 (evaluated
from the data within M(A)¥2¢ invariant-mass range) is equal to 5. By using the
acceptance value (=6.3%), and presuming the most recent and reliable branching fraction
value (2.140.6, see sbove for the reference) for the PK® decay then the upper limit with
90% Confidence Level for the A, production rate per hadronic 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 Ag's

per hadronic event based on A —PK° decay channel becores:

Multiplicity(A)=-.0881.091 < .15 (90% CL)

4.4 A—PR?7*r~ Hadronic Decay

The cuts for this Ac—)PEO 1t+1t_ hadronic decay channel are:

a) P, K® are defined as in the Ac—aPIZﬁ decay analysis (sce Section 4.3).
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b) Protons' Hadprob value must be at least 0.7.

¢} xp scaled momentumn must be at least 0.5.

After applying these cuts the Monte Carlo estimated acceptance for the Ac-;PI?’
‘J':+1t_ hadronic decay channel becomes 6.3% 0.6%. The data for the invariant-mass
distribution of Ac—>PI?’ Jt+n:_ is shown on Figure 4.9. The fitting on this distribution is
enforced at 2285 MeV fixed A mass and with fixed 20 MeV RMS width. After fitting, the
estimated signal is 5.4+8.9. Since the signal is small, only the estimated upper limit can be

meaningful. The upper limit of the recorded signal (5.418.9) at 90% Confidence Level for

the known background nB=66 {evaluated from the data within M(AC)TZO' invariant-mass

range) is equal to 20. By using the acceptance value (=6.3%) and presuming the most
recent and reliable branching fraction value (1.8+.6%) for the PK° ri'n” decay, the upper

limit with 90% Confidence Level for the A production rate per hadronic event becomes
0.7. (Note: One may get a fairly close upper limit value (=.57) for the A_ production rate if

one would use the standard algorithm Xg;; =X +1.28*0 which is valid for the Gaussian

statistics). Thus the production rate of A;'s per hadronic event based on Ac—)PIED 1t+1'|:—

decay channel becomes:

Multiplicity(AJ)= . }8+.30 < .70 (90% CL).
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Figure 4.9 Invariant-mass distribution of AC—)PIZD 1|:+1t_ decay based on data.

+
4.5 AC—)ATt+1t+Jt_ Hadronic Decay

The detailed description of the A finding algorithm is discussed in elsewhere.!6
The secondary vertices of the A particles are determined according to the standard TPC/2Y

secondary vertex finding algorithm. In this algorithm the A particles are determined in the

. o, . . . . .
same fashion as K¢'s except with some modifications of certain numerical parameters,
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The cuts for A:—-)Art+lt+lt_ decay channel are:

a) Pion’s Hadpreb values must be at least 0.7,

b) The scaled A, momentum must be at least 0.5.

After these cuts the Monte Carlo acceptance for the A:—?AI+TE+E_ decay channel

becomes 8.010.9%. The data for the invariant-mass distribution of A3# is represented in
Figure 4.10. The fitting on this distribution is enforced at 2285 MeV fixed A; rmass and
with fixed 20 MeV RMS width determined by MC. After fitting, the estimated signal is
10.948.2. Since the signal is insignificant, only the estimated upper limit can be
meaningful, The upper limit of the recorded signal {10.9+48.2) at 30% Confidence Level for
the known background ng=52 (evaluated from the data within M(A )}*20 invariant-mass
range) is equal to 18. By using the acceptance value (~8.0%), and presuming the most
recent and reliable branching fraction!” value (2.8+.9%) for the Axtrtr” decay then the
upper limit with 90% Confidence Level for the A; preduction rate per hadronic event
becomes 0.31. (Note: One may get a fairly close upper limit value (=.37) for the A,
production rate if one would use the standard algorithm X;; =X +1.28*0 which is valid
for the Gaussian statistics). Thus the production rate of A_'s per hadronic event based on

A: SAantatn” decay channel becomes equal to:

Multiplicity(A)= .19+.15 < 31 (90% CL).
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Figure 4.10 Invariant-mass distribution of A: —Artrtn decay based on data.

