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Abstract 

Measurements of n 1 , K* and p, p inclusive cross sections and fractions in e+e~ 

annihilation at Vs = 29 GeV are presented. The momentum interval covered 

corresponds to 0.01 < z < 0.90, where z = p/pbeam- The analysis is based on 

approximately 70 pb" 1 of data collected between 1984 and 1986 with the 

TPC/2y detector at PEP. Charged particles are identified by a simultaneous 

measurement of momentum and ionization energy loss ( d E / d x ) . The 

recently upgraded detector's momentum resolution of (Ap/p) 2 = (1.5%)2 + 

(0.65% -p (GeV/c) ) 2 and a d E / d x resolution of typically 3.5% allow the 

measurements to be extended to higher z than previously reported. 
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Chapter 1 

Introduction 

In the Standard Model of elementary particle physics, quarks and 

leptons interact by the exchange of photons (electromagnetic interactions) 

gluons (strong interactions) and intermediate vector bosons (weak 

interactions). The electromagnetic and weak interactions are described by the 

Glashow-Weinberg-Salam model, and the strong interactions by quantum 

chromodynamics (QCD). One of the currently unsolved problems of this 

picture is how the fundamental fields of QCD, quarks and gluons, transform 

into observable hadrons, e.g. pions, kaons, and protons, in high energy 

reactions such as e + e" annihilation. 

In this dissertation, the inclusive production of charged hadrons in 

e + e ' annihilation is studied, that is, the reaction e + e " —» hadron + X, where 

the hadron is a charged pion, kaon or proton, and X represents all other 

particles in the event. The inclusive cross sections and charged hadron 

fractions are fundamental quantities providing information about quark and 

gluon fragmentation. Measurements of these quantities are presented based 

on data collected between 1984 and 1986 with the TPC/2y detector at PEP, 

operating at a center-of-mass energy of \'s = 29 GeV. Recent upgrades in the 



detector allowed for measurements of improved accuracy, and extending to 

higher ; , where : = Phajron/'Vbeam- t h a n previously reported [1, 2, 3, 4]. 

The particle spectra in the high-:: region provide a sensitive probe of 

the hadron production mechanism, especially for the case of barvons. For 

example, dimensional counting arguments predict that the barvon to meson 

ratio for : - t l should fall as (1-z) 1" 2 [5] whereas the symmetric Lund string 

model predicts a rising baryon fraction [6]. The potential to discriminate 

between competing hadron production models is enhanced at high r bv the 

fact that a comparatively large fraction of the particles in this region are 

produced directly in the hadronization process, rather than as the result of 

resonance decays. 

This dissertation includes descriptions of the theory of hadron 

production in e + e" annihilation, the TPC/2y detector, particle identification 

by ionization energy loss, event reconstruction, selection and simulation, the 

analysis technique for obtaining inclusive cross sections and fractions, and a 

comparison of results with previous measurements and with theoretical 

predictions. 
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Chapter 2 

Theory of Hadron Production 
in e+e - Annihilation 

2.1 Introduction 

The reaction e + e" —• hadrons proceeds, to a good approximation, as 

shown in figure 2.1. In the first stage, the electron and positron annihilate 

into a virtual intermediate vector boson (photon or Z°) which decays into a 

quark-antiquark pair. This part of the process is well described by the standard 

model of electroweak interactions using perturbation theory. The quark and 

antiquark move apart with a certain probability of emitting a hard (i.e. large-

Q2) gluon. Hard gluon emission can be described by perturbation theory of 

quantum chromodynamics, since for sufficiently large Q 2 the QCD coupling 

constant, aSl is small. 

These primary particles (or partons) are not, however, directly 

observed. Instead one sees "jets" of hadrons, a jet being several or more 

particles whose momenta are more or less aligned along some axis. The 

transformation of the initial partons (quarks and gluons) into observable 

hadrons is known as hadronization. The gray blob in figure 2.1 reflects our 

lack of understanding of this part of the process. The "observable" (i.e. color-



Figure 2.1 The reaction e + e" -» hadrons. 

Figure 2.2 The reaction e + e" -> fermion pair. 



neutral) hadrons include resonances whose lifetimes are on the order of 10"2-

seconds. The resonances decay into longer lived hadrons (e.g. pions, kaons, 

protons) which can be detected experimentally. Each part of this process will 

now be examined in greater detail. 

2.2 e +e" Annihilation into Fermion Pairs 

The formation of spin-1/2 particle-antiparticle pairs in electron-

posi tron annihilat ion is described to lowest order in quantum 

electrodynamics by the Feynman diagram shown in figure 2.2. In the limit 

where the center-of-mass energy is much greater than the fermion's rest 

mass, one obtains the differential cross section 

2 2 

tt)ff---3T H + cosZfl). (2.1) 

Here 9 is the angle between the incoming electron and the outgoing fermion 

in the CM system, a is the fine structure constant, s is the square of the total 

center-of-mass energy, and ef is the charge of the outgoing fermion measured 

in units of the electron charge. For the production of pairs of spin-0 particles, 

the angular distribution would be proportional to sin 26. 

Integrating equation 2.1 over the polar angle G one obtains the total 

cross section for annihilation into fermion-antifermion pairs: 

47T . 2 

° / / = 3F a ef ( Z 2 ) 

For creation of muon pairs one has fy = 1 giving, for Vs = 29 GeV, 

An _ 
< W = 3^ a = 0103 nb. (2.3) 
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For creation of quark-antiquark pairs of a given flavor (q = u, d, s, c, b or t) one 

obtains 

4/r . 2 
^ ^ V 3 (2.4) 

where the factor of three comes from the fact that a quark can be formed in 

three different colors. The u, c, and the as of yet unobserved t quarks have a 

charge of 2 /3 , and the d, s and b quarks have -1/3 . Thus the flavors u, c, d, s 

and b are predicted to be produced in the ratios 4 : 4 : 1 : 1 : 1 . 

In order to calculate the total cross section for e+e~ annihilation into 

hadrons, one traditionally sums equation 2.4 over the relevant quark flavor? 

and divides by the cross section for e + e _ —» u + u" as predicted by equation 2.3: 

® e+e~ —^ hadrons \-> 2 
R = = 3 X e . (2.5) 

Including the flavors u, c, d, s and b one obtains R = 11 /3 . Recent 

measurements of R at PEP and PETRA give R = 4.03 ± 0.02 (stat.) ± 0.05 (sys.) 

[7]. The fact that the measured value is close to 11/3 is taken as evidence that 

quarks can indeed be produced in three different color states, and that the t 

quark is too massive to be produced at PEP or PETRA energies. The 

discrepancy between the predicted and observed values is attributed to strong 

and electroweak interaction corrections and can be used to estimate the QCD 

coupling constant, ou, [7]. 

Free quarks have not, however, been observed in e + e " annihilation 

Searches for fractionally charged particles (i.e. 1/3, 2/3, 4 /3 * c) have resulted 

in limits on the total inclusive cross section o (e + e" —> q, q + X) of 10~4 - 10~2 • 
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a(e + e~ —> \±+{i~), depending on the quark mass and charge [8, 9]. Instead, one 

sees events with back-to-back jets of "ordinary" hadrons (i.e. n, K, p, etc.) such 

as the two-jet event shown in figure 2.3. An event axis and a quantitative 

measure of the event shape can be determined by defining the momentum 

tensor 

n 
Maj5 = X Via • Pip (2.6) 

i = 1 

where a and j8 refer to the x, y and z components, and i runs over all the 

particles (or in practice cnly the detected charged particles) in the event. 

