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ABSTRACT OF THE DISSERTATION

Hadronization Phenomenology From
Strange Hadron Production Measurements

in e+e- Annihilation at 27.4GeV Center-of-mass Energy

by

Eric Christopher Berg
Doctor of Philosophy in Physics
University of California, Los Angeles, 1994

Professor Charles D. Buchanan, Chair

This thesis describes the inclusive multiplicity measurements of KO, A, Z-, Z*£,
and Q- (including antiparticles) as functions of the scaled variables Xp, XE, and In(1/Xp)
using data acquired at 27.4GeV Ey, with the upgraded TPC/Two-Gamma detector at PEP
in 1989-1990. The measured inclusive rates are, respectively: 1.37+.03 (stat.)+.07 (syst.),
0.183£.010%.012, 0.018+.006+.006, 0.018+.009+.006, and 0.0001+.0005+.0002
(with 95% upper limits of 0.070 and 0.013 for £** and Q). This £** rate supports the
implication from the OPAL Collaboration's measurement that the £** is overpredicted by
string models (e.g.: Lund, UCLA). This Q- rate is compatible with string model
predictions, is lower than the previous TPC/Two-Gamma results, and is much lower than
the rate reported by the Mark II Collaboration at 29GeV. The A° and £** Xp spectra
support the previous experimental indication that baryon spectra are softer than string
model predictions. Mean, median and mode are estimated for the K° and A° In(1/Xp)
spectra for future comparisons at 10, 58 and 91GeV. To facilitate model builders, world
averages for various hadrons are formed from a compilation of similar results at Vs = 10,
29, and 91GeV. Comparisons with averages at different center-of-mass energies suggest
that the actual rates at 29GeV for £** and Q" are slightly higher than those reported here.



COGITO ERGO SUM

[ am a creator of experiences; without this [ would be all and not .

I'm curjous, Why am I here? What am I like? Where did I come from?
“Being I and not all, I must answer MY truth, and not THE truth.

1 choose my answers from thoughts of religion, metaphysics, and philosophy.

I'm curious, What have I experienced? What is experience? What can I experience?
Being I and here, I order my memories and hopes in time, and make choices.

I recall, I dream, I decide according to my pleasure and awareness.

I'm curious, What would I experience if I did ?

I’m here now. Not apart, a part; and therefore causality.

1 use trial and error, instinct, an authority, science, and intuition to see it.

We usually see the same thing.

1. INTRODUCTION

A, PERSPECTIVE ON SCIENCE

Table 1.

SCIENCE: methods and models used to predict events from observations.
Physics, Chemistry, Engineering - the physical aspect
Biology, Anthropology, Medicine - the living aspect
Psychology, Economics, Law - the thinking aspect
Mathematics, Philosophy - tools for all aspects

PHYSICS: fundamental perspectives of the physical aspect.
Classical Mechanics - macroscopic motions
Thermodynamics - effects of microscopic motions
Quantum Mechanics - Microscopic transitions
Electromagnetism - Some neat stuff we've found
Solid State Physics - Some neat tools we’ve made
Particle Physics - What’s in there
Astrophysics - What's out there

PARTICLE PHYSICS: fundamental perspectives of the microscopic.
Quantum Gravity/ General Relativity - a fundamental relationship

Quantum Electro-Weak Dynamics - a fundamental relationship

Quantum Chromo-Dynamics - a fundamental relationship

Theory of Elementary Particles (TEP) - theory of all possible transitions
Elementary Particle Physics (EPP) - experiments at currently ‘low energies’
High Energy Physics (HEP) - experiments at currently ‘high energies’

Science is a quick way to predict experiences. By forming a representation of a

part of existence, one can summarize all the predictions learned from trial and error. Not
only is this representation easier to remember, but applying it to other parts of existence

tends to give accurate predictions. This is generally true because existence is a tautology.

Physics is the group of representations of the physical aspect of existence from a

fundamentals approach, and Particle Physics is the subgroup that represents the
microscopic. Today's "Standard Model" for Particle Physics is a collection of the accepted
theories. It is consistent with the other Physics subgroups, with the caveat that Classical
Mechanics and Quantum Mechanics may only apply in non-overlapping kinematic regions

(see Gell-Mann's theory of decoherence [1] and experimental discussion [2]).



B. PARTICLE PHYSICS TODAY
The Standard Model is expressed within the framework of second quantization as
a relativistic field theory of matter. The Lagrangian density completely defines the
Standard Mode) (see Equation 1) [3]. Its variables are described following some general
discussion of how the Lagrangian density is used.
L= Z@(ia-mi-ﬂmz—)% - eqVITHWiA,
i 2MyV MZMY, i
- V2 - - .
YU =My (1) (T Wi T Wiy,
i VB(MzMWw)
2 _ oo
— MgV Az, - LERFO
+ zi‘l’;'qY“(Du)iqu - MgV i (D
q q

The general mathematical methods for deriving various quantities refer back to
Hamiltonian and Lagrangian Mechanics. For example, the Hamiltonian can be calculated
from the Lagrangian density given a specific reference frame, and can be used with
Quantum Mechanics as the generator for transitions from one time value to another (sce

Equations 2 and 3) [4, 5].

oL |d
H= (%d_ﬂg} 7;%] - L)dx3, 1, = each field Q)
dt

P & t ] th-1
|....t>=(1+):,l (El)f dtlf dt, ] dtH(t)H(t).. H(t) ) | .. to)
= w0 Ju 10

or, for H time independent
[0 = e-iHt-t)R] _¢o) 3)

Similarly, the Action can be calculated from the Lagrangian density and can be used with

the path-integral formulation of Quantum Mechanics (see Equation 4).

I:dex3dt 4

This formulation states that the square of the integral of el/Tover all possible paths is the
transition rate (8150 as h—0 gives the classical path from Hamilton's Principle) [6]. The
resulting dynamical equations are distinguished by the spin of the field represented, and

are given in Equation 5 with their source-free solutions [7, 8].

Spin 0: (32-V?+m})¢ = 0 B(xH) = SeetiPx! Sy a scalar
Spin -2L: (iV-m)y; =0 yi(xM) = u(p)etPux*  y;aspinor  (5)
Spin 1: [af—szaVA“-a“Av) =0 A(x") = E(p,A)ePsX* E a vector

In review, a |state) is a set of quantum numbers which completely specifies a
subset of everything, and is perceived as independent from the remainder of everything
(with the exception of the interactions described by the Lagrangian). A wavefunction is a
description of a state in terms of one of its quantum numbers and the accepted

(Copenhagen) interpretation is that it's a probability distribution funetion (Equation 6).
I ...,n;) = f l -A-ynli>\¥slatc(n.i) dnli
Probability n; is between n; and nj+dn; = N/(n))I*dn; (6)

First quantization forms the basis of Quantum Mechanics. The first step in first

quantization is to replace observable variables with quantum number operators in the




Hamiltonian. Classical Mechanics' dynamical equations generally have the meaning
structure of “subject-verb-object”, and this replacement with operators changes the
structure to "subject-verb” only. To form complete sentences, the operators must act on
states. The generic “object” is a state with any consistent set of quantum numbers and
represents a Hilbert space of all possible states. One can see how linear superposition is
preserved in Quantum Mechanics. In a discrete Classical Mechanics theory, conjugate
variables, defined in terms of the Lagrangian density, satisfy an equation resembling a

commutation relationship (Equation 7) {9].

oL ?ﬂ@gk _ a‘h‘apk -3 7

Classicall = and ATk = §
S 7 dqiops opida; "

First quantization of a continuous field theory is completed by writing the Hamiltonian in

terms of conjugate operators which satisfy commutation relationships (Equation 8) [10].

First quantization [pi(x,t),gj(x\,)] = -iSij83(x-x') and
[qi(x,0),qi(x,)] = [pi(x,1),p;(x,0)] = 0 (8

Second quantization forms the basis of Relativistic Quantum Field Theory. The
general solution for a particular Schrédinger equation (Equation 9) can be written as a
Fourier expansion in terms of a canonical variable (for example, momentum of a spin 1/2

field, Equation 10) [11].

ihowy = Hy %

yixh) =y, (2‘:3)‘;,2 ‘—él{b(p,S)U(p.S)e'iPuX“+d’(p,S)V(p,s)e+iPu"“] (10)
ts

Second quantization is performed in analogy with first quantization by replacing the
coefficients of this expansion with operators, When acting on a state, these operators will
create or annihilate a field by altering a sort of "existence quantum number" or number
quantum number. Next, these operators are required to satisfy anticommutation or
commutation relations (Equation 11) [12], depending on the quantum statistics the field
should obey.
fermions: {b(p,s),b'(p’s")) = 8:+8*(p-p")
(d(p5).d"(p's)) = 8:58*(p-p)
{}=0 for other bb'dd" combinations (1)
bosons:  [a(p,A),af(p’,A)] = 8:.8%(p-p)
[1=0 for other aa’ combinations
Fermi-Dirac statistics apply for half-integer spin fields (anticommutation). The Pauli
exclusion principle applies here, so any two fields must occupy distinguishable states.
Bose-Einstein statistics apply for integer spin fields (commutation) and any number of
fields may have the same exact quantum number set. This is how the Heisenberg
uncertainty principle is incorporated in the theory.

Continuing now with a description of the symbols of Equation 1, the specific
fields referred to are the fundamental particles listed in Table 2. ,2 is a sum over all
fermions and E‘ is a sum over the color variations. g; is the electric charge, myj is the
mass. T+ and T- are the weak isospin raising/lowering operators. A; = t3(i) and V; = 13(i)

- 2g; (1-My2/Mz?2) are the axial vector and vector couplings.



Table 2. Fundamental Fields.
Generic Version Field Grouping Variations Spin Electric Anti- Comments
Charge particle

v, quarks  spinor families color 12 (+23:  yes only
fermions |  (q) by flavor: charge: -173) colorless
(u:d), (s:¢), ()| (R, B, G) states
observed
leptons  spinor families none 172 (0,-1) yes | venotyet
(v&]) by individual observed

type: (Ve,e),
Vi), (v, T)

% Higgs scalar (H) none 0 0 no not yet
bosons | boson observed
Inter- ElectroWeak none U (0,41, no “actions”
mediate (AR, W+ W~ 70) -1,0) which act
Vector on fermion
Bosons "objects"
QCD Strong (g) color pairs: | 0 no self-
RB.RG BG, coupling
BR.GR,GB, dormunates
and two low energy
mixtures processes
of
(RRBE GG) _

The actual quark states (Hamiltonian eigenvalues) are not the flavor eigenvalues in Table 2
with which the W couples. This is described by a mixing of the second element of the
field spinors according to: d'j = Vjjd; where V is the Kobayashi-Maskawa mixing matrix,

given in Equation 12 (where s=sin, c=cos and d,s,b=1,2,3) [13].

c12c13 $12€13 sipe i
Vij= -$12€23-C125238 13610 C12C23-S128238 13018 S23C13 (12)
$12823-C12¢238136"®  -€y2823-512¢23813€i8 e
This non-commutation between the Hamiltonian and flavor operators is necessary for the
model to include transitions from one spinor to another as in uds—uud,di (A—-p*n-
decay, for example), C (charge conjugation), P(parity), and T(time reversal) are discrete

operators and cause a transition between two values, %1, or have no effect (0). P violation

is seen and expected by the P(l+75)P'1= (l~y5) part of the Lagrangian. The KM matrix
may also have a phase angle, 8, which could be sufficient to describe the observed CP
violation (indirect CP violation). These quantum numbers are multiplicative and are given
simply by: C = (-1)J=L+S, P = (-1)L+1, and T = CP. T = CP follows if CPT is a good
symmetry, which is true if the action is a) locally gauge invariant (¢»:>¢ei‘1(x)), b)a
Lorentz scalar (ASA-1=8), c) a vacuum quantum state exists (|0)) d) (fermions) bosons
correspond to (anti-)symmctric eigenstates under exchange of identical particies (i.e.:
‘standard’ spin statistics).

Calculations of various transition rates are made using Fermi's Golden Rule

(Equation 13) [14].

Probability = Luminosity e cross section (= ©)

identicals
o=] dQuMisd 11 _1_  [s-(my+ma)?[[s-(my-my)] (13)

spacies & !V [Br(my+m)F{s-(my+ma)2[s-(my-my)?]
Transition amplitudes, Mg, are c.alculated from the Lagrangian or the Feynman diagram (a
shorthand). The simplest way to understand the various terms of the Lagrangian of
Equation [ is with Feynman diagrams. An expression for Mg is constructed directly from a
Feynman diagram according to specific rules. An example of an Mg; for K° decay is given
in Equation 14. The terms of Equation | are in direct correspondence with the fundamental

vertices of Table 3 and Figure 1 [15].

uc.t
MF‘ZGFI _2~S} dYu( YS)V I—‘:I—JVJ 'Yu(l Ys)uc

van(1-¥)Viy

kims vy 1)y, (14)
k2-m?
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Table 3. Fundamental Feynman Diagrams and Their Corresponding Expressions.

Eagrangjan Field: Diagram: Expression for Mg;: j
T
QED Au | g T !
\ W+ _
+ -ieMzv Yu(l-Ys)(
QEW Wi [ 8 (Mz? - Mw?)
70
2
v -ieMz v 1-Ys)v
EW Yu(l-Y: 2’
° o 4 Mwi Mz* - Mw
z = 2 2
QEW Zu - ie TYu(3MZ -AMW +Ys M2) (
l 4 MwdMz?- Mw?
"
QED As 4 igigYug
+ u o) -ieMzu 1-vs)d
QEW W . ?_=$=L=.38(W2 v o
& -, 2 2 2
QEW Zu q - ie QYu(T3(1-Y5)MZ-4gi( Mz-Mw)) q

4 MwJMzZI- Mw?

g y v
9 g W+
g
9 W-
9
- ’ ‘\
9 H\\ L’ TN H
q x S
7 N\ H V]
L N H ,
N .
7°
W H 7° H ;Q’ﬁj
=TT" -T==- 7 N\
W ? N

Figure 1. Fundamental Feynman Diagrams in Addition to Table 3.
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The Standard Model, as a relativistic field theory, incorporates gravity (the only
remaining force) as a perturbation which is usually ignored due to its magnitude (the
gravitic to electromagnetic force ratio for two protons in a nucleus is 10-36 to 1, for
example). The accepted theory of gravity is General Relativity, and has been verified by
experiment. Perturbations are calculated by making a loca! Euclidean approximation and
identifying the local residuals as gravity waves or gravitons (spin 2 bosons). Detection of
these gravity waves is currently being attempted [16]. General Relativity and Quantum
Mechanics have yet to be reconciled as they intrinsically contradict each other (however,
see [17] for an alternative approach). An expression of this is that second quantization of
General Relativity is non-renormalizable. The popular hope is that a consistent
supersymmetric heterotic string theory will be found to explain everything [18].

Many activities of particle physicists for the past two decades have been for the
purpose of testing the limits of the standard model. Predictions of the existence of several
types of particles have been verified. The precise magnitude and nature of CP violation is
being measured. The top quark has tentatively been seen, completing the predicted quark
flavor multiplets. In general the standard model has been very successful in describing
particle physics. I say 'describing' and not 'explaining' because the model includes several
ad-hoc components such as a (Kobayashi-Maskawa) mixing matrix and bare charge
renormalization constants. It is hoped that by making further observations, the underlying

physics will become apparent.

C. A BRIEF DESCRIPTION OF HADRONIZATION

The production of observables from electron-positron collisions is divided into
four stages due to the incompleteness of the standard model as a simple predictive
mechanism. This causal segmentation assumes that relativistic quantum field theory and
the quark model are accurate. The process is described as the annihilation of e+ and e-
forming a virtual boson which then pair produces into qq. The qg evolves and
'hadronizes' into many individual hadrons which then decay according to their nature into

stable, observable particles (see Figure 2).

Y, Z
e+
hadrons — decay products

Figure 2. e*e” — qq — Stable Particles.

The first stage is the annihilation of e+e- and subsequent pair production of qq and is
described by quantum electroweak theory. The characteristics and probability of
producing a qg pair given an e+e- collision is described very well by the theory. The
second stage is the qq evolution into a collection of partons (i.e.: quarks or gluons). The
usual approximation of a perturbative series in terms of the theory's coupling constant
diverges because that coupling constant increases as the momentum transfer decreases.
What is done is to calculate a portion of the series and rely on the third stage to account for
the rest. The third stage, which has been causally separated from the second in order to

make quantitative predictions, is the hadronization stage (see [19] for an argument for this



causal separation). A model describing the transition from partons to hadrons, typically
inspired by characteristics of QCD, is used at this point. Various approaches have been,
and are still being used for both the qq evolution and the parton transition. The fourth
stage is the independent decay of these hadrons into stable particles. An empirical table of
lifetimes and branching ratios is used to describe this stage, and no predictive elements are
present except for several unmeasured branching ratios for heavy hadrons (e.g.: Ap) for
which 'best guess’ approximations are used. The positions and momenta of the stable
particles can be compared with experimental observations. Similarly, both sets of 'data’
(experimental and predicted) can be processed by a reconstruction algorithm and
comparisons of unstable hadrons can be made. The influence of the decay table’s
particular values on these comparisons is small in most cases (i.e.: for uncharmed
hadrons). Uncertainties due to the decay table's values are included in the comparisons
made in this thesis. Fragmentation and hadronization are therefore studied by assuming
relativistic quantum field theory, the quark model, quantum electroweak theory, and the
theoretical predictions of lifetimes and branching ratios are accurate. In this way the

second and third stages are directly probed.

13

D. SCOPE OF THIS THESIS
The purpose of this study is to add to and summarize the hadron production
measurements in e+e- annihilation at 29GeV, and make comparisons with the predictions

of several QCD inspired models of the parton-hadron transition. Specifically:

1 A description of various models of hadron production is given in Chapter I1.

20 Measurements of K°, A%, -, £x%, and Q- production rates and momenta are
described in Chapter IV. Chapter I11 describes the TPC/Two-Gamma detector
which produced this final data set using an upgraded vertex chamber. The I*t and
Q- measurements are of particular interest because the previous measurements,

unlike those of K, A° and Z~, show considerable variation.

3. A survey of all the published hadron production measurements (omitting charmed
hadrons) at 10, 29, and 91GeV is presented in Chapter V. This is especially useful
considering this analysis is the last at ~29GeV, the PEP and PETRA energy

region.

4. A detailed statistical comparison between the measurements of K°, A°, -, I+,

and Q- rates, the previous measurements, and several model predictions is
expressed in Chapter V1.

14
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II. THEORY

A, ete- = q7

Experiments accelerate many e+ and e- into each other in a near vacuum.
Neglecting interactions with anything other than an antiparticle, the number of collisions
which occur depends on the number of incident e+ (e-) and the probability for any two to
interact, integrated over the spacetime volume for which there is significant probability of
interaction. Equation 15 defines the [uminosity and cross section as parameters
characteristic of the incident number and distribution, and interaction probability

respectively.

# collisions/second = £ (/cm2sec) e Ginteraction (CM2) (15)

The probability for hadronic interactions, Ge+e.—qg can be predicted by the quark-parton
model and QEW theory. This cross section is predicted to have an angular dependence
0. (14+c0s26) where 0 is the angle between the outgoing q or g and the incoming e+ or e-,
assuming quarks are spin 1/2 particles. If polarized e+ e- are collided, or the center-of-
mass energy is at a resonance such as the ¢, BB, or Z° resonances at 1, 10, or 91 GeV,
then the distribution differs. These observations are also in agreement with QEW theory
plus the quark-parton model.

The dependence of this total hadronic cross section on Ecry (=Vs ) is predicted by
QEW theory to be e,212nog?/3s, where e is the charge of the specific q (q) produced. In
order to calculate the predicted probability of producing any charge (i.e.: flavor) quarks, a
simple sum is used because the final states are distinguishable, and no quantum
mechanical interference occurs. A relevant comparison to make is with the cross section

for e+e-— p+p-, calculated to be 4mwag2/3s. The ratio of these cross sections, R =



Oe+e-—hadrons / Ge+e-—p+p- » 18 predicted to have a step-like character in s as thresholds
are passed kinematically allowing more quark flavors. The quark-parton model (with 3
colors) predicts R = 6/3 (1.0<E;m<3.7GeV), l_0/3 (3.7<Ecm<10.6GeV), 11/3
(10.6<Ecm<~350GeV), and 15/3 (~350GeV <E¢m).,. based on naked flavor thresholds.
The Z° boson diagrams interfere with the photon diagrams near the Z° mass (91GeV)
altering the cross section. Also, virtual QCD loops contribute a factor of
=(1+0g(s)/n+(1.986-0.1 lSNq)((xs(s)/n)z) to second order [1], where oig(s) = gg(s)ltm
and gq(s) is the energy dependent QCD coupling constant. These predictions are observed

within 2% [2] along with many resonances in Figure 3 [3] (see also [4]).
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Figure 3. Relative Total Hadronic Cross Section's Ecm Distribution.

B. qq FRAGMENTATION

The probability of producing a particular set of hadrons with particular momenta
given that a qq has been produced (and thus some distribution of hadrons must result) is
rather difficult to predict. The perturbation technique is the standard approach to a problem

like this (e.g.: in QED), the results of which are outlined in Equation 16.

(A+B(a)+C(02)+...)
(14%+(1,986—0.l 15Nq)(%)2+...) (16)
where A, B, and C depend on the particular Hl(p}]'),Hz(p‘zl),,.. distribution

Probability(H (p}), Ha(p})....| q@) =

The strong coupling constant, as(s) = 12n In(s/AQCD2)/(33—2nfc,mim) where Aqcp
(=100-500MeV) is the renormalization constant for the color charge [1]. Unfortunately,
the terms in the perturbative series get larger as the power of (s increase because ¢y is
greater than 1 here. However, the initial evolution of the qg system can be calculated in
this way because there the momentum transferred is large (>Aqcp) and so o is small.
This fixed order matrix element calculation has only been done up to second order, and so
the initial qq evolution can be predicted up to four partons (two possible gluons). There is
a substantial gap between this and a specific hadron distribution, and either the
hadronization model must take over from here, or the continued parton showering must
use approximation methods to estimate the branching fractions in the semi- or non-
perturbative region [2]. Currently, models prefer to do the latter, because the increased jet
multiplicity at higher E., requires more hard partons than have been calculated for the
fixed order predictions [5].