4.6 A ~eAv, Semileptonic Decay

In this section the upper limit on the A_ production is estimated by reconstructing
eA invariant-mass combinations and using BF(A,—eAX)=1.6%.71(stat+syst), the best
available experimental result.** To avoid possible misinterpretation, it is worth mentioning
that the weighted average BF(A_—+PKn)=4.3+1.1% vaiue of ARGUS and CLEQ

experimental results has been used in order to evaluate the above mentioned Ag—eAX
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decay branching fraction. By reviewing the existing hadrons one may make a conclusion

that only the A: particle may contain ¢*A right sign combinations as a final product. The v o

possible candidates for A —eAX decays are: Aev, v, E'oev, Anlev, A(nn)ocv, and

. . o 0 0 - P © 08 :.\"t- -
A'ev. Among these, the reactions Z%v, Z "ev, An"ev are highly suppressed.!? This is o :';-
<] ko
because the A has Isospin=0 and the isospin carrier {ud),, diquark participates merely as a _*g ,; :
* . . o LT
spectator during the decay reaction while any of the £, £"% n® product particles is in an T : .

oy "qi\::
'

Isospin=1 state. The decay modes, such as Ac-eA(nr:)t’cv, require gq 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),, diquark due to the strong “kick” to the Momentum (GeV/c)

strange quark as a result of the large energy release during the charm quark decay. In this Figure 4,11, Hadron probability vs momentum

case the A as a final decay product may not exist. The Ac—h‘\'cv decay mode is of clectron for being identified as an
electron . Here the electron is a decay
product of a rue Ag and was qualified as
a "good" track. This result is based on
The following two arguments make the A, —eAX observation feasible. First, since the Monte Carlo events.

suppressed20 due to less available momentum phase space and relatively low A'51%°

branching fraction. Therefore, the eA observation is mainly due to A —eAv decay mode.

massive A particle carries a substantial fraction of the A, parent particle energy-

momentum, then the reconstructed invariant-mass distribution of A¢ particles docs not

spread too much (See Figure 4.14). Second, the A parent particles have a hard momentum
distribution and therefore a large momenturmn cut {xp>0.4 ) 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

#ACMO MeV

order to get the maximum signal significance the following cuts were applied: -

a) Electron Hadprob value must be at feast 0.05.

ri

b) The scaled momentum of A€ particles must be at least 0.4. 0 1o Zrl2siz3v
c) Pi'm =| ?ﬁ-—?-ﬁ =12| P?l > 0.5 GeV Mass(GeV/ )

Figure 4.13 Invariant-mass distribution
of Ac—cAv, decay based on data.
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Figure 4.15 Invariant-mass distribution Figure 4.16 Invariant-mass
of wrong sign Ae* and Ae” combinations distribution of wrong sign
in data. Act and Ae” combinations in
126,730 *Good Hadrenic” MC
events.

After applying these cuts the overall detection acceptance of A —3eAv, decay is

about 5.140.4%. This acceptance has been estimated by using generated Monte Carlo
events where each event contains a A ~yeAv, source in it. These generated Monte Carlo

6

events are equivalent to 1.10*10” "Good Multihadronic” events. The Monte Carlo program

implements the weak decay matrix element for the A ~»¢Av, decay and that the spectator

diquark collapses to a A particle by fusing with a strange quark. The efficiency is
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determined by the ratio of the number of detected A."s over the number of source A_'s in

the generator level. While choosing the optimal cuts for the maximum signal significance,
care has been taken so that &Y—l\%{"ﬁm— has an average value and also that the data
background level is close to its expected value (eélimaled by Monte Carlo study). Figure
4.13, 4.1'5 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 less 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” method2! was vsed 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 (1.61.71, see above for the reference) for the
Ag—eAX decay, the upper limit with 90% Confidence Levei for the A, production rate per
hadronic event becomes .36. Thus the production rate of A_'s per hadronic event based on

Ag—ehv, decay channel becomes:

Multiplicity(A.)=.141.14 < .36 (90% CL).
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Chapter 5. X Search

5.1 L. -Am Decay

We have also carried out searches for L.'s which decay via strong interaction into
A particles with 100% branching fraction. The I particle is the Isospin=1 partner of the
A baryon. The Z_'s contain a ¢ quark and two light quarks in a Spin=1, Isospin=1 state.
The three isospin states of I_'s are E++, E:. Zz and they are expected to occur with equal
rates in e T¢” anninilation. Among these Z_'s only Ec++ and Eg and their charge conjugates
are observable within our experimental framework. In order to search for I;'s, the
selection of A particles were proceeded by considering only the dominant A.—PKn
channel with the same selection rules as described in section 4.2.1 (except that the scaled
momentum cut now is applied on L.'s). No cut has been enforced on the X;'s daughter
pion except that the hadprob_nx must be larger than 0.7. The distribution of inv_mass(Z,) -
inv_mass(A ;) is preferred in order to suppress the mcasur;:d A, mass uncertainty
contribution. The A candidates were chosen within inv_Mass(A;)=2285140 MeV (ie.,
Mass(A)¥20) and the resulting Am(E_-A) distribution is displayed on Figure 5.2. The
Monte Carlo estimated acceptance of L.'s is 11.1%1.1%. 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 5.943.2, The Am{E_-A.)
is estimated to be 16742 MeV and it is in agreement with ARGUS! and CLEQ? results of
167.810.4MeV and 167.6%1.6MeV, respectively. The upper limit on the detected signal
(5.913.2) at the 90% Confidence Level for the known background ng=4.3 (estimated

mean background events for the Am*2¢ invariant-mass region based on data) is equal to
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11. By using the I acceptance value (=11.1%), and presuming the most recent and
reliable branching fraction value (4.3¥1.1%, see section 4.2) for the A.—PKr decay and