Diagonalizing Map, one determines unit eigenvectors na, and normalized 

eigenvalues A a : 

n 
% Pi- na 

A a = L ^ (2-7) 

I Pi 
i= 1 

Ordering the eigenvalues so that X\ > Xi > A3 > 0, one defines the sphericity, S, 

and the aplanarity, A, by 

S = I ( A2 + A3 ) (2.8) 

A = J A3 (2.9) 

The eigenvector n\ defines the sphericity axis, the direction with respect to 

which the sum of the squares of the transverse momenta is minimized. For 

extreme two-jet events, S -> 0, whereas for spherical events, S = 1. Extreme 

flat events have A - 0, and lie in the plane defined by HI and ?n. A scatter 
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Figure 2.3 A two-jet event seen by the TPC. The event is characterized by 
low spehriciry, S = 0.0343, and low aplanarity, A = 0.00461. (a) End view, (b) 
Radial view (i.e. projection onto the r-z plane). 



plot of A versus S (figure 2.4) shows that most of the multihadron events 

possess a two-jet structure. 

The distribution of angles between the sphericity axis and the beam 

direction, 6S, for multihadron events is shown in figure 2.5. It agrees quite 

closely with the 1 + cos 2 0 s distribution predicted for sp in- l /2 quark-antiquark 

production, after the latter has been folded with the detector acceptance. The 

interpretation is that the colored quark and antiquark turn into colorless 

hadrons via interactions involving only small transverse momentum 

transfers, resulting in jets which "remember" the original direction of the 

quark-antiquark pair. 

2.3 Perturbative QCD 

The quark-antiquark pair created in the annihilation process move 

apart with a relative speed close to c, interacting via gluon exchange. For 

sufficiently small distance scales (d ~ 10~ 1 4 cm) the four-momentum transfers 

involved in the interaction are sufficiently large N Q 2 - l/d) that perturbation 

theory can be used. This is because the coupling constant in quantum 

chromodynamics, a5, decreases for large Q2. This is an important property of 

QCD known as asymptotic freedom, and is expressed by the formula 

* ( Q 2 ) = ( 3 3 - 2 N / ) 1 l o g ( Q 2 / ^ 2 ) (2.10) 

where Nf is the number of quark flavors and A is a parameter determined bv 

experiment. 
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Figure 2.4 A scatter plot of aplanarity, A, versus sphericity, S, showing that 

most multihadron events possess a two-jet structure. 
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Figure 2.5 The normalized distribution of Icos0 sl for multihadron events, 

where 6- is the angle between the beam line and the sphericity axis. The 

points are measured values from the TPC/2y detector. The curve is 1 + cos-tf. 

folded with the detector acceptance. 
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Using the Feynman diagram rules derivable from the lagrangian ol 

QCD, one can, for example, compute the cross section for one of the quarks to 

emit a gluon, as shown in figure 2.6 [10]. In terms of the kinematic variables 

xq = 2Eq I Vs, x q = IE ql Vs, xg = 2Eg / Vs, (2.11) 

the normalized cross section to order a2as is 

2 2 

1 d a 2c% 
a dxqdxq = 3 F { l _ X q ) { 1 . x - ) • ( 2 1 2 > 

This cross section diverges if the gluon's energy approaches zero, leading to 

xq —> 1 and Xq -* 1, or if the gluon is collinear with either the quark or 

antiquark, leading to Xq —* 1 or Xq —» 1 respectively. Physically, these situations 

correspond to the impossibility of resolving an infinitely soft gluon or a 

quark-gluon pair separated by an infinitely small angle. Second-order (i.e. 

a s

2 ) calculations for e + e" —» hadrons are complicated mathematically but 

have been carried out. Results can be found in reference [11]. 

Events of the type e + e" —» q q g lead to three jets of hadrons in the final 

state, such as the one shown in figure 2.7. Three-jet events are characterized 

by high sphericity but low aplanarity, since momentum conservation requires 

that the q, q and g momenta lie in the same plane. At the center-of-mass 

energy of the PEP storage ring (29 GeV) roughly 8% of the events are of the 

three-jet variety, having a sphericity greater than 0.3 and an aplanarity less 

than 0.1. 

An alternative approach to perturbative QCD is used in the leading-

logarithm approximation (LLA). Instea^. of summing all diagrams up to a 
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Figure 2.6 The Feynman diagrams for the process e +e" —» q q g to order a2af 
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Figure 2.7 A three-jet event seen by the TPC. The event is characterised by 
high spehricity, S = 0.676, and lov aplanarity, A = 0.0633. (a) End view, (b) 
Radial view (i.e. projection onto the r-z plane). 
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fixed order in as, diagrams containing leading infrared and collinear 

singularities are summed to all orders. The LLA probability for the decay of a 

parton A into partons B and C is given by 

df aAt) 
dP = - - f ^ dz P B / A (z) (2-13) 

where the virtuality of parton A is given by f = (p B + PQ)2, Z is the fraction of 

parton A's momentum given to parton B, and P-Q/A ( Z ) i g m e Altarelli-Parisi 

splitting function, given in [12] for A, B = q, q, g. Using equation 2.13, one can 

calculate the probability of a "parton shower" as shown in figure 2.8 [13]. 

2.4 Hadronization 

Equation 2.10 predicts that as the Q2 of the interaction decreases below 

about 1 GeV 2, the strong coupling constant, as, becomes of order unity, and 

the predictions of perturbation theory become invalid. Perturbation theory 

fails, therefore, to predict howr the quarks and gluons, which carry color 

charge, bind together to form colorless hadrons. In order to obtain 

quantitative predictions for, for example, the production rates of pions, kaons 

and protons, one must turn to phenomenological models, implemented in 

practice as Monte Carlo programs. Some additional insight is provided bv 

dimensional counting rules [5]. 

2.4.1 Independent Fragmentation Models 

One of the first models for the process e+e~ -» qq —» hadrons was the 

independent fragmentation model of Feynman and Field [14]. In the 

Feynman-Field scheme, the original quark and antiquark each transform into 

a jet of hadrons independently, via processes of the type 
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Figure 2.8 A parton shower following the decay of a virtual photon into a 
quark-antiquark pair. 
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°.o -» h ^ q i ^ + qi, (2.14a) 

q! -> h(q^ q?) + q 2, etc. (2.14b) 

Here, qg is the quark from the original quark-antiquark pair. A new quark-

antiquark pair (q-j, q j) is created from the vacuum as represented in figure 

2.9. The quark q 0 and the antiquark q | combine to form a hadron h(q 0 , q^), 

leaving an unpaired quark, q-j, with less energy than the original qo- This 

procedure is then repeated for quarks q-j, q2, and so on, until the remaining 

quark is left with insufficient energy to form a hadron. It is assumed that the 

transverse momenta of the quarks and antiquarks created from the vacuum 

follow a Gaussian distribution, and that the total transverse momentum of 

each pair is zero. The flavor content of the hadron is determined simply bv 

the flavors of its constituent quarks. The probabilities for producing vector or 

pseudoscalar mesons are left as adjustable parameters, which in the original 

version were made to be equal. 

The model involves one arbitrary function, /(£), which specifies the 

probability that the hadron h(q,, qp will receive a certain fraction, £, of the 

momentum or' its parent quark, qj. (The variable £ is the same as 1-r/ used in 

[14], and should not be confused with z = phadron/pbeam-} Feynman and Field 

chose /(£) to be of the form 

f(Q = 1 - a + 3 o ( l - 0 2 (2-15) 

where the parameter a is determined from experiment. It is assumed that the 

same function /(£) applies to all iterations of the cascade. The hadrons 

initiallv produced in this procedure are called primary hadrons, and include 

short-lived resonances. The order in which the primary hadrons are 
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Figure 2.9 A schematic representation of hadron production in the 
Feynman-Field model. 
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produced is knov/n as their rank. By specifying the function /(£), one 

determines the momentum spectrum of the primary hadrons. It can be 

obtained via the integral equation 

1 

D (2) = /(z) + J ^ /(£) D (|), (2.16) 
Z 

where z is the ratio of the hadron's momentum to that of the initial quark 

qi, or equivalently, Vhadron^Vbeam- T n e " r s , : t e r m * n equation 2.16 corresponds 

to the case where the hadron has a rank of one, (i.e. contains the original 

quark) and the second term corresponds to hadrons produced in subsequent 

iterations of the cascade. 