By studying the divergences in the perturbation series, one can re-sum the terms

and, although convergence is still in question, approximate the parton shower evolution.
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There are two types of divergences, infrared and collinear. The infrared divergences occur
when emission of a gluon of energy Eg — 0 is considered (the probability becomes o).
The collinear divergences occur when a gluon with direction equal to its parent quark is
considered. By resumming the perturbative series (to all orders in o) and calculating only
the leading order terms for these divergences, the Leading Log Approximation (LLA)
prediction can be calculated [6]. The next to leading order terms of the infrared divergent
series are proportional to \/a—s rather than o [7] and inclusion of these is called the
Next to Leading Log Approximation (NLLA). The results of the LLA calculation are

outlined in Equation 17 for the branching of n partons into n+] partons [S].

2 2
06,11 = 0,2 D p ) Bul0) g2,
2mQ’ As(@) an

where Q=momentum transfered and zﬁl—)ﬂ'ﬁi
(E+|p//|)n

Ag are the Sudakov form factors, Qmax is the cutoff parameter for the parton shower, and
P(z) are the Altarelli-Parisi splitting functions which depend on the parton types involved
[8]. The value for Qax determines the minimum virtuality of the radiated partons (almost
completely gluons). The existence of a Qmax has been argued to be reasonable since local
parton hadron duality (LPHD) has been approximately observed [9]. Qmax = Agcp
corresponds to a specific model, yet Qmax = AQcp = Mhadron has been seen to give good
predictions [9,10]. Instead of assuming exact LPHD, the process is usually turned over to
a hadronization model to specify the parton to hadron translation which may include
effects like flavor and spin. The Modified Leading Log Approximation (MLLA)
additionally includes the angle ordering effect of coherent gluon emission in which gluon

production angles are required to be smaller as the momentum transfer decreases, as well
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as matrix element modifications to the first gluon branching [11]. In general the effects of
resumming the divergent terms is to include soft gluon interference in a parton shower,
which is seen mainly in the low momentum regions of hadron spectra [12] (with particular
predictions for the In(1/xp) shape) and is superior to the fixed order approach which limits

jet multiplicity to four.

C. PARTON HADRONIZATION

When the parton evolution is stopped at a model (or parameter) dependent point, a
mechanism for statistically mapping partonic distributions to hadronic distributions takes
over. Three general categories of models exist. Independent fragmentation models treat
partons as independent objects decaying into hadrons and partons. String fragmentation
models are based on the idea that the system's energy is mainly in the field and not the
partons. Cluster fragmentation models are based on grouping quarks into clusters w'hich
decay into two hadrons or lighter clusters. Many models show good agreement with
observed spectra even including non-QCD based models [13). Each model has its strong
and weak points, and much understanding has been generated by combining ideas. Three
Monte Carlo implementations of models are discussed further in this thesis: JETSET v6.3
(a Lund string model), UCLA v7.4 (a UCLA string model and offshoot of the Lund
model), and HERWIG v4.1 and v5.0 (Webber's cluster model). Other currently
successful Monte Carlos are: ARIADNE v3.3 (a color dipole string model), COJETS
v6.22 ( an independent fragmentation model with LLA shower), NLLJET v2.0 (a NLLA
string model), and CALTECH I (Gottschalk's cluster model) [10,11,14].
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LUND (JETSET 6.3)

The parton evolution uses the MLLA approach discussed above, and the
hadronization approach used is based on the Artru-Mennessier string model [1]. A
classical color field is predicted to be localized in a narrow tube between gquarks, and may
have kinks, which can be associated with gluons [10]. The constant energy density for
such a string (=1GeV/fm) is maintained by breaks in the string occurring due to causally
independent gq pairs tunneling out of the vacuum {15]. The probability for a hadron
distribution is o e’PA, where A is the area in spacetime swept out by the color string in the

{+1 dimensional approximation {10] (see Figure 4).
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Figure 4. String Fragmentation.

Perpendicular momentum (p, ) is generated randomly with a Gaussian and is conserved
between new qq pairs [15). The "Simple Lund” model produced individual hadrons with
energy fraction z determined with the f( z)=1 distribution, whereas the "Standard Lund"
mode! used f( z)=(14+c)(1-z)¢ and included hard gluon emissions. The "Symmetric Lund"
model, implemented currently, uses the Lund Symmetric Fragmentation Function (LSFF),

2 2 " i
fi (@=(Ny/z)(1-z)2 exp-(bmi/z) where mi:m +p1, which Lund derives from rapidity
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constraints on the ordering of the central hadron (the last one to be generated), also called
left-right symmetry' {15]. Hadrons are generated from the outside-in randomly choosing
which side to do next. Unfortunately, the physical system hadronizes inside-out as argued
by Bjorken [15], but the implementation of such a scheme is rather difficult. However, a
Lorentz boost can be made such that either outside hadron is created 'first' [15].

Many parameters are used in order to obtain good predictions of the flavor and
spin distributions [10]. The s quark suppression of ~1/3 (no c¢, bb, or 1T pairs are
produced), the vector/pseudoscalar meson suppression of ~1/3, and the suppression of
decuplet/octet baryons of ~1/10 are simply imposed with parameters [15]. Similarly, the
probability for producing particular diquarks (in order to form baryons) is derived from
diquark masses (again for uds flavors) and is imposed with parameters (15]. Asaand b
increase with a constant ratio, the conservation of charge, flavor, and baryon number
becomes more local [15]. Heavy quarks (c,b,t) will follow hyperbolas rather than straight
light-cones, thus justifying their tunneling suppression via mass (u=4MeV, d=7MeV,
s=130MeV, c=1.6GeV, b=5GeV, t=174GeV). Physicists typically use the JETSET option
to fragment heavy quarks with the Peterson function (employing a free parameter) rather
than the LSFF; this leads to significantly better agreement with D and B meson sp.eclra
[11]. Baryon production via the single "BMB" popcom mechanism is possible with
probability determined by a parameter in order to increase the baryon correlation length to
the observed level [16].

The main disagreements this model has with observation have been seen to be the
overprediction of 1 and 1’ (by 76!) [20], the underprediction of the =*°/E** ratio at
91GeV [2,17], the underprediction of the Q- rate at 29 and 91GeV [17,18], the
underpredicted increase in baryon rate over meson rate with Ecr, the prediction of baryon

x-spectra harder than observed [10], and the prediction (using the LSFF) of D and B
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meson x-spectra harder than observed. Revisions are currently being made as with any
model [19]. Table 4 lists the default parameters for JETSET 6.3 as well as those used in
this thesis which were determined by W.Gary with tunes to 29GeV flavor-independent

characteristics (the version 7.3 decay table is used here).

Table 4. JETSET 6.3 Parameters.

default [10] value used here
s/u 0.30 0.30
qq/q 0.10 0.10
agy=1/(aa)r=0 0.05 0.05
(us/ud)/(s/d) 0.40 0.40
V/(V+P) ud 0.50 0.50
V/(V+P) s 0.60 0.60
VI(V+P) ¢ 0.75 0.75
a 1.0 0.9
b 0.7 0.5
_popcom 0.5 0.5

UCLA (UCLA 7.31)

This Monte Carlo is integrated with JETSET, and many of its options also are
available here. The parton shower used is the MLLA approach [20]. The hadronization
scheme used is based on the Lund string model. Instead of assigning probabilities for
quarks (diquarks) to tunnel out of the vacuum, probabilities for specific hadrons are
determined in a similar outside-in iterative technique. Local flavor (not spin) conservation
is enforced by decomposing the prospective hadron into quark (and diquark) constituents
at the hadron production vertex (as opposed to earlier in the fragmentation). When a
baryon is produced with a constituent diquark, the algorithm for the next hadron
remembers this (conserving flavor), yet doesn't require the next hadron to be a baryon.

Baryon production via this '‘popcorn’ mechanism, where any number of mesons may

Z3

intercede between correlated baryons (in order of hadron rapidity), is intrinsic to this
model, which is based on a ‘density of distinguishable final states' approach (sce Figure
5). An ad hoc popcorn suppression factor is introduced based on various motivations

[20].

Figure 5. An Example of the Popcom Mechanism.

The specific prospective hadron and its z-value (ot E+py) are chosen based on the
probability given by the LSFF.f( Z,Mpadron), Where the normalization (N;) is the same for
all hadrons. In other words, the LSFF is used not only to determine hadronic z-values,
but also as a probability density function for determining hadronic species. This leads to
suppression based on hadron mass rather than quark mass. The LSFF is derived here
from the assumption that relative hadron distribution probabilities are proportional to e?A
[20]. As in the Lund model, the a-parameter corresponds to a perimeter law and the b-
parameter corresponds to an area law [15]. This area law is predicted by the discrete field
theory of Lattice QCD for Wilson loops (2 stationary quarks) [21]). Hadronic phase space
is also considered. Transverse momentum is randomly generated with a Gaussian

probability density function in a semi-locally conserved way: the mean is set to 1/2 the
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total accumulated p; from all the previous hadrons on that side [22]; the width is set at N2
of the previous width parameter which nicely approximates semi-local p; conservation.
The motivation for using hadron masses instead of quark masses to determine their
production distributions is shown clearly by the ~e™™h dependence of the average
multiplicities of light (uds) hadrons [4]. The agreement with observations is very similar
to that of the Lund model, yet there is a drastic deereases in the number of free parameters.
The D and B meson spectra are very nicely predicted, as well as the | and i)' spectra [20].
In contrast with the Lund model, which basically has a physically well-motivated
parameter for each degree of freedom, the UCLA model has very few parameters. The
broad range of data predicted accurately, therefore, suggests that this model may indeed be
a good description of the physical mechanisms actually occurring. The main
disagreements between the UCLA model and observations are: the predicted baryon
spectra are too hard (as was also true for the Lund model), the T** rate is overpredicted

by ~60 (a factor of 2) at 91GeV, and the Q- rate is very underpredicted [20].

WEBBER (HERWIG 4.1 or 5.0)

This model is based on the Field-Wolfram cluster model. The parton shower starts
with a real photon jet which effectively boosts the system (unboosting is done after the
hadronization is complete) [23]. The direction of this photon is, of course, independent of
the fragmentation axis [24]. The shower uses the Altarelli-Parisi splitting functions of the
LLA approach, with modified arguments for o5 [23]. The form factors (Ag) are calculated
by Monte Carlo and implemented using a table [23], and Agcp determines the shower
characteristics [25]. The model relies on the idea of preconfinement, which is motivated
by the existence of jets. Preconfinement is implemented by requiring successive gluon

emissions to be at smaller and smaller opening angles (angle-ordering). This is equivalent
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to a gluon virtuality threshold [24]). This parton shower proceeds to a parameterized cut
off point (at %5~0.5 [24]) where all gluons are converted to qq pairs using a simple form
factor [23]. The quarks are then grouped by a simple algorithm. The heavy (c and b)
quarks are decayed as free particles to lighter quarks forming two clusters [23]. Large
clusters are broken into smaller clusters if their mass exceeds a parameterized threshold.
All the clusters are then isotropically decayed into two hadrons in a way similar to
resonance decay, which depends on the density of final states available. In this model,
isospin symmetry is broken [1,23]. Also, small Lorentz non-invariances are produced,
but they have been seen to be negligible [24].

The NLLA approach has been seen to agree with this model's showering scheme
[24]; yet needed improvements in the angular-ordering constraint are under development
[25]. This Monte Carlo can also make predictions for deep inelastic lepton-lepton, lepton-
hadron, and hadron-hadron scattering [26]. The most recent version of the Monte Carlo
(5.1) is described in reference [27]. This model is primarily aimed at describing the parton
shower physics. It therefore places less importance on flavor predictions (such as those
tested in this thesis) than the s!rix.)g models do. With relatively few parameters, it provides
qualitatively reasonable flavor production rate predictions, but is not as accurate as string
models. In particular, the Webber model severely overpredicts the decuplet and strange
baryon rates [10]. Also, the baryon correlation lengths and magnitudes have been seen to

be too strong [8].
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IIl. EXPERIMENT

A. TPC/TWO-GAMMA APPARATUS

The TPC/Two-Gamma Experiment has over a decade's worth of references which
explain the accelerator and detector in various degrees of detail. The experiment recorded
triggered events from e*e~ collisions in the center of mass frame. Event triggers were
optimized for qq, t7, and 2y physics (see Figure 6).

The et and e~ were produced and accelerated by the linear accelerator (linac) at the
Stanford Linear Accelerator Center (SLAC), which has provided beams for SPEAR (late
1970's and early 1980's), PEP (1978-1990) and SLC (4/89-present). The linac used a
thermionic cathode (laser photocathode after 1991) [1,2] system to produce electron
clouds, which were immediately accelerated and focused into bunches. These bunches
were accelerated in a vacuum of ~10-7 Torr by 30,000 resonating cavities (see Figure 7)
[2]. These cavities transferred energy to the bunches from 238 klystron power supplies
with about 1% efficiency. The klystrons operated at a frequency of 2.856 GHz and a peak
power of 65MW each [2,3]. The klystrons were pulsed at 120 Hz resulting in ~10% to
~2x1070 e~/bunch [4]. Electron bunches could be diverted to hit a tungsten-rhenium target
producing 1 to 2 extractable et per incident e~ [5,6]. The et were accelerated to 0.2 GeV
before re-injecting into the main accelerator at the appropriate stage. With the SLC
construction, damping rings were added for e* and e” at the 1.2 GeV stage [7]. The linac
could deliver up to 53 GeV e~ and et with an average accelerating field of 17 MeV/meter
[2]. During injection into PEP, the klystrons in the second half of the linac were 180
degrees out of phase, slowing the ~25GeV bunches to 14.5GeV [6].

The linac regularly filled the smooth hexagonal storage ring called PEP (Positron

Electron-Project, approved 1976) with e* or e~ bunches. The storage ring was an
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isomagnetic lattice consisting of 192 uniform bending dipole magnets (weighing over 8
tons each), 240 gradient focusing quadrupole magnets, and numerous sextapole, rotated
quadrupole, wiggler, and low field dipole magnets (used to form an ideal orbit) [8,9]. The
lattice was dynamically tuned to avoid resonance instabilities resulting in a py* of 5.5cm
(2nB* = the focusing oscillation wavelength at the interaction point) [10]. Bunch injection
(upgraded in 1987) was synchronized with 24 five-cell resonating cavities which
established counter-rotating electron and positron bunches in stable orbits by (de-)
accelerating wayward leptons. Bunches were filled with ~10!2 leptons each typically
producing currents of about 20 mA/beam after 1987 [11]. PEP ran with 3 e* and 3 -
bunches which collided every 2.44ps (409 kHz) at up to 6 interaction regions where the 6
experiments were done (see Figure 8) [2]. Preparations were being made for increasing
the number of bunches just before PEP shut down [11]. The beam energies at PEP were
~13to 15 GeV. Data was taken at 13.7 GeV (14.5 GeV before 1989) and had dispersions
of 0.3 to 0.5% for e* and 30.15% for e-, well within design specifications [12]. Beams
were occasionally lost due to power supply trips on RF cavities or magnets. Expected
beam depletion occurred due to beam-gas scattering, beam-beam scattering, and dynamic
aperture losses due to synchrotron radiation. Energy loss due to synchrotron radiation
(emittance) and quantum fluctuations (dispersion damping) was ~2.9MW and was
compensated for by 12 klystrons which operated at 353 MHz in phase with the 7.3ps/lap
orbit time [13]. The bunch size was gradually improved from (~1000pum x ~100pum x
20mm) to (380um x ~60pm x 18 mm) in 1987 (radial, vertical, and beam directions) [14].
PEP turned on in 1980 and delivered luminosities ~103! /cm?s for about a decade. During
the 1990 run, PEP and SLC shared the linac with a switching time of ~1 hour [15].

The TPC/Two-Gamma detector recorded maximum luminosities of 1.3x103!,
2.5x1031, and 6.1x103! /cm2s during the running periods: (11/81-6/82, 9/82-6/83, 9/84,
11/84), (12/84, 2/85-5/85, 10/85-2/86), and (10/88-12/88, 10/89-12/89, 4/90-9/90) [16].
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Recall that the # events /sec = L (/cm2s) - Gevent type (cm2) where Octe-—qq = 0.4nB
(without initial state radiation) at E., = 29 GeV, so qq events occurred at ~5-25 mHz
[17]. The amount of data recorded for these periods was frdt = 7748, 6847, and 3248
pB-! (of the expected 200pB-! from running in parallel with SLD). The TPC's approval in
1/77 led about 100 collaborators from 16 institutions to complete its assembly in 7/81.
Since then, about 60 PhD theses, 75 papers, and over 50 conference contributions have
come out of the collaboration [18]. The detector configuration was upgraded between each
data set. The initial setup used a 3.9kG conventional solenoid due to the accidental
destruction of the proposed superconducting magnet. A new superconducting magnet at
13.25kG was installed before the second data set was taken [11]. It was at this time that
the Two-Gamma collaboration merged with the TPC collaboration. While waiting for SLC
construction, the Inner Drift Chamber, with resolution ~500um, was replaced by a Vertex
Chamber with ~30pm resolution in late 1986 [14]. This thesis contains the only analysis
done on the data from the latest detector configuration (see Figure 9). See Table 5 for a
brief description of the detector components. The analysis described in Chapter IV relied
mainly on measurements from the VC and TPC detectors [for descriptions of the operation
of other detector components, see references 19 through 27].

The TPC detector was clearly one of the major achievements of the collaboration.
With a pressure more than twice that of current detectors, it has produced the world's first
and best dE/dx separation of particle type with simultancous high quality tracking (~180
hits per track in the r-z view) [33]. These measurements were done in the following way
[34]. Charged particles left a trail of ionized atoms as they interacted with atomic
electrons. Particles of measurable momenta were deflected infinitesimally in these
interactions, but the occasional nuclear scattering was significant in the solid detector

components, which was kept to a minimum (0.0745 radiation lengths before the TPC in
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Figure 9. 1988-90 TPC/Two-Gamma Detector Configuration.

amma Detector Configuration [11,14.28.29.30.31.32].

Table 5. 1988-90 TPC/Two-G
BP ipe
3.88cm inner radius

Vertex Chamber
4.87-15.11cm radius

119-124cm radius

0.0075 radiation lengths of titanium (radially),
beryllium, kapton, then beryllium (the VC spreader
tube) maintained a vacuum down to 2x10-9Torr. Water
cooling compensated for beam induced heating outside
the central detector.

0.0190 radiation lengths consisting of 14 layers of
aluminum-mylar tubes in 4atm Ar+CO,+CHg4
(49.5:49.5:1.0) surrounding 984 total wires held at
4.0kV. The ~30pm xy position resolution allowed for
good xy tracking. No z information was measured.

A 0.976 radiation length analysis magnet was inside it.
0.0653 radiation lengths consisting of 216
proportional wire cells were arranged into 3 layers in |
atm of Ar+CHy (4:1). The resolution was ~610pum.
The ODC was used to detect photon conversions in the
magnet coil.

zo,
3!
<

Muon

B

T'ime Projection Chamber
22.25-97.05cm radius

Hexagonal Calorimeter
hexagon ~150cm radius

Muon Barrel and Doors
~2.3 to ~3.3 m radius
~2.8 to ~3.3 m away

Pole Ti lorimeter

~1.1 to~1.5 m away

Sodium Jodide Arra
45-170mrad at both ends

Drift Chambers
45-220mrad

A 0.0480 radiation length carbon fiber pressure wall
was inside it. A 0.081 radiation length hollow
cylinder in 8.5atm of Ar+CHy (4:1) used field wires
at the ends and center to form an E-field of 55kV/m
(anti-) parallel to the 13.25kG B-field and beamline. 6
sectors at each end contained 183 sense wires (every
4mm) alternating with field wires, both over 1152
sense pads (7.5mm wide) in rows (every 4.8 or
5.2cm). The average drift time of 30ps gives the 3
dimensional position information. The resolution at
the best 70% of the hits (of all the tracks) was 150um
in xy and 205um in z (for dip angles of -45° to
+45°), Tracks with P>150MeV had (dP/P)2 =
(0.015)2 + (0.011P)2. The TPC cylinder completely
covered 2n steradians and partially covered ~1.51
additional steradians, and was used for tracking and
particle identification.

A 10.4 radiation length shower sampling calorimeter
operated in limited Geiger mode. Each of 6 sectors
consisted of 40 layers of 3.2 mm Pb coated with Al
stripes (held at 1.4kV) in 1 atm Ar+NO>+methylal
(92.3%,5.5%,2.2%). v detection was seen down to
400MeV with ~17mrad avera;e resolution and
(SE/E)2=(0.17(E)0-3)24(0.014E)Z. The ~18% energy
resolution for bhabha events in 1986 was found to be
the same in 1990. The HEX has been used for
energy, position, and direction measurements.

4 layers (3 for Muon Doors) of triangular drift tubes
in 1 atm Ar+CHy (4:1) alternated with Fe absorbers.
In the last data set these were too noisy to be of use.
Previously the resolutions were ~lcm and they were
used for muon identification.

13.5 radiation lengths consisting of 39 layers of 186
wires and 12 layers of 93 wires, were in proportional
mode in 8.5atm Ar+CHy (4:1). The resolution was
found to be ~8mrad in position, and 8E/E = 0.1 I{E)
05 for E < 10 GeV and 6% for bhabhas. The PTC
was used as a luminosity monitor as well as for
energy/position measurements.

60 Nal(T1) crystals at each end had ~4mm resolution
and had dE/E = 1.2% for bhabhas. The NAI was
used for 2y analysis.

1 chamber at the South and 1/2 to the North (broken
wire) until their destruction in the 1989 earthquake.
The resolutions were ~300um and (3p/p)2 = (0.026)2
+ (0.008p)2. The DCs were used for 2y analysis.

33

34




36

32

28

24

20

dE/dx in KeV/cm

00 s e e L

T

FRMENPULN T N [ PGS AT S R 0 O S Y N e S o W |

.050 135 .37 1.0 2.7 7.4 122

Momentum in GeV/c

Figure 10. dE/dx(P) Separation of Particle Mass With the TPC

9.4 cm

(tracks with >80 wires and <20% P resolution).

4

60 cm

\4

< 39 cm

Figure [ 1. Vertex Chamber Geometry [14,36].