100% for the Z,—A_x decay, then the upper linit with 90% Confidence Level for the Z

production rate per hadronic event becomes 0.13 where this upper limit value also takes

. i + . . +
into account the contribution from the Ec with the expectation that E’c 's coniribute 1/3 of

the overall Z_ signal. The ratio of Z? and 22 particles overzll multiplicity over the Ac
muitiplicity becomes equal to:

0

Multipticity(s) * + £

Multiplicity(A)

=0.40%0.29 < 0.74 (0% CL).

Apgain, the "Poisson processes with background" method is used in order to estimate the
upper limit at %0% CL. Though the multiplicity ratio result above is not statistically very

significant, it is in agreement with ARGUS and CLEO results (.24%.11 and .121.04,

. . oo+

respectively), Thus presuming that T_ I.. and Eg are produced with equal rates, then
the fraction of A_’s which are decay products of I.'si5 0.6010.42. We note that the ratio
to Z,, production to A production could serve as a direct way to measure the suppression

of (ud); diquark to (ud),, diquark.

The distributions of ).'.:+ and EZ particles are shown on Figures 5.4 and 5.5,

respectively. There is no indication that there is any noticeable is0spin mass-splitting, There
are several theoretical speculations? that the mass differences between 2: * and Zg may
range? as much as +18 MeV 10 -6.5 MeV. The is0spin mass-splitting 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., 2my versa 2my). Itis a

mystery that so far no any experimental group has discovered }:: particles which have
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Spin=3/2 and similar quark content as I_'s. According to the Lund Monte Carlo prediction

the production rate of E: 's is twice as large as the I production rate (see Figure 5.1).
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Figure 5.1 Monte Carlo study of the Invariant-mass distribution of E—Am decay where

A~PKn with 100% branching fraction. The distribution is based on the generated "Ag

events” (i.e., each event contains at least one Mg with BF(A —PKn)=100%) equivalent 1o

1.66*105 Monte Carlo "Good Hadronic Events.”
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Figure 5.4 Invariant-mass distribution

of EC'H particles based on data.
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Chapter 6. Conclusions

In this experiment which uses the powerful particle identification ability of the

TPC/2y detector at PEP, A_'s were observed for the first time via the exclusive A.—PKrn
decay channel at 29 GeV annihilation encrgy. We obtain a signal of 19.347.8 events. Our
measured A multiplicity per hadronic event is .12+.05(stat).04(syst), presuming the
branching fraction A —PKx is 4.3+1.1% and including its uncertainty in the quoted
systematic uncertainty. This yields a value of A Jc-quark of 0.1340.07, which supports the
ARGUS and CLEO results, which also use the A_,—PKn decay mode. The weighted

average of ARGUS, CLEQ, and our results for the number of A_'s per charm quark is

estimated to be (see Table 4.3):
Afc (weighted average) =.091+.013(stat+syst) (6.1)

where the branching fraction uncertainty for the Ao—PKx# decay is discarded for a

moment. The deviations of the weighted average A/c 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 A,—PKr decay is higher than 4.3% and/or the
A, multiplicity is larger than the present model predictions. If the LUND, WEBBER, and
UCLA model predictions for the A, production rate (which cluster arcund .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(A,—PKn)~ 4.3t1.1% value, then the LUND, WEBBER, and UCLA model

predictions for the A multiplicity are all low by a factor of ~2. A relatively higher Ag

production rate suggests that there might be a unique behavior of the color dynamics in the
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heavy quark (charm and beyond) vicinity where the color field is perhaps more condensed

and therefore could cause the enhancement of the baryon production.

4 L 2
Mode Signal BF (%) | Muliplicity. or | 2 Mult* 7% BF(%)
i i
(Experiment) | U.L.(90% CL) {Theory)
PKrn 19.3+7.8 4.3%1.1 12+.06 277 1 332 R} T
PK° -3.043.0 2.140.6 | -.091.09 121 [-107 3.37 3
<.15
PK%nn  [3.4+8.9 1.8406 | .18t30 |11 | 20 11 3
<70
Annrn 10.9+8.2 2.8%0.9 19%.15 a4 8.4 55 4
<31
Aev 5 right sign 1.6%0.7 4t 14 51 7.1 .19 1.9
2 wrong sign <35
Total 504 | 40 5.05
Table 6.1 The summary list of the observed signals, branching fraction values, and

multiplicities of the PKn, PK°, PK®nr, Annn, and Aev channels. The terms which

determine the weighted average multiplicity and the reduced x2 values are listed as well,

The observed A_ mass is 229249 MeV and it is in agreement with the world

average A, mass (228541.2 MeV). Our extracted A, momentum distribution is poorly
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determined, but is in agreement with the shape predicted, for example, by the Lund model.