The model as described up to this point does not include anv 

mechanism for baryon production, although baryons are observed to account 

for approximately 5% of the total multiplicity in multihadron events [3, 4]. A 

simple extension of the Feynman-Field model for baryon production was 

proposed by Meyer [15]. In this scheme, one assumes that occasionally two 

quark-antiquark pairs, instead of one, are produced from the vacuum. The 

quarks and antiquarks then align to form a baryon-antibaryon pair. For this 

to take place, the (anti)quarks in the two pairs must be created with a small 

relative momentum, and behave somewhat like a single particle or 

"(anti)diquark". Meyer originally used the same fragmentation function (i.e. 

the same value of a in equation 2.15) and the same transverse momentum 

spectrum for baryons as for mesons. By introducing additional parameters, 

however, these could in general be different. 
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In addition to predictions for the inclusive momentum spectra, the 

model also predicts that the quantum numbers of mesons of neighboring 

rank should be highly correlated. This arises from the fact that the quantum 

numbers of the quark and antiquark (or diquark and antidiquark) pulled from 

the vacuum are necessarily opposite. So, for example, if the quark q 0 in figure 

2.9 is of type u, and the pair (qj, q-^ is composed of an s and an s, then the 

hadron h(q 0 , qj) will have strangeness S = +1 (e.g. a K + ). If the pair (q 2, q 2) is 

composed of a u and a u, the meson h(qi, q 2 ) will have strangeness 5 = -1 

(e.g. a K"). If particles of neighboring rank remain similarly ordered in 

longitudinal momentum (or rapidity, y = 1/2 ln{ E+p{ I E-p{ ) ) one would 

expect to observe hadrons of opposite strangeness produced close together in 

momentum space. Such correlations have been studied for a variety of 

quantum numbers including strangeness [16], baryon number [17], and 

electric charge [18]. (In fact, depending on the choice of /t£), the correlation 

may be washed out considerably. This occurs because for a sufficiently broad 

/'(£), mesons of lower rank can be produced with higher momenta. See 

reference [17].) 

The picture as described so far is complicated by several effects. First, 

one should not expect all flavors of q q pairs to be produced in the cascade 

with equal probability because of differences in quark masses. Feynman and 

Field assumed the quark flavors u, d and s to be produced in the ratios 2:2:1. 

(This point is examined in greater detail in section 2.4.2.) In addition, 

equation 2.16 only holds for primary hadrons, which include short-lived 

resonances. These resonances decay into longer lived hadrons which share 

their parent 's momentum, resulting in a much larger number of low-

momentum h.^drons (mostly pions) than would be predicted by equation ?.!(>. 



Although the Feynman-Field model does a surprisingly good job of 

parameterizing experimental results, a number of problems prevent it from 

being regarded as a true theory of hadronization. For example, at the end of 

the cascade, one always has one quark and one antiquark "left over", with no 

simple way of combining them together to form a hadron. In addition, 

because the model employs the momentum of the original quark in the 

laboratory frame, it is not Lorentz covariant. These problems were pointed 

out by Feyrtman and Field, who intended for their model to provide a 

convenient parameterization rather than a fundamental theory for hadron 

production. 

2.4.2 String Fragmentation Models 

In an attempt to place hadronization on a more solid theoretical 

footing, Artru and Mennessier [19] and Andersson [6] have proposed models 

in which the force field between the original quark and antiquark is 

approximated as a massless string. The latter of these two models (the Lund 

model) has been very successful in describing a wide range of experimental 

data. A number of aspects of this approach will be described, including the 

flux-tube picture of the QCD force field, suppression of heavy flavor 

production, predictions for transverse and longitudinal momentum spectra, 

and mechanisms for baryon production. 

Casher, Neuberger and Nussinov [20] have examined the relationship 

between hadron production and the tubelike configuration of the color field 

between the quark and antiquark. Consider an electron and a positron 

separated by a certain distance, as shown in figure 2.10 (a). The electric field 

lines follow the usual dipole pattern, having a significant non-zero value 
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(a) 

(b) 

Figure 2.10 (a) The electric field lines between and electron and positron, 
(b) The lines of force between a quark and antiquark, confined in a narrow 
flux tube. 



even at distances large compared to the separation. In the case of a quark and 

an antiquark carrying color charge, however, the color field is believed to be 

confined to a narrow flux-tube, as shown in figure 2.10 (b). Within the 

context of QCD this effect stems from the fact that gluons couple to 

themselves (the three-gluon coupling) whereas photons in QED do not. The 

parallel field lines imply a constant field strength (i.e. independent of 

separation distance) and a constant energy per unit length in the tube, K. 

(This is analogous to a parallel-plate capacitor in electromagnetism.) This 

picture is consistent with the linear potentials predicted by QCD lattice gauge 

theory calculations [21]. 

The energy per unit length, K, is simply the force on the quark or 

antiquark at the ends of the tube. Solving the equation of motion 6,-p/dt = ± K 

for a bound q q pair (i.e. a meson), one obtains classical "yoyo" trajectories 

such as those shown in figure 2.11 (a) (meson at rest) and figure 2.11 (b) 

(meson moving with a speed /?). Consider the quark and antiquark turning 

points (xi, t\) and (x'2, ti) as shown in figure 2.11. If the meson is at rest, tj - fi 

= 0 and X2 - x\ = ml K, where m is the meson's mass. Thus one obtains the 

condition 

(X2-Xi)2 - ( f 2 -r!)2 = m2/ K2

 ( 2 . i 7 ) 

which is valid in all reference frames, since the quantity (XT - x i ) 2 - (f2 - t]) 2 is 

a Lorentz invariant. The speed, momentum and energy of the meson are 

given by 

P = ( f 2 - f i ) / ( x 2 - x i ) , (2.18a) 

F = v ( f 2 - f i ) , (2.18b) 
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(a) (b) 

Figure 2.11 (a) "Yo-yo" trajectory for a quark-antiquark pair, representing a 
meson at rest, (b) A meson moving with a velocity [3. 
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E=K(X2-XI). (2.18b) 

Such a picture is useful for studying the space-time development of a 

quark-antiquark system and its subsequent transformation into hadrons. As 

the the original quark and antiquark produced in e+e~ annihilation recede 

from each other, their kinetic energy is transformed into potential energ\ in 

the color field. Multiple particle production results from quark-antiquark 

pair production within the flux-tube, where the color field is assumed to be 

completely screened in the regions between the pairs. This is depicted in 

figure 2.12, where the shaded areas denote regions of nonvanishing color 

field. In the figure, quark qg and antiquark qi combine to form a meson 

h(q 0, qj), qi combines with qo to form the meson h(q l 7 q?) and so forth. Note 

that the space-time coordinates of the pair-production vertices are constrained 

by the mass-shell condition (equation 2.17) in order that the mass of the 

quark-antiquark system correspond to a physical meson mass. 