35

 /

30.56 cm

the latest dataset). The ion trails were helical due to the axial magnetic field, with a radius
determined by the particle momenta and B-field strength (R=P;/0.3B). The ionization
electrons drifted towards the endcaps in the TPC's axial E-field where they were recorded
by the sense wires and pads. Transverse diffusion of drifting electrons was suppressed by
the B-field, increasing resolution. The time dependence was equivalent to z-position
information (the z direction was roughly SE parallel to the e~ beam, and the y direction
was vertical). With the tracks defined in 3 dimensions, the perpendicular momenta could
be scaled into total momenta, completing the set of 3 dimensional position and momentum
measurements. The dE/dx(P) particle type separation was done by measuring the amount
of ionization with the sense wires or pads (the wire measurement was usually better). The
observed ionization was linearly fit in both dE/dx and the relativistic parameter By (=P/m)
to an assumed shape. Rescaling the resulting curve for different masses led to the
predicted ideal distributions of dE/dx(P), where clear differences are seen between particle
types except in the crossover regions (see Figure 10)

The main detector difference between previous theses and this one is that the
vertexing detector was upgraded before the 3td data set. The improved resolution made VC
tracking possible, increasing considerably the analysis efficiency. The previous chamber,
the Inner Drift Chamber, consisted of 4 layers of 60 wires in the TPC gas (total .101
radiation lengths) surrounding a beam pipe (0.026 radiation lengths at 8.5 cm inner
radius) from 13.25 to 19.45cm [35]. The new chamber, the Vertex Chamber, was
positioned inside the TPC pressure wall (0.0480 radiation lengths) and surrounded a
smaller beam pipe (0.0075 radiation lengths at 3.88cm inner radius). Outer layers had
more tubes of longer length (36,36,48,48,60,60,72,72,84,84,96,96,96,96 tubes/layer),
so ~3.56m steradians were covered by all 14 layers, and an additional ~0.326r steradians
were covered by at least one layer (see Figure 11). Each tube consisted of a gold plated

tungsten wire of 30pm diameter surrounded by aluminum foil and a mylar straw (2 layers
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of opposite pitch) bonded with polyethylene at a radius of 0.162 to 0.166 inches (~4mm)
[31]. The layers were supported at the ends by aluminum eonical endplates. The VC was
operated with a nonuniform E-field and unsaturated gas, leading to very nonuniform
velocity-time relationships. Additionally, construction and installation alignment tolerances
were very relaxed, reducing the cost of the upgrade (to about $105). These effects were
removed by a detailed software position survey. The observed resolution of ~30pm is
smaller than the expected beam pipe multiple scattering contribution of 50pm for a 1
GeV/c pion. The fact that the new beam pipe had a smaller radius than any other part of
PEP may have led to the observed 60Watt heating in the detector through higher mode RF
loses. This was compensated for by increasing the flow rate and using a heat exchanger to

cool the gas [31].

B. DATA ACQUISITION

VC signals were acquired by preamplifiers and discriminators placed 100feet of
RG-172 cable from the detector. The thresholds were set to > 3.7 primary ionization
electrons, and the integration times were set to 20nsec [31]. The ~30uV signals were
amplified, discriminated, and directed to the TDC and triggering electronics. The digitized
TDC outputs were sent to the large data buffer (LDB) and then the VAX where calibration
pedestals were subtracted. TPC signals from wires (xy position and ionization magnitude)
and pads (xy position and arrival time) were sent to preamps at the edge of the TPC
sectors and then to shaper amplifiers 100feet away, in the electronics house. The
~500nsec signals were sent to the triggering electronics as well as sampled by CCD shift
registers every 100nsec, producing a 45.5usec data buffer (large enough to hold an entire
event since drift times were <30psec) [29]. If there was a good trigger, the CCD's were
read out to ADC's and TDC's in the electronics house to be digitized and sent to the VAX

(via the LDB) where calibration pedestal subtraction occurred.
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Triggering occurred in three levels. In order to reduce space charge distortions of
the E-field due to ionization prior to the qq production, a gated grid was normally on just
inside the sense wire planes which prevented ions from passing through. A good pre-pre-
trigger (which took up to 0.5pusec to form) switched off the gated grid and allowed
complete TPC signals to become available within 1usec [29]. Pre-pre-triggers occurred
when any one of five requirements was met (a minimum energy seen in the PTC or HEX,
a PEP9 criterion, a random run setting, or a charged criterion). A charged pre-pre-trigger
required two VC tracks and either two VC-TPC coincidences or one VC-ODC coincidence
[37]. VC tracks were found by defining azimuthal cells using layers 11+12, 12+13, and
3+4. The cells were one third of a straw across, and right-left ambiguities in the first layer
were removed with the second layer's information. A VC tracek at this level was defined as
a coincidence between a cell in layer 11+12 (or 12+13) and the corresponding 3 cell
cluster in layer 3+4 [38]. This use of the VC in the pre-pre-trigger was an improvement
over the previous IDC and was one of the reasons for the upgrade. The VC track criterion
was effectively a transverse momentum cut at about 200MeV/c [36]. The TPC signals
came from tracks outside the gated grid, and ODC signals required hits in two of three
layers. Coincidences were overlaps in time and angle in the xy plane (the ODC had 15°
sections, the TPC had 30° sections) [37]. The second level of triggering was the pre-
trigger which also used any of several similar criteria. The charged pre-trigger required
two VC-ODC coincidences or two TPC wire group signals (requiring tracks at 45° to
~68° from vertical) or one of each, and took under 7.5psec to form [29]. The final level of
hardware triggering was a set of 7 different track criteria any one of which would form a
good trigger (the charged TPC two-ripple trigger was particularly relevant for qq event
triggering). These 7 were optimized for qq, t7, and 2y events, and required 35psec to
decide [29]. Since bunch crossings occurred every 2.44psec the first trigger level can

reject an ‘event' before the next crossing. Complete event digitization took ~100msec
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leading to an observed hardware trigger rate of 1 to 2Hz [30]. Even though deadtime
caused 10 to 20% of the bunch crossings to be ignored, the qq trigger efficiency was over
99% for the remaining collisions [30].

Each detector was regularly calibrated providing up-to-date channel pedestals,
dead channel identification, and individual channel gain factors (the later were adjusted to
within a nominal range by tuning the voltage on each channel). The PTC detector, built
and maintained by the UCLA group, was software calibrated at least every 2 weeks during
data taking. Test pulsing PTC channels was remotely done on both sides of the capacitive
coupling between the detector wire and preamp in order to determine the status of each
wire. 4.7% of the 1548 channels were inoperative by September 1990 (52 broken wires
or capacitors and 20 bad preamps). The TPC pedestals and gain curves were set by test
pulsing the shielding grid (wires between the sense wire plane and gated grid that formed
the E-field) about once a month. An online monitor program allowed shift operators to
adjust individual thresholds as needed. VC thresholds were occasionally adjusted as well.
The use of a detailed software position survey improved the VC resolution by removing
error contributions from construction uncertainty (~57um) and tube warpage (~13um to
~31pm wire bow in the inner to outer layers) [31].

From the LDB, the online data acquisition program stored events to 9 track tapes
(8mim tapes after May, 1990) after doing a little software analysis (as time permitted).
Shift crews, consisting of 3 people, were responsible for hardware inspections every 4
hours, changing raw data tapes several times a shift (with high luminosity), scanning
detector statistics printouts by hand for anomalies, resetting digitizer power supply trips,

and coordinating detector turn-on and turn-off with PEP control.
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C. DATA PRODUCTION ANALYSIS

Recorded events were labeled by experiment, run, and event number. Experiments
10-13, 14-18, and 19-20 referred to the 15t (low B-field), 2nd (high B-field), and 3rd
(vertex chamber) data sets. A typical run consisted of about 1500 to 2000 events.
Production analysis of the raw data to form data summary tapes (DST's) included event
filtering; various calibrations and corrections; track finding, fitting, and extrapolating;
dE/dx(P) analysis; interaction point vertexing; and secondary vertex finding (K°'s and
A°'s; see chapter 1V) [see Figure 12]. Event filtering was done in parallel with data
acquisition with the software module Preanalysis which looked at TPC pad signals to
verify the trigger and rejected 40% of them prior to writing to tape {30]. Calibrations were
applied in the modules: CalibPTC, CalibHEX, DC_Setup, (Pad)Cluster, {Wire)Cluster,
VC_Setup, Mu_Setup, and PEP9 . The results of 55Fe irradiation calibration of the TPC
(using permanent sources) formed a monthly gain map which was used in (Pad)Cll.zsrer
and (Wire)Cluster. Track finding was performed in the modules WirePat and VCPat .
VCPat ‘s efficiency for finding short tracks in the VC (such as * decays) was very low,
but improving it didn't seem W(;rthwhile. Figure 13 shows two beam'’s-eye-views of an
event, one close up of the VC hits and one showing the HEX showers (both show the
fitted track orbits as well). TPC tracks were combined with VC tracks in the module
Combine, and a final fit to the particle's orbit was done in the module Fitful . Extrap was
the name of the module that associated these orbits with hits in the PTC, HEX and MUON
detectors.

The module Distort recalculated the TPC positions using corrections for various
distortions including: position corrections for each pad row and azimuthal interval (the
angle in the xy plane); curvature and track angle corrections in azimuthal intervals; E-field,
B-field, and E-B divergence distortion corrections; time dependent grid potential

corrections; time dependent VC-TPC misalignment corrections (rotations and translations
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Figure 12. Data Acquisition and Production Analysis Flowchart. Figure 13. Online Event Displays of a Hadronic Event.
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Figure 14. VC Position Resolution as a Function of Drift Distance (bhabha tracks) [39].

about x, y, or z). One end of the TPC showed dip angle dependence of the curvature, the
correction of which considerably improved the momentum resolution. After calibrations
were completed, the resolution seen in experiment 19 was (dP/P)2 = (0.015)2 +
(0.0102P)2 where P is in GeV. After combining with VC tracks, this resolution became
(0.015)2 + (0.0043P)2, and became (0.015)2 + (0.0040P)? after a primary vertex fit.
Experiment 20's corresponding resolution was a little worse: (0.015)2+ (0.0110P)2 — +
(0.0044P)2 - + ~(0.0041P)2. The 2" data set, without the benefit of a VC, had a
resolution of (0.015)2+ (0.012P)? [39]. VC straw-by-straw and run-by-run calibrations
(using bhabha events) of the time-to-distance relation, possible tilting of wires in z, and
off center wire bending improved the position resolution (see Figure 14). The VC position
resolution increase near the anode wires was not completely understood [31]. The

observed VC resolution at drift distances of 2-4mm after calibration was 29um for hits
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and 58um for impact parameters in experiment 19 (for experiment 20 these were 36um
and 71pm, again somewhat worse) [39].

Prior to the TPC's construction, detectors had insufficient sampling density to
remove the effects of the long 'Landau tail' from occasional 8-rays on the average dE/dx.
The ‘truncated mean’ Energy (dE/dx) loss for TPC tracks was defined as the average of
the lowest 65% of the wire hits (occasionally pad hits) in dE/dx, and was calculated in the
module, Dedx. 65% was chosen based on early Monte Carlo studies, and gave very good
results [14]. The dE/dx distribution was the sum of a Gaussian (from low energy atomic
excitations) and a Landau curve (from &-rays). The number of wires (pads) per unit length
was set to minimize the dE/dx width (a Gaussian width increases with the number of
measurements/length whereas a Landau curve's width is constant) [14,30]. The resulting
dE/dx(P) was compared with the ideal relationship (formed by looking at p*, xt, cosmic
1, Y — ete, and bhabha e7; each in a different By interval) and a X2 was calculated for e,
K, %, K, and p hypotheses. The truncated means were corrected for time, dip angle (in the
z, plane), and measurement-multiplicity-dependent variations. The resulting dE/dx
resolution was 3.1% for tracks with over 80 wire hits in the most recent dataset [40].

Primary vertices, where the ete- — ¥ — qq occurred, were found with a software
module called Vertex by fitting all the tracks to a common origin point and then rejecting
those with large deviations before refitting. A time dependent average interaction point
was calculated and used as a constraint in the vertex fit.

An incredible amount of additional research and programs supported and helped

generate the production analysis outlined above.
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1V. ANALYSIS

A. EVENT SELECTION
The data summary tapes (DST's) described in Chapter Il were a sequential record
of events, each containing several data blocks. The DST blocks and the modules which

created them were:

0 Event Header Block Label_Hadron_v2

1 Vertex Block Vertex

2 Track Block Fitfull

3 Calorimeter Block Hex

4 Muon Block Muon

5 Monte Carlo Block. the event generator
6 Secondary Vertex Block Secvtx

The Event Header Block characterized the event as a whole and included trigger
information, analysis code versions, and the results of several selection schemes to
identify the event type. The Events selected in this analysis used the following selection

criteria applied to 'good TPC tracks':

25 tracks.

The total charged energy in the event > 7.25GeV.

The total z-momentum/total energy < 0.4 in magnitude.

Tau rejection: hemispheric mass > 2.0, hemispheric number of tracks > 3.

The number of tracks with non-zero dip angle > 0.

The event vertex radius < 2.0cm & z position < 3.5cm relative to nominal values.
At least 5 tracks with e- probability < 0.7 or X24g4x(e-) >10.

At least one track with X244x(e-) > 9.

©O~NO L QON —

Events passing these cuts were flagged in bit 11 of the event_class_2 word in the event
header block and will be referred to as 'good multihadronic events' following this section.
The resulting signal and signal to noise ratio for A's found in the data were used to choose
between the bit 11 sample and the slightly looser, bit 10 sample. The smaller sample was

chosen, which differed in that cuts 8 and 9 were used.
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The Vertex and Track blocks contained listings of reconstructed tracks. The
subroutines, Vertex and Fitfull are discussed in Chapter IIL. Blocks 3 and 4 were not used
in this analysis.

The Monte Carlo Block was used in computer generated events to record the actual
(generator level) event as opposed to the event as seen by the detector simulation. This
kind of event is necessary for any analysis of this type (possibly all high energy
experiments, in fact) because the detector inefficiencies aren't known analytically.
Comparisons between the data and the Monte Carlo events are very important since
differences can manifest as systematic variations of the results. The GEANT Monte Carlo,
used for the first time on TPC/Two-Gamma data, was tuned to data characteristics
including 1T events, e+e- (bhabha) events, general hadronic event characteristics, as well
as K° and A° mass widths and S/N ratios. The fraction of events accepted as good
multihadronic events in the data sample was observed to be 61% (5810/9148 in
experiment 19 and 7469/12654 in experiment 20). The Monte Carlo sample had 65%
(30897/47993 for experiment 19 and 45721/70267 for experiment 20) good multihadronic
events. The ones failing the selection criterion in the Monte Carlo sample were hadronic
events which failed to register on the detector adequately. In the data the rejected sample
included two-y events, 1T events, e+e- bhabhas, beam-gas collision events, and beam-
beampipe collision events. Experiment 20 was observed to have significantly more of the
last two types of background events than experiment 19 due to beam dynamics and other
accelerator characteristics. The triggering was not adequately simulated in the Monte
Carlo, however the purity of both data and Monte Carlo good multihadronic event samples
has been estimated to be about 99% [1]. Therefore, results which are normalized to the

number of events should be free from systematic variations due to the event selection.
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B. INCLUSIVE SELECTION

K°, A°, 27, £**, and Q~ inclusive decays have been reconstructed. Based on
Monte Carlo studies, it was determined that the vertex chamber track finding routine was
not efficient enough to reconstruct £* = n°nt decays based on the I* and ¥ tracks

(ct4=2.4 and c1_=4.4cm). The reconstruction procedure began with a simple pairing of

P
P+
p+
O e = Tps weak decay
A° = p*n- weak decay
=7 = AP = (p*n-)n- weak decay
DR S fAOTE = (p*r-)nt strong decay
Q- = A%K- = (p*n)K- weak decay

Figure 15. Representation of Various Decay Chains.
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Table 6. Reconstruction Cut Table (reject if...).

KO AO = zmi Q-
LIGHT DECAY PRODUCT CUTS: n i T 14 K
dp/p >0.15 | >0.20 | >0.05 | >0.05 | >0.05
dp/p? and| >0.20 | >0.20 - - -
orbit fit x>/degrees of freedom - - >4.5 >2.0 | >4.5
dE/dx y for correct type >3.0 >4.0 >3.0 >3.0 >3.0
dE/dX X Z%correct - X best >5.0 >8.0 >1.5 >1.5 >0.5
impact parameter in oxy <1.3 <l.5 - >2.0 -
impact parameter in 0z and| <3.0 <1.5 - - -
HEAVY DECAY PRODUCT CUTS: p(g p A A A
dp/p >0.15 | >0.20 | >0.10 | >0.15 | >0.10
dp/p? and| >0.20 | >0.20 - - -
dE/dx 7y for correct type >3.0 >3.5 - - -
dE/dX % 2correct - X 2best >5.0 >1.5 - - =
impact parameter in oxy <1.3 | <0.75 - - -
impact parameter in oz and| <3.0 <2.0 - - -
mass - - >0.009 | >0.009 | >0.009
mass/err - - >4.0 >4.0 >4.0
3-dimensional deflection - - <0.9 <0.9 <0.9
#wires > 20 or #pads>3 - on - - -
kinematic fit y2 - - - >10.0 -
CANDIDATE CUTS: K° A° = v Q-
best ID of tracks is not e+e- on - - - -
incoming track length (vertex in VC) >3.0 >3.0 >13 >13 >13
incoming track length (vertex in TPC)| >3.0 >2.0 >10 >10 >10
daughters miss each other in oxy - - >0.1 >0.1 >0.1
radial vertex separation in cm - - <1.0 <0.0 <1.0
vertex x2inz >8.0 | >8.0 - - -
vertex fit %2 >8.0 | >12.0 | >20.0 | >20.0 | >20.0
max(impact parameter of daughters) - - <2.0 | >60.0 | <2.0
cos(track deflection angle, 2dim) <-0.5 <0.0 - - -
cos(deflection angle, 3dim) <0.981 | <0.95% | <0.6 - <0.6
flight length in oxy <2.0 <1.5 <0.5 | >10.0 | <0.5
total PPy - - - >0.7 -
nonradial (PA/Py)? - - >300.0 - >300.0
cos(PgeomePmeas) in xy 3 - <0.96 - <0.96
(Pg-Pm)/(Pg+Pm) in z - - >20.0 - >20.0
survival probability (exp-mR/Pt) - - <0.09 - <0.09

>0.95 >0.95

kinematic fit y2 >30.0 - - - -

1 only applied to vertices inside detector material.
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any two TPC tracks as hypothetical decay products (see Figure 15). A series of cuts was
applied to various parameters to reduce the background levels and minimize the systematic
and statistical errors on the resulting rates (see Table 6). Decay products of the ntKipt
variety were selected with simple track cuts on momentum resolution, track fit X2, dE/dx-
probability for particle type, distance of closest approach to the event vertex in standard
deviations, and number of TPC hits. The A°'s used as hyperon decay products were
selected from the reconstructed samples and were required to satisfy mass constraints in
GeV and standard deviations, a deflection angle cut, and a kinematic fit X2 (assuming the
A originated at the event vertex). Pairs of decay products formed candidates and were
required to satisfy cuts on the X2 probability of being an e+e- pair, the length of track hits
prior to the decay vertex of the reconstructed hadron, the separation between the A and the
track at closest approach to each other, the distance between the hyperon decay and A
decay vertices, a 3-dimensional vertex fit %2 and its z-component analog, the maximum
impact parameter of the two daughters in xy or z, the tracks' deflection angle as well as the
parents’, the flight length in slandard deviations in the xy plane, the total momentum ratio,
the nonradial momentum component ratio squared, the cosine of the angle between the
measured momentum and the geometrically determined momentum, the percent difference
in the z direction this deviation caused, the survival probability, and a kinematic fit 2
assuming the parent originated at the event vertex.

Cut levels were chosen after lengthy consideration. The statistical uncertainty on
the extracted efficiencies was minimized while the systematic error was plateaued in terms
of a shift in extracted rate. The systematic variations of the most influential cuts used to
reconstruct =—, I** and Q-, are plotted in Figures 16 through 29. The K° and A°
systematic errors were smaller and their plots are omitted for brevity. Black dots on the

axes indicate cut positions.
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Figure 20. (left) Systematic Variation in the Rate of £** as a Function of dE/dx X
Figure 16. (left) Systematic Variation in the Rate of Z~ as a Function of the & dE/dx 7.

Figure 21. (right) Systematic Variation in the Rate of Z** as a Function of its Verex Fay2 .
Figure 17. (right) Systematic Variation in the Rate of Z— as a Function of its Verex Fyy2.
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Figure 22. (left) Systematic Variation in the Rate of £** as a Function of its Flight Length

Figure 18. (left) Systematic Variation in the Rate of Z- as a Function of its Flight Length (excluding the good ones >150).

(excluding the good ones >156).

Figure 23. (right) Systematic Variation in the Rate of £** as a Functi f the &t Impact
Figure 19. (right) Systematic Variation in the Rate of Z— as a Function of its Survival pai,me[gr_ . 3

Probability.
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Figure 24. (left) Systematic Variation in the Rate of Z** as a Function of the /A P2 Ratio.

Figure 25. (right) Systematic Variation in the Rate of Z** as a Function of the A dp/p.
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Figure 26. (left) Systematic Variation in the Rate of Q- as a Function of the K dE/dx x.

Figure 27. (right) Systematic Variation in the Rate of Q- as a Function of its Verex Fiy2 .
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Figure 28. (left) Systematic Variation in the Rate of - as a Function of its Flight Length
(excluding the good ones >156).

Figure 29. (right) Systematic Variation in the Rate of Q- as a Function of its Survival
Probability.
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The Monte Carlo event sample was divided into 'tune’ and 'measurement’ subsets to
avoid false efficiency enhancement due to cut selection. A comparison of extracted
efficiencies between the subsets showed no bias and the entire sample was used for
efficiency determination. The extracted rates for A and A differed considerably
(A=0.0839+.0061, A =0.1094+.0079, a 2.60 difference), and so an in-depth search for a
systematic bias was performed. The observed data were about the same, but the efficiency
was larger for A than for A. No other systematic bias was found, and there is a 1% chance
of such a difference being a statistical fluctuation. There was no way of knowing whether
the nuclear interaction cross sections in the GEANT Monte Carlo subprograms FLUKA
and GEISHA (both showed similar A/A bias) were too large for production of A or
absorption of A. In order to minimize the bias, half the Monte Carlo sample was generated
by each.