The CLEO collaboration has parametrized their data for A, momentum distribution and they

concluded that the LUND Monte Carlo is fairly adequate for the description of the A,

momentum distribution. The UCLA model would be similar. The WEBBER model

predicts a much softer A, momentum distribution and it is not an adequate model to be used

for the presentation of the A, momentum distribution.

In Chapter 4 the A, multiplicity has also been estimated by studying three addition
hadronic decay channels (Pl-(o. PR, Antn ) and one semileptonic decay channel
(Acv). The theoretical estimates of the hadronic and semileptonic decay branching fractions
are within the reasonable ranges (see Table 6.1 and also sections 24.1 and 2.4.2). Asa
reminder, the hadronic decay branching fractions are based on the statistical model and it
does not guarantee the accuracy better than factor of two. The additional four modes are

considerably less well determined than the PKr mode, but are in adequate agreement with
it. The best estimated multiplicity value is the weighted average of these five measured

multplicity values and it is equal to:

a(Ag)= —g— =.0791.045(stat+syst) (6.2

where n; stands for the multiplicity for the channel i (see Table 6.1). The reduced x?-

(~5.05/4 =1.26) indicates that overall the agreement of these modes is satisfactory, despite

the low value from PK°. However, we feel that the result from PKx mode only (A¢

multiplicity=0,12+.06) is the more conservative result to quote and use from our studies.
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There is an indication of a Z, signal of 5.9+3.2 events. Qur measured Am(EC-Ac)

Appendix: Function Averaging

is estimated to be equal 16742 MeV and it is in agreement with ARGUS and CLEQ results
of 167.641.6 and 167.840.4, respectively. There is no indication of isospin mass-
splitting. The ratio (Zp~ + EGWA is found to be 0.40+0.29 (<0.74 with 90% Let’s assume that f(xy, x3,... Xu) is a function of n independent xj., x3.... Xy

confidence). This estimated ratio of I production rate to A¢ production rate is too variables. 1 the function fcan be represented as

imprecise to deduce any strong conclusion about suppression of (ud); diquark relative to

(ud),. The Z: particles have not been observable in this experiment; why they are not fx1, Xgpee X0} = By(x1) Gp(x) - () 5

observed needs more attention and further study by physics community.
where @;(x;) is a continuous function of x;, then the average of the function f can be

Future improvements in our knowledge of the A; decay branching fractions, evaluated from:

combined with larger data samples on A_ production and models such as LUND, <f>, <Fogy... <fop.

<f(Xy, Xg,-.. Xp}> = p— PR (A.l}
WEBBER, and UCLA, can lead to improved understanding of the colorfield dynamics near f(x 1r Xgaees Xp }

a heavy quark.

where <f>y; is the average value of the function f over the variable x; when the rest of the

. 0 _,0 _0 _,0
n-1 variables are fixed at X=X ... Xj.[=X[ 1) Xj4 17X, (oe Xn=K

Proof:
<f(x|, X3, Xg)> =

<oy{xy) op{xg) ... ap(xp)> = <op(x )< 0z (Xy) ... O(Xp)> .

If within <@ (x;)> term, we multiply and divide by the constant coefficient

Ulz(xg)...un(x:), then one derives:
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o o
<II|(X1) %2(xp) - Ol ")>< ap(xg) . an("ﬂ)> =

uz(xg) e ap(xD)

Lo}
<f>‘l .E’M_“)_} = <f>xl< 0.2()(2) . un(xn)> _'ﬂ;:l)__ .
ay(x3) ... ap(x) f(x], %300 29 )

Affter iterating the same averaging procedure with respect to variable x5 then for, x5 and up

to variable X, then one may derive:

el (1] o
ap(xaz(x,)... ap(x) <fog, <f>gq... <>
= <foy <foyy .. <loy, 1 2 e L3} LY ..

(€5, x5, %2 D" £(x9, x3,... x2)"

which proves the Formula A.1.

The averaging algorithm A.1 saves a large number of steps when one tries to
numerically estimate the average of the function f. For example, if one numerically
estimates the average of function f (which can be represented as f(xy, X3,... xp) = 2{xy)
2(x3) ... @,{xp)) and uses the algorithm (A.1) and if each variable x; 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 algorithim (see Formula A.2) to average the

function £, one may need to estimate the function f as many as m" fimes.

1 m m m
<f(x1, X2y.en xn)> = *n E E E l’(xil.xiz. xin) (AZ)
m' =1 ip=l in=1
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