The q q pair production within the flux tube is assumed to proceed in a 

manner similar to fermion-pair production in the 1 + 1 dimensional QED of 

Schwinger [22]. If a quark and an antiquark, both of mass mq and transverse 

momentum with respect to the tube p± are created at the same point in the 

flux tube, energy conservation is violated by an amount 2m±, where m^ = 
2 2 

(m„ + p ,) 1 ' 2 (the transverse mass.) Once the quark and antiquark are 

separated by a distance d = 2 tn± / K, energy conservation is maintained 

provided that the field is completely screened in the region in between. As 

can be shown using a WKB calculation [6], the probability to tunnel from the 

initial state with no quarks to the final state with a quark and antiquark 

separated by a distance = 2 m : / K, is given by 
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Figure 2.12 The space-time evolution of a quark-antiquark system resulting 

in meson production. The shaded areas correspond to regions of 

nonvanishing color field. 
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P oc exp 

( 2 ' \ 
-n m 

V * 
(2.19) 

An immediate consequence of equation 2.19 is that production of 

heavy quarks in the flux tube is highly suppressed. Using a value of K = 0.2 

GeV 2 = 1 GeV/fm (obtained from charmonium spectroscopy [23] or the slope 

of Regge trajectories) and quark masses mu = md.~ 0, ms = 250 MeV and mc = 

1.5 GeV, one obtains relative probabilities for the production of u, d, s and c of 

1 : 1 : 0.37 : 10" 1 6 . Thus, strange quark production is substantially suppressed, 

which should result in a lower production rate for kaons compared to pions. 

Heavy quarks (c or b) are expected to come almost exclusively from the 

original q q pair. 

The flux tube picture is the basis for the Lund model [6], in which q q 

pair production is viewed as the breaking of a string. First, a string is 

produced with flavors u, d, s, c, b chosen according to the ratios 4 : 1 : 1 : 4 : 1 

for the quark and antiquark at the endpoints. A q q pair is produced in the 

string, creating a break. The color field is assumed to be screened between the 

pair, allowing the two pieces of string to separate. The relative probabilities to 

produce various quark flavors are left as adjustable parameters, although the 

final values come out similar to those discussed in the preceding paragraph 

The transverse momenta of the quark and antiquark are equal and opposite, 

and are assumed to follow a Gaussian distribution. The relative probability to 

produce a vector or pseudoscalar meson is left as an adjustable parameter. A 

typical vector to pseudoscalar ratio is roughly one. 

Once the transverse momentum, spin and flavor (and hence the type) 

of the hadron have been established, the longitudinal momenta, y,, is 



determined. The first meson, composed of the the endpoint quark and the 

antiquark from the nearest break in the string (or vice versa) receives a 

fraction, f l7 of the available £+p ; : 

(E+Plh = Cl (E+P, )total • (2.20a) 

The transverse momentum, spin and flavor of the second meson are then 

similarly chosen, and its E+p ; is a certain fraction of the remaining available 

E+Pl: 

(E+p ; ) 2 = 4'2 (E+P/ Remaining • (2.20b) 

The procedure is repeated until a certain minimum (E+pj Remaining is reached, 

at which point the system decays into two mesons according to two-body 

phase space. 

By using the quantity E+plf rather than •pl, the £ are invariant under 

Lorentz boosts along the direction of the string. The f, are random numbers 

distributed according to some probability distribution function. In the 

symmetric Lund model one imposes the (reasonable) restrictions that the 

rapidity distribution have a central plateau and that the particle spectra on the 

average not depend on whether one begins the procedure at the quark end or 

the antiquark end of the string. This restricts the distribution function to be 

of the form [6, 24]: 

f(Q ~ Nap £ Cfl» i^]ap exp 
b m 

c ) (2.21) 

where N a n , aa, an and b are parameters (the index a refers to the flavor of the 

initial quark, j3 refers to the flavor of the quark produced in the middle of the 
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2 "> 
string) and m± = (mh + p]_) 1 / / 2 is the transverse mass of the hadron produced. 

In current implementations all of the aa are assumed to be equal, in which 

case equation 2.20 reduces to 

/(£> x — 7 — e x P 
b m 

(2.22) 
V •= J c 

Typical values for parameters in equation 2.22 are a = 1 and b = 0.7 GeV~2. 

The Lund model has been extended to include baryons using a diquark 

scheme similar to that used by Meyer [14, 25]. It is assumed that a break in the 

string can be caused by creation of a diquark-antidiquark pair. The diquark 

mass is assumed to be considerably larger than that of a quark, leading to a 

suppression of the baryon rate as predicted by equation 2.19. In addition, 

diquarks consisting of a light quark (u or d) and a strange quark are assumed 

to be heavier than diquarks made up of two light quarks. Summing over all 

spin and flavor combinations, the diquark to quark ratio is typically around 

0.09. Because of the exponential term in equation 2.22, /(£) peaks at a much 

higher value of C, for baryons than it does for pions. This results in an 

increase in the predicted fraction of protons (and of heavier particles in 

general) for particles of higher momentum. 

In the string picture as described so far the initial parton configuration 

has been a single quark-antiquark pair. The Lund model incorporates gluon 

emission by describing gluons as "kinks" in the string. Details of this 

procedure are given in reference [26]. In current implementations, the Lund 

model uses some form of perturbative QCD (fixed-order matrix elements or 

parton showers) to describe the initial evolution of a system of quarks, 
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antiquarks and gluons. The four-momenta of the gluons are then associated 

with kinks in the string. The transformation of the string into hadrons then 

follows the same procedure as described above, where p ; is understood to 

mean the momentum along the local string direction. 

A modification of the Lund scheme has recently been proposed by the 

UCLA group [27]. In this model, the Lund expression for/(f), equation 2.22, is 
2 

reinterpreted as a simultaneous probability density for f, m/,, and p~. The 

probability for the production of a hadron of E+pt fraction f, mass m/, and 
-> 

transverse momentum p~ is given by 

(1-0° b m± 

£ e x P {' c J dP - " r

3 ' exp -—?- d f djr (2.23) 

multiplied by the square of the Clebsch-Gordan coefficients coupling the 

hadron to itb constituent quarks, and by the relative weight of the next two 

stages in the chain to account for local quantum number conservation. All 

suppression of heavy hadron production enters through the hadron mass in 

equation 2.23. There are no "quark level" parameters such as the s /u or 

d iquark/quark ratios in the Lund model. Spin counting is taken care of 

automatically by the Clebsch-Gordan coefficients, and no separate parameter 

for the relative production rates of vectors and pseudoscalars is introduced. 

The UCLA model only contains two adjustable hadronization parameters, a 

and b, compared to typically 10 parameters in the Lund model. 



2.4.3 Cluster Fragmentation Models 

Hadron production can also be described by so-called cluster models. In 

this approach, a parton shower is generated using the leading-log 

approximation. The shower evolution is stopped when the parton virtualitv, 

t, falls below some cut-off, f0. Gluons are then split into quark-antiquark pairs. 

Adjacent quarks and antiquarks are associated with color-singlet clusters 

which decay into pairs of hadrons (mesons or baryons) according to two-body 

phase space. 

The fundamental parameters are the virtuality cut-off, r0, and a QCD 

scale parameter, A, which enters into as (equation 2.10) which in turn enters 

into the LLA parton-branching probabilities (equation 2.13). In the most 

widely used example of this approach, the Webber model [28], additional 

parameters are included for treatment of very high and very low mass 

clusters. For example, very large mass clusters are first allowed to break up 

according to a string scheme, and clusters of a sufficiently small mass are 

allowed to "decay" into a single hadron. It should be pointed out that the 

Webber model contains no function corresponding to the /(£) of string or 

independent fragmentation models, which would directly determine the 

hadron momentum distributions. Instead, particle production rates are 

determined entirely from the parton shower and the kinematics of the two-

body decays. 

2.4.4 The Caltech-II Model 

The Caltech-II model [29] employs features of both string and cluster 

models. The model begins with the generation of an LLA parton shower. 