The 4-vectors of the decay products were added and the measured mass and
momentum of the parent particles were calculated. The mass distributions show peaks at
the expected masses: (K°, A°, Z~, ¥t Q™) = (0.4977, 1.1156, 1.321, 1.385, and
1.672) GeV. Maximum log-likelihood fits were made using generalized Gaussians for the
signals and a polynomial distributions for the backgrounds (See Equation 18), and values

for the signals were extracted (see Figures 30 and 31).

S(m) =’—S—V%2{e(m-mo)2/20% . e(m-mo)2/202,]

(02-01) (m-m,)
B(m) = B,mA (1+Lm+Qm2) (mp—m)* (18)

where 6, = 6, [R*-1)/[3*R{R-1)) and 6, = Ro,
fit constants: L=0, Q=0, E=20, R=7 (these lead to good fit shapes)
fit variables: ©,, m,, So, Bo, A, mg
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This generalized Gaussian is the result of a simple integration in do over a Gaussian with
a width distribution of 1/o3 (a continuous function chosen for it's integration properties).
A single Gaussian fit was studied as well and was shown to form poorer fits (see Figure
32). The K° and A° threshold effects were a source of systematic bias in the fitting and so
the mass regions were restricted to 0.3-0.75GeV and 1.09-1.27GeV. The =- mass
distributions were fit with a width fixed at the value determined from the Monte Carlo
distribution (7.6 £ 0.1MeV). The I** candidates were fit with two generalized Gaussians
{background =~ and I*t) with fixed masses and widths (7MeV and 16MeV). The Q-
candidates were fit with a fixed mass and a width of 4.5MeV (from the ‘real’' Monte Carlo
candidates). The resulting fit characteristics are listed in Table 7, where S/N is defined as

the ratio of signal to background area within 20 of the fit mass.

Table 7. Results of Fitting Mass Distributions.

Signal Mass (MeV) Width (MeV) S/N
K® DA 3089.8 +62.2 497.7240.17 | 7.1840.18 12.8 109
MC | 174594 £144.5 497.2340.06 | 6.2630.06 18.6 +0.7
A° DA 757.8 363 1115.5 $0.14 12.5710.16 3.8 $03
MC | 4567.3 +89.4 1115.5 #0.06 | 2.7140.07 3.8 0.1
== DA 235 + 70 - 64 |[13224 +2.2 |7.60 fixed 1.8 +0.6
MC 104.1 +15.7 -15.1 ]1323.6 *1.2 |7.60 fixed 2.0 £0.3
I*%  pa 37.2 +17.9 -17.2 | 1385.0 fixed | 16.0 fixed 0.2240.04
MC 464.2 +44.8 -44.1 | 1385.0 fixed | 16.0 fixed 0.52+0.03
Q- DA 0.20+ 1.88- 1.34 {16724 fixed (4.5 fixed 0.1 0.2
MC 22.0 + 6.6 - 59 |1672.4 fixed | 4.5 fixed 1.7 10.6

When this fitting is repeated for Monte Carlo events, an overall efficiency can be

calculated using the event generator's rates (see Table 8).

Table 8. Overall Efficiencies and Rates Therefrom (statistical errors only).

Generator Rate  #/qq for MC ~ #/qq for Exp  Efficiencyt Rate
(499995 qq) (76618 qq) (13279 q@)
K 1.315240.0016 0.227940.0019 § 0.2327+0.0047 | 17.0£0.1% | 1.373+.030
A° 0.1906410.00062 | 0.0596+0.0012 | 0.0571+0.0027 | 30.340.6% | .1884+.0098
0171+.0062
s- 0.012600.00016] 0.0014+0.0002 | 0.0018+0.0008 | 10.3+1.6% -.0054
& .0157+.0076
)i 0.0331440.00026 | 0.0061+0.0006 | 0.0028+0.0013 | 17.9+1.8% -.0075
0.00007
Q1 0.0004540.00003| .00009+.00004 | .00001+.00012 | 19.1£5.8% +.00068
-.00065

+ an Ecm correction factor has been applied as described in Equation 19, Section C.
1t these Q- statistics were determined according to Equation 20, Section C.

Error propagation for fits with >30% uncertainty was performed by Monte Carlo
technique in accord with references [2], {3] and [4], since the ‘standard’ formula is only
the first-Taylor-series-term approximation. This technique results in a histogram of the
resulting rate's likelihood function (interpreted as its probability distribution function),
from which median and (68.3%) standard asymmetric errors were directly extracted. The
efficiencies were generated independently in the same way; however the values are results
of simple Gaussian fits. The - was the exception. The mode and 68.3% limits were used
due to its large skew. Additionally, for low statistic fits, the MINOS function within the
MINUIT minimization software package was used to determine the asymmetric standard
errors. If the average of these errors was in disagreement with the default parabolic

calculation, a width equal to the largest error was used in the Monte Carlo propagation.
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C. SPECTRAL DISTRIBUTIONS

The procedures described in Section B for determining overall rates were applied
to differential rates. The efficiencies are strongly dependent on the hadrons' momentum,
and so an efficiency correction in momentum (or energy) bins should be more accurate
(assuming the mass peaks are large enough to fit well). Bins with definitely no signal
were assigned standard (68.3%) errors and a Poissonian distribution using the Bayesian
approach with a prior = 1. The signals were extracted from mass plots as a function of x,
-In(xp), and xg, where in some cases the number of background parameters was reduced
to two or one in order to cause the fit to converge. Due to the small sample sizes, the =—
fits used widths fixed at the (maximum) value from fitting either the real+fake or the real
Monte Carlo mass distributions (4.1, 7.6, 7.8, 8.0, and 10.0MeV with increasing Xp).
The Q- mass distributions were fit with widths fixed at (1.0, 2.8, 9.2, and 1.0MeV with
increasing xp) as determined by the real Monte Carlo distributions. The mass plots from
the experimental data as well as the detector simulation Monte Carlo led to signal values,
and are shown in Figures 33 through 38 for the lower statistic hadrons (i.e.: E—, £*%,

and Q-).
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B. INCLUSIVE SELECTION

The generator-level rate was measured in the same variables from a sample of 499,995
events statistically independent of the detector simulated events. The measured results
were calculated with Equation 19 where each term was measured at either 27.38GeV or
29.0GeV, and the values either include or exclude the effects of initial state radiation (y

indicates initial state radiation).

{ Data #/qq } *[ Gen #/qq H Gen #/qq

rate =L @27:47 [1 @2907 || @27.4n07y

s [ Gen #/qq } MC #/qg } (19)
@274y || @907

The ratio of the two generator level terms with initial state radiation compensated for the
center-of-mass energy discrepancy between the data and the Monte Carlo (this
approximation was used rather than re-generating the entire Monte Carlo sample), and is
referred to as the 'Ecq factor' below. The Q- rate determination differed because the
Monte Carlo sample was too small. An additional 300 events were generated using an
event filter such that each event contained an Q-. In order to calculate the Q- rate

independent of this filter, Equation 20 was used to approximate the rate.

{ Data #/qq H Gen #/qq Gen # J MC initial total
o @27.4 v @29.0y @274 noy @29.0 vy
ate = =
[ Gen #/qq ]* MC # 14 Gen total (20)
@2747 | |@29.0y|| @29.0%

Note that the same E. factor is present here, the Monte Carlo and Generator numbers are
not normalized by the number of events, and that the last two terms labeled 'total' are not
segmented in xp, bins.

Small relative statistical errors from signal extraction were propagated simply.
Large relative statistical errors were propagated via Monte Carlo. Systematic errors were

approximated by varying analysis characteristics (see Table 9). Some reconstruction cuts
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were not used, and this choice may be a source of bias. The choice of bin size, bin phase,
and fitting technique was altered to estimate their contributions. The systematic errors of
Table 9 are included with the quotable means and (asymmetric) statistical errors in Table
10. The final rates were determined by averaging the integrated spectral (Tables 11-19)
and overall rates (Table 8) weighted by 1/(no2) where n is the number of values
averaged. This assumption of 100% correlation is a more conservative method; see
reference [5] for an alternative. Differences among the integrated spectral and overall rates

led to systematic uncertainty estimates.

Table 9. Sources and Estimates of Systematic Error.

Type of Variation K® o 245§ IR 0
reconstruction cuts used 32% 49% 20% 25% 100%
reconstruction cuts tried 0.8% 0.8% 1% 1% 1%
general reconstruction 1.0% 2.0% 5% 5% 5%
signal extraction technique 04% 1.6% 7% 15% 75%
efficiency error from generator 20% 2.0% 2% 2% @ 25%
spectra integration difference 0.6% 2.5% 25% 13% 103%
mass plot (s/n,m,c) differences 3.0% 1.0% 10% 5% 10%
Total 5.0% 6.6% 35% 33% 164%
Table 10. Final Measurement Results.
Rate Statistical Error  Systematic Error
K° 1.370 10.030 +0.069
A° 0.1825 10.0095 +0.0120
0.006
== |oo179 bt 10,0063
0.0089
¢ 00183 ¥ 0.0087 +0.0060
+0.00050
Q- |o0.00012 St £0.00020

Figures 39 and 40 are the previously discussed likelihood functions for the £*+

and - integrated differential rates where Table 9's systematic uncertainties have been

included separately (first four — DA & MC, last three — Generator). They can be
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interpreted as probability density functions (the Bayesian convention with prior of 1).
Upper limits of Z** < 0.0701 and Q- < 0.0127 at the 95% confidence level can then be

extracted. The unphysical region less than zero is included for statistical consistency.
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Figure 39. Likelihood Function for the Z** Integrated Differential Rate.
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Figure 40. Likelihood Function for the Q— Integrated Differential Rate.
The signals, efficiencies, and rates are tabulated in Xp, -In(xp), and xg bins in

Tables 11 through 19 and plotted in Figures 41 through 49 with the LUND prediction

(JETSET version 6.3 with the version 7.3 decay table) for comparison.
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Table 11. K® X, Distribution and Efficiency Correction.

Range Data MC Generator Ecm Efficiency Differential
100*S/E 100*S/E 100*S/E factor Rate
.000-.025 |0.28+.05 0.36+.03 6.82+.04 0.997 |5.310.4% 2.133£.438
.025-.045 | 1.70%.13 1.50+.05 15.06%.05 1.000 |9.940.3% 8.565+.695
.045-.065 | 2.09+.14 2.10+.06 15.79+.06 0.995 | 13.4+04% | 7.800+.567
.065-.085 2.11+.14 2.22£.06 13.73£.05 0.997 16.2+0.4% 6.511+.462
.085-.105 | 2.11%.14 2.15+.06 11.56.05 0.998 |18.6£0.5% | 5.666+.405
105-.125 | 2.22+.14 1.93+.05 9.94+.04 1.002 | 19.440.6% | 5.7261.403
125-.145 | 1.89+.14 1.95+.06 8.591.04 0.994 |22.840.7% |4.153+£.328
.145-.165 | 1.55%.12 1.59+.05 7.37+.04 0.998 121.7+0.7% | 3.576%.296
.165-.185 | 1.27+.12 1.38+.05 6.49t.04 . 1.017 ]21.00.7% |3.021%297
.185-205 | 1.37+.11 1.25+.04 5.384.03 1.023 |22.740.8% | 3.006+.271
.205-.225 1.27¢.11 0.98+.04 4.63+.03 1.051 |20.240.8% | 3.129+.296
.225-.245 | 0.93+.09 0.87+.04 3.94+.03 1.050 |[21.140.9% |2.212+.244
.245-.265 0.81+.08 0.68+.03 3.35+.03 1.052 19.2+0.8% 2.095+£.213
.265-.285 | 0.62+.08 0.61£.03 2.85+.02 1.089 |19.8+1.0% 1.578+.208
.285-.305 | 0.55+.07 0.50+.03 2.40%.02 1.064 |19.7+1.2% 1.397+.200
.305-.405 | 1.65+.13 1.60+.05 7.67+.04 1.105 | 18.94+0.6% | 0.870+.074
.405-1.00 | 0.99+.11 1.204.05 5.961.03 1.200 | 16.840.7% | 0.099+.011
total 23.41+.47 | 22.89+.19  131.52+.16  1.022 | 17.040.1% 1.368+.032
Table 12. K° Xg Distribution and Efficiency Correction.
Range Data MC Generator Ecm Efficiency Differential
100*S/E 100*S/E 100*S/E factor Rate
.00-.05 0.98+.10 0.991.04 12.54+.05 1.000 | 7.910.3% 2.499+.264
.05-.10 6.25+.24 6.16+.10 43.17+.09 0.998 | 143+0.2% | 8.728+.366
.10-.15 5.29+.22 5.16£.09 25.56+.07 0.996 |20.3+0.4% 5.221+£.239
.15-.20 3.57+.19 3.68+.08 17.02+.06 1.009 |21.410.5% 3.338+.188
20-.25 2.88+.17 2.46+.06 11.21£.05 1.048 |21.040.6% |2.753t.174
.25-.30 1.67+.12 1.62+.05 7.461.04 1.064 |20410.7% | 1.636+.133
.30-.40 1.77+.14 1.66+.05 8.19+.04 1.106 | 18.320.6% | 0.969+.081
.40-.60 0.94%.10 1.11£.04 5.40+.03 1.156 | 17.840.7% | 0.265+.030
.60-1.00 | 0.16+.04 0.204.02 0.97+.01 1.402 [14.4+1.6% | 0.028+.008
total 23.51+.47 | 23.02+.19 131.5240.16 1.022 |17.140.2% | 1.371+.031
Table 13. K° -In(X) Distribution and Efficiency Correction.
Range Data MC Generator Ecm Efficiency Differential
100*S/E 100*S/E 100*S/E factor Rate
.00-.60 |0.26+.05 0.31+.03 1.63+.02 1.312 | 14.4£1.3% .045+.010
60-1.0 | 1.35+.11 1.38+.05 6.75+.04 1.136 | 18.00.7% .188+.016
1.0-1.3 [2.02+.14 2.01%.06 9.30+.04 1.090 | 19.8+0.6% .340£.026
1.3-1.6 | 3.50%.18 2.99+.07 14.07+.05 1.053 |20.2+0.5% .577+.033
16-1.8 24215 2.441.06 11.561.05 1.019 120.740.5% .585+.040
1.8-2.0 |2.45£.15 2.52+.06 11.10.05 0.991 |22.940.6% .535+.036
2.0-22 |2.541.16 2.371.06 12.00£.05 1.001 | 19.740.5% .645+.043
2.2-24 |2.09t.14 2.10t.06 10.74+.05 0.997 | 19.6+0.5% .532+.038
24-2.6 |1.82+.13 1.84+.05 11.08+.05 1.000 | 16.610.5% .547+.042
2.6-2.8 | 1.52+.12 1.51+.05 9.481.04 0.992 | 16.1+0.5% 4731.040
2.8-3.0 1.10£.10 1.12+.04 9.09+.04 0994 | 12.4+0.5% .4411.045
3.0-3.2 1.00£.10 0.881.04 7.03+.04 1.002 | 12.410.5% .401+.043
3.2-34 | 0.59+.07 0.62+.03 5.96+.03 0.999 | 10.410.5% .284+.038
3.4-4.0 |0.80£.09 0.75+.03 8.83+.04 1.005 | 8.4+0.4% .158+.019
4.0-6.0 {0.07+.03 0.11+.01 2.824.02 0989 13.9406% 009+.004
total 23.53+0.47 | 22.9440.19 131.46+.16  1.022 |17.1+0.1% 1.370+.032
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Table 14. A° X, Distribution and Efficiency Correction,

Range Data MC Generator Ecm [ Efficiency | Differential
100*S/E_ | 100*S/E 100*S/E_ factor Rate
.00-.05 0.17£.05 [0.33£.03 2.04£.02 0.959 | 16.9£1.7% | .2029+.0673
.05-.10 1.30+.13 | 1.30£.05 4.35+.03 1.017 [29.3%1.2% | .8861+.0931
10-.15 1.31£.13 | 1.124£.05 3.34+.03 1.020 | 33.0+1.6% | .7931+.0899
.15-.20 0.99+.13 |0.89+.05 2.35+.02 1.012 |37.5+2.2% | .5279+.0773
.20-.25 0.72+.09 [0.69+.04 1.70£.02 1.068 |37.942.2% | .3786+.0542
.25-.30 0.56+.08 [0.49+.03 1.35+.02 0.983 |37.142.4% | .3037+.0460
.30-.35 0.27£.05 [0.39+.03 1.06+.01 1.058 |34.6+2.6% | .1585+.0327
.35-.40 0.19+.04 |0.26+.02 0.85+.01 1.039 |29.842.7% | .1269+.0310
.40-.50 0.16£.04 {0.31+.02 1.09£.01 1.104 [25.742.1% | .0638+.0175
.50-.70 0.06+.02 [0.21+£.02 0.82+.01 1.223 [21.2+1.9% | .0136+.0059
.70-1.0 0.00£.02 0.02+.01  0.12+.005 1.498 | 10.5+3.7% | .0000+.0120
Bayesian

total 5.73+0.28 [ 6.0140.12 19.06+.06 1.032 | 30.6+0.6% | .1780+.0102
Table 15. A° Xg Distribution and Efficiency Correction.

Range |[Data MC Gen Ecm [Efficiency [ Differential

100*S/E 100*S/E 100*S/E___factor Rate

.00-.09 [0.07+.10 [0.12+.01 1.13+.02 0.961|10.9+1.2% [ 0.2250+.3344
09-.13 |1.47+.13 |1.532.06 5.36+.03 1.007]28.3%1.1% | 2.0436+.2033
A3-17 | 1.24+.13 [ 1.06£.05 3.19+£.03 1.018)32.7+1.6% | 1.1376+.1336
17-23 |1.39£.16 |1.16£.06 2.95+.02 1.022(38.5+2.0% | 0.6625+.0812
.23-34 11.09£.11 [1.19+05 3.16+.03 1.032|36.5£1.6% | 0.2841+.0311
.34-1.00/0.54+.08 [0.93+.04 3.28+.03 1.124)25.3+1.2% | 0.0327+.0050
total 5.80+.30 [5.99+.12  19.06+.06 1.032]30.530.6% | 0.1834+.0133

Table 16. A° -In(Xp) Distribution and Efficiency Correction.

Range Data MC Gen Ecm [Efficiency [ Differential
100*S/E_ | 100*S/E  100*S/E _ factor Rate
.00-.60 0.03+.02 10.16+£.02 0.59+.01 1.293 ) 20.5%+2.2% | .0024+.0015
.60-1.00 [0.32+.06 [0.52+.03 1.99+.02 1.097 |23.9+1.6% | .0332+.0070
1.00-1.30 |0.58+.08 |0.79+.04 2.10+.02 1.022 |36.7+1.9% | .0528+.0076
1.30-1.60 |0.99+.11 [0.88+.04 2.28+.02 1.048 |[36.8+1.9% |.0896+.0106
1.60-1.80 [0.631.10 [0.58+.04 1.55+.02 1.001 |37.3+2.6% | .0847+.0150
1.80-2.00 [0.72+.12 |0.72+.05 1.71%£.02 1.032 |40.632.9% | .0884+.0159
2.00-2.20 |0.61+.09 |0.56+.03 1.68+.02 1.017 [32.9+2.1% |.0925+.0151
2.20-2.40 (0.53+.08 |0.47+.03 1.50+.02 1.026 |30.7+2.0% | .0863+.0142
2.40-2.60 |0.45+.07 |0.46+.03 1.47+.02 1.019 |30.9+2.1% | .0726+.0127
2.60-2.80 (0.43+.07 [0.35£.03 1.24+.02 1.036 [27.242.1% | .0797£.0138
2.80-6.00 [0.45+.08 ]0.57+.04 2.93+.02  0.962 [20.2+1.5% | .0069+.0014
total 5.73+.28 [6.06+.12 19.04+.06 1.031 |30.8+0.6% | .1804+.0097
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Table 17. Z~ X, Distribution and Efficiency Correction. 10 (o]
Range Data in MCin Gen in Ecm | Efficiency | Differential p
100*S/E 100*S/E 100*S/E ° factor Rate
0.0-0.1 |00 140001007 03302008 0.970 [6.722.19 | 036+
0.1-02  [0088£032 |0.055£012 0360008 1.029 |14.943.49 | *0%1* 0288 %Q 1
b 3
0.2-0.3  |0038£023 |0.026£009 0215£007 1.040 | 11.84.29 | 00321+ 0281 8 3
0.3-0.5 |0030£018 |0.0224.008 0233£007 1.063 |9.143.29% |%0P+028! » 1
0.5-1.0 | S000017 4o 0015002 01122005 1332 [0.721.7% |00+ 01 st ;7
ayesian -.0168 o E
total 0205:.048 [0.127£018 1.260£016 1.047 |9.61.4% | O0218+D1! ¥ ]
Table 18. £*£ X, Distribution and Efficiency Correction. 0.01
Range Data MC Gen Ecm [ Efficiency [ Differential 0.005 Frrrrprr e e
100*S/E__ | 100*S/E__ 100*S/E___factor Rate 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0-0.1 [0084x054 [00s9r.021 0972014 0.964 |6.422.39% |O'293 80 Xp = Pgo / Pheam
0.0753+.0560
0.1-0.2 0.132+.090 |0.184+.034 1.019+.014 1.035 | 17.5+3.3% - 0520 Figure 41, K° Xp Spectra with Lund Prediction.
0.2-03 [0082:066 |0.182£.030 0532£010 1.067 [32.245.4% | 0PI
03-04  [0050£046 |0.1012.021 0300£008 0.976 |34.5£7.5% 00146+ 0144 100 + 5
0.4-1.0  |00008027 |0.047£019 04912010 1115 | 14.423.6% | %0000+ (032 K Xe
0.0254+.0140 1
total 0.348+.133 | 0.605+.058 3.314+.026 1.025 | 17.8+1.7% 0111 104
H ik
Table 19. Q X,, Distribution and Efficiency Correction. S 1
Range Data MC Gen Ecm | Efficiency | Differential B 1
100*S/E 100*S/E 100*S/E  factor Rate o 1
0.000£.017 9 +12 0.0024+.0073 a E
.00-.14 At 0.004+.004  0.010+.001 1.196 5% 0023 » ]
14-28  [0003£008 [0011£005 o0ol0t001 0929 | 2894208 100007+ 0 i 1
o .1
28-48  [0000£027 [0006£010 o0014x.002 1075 | P9H85 | 00001+0095 Lol
0.000£.017 19 422 |0.0004+.0010 3
48-1.0 Bayedan 0.008+.010 0.010+.001 0.931 - 10% -0003 ]
0.0002+.0009 0.01
tom! 0,0181,030 00291.0|0 0.045i.003 1.030 185172% ».0009 . LAAS AR LR AR R) LR AR LR LARAE RARES LALL]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Xg = B0/ Epeam
Figure 42. K° Xg Spectra with Lund Prediction,
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Figure 43. K° —lnXp Spectra with Lund Prediction. Figure 45. A° Xp Spectra with Lund Prediction.
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Figure 44. A° -InXp Spectra with Lund Prediction. Figure 46. A® Xg Spectra with Lund Prediction.
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Figure 47. =~ Xp Spectra with Lund Prediction. Figure 49. Q- Xp Spectra with Lund Prediction.
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Figure 48, Z** Xp Spectra with Lund Prediction.
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50 is a summary of various colliders (the ones in parentheses are in the design or

construction stage). Notice that PEP and PETRA have been the only ones at ~30GeV.
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Figure 50. Various Electron (A), Proton (M), EP ( ¢ ), and Fixed Target (®) Colliders [2].
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TRISTAN at 60GeV is the next higher step in energy, and CESR and DORIS at 10GeV
are the next lower step in energy. As Table 20 shows, no more ete” collider data is
expected from any experiment at ~30GeV becaﬁse PETRA turned off in 1986 [1] and
PEP's last run ended in 1990 (with the TPC/Two-Gamma detector alone). The production
rates of various particles at each of the PEP and PETRA éxpcriments (see Figure 51) are
compared and averaged in Sections B and C. Similar tabulations are made for 10GeV and

91GeV results to date (ARGUS, CLEO, SLC, and LEP will continue to run).

Table 20. Statistics for All High Energy e*e” Collider Experiments [3].

Delco ASP wado
Pluto
PEP | 5:d PETRA Cello
HRS e- arkll -
e+ e+
MAC TPC/2y
Tasso

Collaboration Location Ecm (GeV) ! Lum (pB-1) Status
PSI,... ADONE, Frascati, Italy 1.4-3.1 ? on
BES BEPC, China 2.2-2.8 0+ on
SPEAR SLAC, California, USA 4-7 15.1 off
VEPP Novosibirsk, Russia 0.5-14 19+ on
ARGUS DESY, Hamburg, Germany 9-10 520 off’
PLUTO DESY, Hamburg, Germany 9-12 0.45 off
CLEO Cornell, New York, USA 9-11 20.7 on
CUSB Cormnell, New York, USA 9-11 14.0 off
DELCO SLAC, California, USA 29 21.5 off
HRS SLAC, California, USA 28.3 291 off
MAC SLAC, California, USA 29 177 off
ASP SLAC, California, USA 29 115 off
MARK II SLAC, California, USA 29 185 off
TPC/2y SLAC, California, USA 27.4-29 178 off
CELLO DESY, Hamburg, Germany 35 86 off
JADE DESY, Hamburg, Germany 12-36 60 off
MARK J DESY, Hamburg, Germany 40-47 122 off
PLUTO DESY, Hamburg, Germany 27-32 2.98 off
TASSO DESY, Hamburg, Germany 35-42 176 off
AMY KEK, Tsukuba, Japan 50-60.8 27.4 on
TOPAZ KEK, Tsukuba, Japan 50-60.8 13.6 on
VENUS KEK, Tsukuba, Japan 54-64 42.4 on
SLD SLAC, California, USA 90 0.02 on
MARKII SLAC, California, USA 89-93 0.02 off
ALEPH CERN, Geneve,Switzerland 91 5.2 on
DELPHI CERN, Geneve,Switzerland 91 4.6 on
L3 CERN, Geneve,Switzerland 91 4.7 on
OPAL CERN, Geneve Switzerland __ 88-95 6.5 on
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Figure 51. The Experimental Arrangement at PEP and PETRA [1].

B.  TABULATION OF RESULTS

In Section C, production rate measurements are tabulated at various center-of-mass
energies for °, nt, N, n, K%, K°, p°, K*t, K*°, ¢, p*, A, E-, A++, T** or £*-, E*°,
Q-, and all charged particles, followed by reference tabulations for D°, D*%, and A..
Included in each table is a weighted average over the independent measurements which
have been published in refereed journals (non-refereed yet believable results which are
averaged are footnoted). A summary of these averages is presented at the end of this
section.

The simple weighted averages in the tables of Section C neglect several
characteristics of the experimenter's domain, but it is a starting point. A weighted average
is calculated using Equation 21, where the weights (w;) are a measure of the influence a
value (x;) has on the result (x).

; XiWi

21
P

X o=




The averages in the tables of Section C use the inverse of the square of the total scaled

error for the weight, as seems reasonable. The uncertainty of the average, given the

uncertainties of each value, is simplified in this case (see Equation 22).
2

ik 9% 9% E‘: (oiws) {

o B
of = TG0+ 205 50k = RS it 5%
J J

(22)

The first characteristic of the measurements to account for in order to improve the
value's accuracy is the common systematic errors among measurements from the same
source or using the same techniques. The direct and rigorous approach to this would
derive a generalized equation for X by minimizing the X2 in Equation 23, where a;2 = 6;2

and o2 (i#j) are the correlations.

X = %)) (xX) (23)

The corresponding formula for 032 would follow from X by using Equation 22. To a\;oid
the difficulty of minimizing the X2 in Equation 23, a basic weighted average is calculated
for measurement subsets (with the same detector) with their common systematic errors
removed (assumed to be 60% of the systematic error). The subsets are then combined
using another basic weighted average assuming 40% common systematic error (due to the
analysis approach).

The second characteristic to consider is that published uncertainties may be poor
estimates of the actual uncertainties. This is only a significant problem when the quoted
error is too small, of course. To account for this effect, the square root of the total 2 per
degree of freedom is recalculated after taking common systematics into account (see

Equation 24).

Vo) = A 3%V -1y (24)
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If the result is greater than 1.0 then the resulting uncertainty of the average is increased by
this factor. It should be noted that this use of the goodness-of-fit information to increase
the average's error bar is a way of combining separate pieces of information when several
inclusive rates are compared to a model's predictions simultaneously. Both the average
and X2 per degree of freedom should be quoted.

The third point to consider also depends on how these averages are used. If the
average is compared with the prediction of a model (see chapter V1), then the prediction's
uncertainty should be included. Specifically, most models use a decay table as the last step
in generating a production rate, and these branching ratios are determined experimentally
with some uncertainty. The difference between the average rate and predicted rate, divided
by the sum of the errors of each in quadrature, is the number of standard deviations they
differ by (assuming small errors). In order to simplify matters the predicted rate
uncertainty is added to the average uncertainty in quadrature. Other comparisons will
differ. For example, the ratio of two rates would include the model's decay table
uncertainty only once. The decay table uncertainties quoted here are simple estimates.

The contributions from these three uncertainties are summarized in Table 21 by
center-of-mass energy and particle type. The relative uncertainties are not cumulative in
that they are the contributions to the uncertainty from each process. Table 22 summarizes
the world averages and cumulative absolute uncertainties for each case. The integer
following the particle type labeled by "#" is the number of measurements which

contributed to that average.
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Table 21.

Summary of Contributions to Relative Uncertainties (D=detector 60%, A=analysis 40% ).

10 GEV [29 GEV 91 GEV
BASIC |COMMON x2 tt DECA BASIC |[COMMON bl DECAY] BASIC |COMMON X2 tt DECA
#| Emor [Type Emor [Factor Emor TABLE\E’I # |Relative [Type Emor |Factor Emor |TABLE! ﬁRcla.u've\Type Emor |Factor Emor |TABLE
m 3| 7.14%( A 3.84% | 069 0.00% 3% 4| 459%| A 3.47%| 046 0.00%| 3% n 1| 795%| - 0.00%| 0.00 0.00%| 3%
nt 2] 176%| A 1.00% | 437 860% 3% 3| 3.04%|DA 1.55%| 0.15 0.00%| 3% ot 1| 2.52%| - 0.00%| 000 0.00%| 3%
no 2| I8.11%| A 4.86% [ 040 0.00%| 7% 4| 11.96% A  7.02%| 0.12 0.00%| 7% no 2[ 944%| A 3.60%| 141 10.06%| 7%
no’ 1| 32.35%| - 0.00% | 0.00 0.00%| 6% 1| 39.62%| - 0.00%| 0.00 0.00%| 6% no 1| 37.14%| - 0.00%( 0.00 0.00%| 6%
Kt 2| 331%| A 347% | 1.94 7.96%| 4% 480% DA 3.11%| 1.01 081%| 4% Kt 1| 550%| - 0.00%{ 000 0.00%| 4%
KO 6| 529%|DA 6.16% | 0.64 0.00%| 4% 222%|DA  4.13%| 0.68 0.00%| 4% KO 4] 1.70%| A 1.62%| 047 0.00%| 4%
p0 2| 1044%| A 4.22% | 1.67 15.15%| 4% 4.75%| A 433%| 131 5.44%| 4% p0 1| 17.55%| - 0.00%| 0.00 0.00%| 4%
K*t 2| 1136%] A 4.77% | 225 24.18%| 10% 883%| A 2.76%| 1.09 4.02%| 10% @K*t2| 10.17%| A  7.28%| 2.21 24.67%| 10%
K*0 2| 941% A 4.89% [ 0.84 0.00% 8% 6.41%| DA 531%| 0.65 0.00%| 8% K*0 2| 11.36%| A 9.13%{ 058 0.00%| 8%
¢ 2| 673% A 674% | 1.67 12.88%| 8% 16.24%| DA 10.25%| 0.29 0.00%| 8% ¢ 1| 2093%| - 0.00%| 0.00 0.00%| 8%
pt 3| 6.15%| A 530% | 1.9 13.97%| 4% 567% DA 3.20%| 092 0.00%| 4% pt 1| 12.12%| - 0.00%| 0.00 0.00%| 4%
A 2| B04%| A 254% | 2.17 16.09%| 4% 420%| DA 4.75%| 0.51 0.00%| 4% A 4| 3.13% A 334%| 081 0.00%| 4%
Z- 2| 1148%| A 336% | 1.36 10.62%| 7% 14.56%) A 10.24%| 1.24 13.09%| 7% Z- 2| 980%| A 3.50%|0.11 0.00% 7%
A++ 1| 25.00% - 0.00% | 0.00 0.00%| 5% Limit | - 0.00%| 0.00 0.00%| 5% A+ 0 = - - - - -
It 1| 18.18%) 0.00% | 0.0¢ 0.00%| 7% 28.59%| - 0.00%| 0.00 0.00%| 7% Lot 1| 16.32%| - 0.00%| 000 0.00%| 7%
Z«0 1| 33.33%| - 0.00% [ 000 0.00% 10% 68.95%| A 18.48%| 1.14 39.41%| 10% Q=+0 1| 22.22%| - 0.00%| 0.00 0.00%| 10%
Q- 1| 52.78%| - 0.00% | 0.00 0.00%| 10% 4598%| A 17.66%| 1.28 39.20%| 10% @ Q- 1| 30.00% 0.00%| 0.00 0.00%| 10%
Nch 8| 1.65%{DA 1.52% | 1.56 2.62%| 3% 141%[ DA  2.20%| 1.09 1.12%| 3% Nch 6| 1.19%|DA 1.08%| 064 0.00%| 3%
t The systematic error is assumed to equal the statistical error in cases where only the total is quoted.
1t These factors are from the initial basic weighted average. Values 2 1.0 are recalculated with the final average and applied to Table 3.
Table 22. Summary of Survey Results.
10 GEV 29 GEV 91 GEV
FINAL BASIC | SYST x2 FINAL  BASIC| SYST x2 FINAL BASIC | SYST %2
#|Average Ermor 1 | Adjusted | Adjusted # |Average Error t | Adjusted | Adjusted #|Average Error t | Adjusted | Adjusted
=0 3|3.3252 £2373| £2695 | +.2695 @m0 4| 58369 +£2678| +3355 | +£3355 @ m0 1| 9.1765 +£7303| £7303 | +£7303
nt 2|6.5356 1149 1321 | +5773 @ mt 3|10.5982 +£3222| +3618 | +3618 W mt 1}17.0455 +4288| +.4288 | +4288
n0 2(0.2067 +0375| +£0388 | +0388 WnO 4| 05933 +0710| +£0823 | +0823 W n0 2| 09738 +£0921] +0986 | +1390
no’ 1/0.0340 +0108| £0108 | +0108 Mn0’ 1| 0.2600 +1030| +1030 | 1030 fn0’ 1| 0.1750 £0650| +£0650 | +.0650
Kt 2/0.8974 +£0297| +0430 | 0834 WK+ 3| 1.4468 +0691| +0823 | +.0831 Kt 1| 24201 £1329| £1329 | +1329
KO 6|0.8984 +0475| +£0730 | +£0730 WKO 11| 1.3955 +0311| +0658 | +0658 W KO 4| 2.0797 $.0354| +0489 | +0489
p0 2(0.3532 +£0370| +£0400 | +0668 M p0 4| 08455 +0401| +£0542 | 0710 J pO 1| 14300 +£2506| +2506 | +.2506
K*t 2(0.2759 +0315 £0342 | £0770 QK*t 2| 0.6413 +0567| +0594 | +0647 WK*t 2| 0.7732 +0787| +0968 | +2139
K*0 2|0.2995 +0282| +£0318 | 0318 BK*0 6| 0.5755 +0366| 0475 | +0475 WK*0 2| 0.7684 +.0872] +I119 [ 1119
¢ 2|0.0457 +0031] +0044 | 10073 ¢ 2| 00787 +£0128| +0ISI | £0151 ¢ 1| 0.0860 +0180| +0180 | +.0180
pt 3|0.2746 £0169 £0223 | 0444 Wpt 4| 0.5697 £0323| +£0371 | +0371 pt 1| 09157 +£1110[ =1110 | 1110
A 2{00802 +0064| +0067 | +.0145 A 8| 02090 +0088| +0133 | +0133 A 4| 03705 +£O0116] 0170 | 0170
=- 2[/0.0058 +£0007| +0007 | +0009 MZ- 5| 0.0175 +0026| +0031 | +0038 W =- 2| 0.0205 +0020| +£0021 | 0021
A++ 1]0.0400 0100 20100 | £0100 BA++ || <094 95% - - A+ O - - - -
Eet 1100107 +0020] £0020 | 0020 @Xe+ 1| 00330 +0094{ +0094 | +£0094 WX+t 1| 0.0380 +.0062| £0062 | +0062
Zx0 1[0.0015 +0005 +0005 | £0005 M=+0 2| 0.0050 +.0035| £0036 | +0041 @=+0 1| 0.0063 +0014| £0014 | +.0014
Q- 100007 +0004] +0004 | £.0004 — 2| 0.0053  +£0025| +0026 | +0033 @ Q- 1| 00050 +0015| +£0015 | +0015
Nch 8]8.5632  +1381| +1877 | +.2928 MNch11{12.5753  +.1757| +3248 | +3540 JNch 6|21.0598 +.2493| +3377 | +3377

+ The error from the initial basic average on that average, not on the final average (which includes the effects of common systematics).




Cx SUMMARY TABLES

Tables 23 through 43 list production rate measurements in the following format.
Each line consists of publication year, collaboration name, reference number (see the
Appendix: Key to Tables), quoted rate and uncertainty (#/event), experimental center-of-
mass energy (GeV), the resulting scaling factor to account for differences in E, scaled
rate and uncertainty (#/event), values for the basic weighted average (see below),
luminosity recorded (pB-!), observed signal and background, and an identification
number that shows which entries are results from the same dataset. Measurement entries
are ordered by experiment and date.

The quoted uncertainty is either the total error or the statistical then systematic
error. A question mark indicates that the publication neglected to specify if systematic
errors were included, whereas a hyphen indicates that the article specified that the error
includes systematics. The energy scaling factor is In(Ecm/2Mpadron) (£30% of the
deviation from 1.0) and is the predicted QCD scaling violation [4]. This is a very good
approximation among measurements at similar energies. The mass used for the scaling of
the Ncharged measurements (193.4MeV) was found to be uniform from 10 to 91GeV by
summing the nt, KE, and pi contributions. The tables are broken into sections
corresponding to measurements around 10, 29, or 91GeV center-of-mass energy. The
sum of the weights and weighted values, square root of X2 per degree of freedom (i.c.: #
of measurements -1), weighted average and resulting uncertainty (including both statistical
and systematic) appear at the bottom of each group of similar entries. These tables are
rather completeJr as of October 31, 1993, and include many of the main publications
between then and September, 1994. Each table concludes with a list of additional relevant
publications which do not quote production rates. A cross reference table is provided at
the end (Table 44).

t An "@" symbol identifies publications that could not be located.
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Table 23 mo Production Rate Measurements.

weight

1.860
90 Jade 123| 6400 £.100 400|349 0962 | 6.156 0.403 o
90 Jade 123 7.000 +250 1.450{43.8 0919 [ 6433 10.503 443 - - -
85Jade 119] 6,100 +100 +300f 34 0967 | 5899 +0312| 10293 60722 005 - - - -
85Jade 119] 5500 +400 +300] 22 1.063 | 5.845 10.541 sibans. A%
89 Tasso 208) 5400 +1.000 ? )} 44 0918 | 4958 +0.928 4 .- -
86 Tasso 205| 5800 +900 - [34.6 0964 | 5589 +0870| 1322 7391 008/ 67 - -
84 Tasso 196| 6.100 +2.000 (x.2)t| 34 0967 | 5899 +1.935 e
85Tpc  225| 5300 £700 (x.5tt) 29 1.000 | 5300 +0.860| 1.351 7.162 038/ 49 -

B = —

90 Argus 20 [ 3.220 +070 £310[ 10 1.000 | 3.220 0318 9901 31881 O.(1[37 - - -
85Clec 44 | 3.000 +£700 - (105 0987 | 2961 #0691 2095 6.202 02817 - . -
91 CryBa 68 | 3.640 +210 +£360( 10 1.000 | 3.640 +0417| 5757 20956 057|42 - - 3
86 CryBa 66 | 3.700 +.600 ? 10 1.000 | 3.700 +0.600 AR L
85Jade 119| 4700 200 +200( 14 0915 | 4299 +0.285 -

10
10

83 Cello 33 14,2234

82 Cello 32 34

85 Hrs 95 29

83Jade 113 14-35

78 Lgw 128 4.9-7.4

82 Mark2 136 29

83 Tasso 190 14,34

82 Tasso 185 14,34 1

Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.

t Systematic error is not quoted; syst = stat is assumed.

t# Estimate of additional systematic error due to speciral lation from 2.0+.3 by C.D.Buch.
 Submitted to Phys.Lett.B.

11 Exirapolation from (.0075 to .065GeV) based on: Lund(6.3 t0 9.7) & Herwig(6.4 10 9.9) by L3.
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Table 24 nt Production Rate Measurements.

Ecm In(E/2m)| Scaled weight w*value

1.500 4294

A 4.0742
89 Tasso 208|11.100 500 ?

E 4 - -
85 Tasso 203 (10300 +400 7 34 0967 9.96 +40 - - -1
85 Tasso 203 | 8.800 £1.000 ? 22 1.063 9.36 *1.08 - - -
85 Tasso 20210900 +300 7 4 0967 1054 31 - - ?
83 Tasso 190 10.300 +.400 (+4)tt| 34  0.967 9.96 +40 - - -1
84 Tpc 215/ 10.700 +.600 - 29 1000 1070 +60 | 27778 2972 0.03| - - -2
88 Tpct 233(10.600 +600 - 29 1.000 1060 +60 | 27778 29.44 0.00/ 68 - - -
85 Tpe 226(10.700 +600 - 29  1.000 1070  +.60 - - - 2
83 Hrs 89 [
85 Hrs 9| &
77Pluto 165 &
76 Spear ¢

85Clec 44 | 8300 +400 - 105 0987 819 x40 6.37 52.2 I746 A e 57T

T9Dasp 76| 3000 to 400044 1298 389  +70 8 13k - -
85 Tasso 203| 7.200 600 ? 14 0914 6.58 158 IS PR
83 Tasso 190| 7.200 1600 ? 14 0914 6.58  +58 2T S
654 +.11 75.74 4950 4.37

58117.052 +429 - 5 i 17.046 +.429

87 Argus 12
81 Dasp 77

77 Dasp 70 3.1-52
87 Hrs 103 29

83 Jade 113 12,30,35
81lJade 114 33
85Mac 129 29

85 Mark2 141 29

78 Spear 176 7.28

75 Spear 172 4-7.

82 Tasso 186 14,22,34
80 Tasso 181 1230
88 Tpc 232 29

87 Tpc 230 29

Note: The numbers under "Ref™ refer to the anticles listed in the Appendix: Key to Tables.

t Syatematic ervor inclusion is not specified; assumed included.
tt Syatematic ervor is not quoted; syst = siat is assumed.
$ LBL Publication
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Table 25 no Production Rate Measurements.

Ecm In(E/2m)| Scaled weight w*value x2| Lu Sig Bck
34 [.630 $.120 £1500| 35 0946 | .596 +.182 i z
88 Hrs 108 .580 +.100 - 29 1.000 | 580 +.100 100.0 580 0.02{300 - - 2
87 Hrs 1071 .370 +.080 ? 29 1000 | 370 +.080 300 5 . =2
90 Jade 123 | 640 1.090 +.0600(34.9 0946 | 606 +.103 176 35 % 1
85 Jade 119| 640 +.150 - 344 0950 | 608 +.143 49.0 298 o001 - - 1
83 Jade 115]|.720 +£100 +1800| 34 0954 | 687 +$.197 - 694 1

88 Mark2 147| .620 +.170 +1500| 29 1.000 | .620 +227 19.5 12.1  0.01/|208
593 +071 1986 1179 0.12

90 Argus 20 [ .190 *.040 +.0400| 10 1.000 | .190 £057 [ 3125 594 009]37 - - -
87 Argus 13 | 420 +.160 ? 10 1000 | 420 160 AL A
91 CryBa 68 | 220 +040 0300| 10 1.000 | 220 050 | 400.0 880 00742 - . 2
390 +.080 7 i 390  +080
207 +037 | 7125 1474 040

298 1023 +021 { 298 1031 1

1.117 +088 +.137 1.000 | 1.117 %163 317 421
1.000 | 910 %112 80.1 728

976 1092 1178 1150

weight w*value %2[Lu Sig Bcek

103 | 9434 2453 0.00{208 45
+£103 | 9434 2453 0.00

034 ton

.034 011
(100 £500
034  +011

Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.

t Extrapolations from (0.1 to 1.0 XE) with LUND by E.C.Berg.
tt Submitted to Phys.Lett.B
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Table 27 Kt Production Rate Measurements.