The final partonic state is associated with a svstem of strings. The strings 
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break into smaller strings in a way analogous to the Lund model, but with an 

important difference: In the Lund approach, the space-time coordinates of the 

quark-antiquark production vertices are required to obey the mass-shell 

constraint, equation 2.17. In practice, this amounts to generating hadrons of 

known masses with momenta determined by the fragmentation function, 

((£). In the Caltech-II model, however, the probability of a break is assumed to 

be constant in over the length of the string: 

dPbreak 
dxdt constant. (2.24) 

In this way, one replaces the fragmentation function, /(£), by the 

relatively simple ansatz of constant break-up probability. Unfortunately, this 

leads to string segments whose masses do not necessarily correspond to the 

masses of any real hadron. This problem is overcome by stopping the string 

evolution at a sufficiently large mass and allowing the segments to decay into 

physical hadrons. This stage is analogous to the cluster decay of the Webber 

model. Instead of using a two-body phase-space decay, however, the Caltech-

II model employs a more sophisticated parameterization of low mass data. 

2.4.5 Dimensional Counting Rules 

Some additional insight into hadron production is provided by 

dimensional counting rules (DCR) [5]. For the inclusive process e + e " —» 

hadron + X, the normalized cross section is predicted to be 

1 da,- ( 1 - z ) 2 " - 1 
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in the limit that z = Phadron/Pbeam approaches one. Here n is the minimum 

number of quarks (or antiquarks) "left over" in producing the hadron i, as 

shown in figure 2.13. Thus, n = 2 for baryons and n = 1 for mesons, yielding 

a ~dT" ~ T"' ( 2 2 6 a ) 

1 dObaryon d - z) 3 

CT-"di—~~T~~ • ( Z 2 6 b ) 

Different assumptions concerning the quark spin lead to slightly differing 

predictions. The main point is that the baryon cross section is predicted to fall 

off faster than the meson cross section for z —> 1. This can be understood 

qualitatively by noting that the minimum number of quarks left over, n, is 

the same as the minimum number of gluons exchanged. Since the Q 2 of the 

gluon must be large to produce a high-z hadron, and since the gluon 

propagator goes as 1 /Q 2 , one expects the probability to produce a high-z 

baryon to be less than that of a high-z meson. 

2.5 Effects of Resonance Decays 

Resonances with decay times on the order of 1 0 - 2 2 seconds are 

produced in the hadronization process at roughly the same rate as longer-

lived hadrons. Largely because of kinematic constraints, most resonances 

tend to decay into pions, which share the momentum of their parents. As a 

result, a large fraction of the low momentum pions are not produced directlv 

in the hadronization process. The Lund model prediction for the fraction of 

hadrons which are primary as a function of z = Phadron/Pbeam *s shown in 

figure 2.14. From this it can be seen that to disentangle the characteristics of 

resonance production from other properties of the nadronization process, it is 

necessary (or at least preferable) to look at higher momentum particles. 
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(a) 

MESON 

(b) 

BARYON 

Figure 2.13 Feynman diagrams for y —> hadron + X, showing the minimum 
number of quarks "left over", n. (a) For mesons, n - 1. (b) For barvons, n = 2. 



c c 
L-. 

a 

u 

c c 

«3 
[_ 

Ex. 

04 06 
Z = P / Pb.«n 

Figure 2.14 The fraction of charged pions, kaons and protons which are 
primary (i.e. not from resonance decays) as a function of 2 =p/ptcam-
according to the Lund model version 5.3. 



Chapter 3 

PEP and the TPC/2y Detector 

3.1 The PEP e+e- Storage Ring 

The data used in this analysis were collected between 1984 and 1986 

with the TPC/2y detector at the PEP e +e~ storage ring. The PEP ring has a 

circumference of approximately 2.2 km, and is located at the end of the 3.2 km 

Stanford linear accelerator. The layout of PEP is shown in figure 3.1. The ring 

contains three bunches of electrons and three counter-rotating bunches of 

positrons, with a beam energy of 14.5 GeV, colliding at six interaction regions. 

The time between collisions is 2.45 p.s and the beam current is typically 15 - 25 

mA, resulting in an instantaneous luminosity of 10 - 25 x 1 0 3 0 c m - 2 s _ 1 . 

3.2 The TPC/2y Detector: Overview 

The TPC/2y detector consists of a number of detector subsystems, most 

of which can be seen in figure 3.2. These include: 

i) The inner drift chamber (IDC) [30]. 

ii) The time projection chamber (TPC) [31-41]. 

iii) The outer drift chamber (ODC) [30]. 
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Figure 3.1 A schematic view of the SLAC linac and the PEP storage ring, 

showing the positions ol the six detectors. 
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Figure 3.2 A schematic view of the TPC/2y detector, with one pole tip 

opened. The PEP-9 detectors and one of the forward muon detectors are not 

shown. 



Table 6.6 The ratios ICVrc1, (p, p ) / ^ and (p, p ) / ^ 1 + K±) as a function of z 
Vhadron' Vbeam-

z interval K^/n 1 (p, p ) / ^ {?,?)/(vP+Y?) 

0.025 - 0.030 0.0386 + 0.0035 
0.030-0.035 0.0551 + 0.0043 
0.035 - 0.040 0.0673 ± 0.0053 0.0322 ± 0.0058 0.0302 ± 0.0054 
0.040-0.045 0.089+ 0.012 0.0331 ± 0.0044 0.0304 ± 0.0040 
0.045 - 0.050 0.091 ± 0.010 0.0426 ± 0.0049 0.0390 + 0.0044 
0.050 - 0.055 0.1042 ± 0.0080 0.0434 ± 0.0050 0.0393 ± 0.0045 
0.055-0.060 0.112 ± 0.010 0.0441 ± 0.0052 0.0397+0.0046 
0.060 - 0.065 0.135 ± 0.022 0.0486 ± 0.0059 0.0429 + 0.0051 
0.065 - 0.070 0.145 ± 0.042 0.0453 ± 0.0056 0.0396 + 0.0047 
0.070 - 0.075 
0.075 - 0.080 
0.080 - 0.085 
0.085 - 0.090 
0.090-0.100 0.154+ 0.047 0.085 ± 0.011 0.0736 ± 0.0081 
0.100-0.110 0.211+ 0.038 0.090 ± 0.023 0.074 ± 0.018 

0.0322 ± 0.0058 
0.0331 ± 0.0044 
0.0426 ± 0.0049 
0.0434 ± 0.0050 
0.0441 ± 0.0052 
0.0486 ± 0.0059 
0.0453 ± 0.0056 
0.0612 ± 0.0074 
0.053 ± 0.010 
0.079 ± 0.024 
0.075 ± 0.012 
0.085 ± 0.011 
0.090 ± 0.023 

0.250 • •0.300 0.424 ± 0.027 0.104 ± 0.025 0.073 ± 0.018 
0.300 • • 0.350 0.446 ± 0.030 0.120 ± 0.024 0.083 ± 0.018 
0.350 • • 0.400 0.532 ± 0.040 0.140 ± 0.030 0.092 + 0.020 
0.400 • - 0.500 0.537 ± 0.039 0.137 ± 0.026 0.089 ± 0.018 
0.500 • • 0.600 0.673 ± 0.067 0.120 ± 0.033 0.072 ± 0.020 
0.600 • -0.700 0.477 ± 0.075 0.161 + 0.044 0.109 + 0.031 
0.700 • - 0.900 0.48 ± 0.11 0.138 + 0.049 0.093 ± 0.034 
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Figure 3.3 Schematic view of the time projection chamber. 