85 Tasso 202
88 Tpet 233
85Tpc 226
84 Tpc 215
85 Hrs 94
77 Pluto 165
76 Spear 246

85 Cleo

79 Dasp 76
85 Tasso 203
89 Argus 17

81 Cleo 37

1760 £200 7t
2000 +200 ¢ttt
1.500 200 ?

2.000 £200 (£.2)tt
1740 140 7
1.430 +.090 =
1.350 +.130 -
1.350 +.130 -

1.200 +.140 ?
.888 +.018 +.024

Ecm In(E/2m)| Scaled

34 0955 1.910
22 1089 | 1634
34 0955 | 1910
34 0955 | 1.662
29  1.000 | 1430
29 1,000 | 1.350
29 1000 | 1350

10.5
44  1.54% .852
14 0873 1.048

998 1.001 .889

$.193
+221
+.193
+.136
+.090
+.130

. #£:130,

+124
+.130
+.030

123.46

$9.17

209.62

1109

176.54

79.88

301.80

986

0.01

0.48

1.01

158
85 Mark2 141 29
87 Hrs 103 29 g
84 Tpe 216 2
88 Tpe 232 29
75 Spear 172 4-7.
80 Tasso 181 22-44
87 Argus 12 10
83 Jade 114 33
85 Mac 129 29
81 Dasp 77 3.1-52
77 Dasp 70 3.1-52
77 Dasp 71 3.1-5.2

W N

Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.

t Systematic error inclusion is not specified; assumed included.
tt Systematic ervor is riot quoted; syst = stat is sssumed.

t LBL Publication
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Table 28. Ko

Production Rate Measurements.

Yr Exper

90 Cello 3

90 Hrs i
87 Hrs 103
87 Jade 122
83 Jade U3
83Jade 113
83lade 113
90 Mark2 152
85 Mark2 14}
81 Pluto 171
90 Tasso 211
90 Tasso 211
90 Tasso 211
90 Tasso 211
85 Tasso 203
85 Tasso 203
84 Tasso 196
80 Tasso 180
85 Tpc 226
84 Tpe 218
85 Hrs 94
75 None 243

82 Tasso 184

81 Pluto
81 Plute 171
90 Tasso 211

85 Tasso

94 Alephti
92 Delphi 85
9413t 301
90 Mark2 152
91 Opal 157

87 Argus

84 Cleo 40
85 Mark2 |42
93 Opal 162
77 Pluto 166
76 Pluto 164
77 Spear 173

81 Tasso 182

1.500
1.170

2,120
(Lo2

+.021
+.030
+.140
+.160
+.220
+.080
+.040
+.030
+.300
+110
+.040
+.03¢
+.050
+.050
+.130
+.100
+.300
1150
+.030

+.400
+.090

1.050
+010

+.097
1080

130
+.150
1150
+.140
+.150
0.3t
+.080
+.050
+.030
+.050

Dt
+.140

+150

Ecm In(E/2m)
29 1000
29 Lo
44 0.8%0
22 1089
30 09%
35 0947
29 1000
29 1.000
296 0.994
215 1097
345 0951
35 0947
426 0.898
34 095s
22 1089
34 0955
30 09%
29  1.000
29 1000

120927
148 0.855

91 1.000
912 1000

1.427
1.580
1.602
1.383
1.475
1373
1.260
1.270
1.451
1.405
1.417
1.402
1.364
1413
1.274
1.528
1.386
1.220
1.220

1.390
1.000

2,120
2039
1.540
2098

1.099
+.085
+.138
1227
1.264
+.163
1146
+.153
+422
t.154
+.065
+.047
+.079
+.052
1145
+.098
+.328
+.150
£.153

+.525
1.110

+.064
+i41
+277
141

weight w®value

2714
10152 1449
52.48 84.1
14.39 212
3780 51.9
4274 543
562 82
23880 3384
46191 6475
931 129
4274 521

356 50

93300
24390 517.07
5005 10205

50.07 10508
165720

X2} Lu Sig Bek

0.06(291 7155 - |
206] - . .

0.07| - -
0.03] - - &
25 1442 31
0.76/105 4200

001130 - -
30290 =58 2
0.04{ 78 3426 289 3
0.00{111 4766 175 -
4 1262 90 -
5 i !

000 - 9% 26 -

144)77

~
5
-3
-~

0.88).10 - -

039 - 94k
00835 - -
02 602 52 -
0.02| - 138k

t Systematic efror is not quoted; syst = stat is assumed
+t Syszematic Inclusion not staled; assumed included: sumbitted o Z Phys.C.
1 Only quoted KOs rate: submitted to Phys Lett B.
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Note: The numbers under “Ref” refer to the articles listed in the Appendix: Key to Tables.




Table 29 po Production Rate Measurements.

+090 ?
89 Hrs 110| 900 +050 - 29 1.000
84 Jade 116 980 +£090 +150| 35 0.940
85 Tasso 203 | 730 +.060 (£.06)t| 34  0.949
84 Tasso 199 .730 +060 (.06)t| 34 0.949
88 Tpc ft 234| .770 +.080 +.150( 29  1.000
84 Mark2 138 @

+.015 +038
+090 -

93 Argust 29
85Cleo 44

93 Delphi 87 [1.430 120 +220| 91  1.000

84 Mark2 137
82 Tasso 189 2244

Ecm In(E/2m)| Scaled

.950
900
921
.693
693
770

844
.326

.488
355

1.430

+.090
+.050
+.165
1.081
+.081
+.170

+.040
+.041

1088
+.037

+.251
1.430  +.251

weight w*value 2| Lu

400.0 360.000 1.27(291
366 33686 0.22] 61
1514 104.831 345 -

346 26644 0.19] 68 -
525.2

622.6 131

599.2 195327 0.49
129.6  63.190 229117 -
7288 2585 1.67

159 22771  0.00
15.9 22.8 0.0

Sig Bck

SR

Table 30 K*+ Production Rate Measurements.

Ecm In(E/2m)| Scaled

.620
815
642

.246
438
277

1.33
0.72
0.77

+.060
+.168

1.034
+.078
+.031

1.264
1.082
+.079

weight w*value

171.0  0.13]300
28.7
199.8

147.06 105.88 043| 17
161.41

Note: The numbers under "Ref" refer to the articles listed in the Appendix: Key to Tables.

t Systematic error is not quoted; syst = stat is assumed.
1t LBL publication
$ DESY publication
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Table 31. K*o Production Rate Measurements.

Yr Exper Ecm In(E/2m)| Scaled

weight w*value  x2[Lu Sig Bek

90 Cello

89 Hrs 110 4 1
85 Hrs 971 .630 £100 ? 29 1.000 | 630 £100 85 - oy
90 Tasso 211 .510 +180 +070( 35 0937 | 478 .81 305 146 026 - 219 - .
90 Tasso 211 [ .660 £120 £040(34.5 0941 | 621 %120 699 434 018 - 643 - -
90 Tasso 211|770 170 +080|42.6 0879 | 677 +167 < 190 e
88 Tpct 234 580 +050 +110( 29 1000 | 580 121 68.5 39.7 001|68 - - -
85 Tpc 226 490 +.080 - 29  1.000 [ 49  +.080 )

84 Tpc 218 490 040 +070( 29 1.000 | 490 +.081 153.8 754 1.01({ 77 2750 2

85 Cleo

87 Argus
87 Hrs 105

84 Jade 116
83 Jade 113
85 Mark2 141
85 Mark2 142
84 Mark2 137
81 Pluto 171
82 Tasso 189
80 Tasso (80

Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.

t LBL pubtication.
tt DESY publication.
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Table 32. ¢ Production Rate Measurements. Table 33 pt Production Rate Measurements.

Yr Exper Ref Value Ecm In(E/2m)| Scaled weight w*value  x2{ Lu Sig Bck YrExper Ref Value Ecm In(E/2m)| Scaled weight w*value  x2[Lu Sig Bck
88 Tpct 2341 .076 010 01201 29 1.000 | 076 +.016 4098 3115 003[68 - = - 8tJade 1141 (27 +030 )*2t| 33 0955 | 516 +.058 2997 1546 0.86] - T
85 Tpe 226 | 084 1022 - 29 1.000 | 084 1022 - - ] 89 Tasso 208} 670 +£060 24t | 34 0945 | 633 +058 2996 1897 12377 - - 2
84 Tpe 206 .084 *013 +0180f 29 1.000 | .084 +022 2028 1704 006/ 69 62 - 1 85 Tasso 203( .800 +.100 (.1} 34 0945 | .756 £.095 - RN 5
079 013 6127 4819 0.29| 85 Tasso 203| .620 +.060 ? 22 L1112 | 690 +.070 5 Ny
e = BsTao 202| 680 060 7 |34 045 | 643 sosa PR
89 Argus 19 | .041 1002 +.0021|9.46 1.036 | 0428 +.0030 a7 - ~ - 85 Tasso 201 .680 +.080 - 34 0945 | 643 1076 £ LR S
89 Argus 19 | .045 002 +0024] 10 0999 | .0447 £0032 98613 4411 007137 - .- 83 Tasso 190| 800 +100 (x1)i| 34 0945 | .756 +.095 = 2
93 Argus 29 | .044 1002 $0020] 10 1.000 | .0440 -+0028 37 5 = 2 AE 88 Tpc $t 233| 530 070 - 29  1.000 | .530 +.070 2041 1082 /O31|68 - - -
85Clesc 44 | 080 +.020 - 10.5 0971 | 0777 0194 2649 206 27217 - - - 85 Tpe 226 600 +.080 - 29  1.000 | 600 1.080 = i S0
? Argus 31 ] 84 Tpc 215] 600 080 - 29 1000 | 600 +.080 156.3 938 0.15] - LA ]
0456 +£003) | 101262 4617 1.67 84 Tpe 219| 600 +.080 - 29 10D | .600 +080 - R 2 o]
77 Pluto 165 (@
92 Opal 160 | .086 015 +.0100 . .0860 +.0180 3077 2646 0.00 - - - 76 Spear 246 (@&
93 Aleph 6 [
0860 +.0180 3077 265 0.00
89 Argus 17 1(0.271 0.018)F - 1998 1.001 271 +018 3079 8354 003{ 3
85 Hrs 96 212 85Cleo 44 | 400 060 - 10.5 0972 | 389 +058 293 1139 3.82)17
Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables. 81 Dasp 77 { (05003 (£.03)1)*2¥19.74 1016 | .102 +08B6 135 137 403} 1

79 Dasp 76 [ .050 to +080) 44 1963 } 098 +033 8 130 -
85 Tasso 203 | .420 +.060 o) 14 0833 } 350 054 b
83 Tasso 190 .420 +.060 7 14 0833 | 350 +.054 R
275 017 3506

15810916 £l - 0916 111

R ]

88 Argus 14 10
87 Argus 12 10

84 Cleo 40 10.5
71Dasp 70 3.1-52
87 Hrs 103 29

83 Jade 113 12-35.
85 Mark2 140 29

85 Mark2 14) 29

82 Mark2 133 29

78 Spear 176 4-7.
77 Spear 174 4-7.
75 Spear 172 4-7.
84 Tasso 197 34

83 Tasso 192 22-44
82 Tasso 186 22-44
81 Tasso 182 333
80 Tasso 181 30

88 Tpc 232 29

87 Tpc 230 29
85Tpe 224 29

Note: The numbers under "Ref” refer (o the articles listed in the Appendix: Key to Tables.

t This measurement is of p-Bar only.

tt Systematic error inclusion is not stated; assume included.
$ Systematic error is not quoted; syst = stat is assamed.

4% LBL publication.

t LBL publication.
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Table 34 Ao Production Rate Measurements. Table 35 =- Production Rate Measurements.

Ecm In(E/2m)[ Scaled ight w* i
m In(E/2m)| Scale weight wevalue 2] Lu_Sig Bek Ecm In(E/2m)[ Scaled weightv*value ~ x2[Lu Sig Bek
35| 211 +027 +£027] 35 0932 | .197 +036 779 153 0.12 =

87Hrs  103| 217 £009 +022| 29 1000 | 217 +024 1770 384 0.11[185 - 1 87 Hrs  106|.0160 +004 . 29 1.000 | 0160 0057 500 0.08
86Hrs 99| 220 +007 +022| 29 1000 | 220 +023 AL S RO 87 Jade  122].0500 +010 +010| 34 0949 | 0474 +0134 S535 263 494 . . . .
:? iﬁe :74' 021*177 :g; t?;:’ g‘; g-;:; 3; t?;; 4 gl e iy 1 88 Mark2 148 (.0170 +004 +004| 29 1.000 | 0170 +.0057 207 41 14 1
haatliss (.im Toe :).om el | e ;02] ¥ Al SR 87 Mark2 145|.0170 +004 +004| 29 1.000 | 0170 +0057 31250 531 001207 41 14 1|
8SMark2 142| 213 £012 £018[ 29 1000 | 213 £022 | 2137 455 003[205 1610 - - 89 Tasso (2101.0140 1003 - £.004//34.8, 10.942 5| L0132 ° £0047 |0s 44970 593 0.86f - - - 2
89 Tesso 210| 256 +030 +025[42.1 0873 | 224 +.035 S 88 Tasso 207|.0111 +003 £002|34.8 0942 | 0105 +.0034 5 M B
89 Tasso 210| 218 +011 +021|348 0934 | 204 +023 1966 400 006| - - s 85 Tasso 203|.0260 +008 (£009)t| 34 0949 | 0247 +.0076 T
88 Tasso 207( 218 £011 +021f348 0934 | 204 £023 R 5 84 Tasso 196 (.0260 +.008 +009| 34 0949 | 0247 +O0l14 DR
g:::::; ;g; §7§ fg “325 ‘;‘ ggz; g; :g;; -~ Ay : 83 Tasso 192[.0260 +008 +009| 34 0949 | 0247 +0114 .16 42
8STasso 203| 220 £050 2 |22 1121 | 247 +0§7 w5, ik 92 Tpe t1 2361.0200 +004 +003| 29  1.000 | 0200 +.0050 40000 800 0.24[ 68 506 - 3
83 Tasso 190 280 +040 +040| 33 0952 | .267 4054 3 o Mgl - ww =02 91 Tpe  237(.0200 +004 +.003| 29 1.000 | .0200 0050 68 53 - 3
81 Tasso 182] 280 £040 +040| 33 0952 | 267 +054 i el 4 90 Tpc  235(.0200 +004 +003| 29 1.000 | .0200 +0050 T
92 Tp 1+ 236| 211 010 +014[ 20 1000 | 211 +017 | 3378 713 001|68 1038 - 3 85 Tpe  226[.0200 +009 - |29 1000 | 0200 +0090 AR R
91 Tpc 27| 211 £005 £OM4] 29 1000 | 211 £O17 68 1038 - 3 85 T, 22710200 +008 +004| 29 1.000 | 02 .
90 Tpc 235|211 +£009 +014[ 29 1000 | 211 +017 70 1038 - 3 MTW 21900250 009 oos| 29 1000 0228 f'g?gg Lanl Bt
8STpc 223[.197 012 +017| 29 1000 | 197 £021 | 2309 455 o3| - - - 6 P : ; - g v T Gaalll - 4
8STpe 226 200 020 - |29 1000 | 200 £020 i Al 84 Tpc  220/.0250 +009 +008| 29 1.000 | .0250 0120 i ——
84 Tpc 219| 216 013 +018| 29 1.000 | 216 +.022 - - -6 82 Mark2 133 [
86 Mark2 144 @ 0176  +.0026 | 153006 2687 1.24
84 Mark2 138 @
gﬂ:‘: g: : 85Cleo 44 |.0050 £0010 - |10.5 0975 | .00488 +00098 | 1050E+3 5119 09717 - - -

p R e i s e 88 Argus 14 |.0067 +£.0006 +.0007| 10 1.000 | 00670 +00092 | 1176E+3 7882 087|42 - - -

00584 +.00067 | 2226E+3 13002 136
88 Argus 14 | 092 £003 +008] 10 1.000 | .092 +.009 13699 1260 20S[42 - - -

85Cleo 44 | 066 +010 - [105 0969 | .064 +.010 10606 678 26517 - - - 92 Delphi 85 [.0200 £.0040 £.0030] 91 1.000 020 +.005 40000 800 0.01(42 - - =
BS Tneeo 4@02 {13020+ 0401 iy | 140 “DSLEGHE [lOR L 0L ik Sl 92 Opal 161 .0206 £0011 +0019] 91  1.000 | 021  +002 | 207469 4274 0.00[ 20 726 388 -

080 +006 | 24304 1939 217

92 Aleph  § [ ]

94 Alepnt 300] 386 +016 - | 91 1.000 | 3860 0160 3906 1508 086 - - - - 021 +.002 247469 5074 0.11
93 Delphi 02| 357 +017 27 |91 1000 [ 3570 0170 < g s -
92 Delphi 85 | 360 £030 +060| 91 1000 [ 3600 +0671 22 80 003 - 1915 - - 87 Argus 12 10
94134t 301| 370 £010 +040|912 099 [ 3698 +o412 89 218 000f - - - - 86 Argus 11 T
90 Mark2 152| 470 £100 +050| 91 1000 [ 4700 £.1118 0 25 6
920pal  161] 351 £003 +019| 91 1000 [3510 £0192| 2703 949 L10| - 17.5K7.5K - 85 Argus 8 10
93 Aleph 6 | @ 84 Cleo 40 10.5

3712 +0116] 7420 2754 081 84 Cleo 43 10.5
_ 83 Jade 114 12-35.
g;:::“: :f :g 84 Mark2 139 29

us

o5 Al '8 i 78 Spear 175 4-7.
84Cleo 40 10.5 83 Tasso 190 22-44
86 Hrs 101 29 81 Tasso 182 22-44
85 Mark2 141 29 84 Tpc 217 29
82 Mark2 133 il Note: The numbers under “Ref™ refer to the articles listed in the Appendix: Key to Tables.
82 Mark2 134 29
81 Pluto 171 512,
77 Spear 174 4-7.
90 Tasso 211 22-4
84 Tasso 198 2244
83 Tasso 192 2244

Note: The numbers under “Ref" refer to the articles listed in the Appendix: Key to Tables.

t Systematic error is not quoted; syst = other reference is assumed
T This measurement 15 of Lambda-Bar only. T
el PC/Two-Gamma paper (o be submitted.
$ Sumbmiticd to ZPhyeC.
#4 Submitted to Phys.Lett.B.
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Table 36 A++ Production Rate Measurements.

Ecm In(E/2m)] Scaled

84 Tasso 198 <.10 95% - 344 0935 | .094 - AN LT i
<094 95%.
040 +008 1006 040 +£010 10000 400 0.00] 45 1185 -
[ ]
040  1.010 | 10000 400 0.00)

weight w*value  y2[Lu Sig Bck

18
85Cleo 45

Table 37 Z*+ Production Rate Measurements.

weight w*value 2] Lu Sig Bek

87 Hrs 106 | .0330 +.0080 % 29 1.000 | .033 4 11236 3708 0.00|3 - -
89 Tasso 210{ <053 95% - 348 0928 | 049 - e
88 Tasso 207|<.053 95% - 348 0928 | .049 - SR
84 Tasso 198} <09 95% - 344 0932 | .084 - 73 - -
85 Tpc  227].0730 +0320 £017 [ 29 1000 | .073 +.036 77 39 4 ;1
8 Tpe 226 .0730 +.0360 - 29 1000 | 073 +036 77 -1
t 033 +.009 11236 3708 0.00|
88 Argus 14 [.00513 £.00095 £00092) 10 1.000 | .005 +.001 42 - -3
88 Argus 14 100553 £.00109 +.00098] 10  1.000 | 006 +.00} 42 - -3
- sum - .01066 +.00197 - 10 1.000 | .011 +.002 | 256581 2735 000(42 - - 3
011 +.002 | 256581 2735 0.00]

26008  988.3 0.00) 20 2480 - -
26008 9883 0.00

Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.

t No attermnpt was made to include upper limits in avernging.
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Table 38 Z+0 Production Rate Measurements.

Ecm In(E/2m){ Scaled weight w*value

40000  40.0 0.67)207
41580 3742 0.64{ 68

81580 414.2 1.14

88 Argus 14 1.0015 +.0005 +.0002 0015 +.0005 3844675 5613 0.00
0015 +.0005 | 38E+6 5613 0.00

92 Opal .0063 £.0010 £.0010] 91  1.000 [ .0063 +.0014 500000 3150 0.00
0063 +.0014 3150 0.00

87 Argus
86 Argus

weight w*value

0140 £.0060 =+ { 01400 *.00721 14
.0140 +.0060 . : . 01400 +.00721 19231 269.2 1441207 16
<013 95% & : .01199 A
0042 +.0022 +. 4 00420 +.00261 | 147059 617.6 0.19| 68
0042 £.0022 . 1.000 | .00420 +.00261

.0037 +.0018 . 1.000 | .00370 +.00228

0270 0170 - A 02700 +01700

.0270 £.0120 £ A .02700 +.01500

00533 00245 | 166290

88 Argus 14 [.0007 £.0004 £.0001| 10 1.000 [.00072 +00038 [6825939 4915 0.00{42 - - -
00072 +.00038 | 683E+4 4915 0.00)

92 Opal .0050 £.0012 £0009] 91 1.000 |.00500 +.00150| 444444 2222 0.00] 20
00500 +.00150 | 444444 2222 0.00)

12
1

Nate: The numbers under "Ref" refer to \hL articles listed in the Appendix: Key to Tables.

t This measurement was estimated by C.D.Buchanan.
tt TPC/Two-Gamma paper (o be sumbsitted.
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Table 40 Nch Production Rate Measurements (includes K°g & A° decay products).

Yr Exper Ref EcmIn(E72m){Corrected 11 weight w¥value x2 [Lu K A
86 Hrs 100 11.34 +063 30 ( 29 1000 {1256 +30 (10.797 13566 0.22(185. x -
86 Hrs 95 (1310 +05 +60 |29 1000 [13.10 +60 | 2.759 36138 1272 - - |
85 Hx 98 [ 13.10 +05 +60 |29 1000 | 1310 £60 - b b
87 Jade 122( 1180 +40 £70 | 34 964 | 1138 +79 1 % TR
83Jade 113|1140 £40 +70 | 30 992 | 1254 +80 | 1.556 19511 0.02 X
83Jade 113|11.87 £40 70| 35 958 |12.60 +£79 | 1.598 20136 00S| - £ EE
79Jade  112{ 1160 350 ? 1277 1011 | 1172 15) 2 .
79 Jade 112[10.10 +70 ? 22 1.068 | 1079 +.78 04 ? 7 -
79 Jade 112[ 1170 £50 i 30 992 | 1161 %50 F T SR O ¢
79 Jade 1112|1090 +.60 ? 316 980 1069 +59 A i
85 Mark2 143[12.90 +10 60|29 1000 |1290 +6l1 2703 34865 062|205 - -
80 Pluto 170| 970 70 (7%){ 22 1068 | 1132 +1.07 - b R
80 Pluto 170/ 1040 +30 (¥7%)H276 1.012 | 11.48 +80 1.568 18.003 139 x -
80 Pluto 170( 1040 +20 (¥7%){302 991 1126 £75 1779 20037 239 XK
80 Pluto 170| 10.60 30 (£7%)3307 987 |[1142 £79 1.593  18.196 1.60 x =I5
80 Pluto 170|11.00 +30 (¥7%®)H31.3 983 |11.77 +82 1.504 17698 064 X =
80 Pluto 170] 1060 +.10 (£7%)H309 586 |1141 +74 1822 20787 187| - x -
89Tasso 209{ 1130 +08 +46 | 22 1.068 | 1207 +55 - =2
89 Tasso 209 1359 +02 +46 |348 959 | 13.04 +47 | 4495 S8614 172 - - G e
89 Tasso 2091|1508 +06 +47 [436 914 |1378 +£58 - Bl
84 Tasso 1971122 £07 %4 22 1068 | 11.99 +45 90 -2
84 Tasso 197 11.69 +24 (23%)8] 25 1.036 | 12.11  +47 2
84 Tasso 1971279 13 @3%14305 988 | 1264 +42 2
84 Tasso 197 13.48 103 #3%)13)345 961 | 1296 +43 - =2
84 Tasso 197 1441 +24 £45 |415 923 | 1331 +58 - E e
80 Tasso (79 1120 +£70 +80 | 22 1.068 {11.97 2i.i6 - g . e
80 Tasso 179 12,10 +30 +80 |27.6 1012 | 1224 +87 - i el
80 Tesso 179 13.40 $£20 +90 (303 990 | 1327 +91 -
80 Tasso 179 13.10 +30 £90 |312 983 1288 $94 - g 2
83 Tpe 21411200 +30 +$1.00| 29 1.000 | 12.00 +1.04 €87, 2 W%
85 Delco 79 ¢
79 Nene 252 #
78 None 250| @
88 None L]

2 [2130 £10 160|912 L 21.29 -

83 12071 04 £77 |913 999 | 2070 +£77 1.684 34853 0.18] - - ?
90 Delphi 82 | 20.60 11.00 - 913 999 (2059 £1.00 - T2
9213 12612079 t.52 - |91.2 1000 [2078 +52 | 3.701 76915 0.23| - -
91 L3 1242070 +70 - 1912 1.000 [2069 +70 | 2.042 42261 023| - - -
90 Mark2 151(20.10 +1.00 +90 |91.1 1.000 |20.10 #1.35 02 - - 8
90 Mark2 153]20.10 $1.00 +90 |91.1 1000 |20.10 +£1.35 | .553 11107 048 .02 8
92 Opal 159| 2140 02 +43 (912 1000 |21.39 +43 | 5401 11553 07135 - - ?
90 Opal 1156|2128 +04 +84 (913 999 |21.27 +84 [T s
90 Delphi 81 | &

21.03 125 | 16.085 338.25 0.64

Note: The numbers under “Ref™ refer to the articles listed in the Appendix: Key to Tables.

T all scaling based on an average mass of 193.4MeV.
1 comected {0 include decay products ¢ X°G & A* i x'd in corresponding collurn.
$ sylematic emror inclusion not specified. 7% assumed
$1 syst not included: 3% assumed.
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Table 40 Nch Production Rate Measurements (continued).

81 Lena
81 Pluto
81 Pluto
80 Pluto
80 Pluto
80 Pluto
80 Pluto
89 Tasso
84 Tasso
84 Tasso

79 Adone
79 Dasp
77 Dasp
92 Delphi
91 Delphi
86 Hrs

85 Mac
82 Markl
82 Mark2
79 Mark)
89 None
90 Opal
79 Pluto
79 Pluto
78 Pluto
85 Spear
76 Spear
75 Spear
90 Tasso
82 Tasso
82 Tasso
79 Tasso
88 Tpc
88 Tpe
87 Tpe
84 Tpc
93 Venus

26
38
113
127
127
171
171
170
170
170
170
209
197
197
179
179

102
129
130
138
154
268
155
169
256
167
264
246
242
212
188
187
178
233
231
232
215
240

8.10
7.20
632
642
6.90
740
6.90
7.40
7.40
8.00
9.30
8.48
9.08
9.00
10.70

$02
+10
+.50
+08
2
.10
+20
+10
+20
+.30
+.30
.06
+21
+.05
.40
1.60

+.20
130
+70
+10%
v
7%
1%
1%
7%
7%
7%
.41
+.25
(#3%)¢
.60
+.70

EcmIn(E/2m){Corrected t1

10.6
12
95
10
9.4
12.0
9.4
120
13.0
17.0
14
12
14
13.0
17.0

29
58

982
947
1016
1.000
1.020
947
1.019
947
925

196
754
642
6.42
7.66
162
7.65
1.62
7.46
749
343
8.03
823
833

weight

10.169
1.468

3893
3397

2933

4.775

80.918
11.066

29.809
25.901

21.895

40.242

7.23
183
1.08

204
195

247

0.01

.88

Note: The numbers under “Ref” refer to U

+ all scaling based on an average mass of 193.4MeV.

11 comected to include decay products (K°G & A® if x'd in corresponding coltumn
4 syst not included: 3% assumed.
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Table 41, References Relevant to Production of Do. Table 43. References Relevant to Production of  Ac .

YrExper Ref[Ecm Channel Lum| Comments [Yr Exper Ref [ Ecm Channel Lum| Comments

Yr Exper Ecm Channel Lum| Comments [Yr Exper Ref[Ecm Channel Lum| Comments

rs 1 - 2 Argus 89 Mark2 EAX.HAX 207 S 10 eAX.pAX 494 [s=~2000

87 Hrs 104 | 29 = - - 92 Argus 88 Mark2 148 29 eAXMAX 207 [s/n=11/3.6/488 Argus 15 | 10 PKxAxrnPK 219 [s=480/10/73
85 Hrs 96 | 29 5 - Ds 92 Argus 92 Tpc 238 29 PKr 70 |s=16 85 Argus 8 |10.2 PKr
84 Hrs 91 | 29 - - - 85 Argus 90 Tpe 235| 29 PKr 70 |different BR|91 Cleo 52 | 10.6 PKn,PK.PKnnAr
85 Jade 120 |1245. = - = 85 Argus 90 Mark2 150 | 29 = - 86 Cleo 48 | 10.6 PKr
88 Mark2 147 | 29 = - Ds 92 Cleo 82 Mark2 134 29 e - 85Cleo 46 | 105  Anmnx
855 & 265 - 91 Cleo 82 Mark2 132 29 ~ - 85 Cleo 47 | 106 Anran - |BRonly
76 % 248 | - 84 Cleo 80 Mark2 131 5.2 PKr 9
87 ¢ 266 - 76 Mark I 90 Cleo 51 | 106 -
80 @ 259 - 88 Argus 16 | 10 =

R0Cleo 50 | 10.5 -

87 Cleo 49 | 10.5 -

Note: The numbers under "Ref” refer to the articles listed in the Appendix: Key to Tables.

Table 42. References Relevant to Production of ~ D*t.

Yr Exper Ref[Ecm Channel Lum| Comments [Yr Exper Ref | Ecm Channel Lum| Comments

86 Delco 78 | 29 - - - 92 Argus 28 | 10 - - D
85 Deleo 80 | 29 = - - 92 Argus 27 | 10 S - D’
88 Hrs 109 29 = - - 92 Argus 25 | 10 = = D+
86 Hrs 101 29 = - - 85 Argus 10 | 10 = - -
84 Hrs 931 29 = - - 85 Argus 9 | 10 = - -
84 Hrs 92 | 29 - - - 85 Argus 8 | 10 = - D*.D¥+
84 Hrs 90 | 29 = - - 93 Cleo 64 |10.6 = - D
85 Jade 120 |1245. = - - 93 Cleo 63 |10.6 = - D* BR
84 Jade 118 [1245. = - - 93 Cleo 62 | 10.6 > - Ds
84 Jade 117 |1245. - - - 93 Cleo 61 [10.6 ~ - DBR
84 Jade 116 |1245. = - - 93 Cleo 60 | 10.6 = - Dt
82 Mark2 135| 29 ~ - - 92 Cleo 58 | 10.6 = - D* BR
84 Tasso 196 [1245. = - - 92 Cleo 57 | 10.6 - - Ds
84 Tassa 195 [1245. = - - 92 Clec 56 [ 10.6 = - Ds
83 Tasso 194 |12-45. = - - 92 Cleo 55 | 10.6 = - Ds
83 Tasso 193 |1245. = - - 92 Cleo 54 | 10.6 - - D’
83 Tasso 191 [1245. o - ~ 91 Cleo 53 | 10.6 = - D
86 Tpc  228| 29 = - D'.D*t [88Cleo 50 |10.6 = - -
85Tpc 226| 29 ~ - - 84 Cleo 42 | 10.6 = - -
85 e 265 - 84 Cleo 41 | 106 = - -
s3é 263 - 82Cleoc 39 | 106 = - -
82¢ 262| - 77Cleo 36 | 10.6 = -
sl ¢ 260 - 82 Spear 177 | 2-10. =
9¢ 255 - 93 Topaz 213 | 58% =
774 249| - 93 Venus 239 | 58+ - - -
91 Aleph 3 | 91 - - D
93 Delphi 88 | 91 = - D
Note: The numbers under "Ref™ refer to the articles listed in the Appendix: Key to Tables.
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Table 44.

Cross Referencing Table (overlapping datasets are grouped in'[ 1.

n0

10 GeV
29 GeV
91 GeV

20,44,(68,66],119 ]
34,119,123,(196,205),208,[225,226]
124,301

10 GeV
29 GeV

17,44,76,190,203
[190,203,208],202,(215,226],233

n°n

10 GeV
29 GeV
91 GeV

13,20,66,68; 24,30,66
34,[107,108],[115,119,123],147; 147
4,301; 4

Kt

10 GeV
29 GeV

17,37,44,76,203
[190,202,203,208],{215,226],233

'

10 GeV
29 GeV
91 GeV

17,44,69,113,171,[203,211]
35,[103,111],113,122,141,152,171,180,[196,203,211],218,226
85,152,157,300,301

pO KTt

10 GeV
29 GeV
91 GeV

29,44, 29,44
[97.110],116,[199,203],234; 105,116
87; 85,163

KO

10 GeV
29 GeV
91 GeV

29,44
35,[97,110],211,[218,226),234
87,160

60

10 GeV
29 GeV
91 GeV

19,29,44
[216,226],234
160

p;t

10 GeV
29 GeV

17,44,76,77,(190,203]
114,(190,201,202,203,208},{215,219,226],233

AQ

10 GeV
29 GeV
91 GeV

14,44,203
35(99,1031114,121,142,152(182,1901(203,207,2101(219,223,2261(235,236,237]
85,152,161,300,301,302

m

10 GeV
29 GeV
91 GeV

14,44
106,{122,192,196,203,207,210][145,148]{219,220,226,227,235,236,237]
85,161

At

10 GeV
29 GeV
91 GeV

18; 14
198; 106,198,[207,210],[226,227]
161

=¥0q-

10 GeV
29 GeV
91 GeV

14; 14
[145,148],[235,236,237]; [146,148],207,[226,227],[235,236,237]
161, 161

Ncharged

10 GeV
29 GeV
57 GeV
91 GeV

26,38,113,127,[170,171],179,[197,209]
[95.98].100,(112,113,1227],143,170,179.[197,209].214
7

2,82,83,124,126,[151,153],[156,159?]

Note: The numbers listed here refer to the articles listed in the Appendix: Key to Tables.
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V1. DI

USSI

N

A. COMPARISONS AMONG RATE MEASUREMENTS

The inclusive production rates of K°,

o =—
y =

improve the accuracy of the world-averaged rates as displayed in Table 45.

Table 45. Improvements in the World-averaged Rate Accuracies.

, ¥t and Q~ measured herein

ID # [Rate Absolute Relative [ Common error error Decay
Emor  Error | Systematics:| VX¥%dof dueto including | Table
?nt?rf gl X0t N ¥2dof ol
K°® 111396 +.066 +4.7% 88% DA| 068 +0.0% +4.7% 4%
+1|1.370 £.075 +5.5% 0% - 0.00 +0.0% +5.5% 4%
12 ] 1.402 +.063 +4.5% 89% DA 0.65 +0.0% +4.5% 4%
A° 8 |0.2090 £.0133 +6.4% 75% DA | 051 +0.0% +6.4% 4%
+1]0.1825 +0153  184% 0% - 0.00 +0.0%  18.4% 4%
9 |0.2051 +.0125  +6.1% 84% DA| 065 +00% 16.1% 4%
== 5 {00175 +.0031 +177% 8% A 124 +131% +22.1% |71%
+1 | 0.0179 +.0088 +49.0% 0% - 0.00 +0.0% +49.0% 7%
6 |00174 +0032  +183% |64% DA| 1.11  +88%  $203% |7%
T* 1 100330 10094  1286% |0% - 0.00 +00%  1286% |7%
+1 1 0.0183 +.0107 +58.2% 0% - 0.00 +0.0% +58.2% 7%
00269 +.0073  #27.2% |22% A 099 +00% +272% |71%
Q2 ].00534 100263 +49.2% 36% A 1.28 +39.3% 163.0% 10%
+1|.00012 %.00052 4372% |0% - 0.00 +0.0% +437.2% 10%
3 |.00042 +.00098 1236.6% |86% DA 1.71 +328.1% +404.5% 10%
109

This experiment's K® measurement weakens the previous very low TPC measurement's
influence and the world average actually increases. The uncertainty decreases as one
would expect by adding another measurement. The A° measurement brings the world
average and it's relative error down a little at the expense of a slightly increased
disagreement figure (VX2/dof). The =~ measurement similarly weakens the influence of
the previous high valued TPC measurement and decreases the world average. The
increased common systematic error actually increases the total uncertainty slightly, but
improves the agreement among measurements. The £** measurement slightly decreases
the relative error and significantly reduces the world average as expected since the
previous average is but one measurement. The Q~ measurement is very much in
disagreement with the previous world average, and the '\ X2/dof increases reflecting this.
The average drops dramatically and the relative uncertainty increases just as dramatically.
Figures 52 through 56 show the published measurements on the left and the independent
conference and thesis measurements on the right for a visual comparison (see Chapter V

for references).
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Figure 52. K° Measurements from Table 28.
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Figure 53. A° Measurements from Table 34.
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Figure 54. 2~ Measurements from Table 35.
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Figure 55. Z** Measurements from Table 37.
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Figure 56. Q~ Measurements from Table 39.




As one can see, the K° and A° measurements look well behaved. The =— measurements,
with the exception of one old and poorly measured result, also convince one of the
average value's accuracy. The £** measurements however, are meager yet consistent,
and the average value is somewhat uncertain. The Q~ measurements are quite scattered
and uncertain, and the current average would move quite a bit with any new measurement.

It's interesting to compare the previous TPC measurements with those reported
here. Table 46 shows the rate results from all three data sets at the TPC/Two-Gamma

detector, and the deviations among them.

Table 46. TPC Strange Hadron Production Measurements [1, 2, 3, 4].

ID Low Field High Field  Vertex Chamber | LF-HF HF-VC LF-VC
Ke [1.220 +.153 - 1370 £075 |- ¥ -0.880
A° 0197 £021 0211 +017 0183 +£015 |-0.520 +1.240 +0.54
=- [0.020 £.009 0020 £.005 0018 £009 |:0.000 +0.196 +0.16c
s#+ |0.073 £.036 - 0.018 £011 |- 3 +1.46G
- [0.027 £.015 0.0042 +£.0026 00012 +.00052]+1.506 +1.54c +1.79¢
Vyzdof=[1.12 140 127

A systematic variation can be seen between baryon measurements from this dataset and the
previous two, with the newer measurements at lower values. This variation is only
significant for the Z** and Q- results and is ascribed to differences in either the
reconstruction code and cuts (which were previously constructed by H.Yamamoto and
J.Oyang, and in this analysis by E.C.Berg and G.R.Lynch) or the vertex chamber and
Monte Carlo upgrades. This would suggest that the systematic uncertainty of a subset of

these five measurements is underestimated.

A comparison of rates between center-of-mass energies reveals that, as expected,
more hadrons are produced as Ecp, increases. Approximating this behavior with a simple
multiplicative factor and allowing the factor to be different between the 10-29GeV and 29-
91GeV comparisons is equivalent to making a local linear scaling violation assumption. A
weighted average over all species from Table 22 except 1, i' and Q- (due to their large
deviation), A** and Nchargcdv results in scaling ratios of 0.53+.02 and 0.63+.02 for the
two comparisons. Note that the X2 Adjusted" errors are used. The probabilities that the
above two numbers are averages of statistical samples are ~6% and ~80%. The degree of
agreement within these averages can be improved by separating baryons from mesons, the

results of which with the probabilities of being statistical averages are:

mesons baryons
Rate at 10GeV/Rate at 29GeV  0.57+.03 (45%) 0.40%.04 (90%)
Rate at 29GeV/Rate at 91GeV  0.64+.02 (70%) 0.58+.04 (72%)

The improvement is sensible since the production mechanism for baryons is known to
differ from mesons (3 quarks rather than 2). Using these scaling factors, the consistency
between measurements at different energies may be made. The results of such a
comparison (made by scaling this experiment's results to higher and lower energies, and

then comparing with the world averages) are presented in Table 47.



Table 47. This Experiment's 29GeV Results Compared with 10GeV and 91GeV Results
{(T29gev*factor - T'10 or 91GeV)-

ID 10GeV agreement probability 9iGeV agreement probability
K° -1.23¢ 23% +0.48c 54%
A° -0.43c 68% —1.460 14%
E- +0.366 77% +0.68¢ 51%
Tt -0.71c 49% -0.32¢ 70%
Q- —-1.45¢ 15% -2.74c 0.6%

The deviations can be interpreted as a \/;2’for one degree of freedom (since the X2
Adjusted’ uncertainties were used) from which probabilities for the deviations being
statistical are derived. The K° deviation from the average approximate scaling at low Ecm
is most likely due to the physics of the production, since there are six measurements for
the low average and this measurement agrees with the average of eleven others at 29GeV.
This weakly suggests the K° produced rate at 10GeV is unusually high, since the local
linear approximation is in good agreement at high Ecr,. The disagreement at high Ecp, of
the A° is most likely an indication that the measurement herein is a low statistical
fluctuation, since the 29GeV average is in excellent agreement at both low and high E.ry
(+0.090 and -0.430). This Z— measurement is not only in excellent agreement with other
29GeV results but with the two 10GeV and the two 91GeV results as well. This X**
result is in good agreement with the low and the high energy results. The HRS value [5]
(the only other one at 29GeV) is likewise in good agreement (low +0.550, high +1.080).
The best 29GeV value, which forms consistency among these two measurements and two
averages, would lie between the two 29GeV values, and so it's likely to be accurate. The
Q— comparison suggests that this measurement is low, as do the previous two

measurements at 29GeV. The spectral extrapolation has a large influence on these

measurements (see Section B). If on the other hand, this measurement is accurate, then the
local linear scaling is violated by the Q- rate in a way differing from the other hadrons,
possibly due to it's triple strangeness.

The spectra agree qualitatively well with previous measurements in this energy
region as seen in Figures 57 through 61. The errors shown are statistical errors only.
Some scaling has been applied to results published in terms of different variables, for
instance Xe = Xp or s/Bedo/dx = 1/(cB)edo/dx. However no Ecp, scaling has been
applied. The somewhat higher Ec for Cello (at 35GeV) and Tasso (at 34.8GeV)
contributes to their lower peak value for K°, their lower peak value and downward shift of
their A° curves, and the downward shift of their Z- curves. This experiment's
measurement of the Q- rate (especially the lowest 0-0.14 Xp bin) suggests that the
previous Mark Il measurement was an upward statistical fluctuation, since that integrated

rate is dominated by the lowest bin.

K° X
1 TPC VC ¢
e RO Cello A
% i HRS O
:9 i TPCLF X
]
L 14 ﬁ.
o ] -
x e
0.1+ 1
5 I
O s Lmea———

000102030405060.708091.0
Xg =Eyo/Epeam

Figure 57. Comparison of K° Spectra [2,6,7].
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B. COMPARISONS WITH MODEL PREDICTIONS
In Tables 48 and 49, the inclusive rate predictions of various models are compared
with the world averages from Section A of this chapter (including this experiment's

results) and from Table 22.

Table 48. Rate Comparisons with Predictions of Various Models.