As a charged particle traverses the TPC's gas volume, it creates pairs of 

electrons and positive ions along its path. The electrons drift towards the 

sense wires at the endcaps with a velocity of approximately 3.3 cm/us , where 

they create an avalanche. The induced signal is amplified, shaped, digitized 

and recorded. Each sector contains 183 sense wires spaced 4 mm apart and 15 

rows of 7.0 mm x 7.5 mm cathode pads, as shown in figure 3.4. Information 

on the track's projection onto the x-y plane is obtained from the location of 

the charge induced on the cathode pads. The z position of each track segment 

is determined by measuring the arrival time of the ionization at the sense 

wire. A track crossing all pad rows thus has 15 three-dimensional points 

from which its trajectory is determined. The pulse height information from 

the sense wires is used to determine the ionization rate (dE/dx) of the particle 

[33]. The d E / d x measurement is discussed in detail in chapter 5. 

The TPC contains 2196 sense wires and 13824 cathode pads. A 

schematic representation of the signal processing chain for a single channel is 

shown in figure 3.5 [34]. A preamplifier mounted on the sector integrates the 

collected charge and produces a step signal with a 5 us decay time. This pulse 

is sent to a shaping amplifier in the electronics house, which produces a 

signal roughly Gaussian in shape with a 250 ns peaking time. The output of 

the shaping amplifier is sampled at 100 ns intervals and stored in a CCD 

analog shift register [35]. The maximum drift time in the TPC is 

approximately 30 us, so the CCD must record 300 samples or "buckets", each 

corresponding to 3.3 mm of drift. After all of the ionization has reached the 

sectors and the pulses have been clocked into the CCDs, the clock frequency is 

changed from 10 MHz to 20 kHz for readout. Each CCD bucket is digitized 

with 9 bit accuracy. Buckets exceeding a preset (software controlled) threshold 
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Figure 3.4 A TPC sector, with a detailed view of part of one of the pad rows. 
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Figure 3.:- A schematic view of the signal processing chain for a single TPC 

channel. 



are read out into the Large Data Buffer (LDB) and sent to the VAX 11/782 

online computer. The readout thresholds are controlled by a PDF 11/70 

computer. 

3.4 Upgrades to the TPC 

Prior to running in 1984, a number of upgrades were undertaken to 

improve the TPC's momentum resolution [36]. The 4 kG conventional coil 

was replaced with a 13.25 kG superconducting coil, and measures were taken 

to limit electrostatic distortions in the TPC. The upgrades resulted in an 

improvement in the momentum resolution from (Ap/p) 2 = (6%)2 + (3.6% • r> 

(GeV/c)) 2 to (Ap/p) 2 = (1.5%)2 + (0.065 • p (GeV/c)) 2. 

The original PEP-4 proposal [31] called for the TPC to be placed in a 15 

kG superconducting coil. The first such magnet suffered a fatal quench while 

still being tested. A 4 kG conventional coil was used during the 1982-1983 

running cycles while a second superconducting solenoid was built. In 

September of 1983 the second superconducting coil was found to have a faulty 

suspension system due to errors in the mechanical design. A solution was 

implemented which involved reinforcing one end of the magnet with a 

stainless steel ring and installing a set of axial tie rods between the coil 

package and the cryostat. This coil has been used since autumn of 1984 at a 

current of 1900 A and a magnetic field of 13.25 kG. 

One source of electrostatic distortions in the TPC was charge build-up 

on the field cages. The cages consist of a series of equipotential rings spaced 

every 5 mm and maintained at the proper potential by precision resistor 

chains. Charge build-up on the G-10 substrate between the rings led to 

distortions of the electric field. This problem originally led to track 



distortions on the order of several centimeters ("hooks") when the detector 

was tested in the summer of 1981. By increasing the width of the rings from 

0.5 mm to 2.5 mm with a copper tape overlay (and hence increasing the ratio 

of conductor to insulator from 1:10 to 1:1) the distortions were reduced to the 

level of several millimeters for the 1982-1983 running cycle. A more 

permanent solution was implemented before the 1984 running cycle in which 

the 2.5 mm copper tape was removed and the field cages were coated with a 

resistive paint. The resistance of the paint is much lower than that of the 

G-10 substrate, but much higher than that of the resistors establishing the 

potentials of the rings, so that charge build-up between the rings is prevented. 

Electrostatic distortions also occur if positive ions created in the 

avalanche at the sense wires are allowed to drift back into the TPC volume. 

This problem was solved by installing a electrical shutter or "gating grid" in 

front of the sectors [37]. The layout of the central membrane, gating grid, 

shielding grid, sense and field wires and cathode plane is shown in figure 3.6. 

The nominal potential of the grid, V G G , is such that the electric field between 

the shielding and gating grids is the same as in the main drift volume of the 

TPC. In this configuration, the gating grid is transparent to charged particles 

from ionization. If, however, the potentials of alternate wires are set to V G G -

A V G G , then the field lines are changed in such a way that the grid is opaque to 

charged particles. Values of the potentials used are V G G = -910 V and A V G G = 

90 V. 

The gating grid is normally kept in the opaque state. When a pre-

pretrigger signal (see section 3.5) is generated the grid is opened long enough 

for the ionization electrons to drift to the sense wires. The grid is then closed 

before the positive ions created at the sense wire, which travel much more 
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Figure 3.6 Layout of cathode, sense and field wire planes, shielding grid, 

gating grid and midplane. 



slowly, are able to drift back into the TPC. Unfortunately, changing the 

voltage on the gating grid induces oscillations on the sense wires. These 

oscillations damp out only after about 3 (is, rendering signals collected during 

this time unusable. The usable drift length of the TPC is therefore only 91 cm, 

rather than 1 m. 

3.5 The Trigger System 

Although the time between beam crossings at PEP is 2.45 (is, events of 

sufficient interest to be recorded occur only at a rate of about 1-2 Hz. 

Furthermore, the time required for electrons to drift from the midplane to 

the sectors is approximately 30 |is, i.e. 12 beam crossing times, and the time 

required to read out a multihadronic event is about 20 ms, or over 8000 beam 

crossing times. A trigger system based on various prompt signals is used to 

determine whether or not to open the gating grid, collect the signals and read 

out the event. Triggers based on several of combinations of charged and 

neutral particle information are used. For multihadron events, these triggers 

are largely redundant. Here, only the charged-particle trigger is described. 

More comprehensive descriptions of the trigger system are given in 

references [38, 39]. 

The trigger system is divided into three levels: the pre-pretrigger, the 

pretrigger and the trigger. The pre-pretrigger requires evidence of two 

charged tracks separated by at least 90° in azimuth and at dip angles of less 

than 65°. A track is identified by combinations of signals in either the IDC 

and ODC or the IDC and TPC. Since the gating grid is initially closed, the TPC 

can collect ionization only from tracks passing through the sectors. The pre-

pretrigger can also be satisfied by exceeding a calorimeter total-energv 
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threshold. If no pre-pretrigger signal is generated, the electronics are reset in 

time for the next beam crossing. The total pre-pretrigger rate is tvpicallv 4-^ 

kHz. 

If the pre-pretrigger condition is satisfied, the gating grid is opened 

allowing ionization to pass through to the sectors. The next level of the 

trigger, the pretrigger, is qualitatively similar to the pre-pretrigger, but with 

tighter requirements for the TPC information. The TPC uses ionization 

collected between 3.2 and 6.2 (is after the beam crossing time, c ^responding to 

the region between 10 and 20 cm from the sectors. If no pretrigger signal is 

generated before 6.2 us after beam crossing, the gating grid is closed and the 

electronics are reset. A pre-pretrigger signal with no pretrigger leads to a loss 

of three beam crossings. Other pretriggers involve combinations of charged 

and neutral information. The total pretrigger rate is typically 200-400 Hz. 