Table 49. Statistical Agreement of Various Rate Predictions with Data.

gg’{m;“d Lund UCLA Webbert

K° at all Ec 298  00%| 089  45%| 220 3%
A at all ey 2.14 1%| 200 15%| 324 01%
E- atall Eem 085  45%| 146  11%| 17.02  0.0%
¢ at all Eem 224 07%| 417 00%| 1569  0.0%
Q- atall By 2.12 1% 2.01 2| 404 0.0%
10GeV rates 1.42 okl 110 3wl . g

29GeV rates 085  55%| 164 | 436 0.0%
91GeV rates 3.02 00%| 324 00%| 1109 00%
overall 184 00%| 203 00%| 794 0.0%

Rate: Dataf  Lund LU-DA UCLA UC-DA Webber WE-DA

0.898 0.707 -2.360 0.865 -04lc - -
K° 10GeV | £.081 £.001 +.003

1.402 1.345 0676 1.317 0.990 1.607t +2.200
K°29Gev | +.085 +.002 1.004 +.03

2.080 1.750 3420 2.017 -0.65¢ 2.07 -0.100
K°91GeV | +.096 +.002 +.004 +.005%

0.0802 0.0809 1+0.050 0.0697 -0.700 - -
A° 10GeV | £.0149 +.0004 +.0008

0.2051 0.1967 -0.560 0.1714 22250 0.236 +2.07¢
A°29GeV | £.0149 +.0006 +.0013 +.0005%

0.3705 0.3033 2970 0.3298 _1.80c 0.427 +2.500
A°91GeV | £.0226 +.0008 +.0018 +.0005%

0.0058 0.0054 -0.40G 0.0049 -0.88c - -
Z- 10GeV | £.0010 +.0001 +.0002
o 0.0174 0.0134 -1.08¢ 0.0114 -1.620 0.036 +4.980
Z—29GeV | +.0037 +.0002 +.0003 +.0005%

0.0205 0.0214 +0366 | 0.0229 +0.94c | 0.062 +16.280
Z-91GeV | +.0025 +.0002 40005 +.0005%

0.0107 0.0125 +0.85¢ ] 0.0136 +1.360 : -
T*E 10GeV | £.0021 +.0002 +.0004

0.0269 0.0344 +0.990 0.0379 +1.44¢ 0.071 +5.790
T*29GeV | £.0076 +.0003 +.0006 +.0005%

0.0380 0.0574 +2.890 0.0756 +5.560 0.136 +14.590
L*£91Gev [ £.0067 | +.0003 +.0009 +.0005%

0.0007 0.00019 -1.270 0.0002 -1.24c -
- 10GeV | £.0004 +.00002 +.00004

0.00042 0.00044 +0.0la 0.0004 -0.0lc 0.0053 +2.900
Q- 29GeV [+.00168 | +.00003 +.00006 +.00005%

0.0050 0.00066 2716 0.0009 22.560 0.0095 +2.81c
Q- 91GeV | +.0016 +,00004 +.00009 +.00005%

T These errors are the "y2 Adjusted’ errors and include the decay table uncertainty as well.
11 This value is the one that was reported more accurately in HRS {151,
+ This error was assigned assuming the quoted decimal places were accurate.

t These comparisons are between v4.1 at 29GeV and v5.0 at 91GeV and so are not strictly valid.

The Lund model's predictions were measured using the tune described in Chapter 11
which was insensitive to flavor distributions, and so improved tunes are likely to exist.
The UCLA model values correspond to Figure 3 of UCLA's publication [11]. The
Webber model's predictions at 29GeV and 91GeV were taken from different versions: the
defaults of TPC's [1] HERWIG v4.1 and OPAL's [12] HERWIG v5.0. The newest
versions (5.4 and 5.6) have been seen to predict even higher rates by ALEPH [13] and L3
[14]. Table 48 lists data and predicted values to compare and the discrepancies in standard
deviations between model predictions and data. Table 49 combines results at all three
energies for each flavor, and for all five flavors for each energy. It displays the  y2/dof
disagreement factors, and probabilities that the discrepancy is statistical in nature. Error
propagation is based on the first Taylor series term and is accurate only for small errors.
As can be seen from the probabilities in Table 49, the agreement between models and data

is good to first or perhaps second order, but disagreements definitely exist. Agreements
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have less significance, since they may be due to large errors. By studying these
probabilities, the places where the models more likely disagree with observations can be
identified. By studying the discrepancies in standard deviations, trends in the
disagreements can be identified. These observations are made below.

Another way of looking at the production characteristics is with inclusive rate
ratios. The following are the interesting flavor-spin ratios that can be constructed from
these five rates. The values of these ratios derived from Table 48 at three energies are

listed in Tables 50 and 51.

Table 50. Rate Ratio Comparisons with the Predictions of Various Models.

Table 51. Statistical Agreement of Various Ratio Predictions with Data.

x2/dof and

probability Lund UCLA Webber!
K°/A® atall Ecpp 0.79 50% 1.29 18% 1.78 7%
K°/Z— at all E¢py 1.42 12% 1.62 7% 5.52 0.0%
A°/E- atall gy 1.38 15% 1.35 16% 4.95 0.0%
E-/Z** atall B¢ 1.40 14% 2.01 2% 0.95 37%

LK)~ atall Egy 9.89 0.0% 6.47 0.0% 2.43 15%

10GeV ratios 2.32, 0.0% 1.77 1% - -

29GeV ratios 0.96 43% 1.52 5% 1.45 8%
91GeV ratios 6.77 0.0% 4.54 0.0% 3.76 0.0%
overall 3.86 0.0% 2.23 0.0% 2.69 0.0%

Ratio: Data Tund LUDA UCLA UC-DA Webber WE-DAT

K°9/A° 11.20 8.74 -1.060 12.41 +0.520 - -
10GeV | £2.31 +.05 +.15

Ke/A° 6.84 6.84 -0.000 7.69 +1.310 6.78 -0.080
29GeV | £0.65 +.02 +.06 +13

K°/A° 5.61 L 0.360 6.12 +1.170 4.85 -1.78¢
9]GeV | £0.43 +.02 +.04 +.01

Ke/E— [ 154.90 131.00 0190 176.55 +0.700 : .
10GeV | £30.14 12.44 $7.23

K°/E— 80.57 100.37 +1.110 115.56 +1.940 44,44 2.020
29GeVv | £17.82 +1.50 +3.06 +1.04

K°/E— |101.45 81.76 1490 88.09 -1.000 33.39 5140
91Gey | £13.24 10.77 +1.93 +.28

N 1383 14.98 +0.330 14.22 +0.110 - -
10GeV | £3.50 10.29 +0.60

A°/E— 11.79 14.68 +1.090 15.04 +121c | 6.56 -1970
29GeV | £2.65 10.22 1041 +.09

A°/E— 18.07 14.17 _1.580 14.40 -148¢0 6.89 4.54G
91GeV | £2.46 $0.14 $0.32 +.06

=Z-/2*E 10542 0.432 0.780 0.360 1270 : .
10GeV | £.142 +011 +.018

=—/E*t 10.647 0.390 1.126 0.301 1516 0.507 0.6lc
29GeV | £.229 +.007 +.009 +.008

E-/2*t 10539 0373 -1.440 0303 2.040 0.456 0720
91GeV | £.116 1.004 +.008 +.004

i3 LG 1529 [65.79 +4.360 68.00 3180 - =
10Gev| 1924 |+7.00 +13.75

P 64.05 |78.18 +0.060 94.75 +0.120 13.40 0200
29GeV | £256.83 | £5.37 +14.29 +.16

Q- 7.60 186,97 +13.280 84.00 +8.580 14.32 +2.420
91Gey| 278 [#529 18.46 +09

+ These comparisons are between v4.1 at 29GeV and v5.0 at 91GeV and so are not strictly valid.
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t These comparisons are between v4.1 at 29GeV and v5.0 at 91GeV and so are not strictly valid.

These ratios show some Ecp, dependence. The K°/A° ratio, both in data and model
predictions, shows a decrease for singly strange hadrons in the (spin 1/2) baryon
suppression felative to (spin 0) mesons with increasing energy, presumably because it's
easier to produce baryons (in pairs) as Ecr, increases. The A°/Z— ratio suggests a
possible, but statistically inconclusive gradual increase in the doubly strange suppression
relative to singly strange spin 1/2 hadrons with increasing energy. The Z-/E** ratio shows
no energy dependence of the suppression of spin 3/2 singly strange relative to spin 1/2
doubly strange hadrons. Lastly, the £*#/Q- ratio may show a decrease in the suppression
of triply strange relative to doubly strange spin 3/2 hadrons with increasing energy, but
there is a need for further measurement of these difficult and low rates before any firm
conclusion can be reached.  In comparing with model predictions, some observables
have more influence on modeling than others. The particular observables considered here

have less impact for modeling than the parameters used in the models themselves (e.g.: the
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Lund model's s/u parameter), but the methodology is appropriate. The various models
accurately emulate the above rate and rate ratio observables as follows:

The Lund model most likely agrees with the Z- rates, 29GeV rates, K°/A° ratios,
and the 29GeV ratios. The 290GeV agreements are not too surprising since the parameter
values used were determined by tuning to 29GeV data (see Chapter II for specific values).
The Lund model most likely disagrees with the K° and A° rates (although Delphi's tune to
29GeV accurately predicts both 91GeV rates), £** rates, Q- rates, 91GeV rates, £*+/Q-
ratios, 10GeV ratios, and 91GeV ratios. The flavor disagreement might possibly be
removed by using a tune more sensitive to hadron flavors. Observed trends in the
disagreements can inspire model adjustments. If the model predictions are scaled by an
arbitrary factor, the disagreement can be reduced a certain amount, suggesting specific
changes in the model. The following independently determined adjustments were found to

improve the probability for statistical agreement as follows (V x2/dof are shown in

parentheses):
All K° rates +14% = 0.0% to 10% (1.49)
All A° rates +12% = 1% to 18% (1.32)
All £*% rates -27% = 0.7% to 60% (0.69)
All Q- rates +375% = 1% to 29% (1.13)

All 91GeV rates +11% = 0.0% to 30% (2.63)
All 2*t/Q- ratios -91% = 0.0% to 58% (0.73)
All 10GeV ratios -15% = 0.0% (2.32 to 2.24)
All 91GeV ratios -28% = 0.0% (6.77 to 6.59)

The adjustments of the K°, A°, £*t, Q—, and 91GeV rates as well as the L*+/Q- ratios
significantly improve the agreement. However, the adjustment to the 10GeV and 91GeV
ratios have negligible effect.

The UCLA model most likely agrees with the K° rates and 10GeV rates. The
parameter values used were determined by tuning to measurements at all three energies.

The UCLA model most likely disagrees with the A° rates, X** rates, Q- rates, 91GeV
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rates, Z-/X*t ratios, X*+/Q— ratios, 10GeV ratios, and 91GeV ratios. Scaling the

predictions by optimized factors reduces the disagreement in the following ways:

All A° rates +15% = 1.5% to 75% (0.47)
All £** rates -41% = 0.0% to 22% (1.21)
All Q- rates +335% = 2% to 53% (0.77)

All 91GeV rates -3% = 0.0% (3.24 to 3.20)
All 2/z*% ratios +71% = 2% to 70% (0.56)
All 2*¥/Q- ratios -90% = 0.0% to 60% (0.69)
All 10GeV ratios -13% = 1%to 2% (1.67)
All 91GeV ratios -4% = 0.0% (4.54 to 4.53)

The adjustments of the A°, £t and Q- rates as well as the Z-/Z*t and *4/Q— ratios
significantly improve the agreement. However, the adjustments to the 91GeV rates and
10GeV and 91GeV ratios have little effect.

The Webber model most likely agrees with the Z-/Z** ratios. The parameter
values used are the defaults. The Webber model most likely disagrees with the A° rates,
Z- rates, L'+ rates, Q- rates, 29GeV rates, 91GeV rates, K°/=-ratios, A°/Z-ratios, and
91GeV ratios. Scaling the predictions by optimized factors reduces the disagreement in the

following ways:

All A° rates -13% = 0.1% to 100% (0.05)
All =~ rates -65% = 0.0% to 18% (1.38)
All £*% rates -70% = 0.0% to 45% (0.85)
All Q- rates -57% = 0.0% to 22% (1.25)

All 29GeV rates -24% = 0.0% (4.36 1o 2.82)
All 91GeV rates -40% = 0.0% (11.09 to 6.84)
All K°/Z-  ratios +144% = 0.0% to 1% (2.16)
All A°/Z-  ratios +126% = 0.0% to 10% (1.53)
All 91GeV ratios +23% = 0.0% (3.76 to 3.52)

The adjustments of the A°, =-, %, and Q- rates as well as the A%/ =- ratios significantly

improve the agreement. The adjustments of the 29GeV and 91GeV rates significantly
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improve the agreement, but there certainly remains disagreement. The adjustments to the

K°/Z- and 91GeV ratios have little effect.

The hadron spectra comparisons obtained for this experiment in Chapter [V can be
presented in a way which shows model momentum dependent discrepancies more clearly.

Figure 62 shows the xp spectra as the ratio of this experiment's data to the Lund

prediction, normalized to the same integrated rates.
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The K° distribution appears to be in agreement with the Lund model. The experimental A°
spectrum seems definitely softer at high x than the Lund model prediction. The Tt
spectrum also appears softer than the model. The Z— and Q- spectra are compatible with
either agreement or overly hard model predictions. These results support the previous
experimental indication that string models overpredict baryon production at high
momentum [1].

The 'hump-backed' spectra of the -In(xp) variable have been studied extensively
by phenomenologists [16, 17, 18, 19]. The K° and A° -In(xp) spectra are fit here with a
reparameterized Gaussian to extract variables for the modified leading log approximation
model (see Figures 63 and 64). The Gaussians are reparameterized as in Equation 25 [20]

where the overall normalizations, N(Y) have been fixed to the integrated rates.

—do__-N Y)( o ’”zexp(-m[ln(l/x) - In(1/xo)P
o d In(x) Y2 N

where In(1/x0) = 0.5Y + ¢/ Y + O(1) and Y = In(Ecm/2Aefr) (25)
1=3.7533, ¢,=0.59272 at 29GeV (from Ni= 5, Ne = 3)

The variables, Acgf and O(1) are fit to the distributions. Aefy is the scale determining
parameter, and O(1) is a constant term which varies with higher order corrections. The
resulting values for K° are 0.72+.14 and -0.34+.09 with a W: 1.9. The values for
A° are 0.74%.19 and -0.56%.21, where W= 4.6. This is in good agreement with
phenomenological predictions [19], however the actual value is more accurately estimated
by fitting the Ecy variation as OPAL did resulting in Aegr = 0.212+.020 and O(1) =
-0.32+.60. The peak values are related to these two parameters, and are expected to

increases with E¢p. The harder spectra for higher Ecp, correspond to higher In(1/Xp) peak
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values. The hadron mass dependence has not been predicted yet. The mean (8), median
(&m), and mode (é’) of these spectra have been found to have interesting interrelationships
[21]. The K° values of £, g™, £°, and g"* (the ¢ from the fit to Equation 25) are observed
to be 2.21+.44, 2.20+.44, 2.10+.49, and 2.15+.41. The corresponding A° values are

1.95+.43, 1.99+.40, 2.10£.52, and 1.91+.87. These lead to values of Pearson's ratio

¥-F
(gm - ) of 10£501 and 4£18 for K°® and A°. Clearly, better statistics are required to

compare this measurement with the predicted deviations from the Gaussian value of 3.0.
The expected Ecy, dependence of the maximum value can qualitatively be seen in Figure
65; however the mass dependence is not so apparent. A thorough survey of measurements

of these peak values may soon be possible at 10, 29, and 91GeV.
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Figure 65. Measurements of &P (or £P*) [14, 16, 19, 22, 23] (the angle coordinate
seperates particle type as well as experiment, and the radial coordinate is the value).
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C. SUMMARY OF MODEL IMPLICATIONS FROM THIS EXPERIMENT

LUND (JETSET 6.3)

The recent L** and =*° measurements by OPAL at 91GeV disagree with the
model's predicted 2*°/Z** ratio [12]. Attempts to tune the model to both rates were
unsuccessful [12]. This experiment's £** measurement supports this disagreement. The
Q- rate observed by Mark Il at 29GeV was drastically higher than this model's
predictions [10]. The value reported by this experiment suggests that the Mark II
measurement was not so accurate, and the agreement with the Lund model may be better
than previously thought. Baryon spectra observed in this study are softer than the Lund
model predicts, as has been seen previously [1]. In general the Symmetric Lund model
with MLLA parton shower gives predictions close to observations in most ways, although
perhaps this is considerably due to the large set of flavor and spin selection parameters.
The JETSET Monte Carlo is very versatile for e+e- annihilation studies because it includes

various options for showering as well as hadronization.

UCLA (UCLA 7.31)

OPAL's low £** rate at 91GeV disagrees with the UCLA model's prediction also.
The UCLA model's lack of flexibility (compared with the Lund model) prevents tuning to
this rate. The similarity between the previous experimental 29GeV rate (0.033) and the
91GeV rate (0.038) was surprising, and so these data suggested a measurement
fluctuation of one of them. The measurement reported here of a low rate at 29GeV is
evidence for the fluctuation being at 20GeV and not 91Ge V. While improving the apparent
energy scaling, this thesis' measurement continues to make the UCLA model's predictions
disagree with £** observations. The UCLA model's - rate prediction is similar to that

of Lund. Thus this experiment's measurement suggests that the UCLA model prediction
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likewise is in better agreement with the experimental data than previously thought. Both
the Lund and UCLA Monte Carlos predict overly hard baryon x-spectra, and both use the
MLLA parton shower and LSFF (for z-selection). Therefore, it is likely that this spectral
disagreement is not due to the flavor selection mechanism, which differs between the
models. In general the UCLA hadronization technique makes predictions close to most
observations. The reduction in parameters relative to the Lund mode! suggests that the
UCLA model's assumptions may be in agreement with the underlying physical

mechanisms.

WEBBER (HERWIG 4.1 or 5.0)

Baryon rates are poorly predicted by this model (which is more focused on the
parton shower effects) as has been seen previously. These measurements were not
expected to test this model in more than a broad sense. In general the Webber model
shows excellent parton shower effects, but baryon correlation lengths much shorter than
observed [1]. If the shower were cut off sooner, and additional flavor dependent
dynamical assumptions added to the hadronization, perhaps the agreement with

observations would rival the Lund model.
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D. CONSIDERATIONS FOR FURTHER EXPERIMENTATION

Further observation is warranted if there are few published results, a large
uncertainty, or if there is a large disagreement factor among measurements. The following
inclusive rates are the ones in the most doubt, where the flavors not in parentheses are

more seriously in doubt:

at 10GeV: 7', A+, E*, Q- 1, (KL, K*E, ¢, pt, A, T*),
at 29GeV: 1, At 5% Q- (T*),
at 91GeV: W', A+, E* Q- ¢, (KT, K*E, po, pt, £*),

ALEPH may soon publish (presently preliminary) results on Z- (a slightly high value) and
Q- (a smaller value) [24]. OPAL may soon publish results of A++, the first such
measurement at 91GeV [25]. With the decline of the 15 to 40GeV accelerators, the future
of hadronization experimentation is at 10, 58, and 91GeV. At 58GeV measurements of
Ncharged, n, K, p1t and K° have been made (with the TOPAZ detector) [26], and any
others may lead to interesting results. Also, deviations from apparent patterns are likely
places to find interesting results. K°® at 10GeV was vaguely seen to be higher than the Ecy,
scaling suggests, so further comparisons of the differential rates with models is
suggested.

Even more interesting would be additional measurements elucidating the
discrepancies with current models. Observables which improve the agreement
significantly when altered simply in the model are the measurements which more directly
reflect those disagreements. The Lund model would be explored further by measuring X**
and Q- rates more accurately as well as exploring the overall multiplicity scaling with
Ec¢m. The UCLA model would benefit from further measurements of the L** and Q-
rates as well as the =—/Z** ratio. The Webber model could use a closer look at the strange
baryon rates as well as the A°/=— ratio. The hard baryon spectra predicted by string

models could be studied in more detail, perhaps in other variables like xp, or in
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conjunction with baryon correlation studies (e.g.: using rapidity differences). The In{1/xp)
distributions have generated much interest, and the need for detailed studies is not going
unnoticed. These areas are also places where the modelers would be advised to look
closely as well.

Other ideas exist which may contribute to the explanation of hadron production.
The idea of rotating color charges [27] (i.e.: the QCD magnetic analog) and transverse
quark spin [28] are only a few. The lattice QCD Wilson loop area law from which the
Lund symmetric fragmentation function has been derived [11], may be extended to a
volume law as in reference [29). Proponents of lattice QCD recommend other
phenomenological approaches because the lattice results are questionable [29]. Strong
gravity has been suggested to explain confinement and save the parton model from
inconsistency. The field equations work, however whether QCD can be derived from this
or not is yet to be seen [30].

With the expense of experiments reaching the point where national opinion
determines which experiments to do, and with the difficulty of calculating the predictions
from all but the simplest theories increasing beyond a graduate student's patience, the
recommendation is made to return to smaller experiments counter to the trend of the
previous 15 years (which has been towards multi-purposed detectors). Analyses based
more on insight and less on a standard might create an environment for truly insightful
scientists as opposed to simply continuing with ‘normal science' (in Kuhn's sense [31]).
The trap of 'normal science' is an easy one to fall into. The idea that the Lund mode!
matches the data so well that further study is not interesting is an example of this. To be in
agreement with observations, after tuning a large set of parameters to those observations is
no surprise and does not reflect complete understanding of the system. The idea that QCD
explains all strong interactions completely, so we should direct our efforts to learning how

to calculate it (at all values of og) and not bother with competing theories is another

132



example. QCD has made many verified predictions and simplifies the observations
considerably. Given the quantum field theory formalism, QCD has yet to make a major
prediction disagreeing with observation. These characteristics qualify the theory as a good
one, and in fact the best one to date. But, until everything we could ever experience is
completely and simply explained and deduced from tautologies, we cannot say that any

theory is the last one [32,33].
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As the Uni-verse breathes---

our little supercluster drifts, anywhere to go
one cluster of many, moving to join Virgo
local group scattered, in such local disarray
lovely Andromeda, opposed with Milky Way
disk spinning, a bright Frisbee of dots
density, bending, and some waves - lots
star cluster, surfing until mellow
Sol - around we go, young and yellow
rising, falling we spin to sleep

I AM HERE!
lungs fill, my heart shocks to wake me
some brain - waves for me inside, B-side
sent pattern to nexus, at least tried
with epinephrine the synapse fires
where O-16 drifts until it tires
electrons shielded by polarized nothingness

every raindrop's protons, a fused nucleus

not quite quantized, and only up, down, up but no flight

nothing but glue between the red, green, blue but no white

---my spirit finds its next
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