If the pretrigger is satisfied, the gating grid is kept open for 30 us, long 

enough for ionization anywhere in the chamber to be collected. The TPC 

wires are divided into groups of eight, known as majority units. A majority 

signal is generated if a certain number (typically four) of the eight wires have 

signals over threshold within a time window of 2-3 us. The presence of a 

charged track coming from the interaction point is established by a series of 

majoriry signals for which decreasing radius is matched by a corresponding 

increase in drift time. The charged particle trigger requires two such tracks 

with dip angles less than 60 c. Events satisfying the trigger condition are read 

out into the computer. The charged particle trigger rate is typically 0.5-1.0 Hz, 

and the total trigger rate (charged and neutral) is typically 1-2 Hz. 



3.6 Calibration and Test Pulsing Systems 

Variations in wire gain over the surface of a sector were measured 

before chamber assembly, resulting in a gain map for each sector. Wire gains 

were found to vary about 3%, mainly as a result of differences in wire 

diameter and wire-cathode spacing. Corrections to the gain map are made 

based on measurements using 5 5 F e x-ray sources. Each sector has three - S 5Fe 

source rods, at 0°, -15° and +30° from center, mounted directly behind the 

cathode plane. The rods can be positioned so that the sources line up with a 

row of small holes in the cathode, allowing the x-rays to create ionization 

near the wires. Calibration runs with the 5 5 F e sources were performed 

approximately once per month. The long term stability was found to be better 

than 0.3% 

A computer controlied test pulsing system is used to measure the gain 

and saturation characteristics of the electronics and to monitor system 

stability [40]. First, pedestals are measured corresponding to the amount of 

charge stored in the CCD when no test pulse is sent. Because of dark current 

leakage, the pedestal depends on how long the charge is stored in the CCD. 

Since charge is passed from bucket to bucket at 20 MHz while being clocked in, 

and at 10 kHz while being read out, the amount of time spent in the CCD 

depends on when the input is sampled relative to when the clock speed is 

changed. The pedestal is found to change by 1-2% of the pulse height of a 

minimum ionizing track depending on when the signal enters the CCD. 

The shape of the gain curve is measured by sending pulses to the 

shielding grid which induce signals on the wires and pads. Pulses of eleven 

different amplitudes are sent and the response is parameterized using a spline 
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fit. The capacitive coupling between the shielding grid and the wires is not 

known with sufficient accuracy to determine the overall scale from the test 

pulsing system. A scale factor is determined using both 5 5 F e source runs and 

minimum ionizing pions from the data. With this procedure the gain 

characteristics can be measured to better than 1%. 

3.7 Position Measurement 

Position measurements are made primarily from pad information, 

with the sense wire information being used only to make small corrections. 

The pad signals receive contributions from effectively five sense wires: the 

one centered directly above the pad and the two adjacent wires on each side. 

Avalanches on these five wires typically induce signals above threshold on 

two or three pads. The signal on a pad can be parameterized by [41]: 

( 2 \ 
H P = I wf Hi 

! = -2 
e ^ 2 / 2 ^ (3.1) 

where: 

Hp = Pulse height on the pad, 

i = Wire number, (0 for the wire centered on the pad; ±1, 2 for the 

adjacent wires.) 

7] = Distance along the pad row from the point of the avalanche to 

the center of the pad, 

o" = Pad response rms width, 

H,- = Pulse height on wire i, 
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wt = Weight for wire i. (u>0 = 0.239, w^ = 0.117, w2 = 0.0135, xvA = u ' v 

itf_2 = W2-) 

The position of an avalanche along the pad row, 77, is determined by 

fitting the measured pulse heights to equation 3.1. If the cluster contains 

three or more pads above threshold, the width, o~, is made an adjustable 

parameter. Otherwise, cr is estimated from the drift distance, L, and the angle 

between the track's projection onto the x-y plane and the direction normal to 

the sense wires, a. In order to compensate for fluctuations in the ionization 

detected by the five wires above a pad, a correction of the form 

f 2 
A77 = 

V 
i'=-2 i=-2 

D t a n a (3.2) 

is applied, where D = 4 mm is the spacing between sense wires. 

The spatial resolution in the x-y plane, aXy, is estimated from cosmic 

ray data as a function of drift distance, L, and crossing angle, a. Track fits are 

performed in which one pad row is omitted, and x-y residuals are 

determined. The resolution is estimated from a Gaussian fit to the 

distribution of x-y residuals. Values for aXy vary between 120 and 200 urn 

depending on tan a, as shown in figure 3.7. 

The z position of a pad cluster is determined from the CCD bucket 

information, as previously described. Ionization from a single track will 

typically produce 5 to 7 buckets over threshold. A parabola is fit to the three 

buckets with the most charge to determine the arrival time (and hence the 

initial 2 position) of the ionization. The 2 spatial resolution, az, is 
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determined in the same manner as aXXj, Typical values for az are from 160 to 

250 am, depending on the dip angle, A, as shown in figure 3.8. 
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Figure 3.7 The position resolution, axy, as a function of the tangent of the 
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Figure 3.8 The position resolution, o%, as a function of the tangent of the 
dip angle, A. 
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Chapter 4 

Particle Identification by Measurement 
of Ionization Energy Loss 

4.1 Introduction 

The identity of a charged particle traversing the TPC is determined by 

simultaneously measuring its momentum and ionization rate (dE/ dx). This 

technique is based on the fact that the dE/dx of a particle depends only on its 

speed and the magnitude of its electric charge, which in this analysis is 

assumed to be plus or minus that of an electron. A scatter plot of dE/dx vs. 

momentum for tracks from multihadron events (figure 4.1) shows clearly 

defined bands corresponding to electrons, muons, pions, kaons, protons and 

deuterons. 

The momentum of a particle is determined by measuring its curvature 

in the TPC's 13.25 kG magnetic field. The momentum resolution is typically 

(depending on dip angle and track length) given by (Ap/p) 2 = (1.5%)2 + (0.659? 

-p (GeV/c)) 2 . A detailed description of the momentum measurement is 

given in section 5.2. 
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Figure 4.1 Scatter plot of dE/dx vs. momentum for tracks in events passing 
loose multihadron selection cuts. 
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The basic dependence of dE/dx on velocity can be seen in figure 4.1. 

For slow speeds (/? < 0.96) the dE/dx is proportional to 1/fi2, leading to well 

separated bands of highly ionizing particles. For [3 > 0.96 (the "relativistic rise 

region") the dE/dx increases logarithmically. This is due to the relativistic 

increase in the particle's transverse electric field, and hence its ionizing 

power. As ft increases further, the relativistic rise is eventually stopped at 

what is known as the Fermi plateau. This phenomenon is known as the 

density effect, and is caused by the polarization of the medium, leading to an 

effective limit in the range of the particle's electric field [44, 45]. 

Note that ionization values between 12 1 and 16.6 keV/cm correspond 

to two values of velocity, leading to regions of ambiguity where the bands .of 

different particle species cross. At momenta higher than that of the kaon-

proton crossover (p > 3.5 GeV/c) there is only a 1 to 1.5 keV/cm separation 

between the pion and kaon bands, and only 0.5 to 1 keV/cm between kaons 

and protons. The relative 6.E / dx resolution is approximately 3.5%, 

corresponding to a 2 to 3.5 standard deviation separation between pions and 

kaons, and 1 to 2 standard deviations between kaons and protons. Hence, a 

particle's identity cannot always be established on a track-by-track basis, and a 

statistical technique must be used to determine the relative abundances of the 

various particle types. As input to ri'is procedure, one requires an estimate of 

each particle's momentum and dE/dx, and in addition, an accurate estimate 

of the expected dE/dx and dE/dx resolution as a function of momentum and 

particle type. 
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4.2 Energy Loss in the TPC: Theoretical Considerations 

As a charged particle passes through the gas volume of the TPC (80"; 

Argon, 20% CH4, at a pressure of 8.5 atmospheres) it loses energy through 

interactions with the electrons of the gas molecules, resulting in the 

production of electrons and positive ions (primary ionization). (Energy loss 

due to Cherenkov radiation and interaction with atomic nuclei is 

comparatively small and may be neglected.) The primary electrons can 

collide with neighboring gas molecules to produce additional (secondary) 

ionization. The electrons, primary and secondary, drift axially to the sense 

wires of the TPC sectors, where they create an avalanche. Since the sense 

wires are spaced 4 mm apart, each measurement corresponds to the passage of 

the particle through a gas layer of about 4 to 8 mm, depending on the track's 

dip angle, azimuth and momentum. 

The number of primary ionization-producing collisions for a particle 

traversing a 5 m m layer of TPC gas is on the order of 100, and the fluctuations 

in this number obey Poisson statistics. These fluctuations are fairly small: 

about 10% for a single gas layer, or 1% for a track traversing most of the TPC 

gas volume. The number of primary collisions cannot, however, be directly 

measured. Instead, one measures the total number of electrons produced, 

primary plus secondary, which leads to a fundamental difficulty in the 

measurement of ionization energy loss: Relatively rare primary collisions 

resulting in large energy loss, ar.d hence in a large number of secondary 

electrons, account for a comparatively large fraction of the total number of 

electrons produced. Because such collisions are comparatively rare, they lead 

to large fluctuations (25%-!>0%) in the total amount of ionization produced in 

a single gas layer 



In this analysis it is assumed that the number of electrons produced is 

proportional to the amount of energy the particle loses, A. A typical 

distribution of energy loss f(A; ft, x) for a particle of speed fi ~ 0.96 traversing a 

gas layer of thickness x = 5 mm is shown in figure 4.2. For adequate particle 

identification a dE/dx resolution of a few percent is needed. This is achieved 

bv sampling the distribution (i.e. measuring the track's ionization rate) a large 

number of times. It is for this reason that each TPC sector is equipped with 

183 anode sense wires. Signals induced on the pads also provide some dE/dx 

information, but this is not used in this analysis. 

From the set of dE/dx measurements, one could in principle estimate 

the particle's speed, /3, by means of a maximum likelihood fit to the energy 

loss distribution, f(A; j3, x), in which [5 is an adjustable parameter. This 

procedure is too complicated, however, to be carried out on a track-by-track 

basis, particularly since it is difficult to obtain an accurate parameterization of 

f(A; P, x). (Recall that x is different for each track, and would therefore need to 

be included as a parameter.) Instead, it is convenient to form a single 

estimator of the distribution, which ideally should be a sensitive a function of 

p, and also should be as robust as possible, (i.e. it should have a small 

statistical error for a given number of samples.) In order to avoid the 

fluctuations caused by large energy losses, the mean of the lowest 65% of the 

individual d E / d x measurements is used. This quantity, hereafter referred to 

as the truncated mean dE/dx or simply the "dE/dx" of a particle, is assumed, 

for the purposes of theoretical calculations, to be proportional to the most 

probable value of f(A; /?, x). To establish an energy scale for the data, the 

truncated mean dE/dx for minimum ionizing pions is assigned a value of 

12.1 keV/cm, based on preliminary theoretical calculations. 
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Figure 4.2 Energy loss distribution, f{A; p, x) for a particle of speed P = 0.96 
traversing a gas layer of thickness x = 5 mm. 
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4.3 General Theory of Ionization Energy Loss 

We would like to derive the energy loss distribution, f(A; ft, x), or at 

least its most probable value, as a function of the parameters /? and x. This 

was done by Landau [46] by relating f(A; j3, x) to the differential cross section, 

d a / d E , for losing an amount of energy E in a collision with an atomic 

electron. One starts with the Laplace transform of f(A; p\ x): 

}{p;p,x)= J e -?A f(A;p,x) dA. 
0 

(4.1) 

This is related to the energy loss cross section, da/dE, by [47] 

f \ 
dcr 

/ (p; /?, x) = exp (1 - e"P E ) p-r^ dE dE 

V 0 J 

(4.2) 

where p is the number of atomic electrons per unit volume. This can be 

inverted numerically or (for example) by 

CT+ l°o 

f(A;p,x)= ^-r \ ePA]{p;p,x) dp. (4.3) 
a-1°° 

For energy transfers large compared to atomic binding energies, dcr/dE 

is essentially the Rutherford cross section: 

27TC 4 1 

do/dE - < 
mc* p^El E>E' 

(4.4) 

I 0 E < E ' 



where m is the electron mass. The minimum energy transfer, E', corresponds 

to a collision time on the order of an orbital period for an atomic electron. 

Landau's treatment is equivalent to using 

l n E ' = ln + /£ (4.5) 2 m c2 j32 f 

where / is the ionization potential of the atom. (/ = 13.5 eV • Z.) 

f{A; p, x) is found using the Laplace transform procedure outlined 

above, and can be expressed as the product of two terms: 

f(A; P, x) = - <t> (A). (4.6) 
Si 

The variables E, and A are defined by 

t 2 n e 4 p x 
h = mc2p2 ' (4.7) 

A = ^ f^ - $ ( l n | r + 1 - c j j (4.8) 

where C = 0.577 is Euler's constant. <p (A) is the Landau distribution, given by 

C7+ I°° 

0(A) = ^ 7 \ 2m 
a- i°° 

exp ( u In H + A u ) du. (4.9) 

The famous "Landau tail" of <p (A) is the source of the large energy-loss 

fluctuations mentioned in section 4.2. The maximum of 0 (A) occurs at A = 

- 0.225, leading to a most probable energy loss, Amp, of 

Am? = £ ( In J r + 0.198]. (4.10) 



(In fact, the additive constant in equation 4.10 was originally determined by 

Landau to be 0.37. A calculational error was later discovered by Maccabee and 

Papworth [48], who provided the corrected value of 0.198.) Note that the 

relativistic rise in equation 4.10 comes entirely from the fact the the 

minimum energy transfer, E', depends on the particle's speed. 

Equation 4.10 for the most probable energy loss is only valid to the 

extent that da/dE is accurately described by the Rutherford cross section given 

in equation 4.4. This corresponds to the case where typical energy transfers 

are large compared to the maximum binding energy, so that the atomic 

electrons can be treated as free particles. In reality, the probability to transfer 

an amount of energy, E, to an electron is strongly peaked at the binding 

energies corresponding to the various atomic levels. An energy-loss cross 

section which takes into account this effect is given by [49]: 

do; 
d£ 

d a 
dE J resonance 

da\ 
dE Rutherford , 

d a 
d E ] resonance 

Ine* / (E) 
mc2 fP-E 

(da\ 
dE Rutherford 

(4.11a) 

(4.11b) 

r ( 
In 

V 

2 m c2 p2 f 

Ine* 

E I 1 + / £ ? ( 1 - £{E)) I 

E 

/£ Re(£(E)) 

m 
e* 1 r 
7? W& J / ( E ' ) d E ' ' 

o 
(4.11c) 

where £ = £j + iej is the dielectric constant of the medium and f(E) is the 

oscillator strength. These are related by 

£ 
k p a f t f P r 

(4.12) 



2K- pa {he )3 
e2 (£) - - ^ n ^E) • (4.13) 

The oscillator strength is proportional to the atomic photoabsorption cross 

section (for atomic number Z): 

m c 2 

f(E) = — — a.AE). (4.14) 
2K1 a(fic)2Z ' 

The first term in equation 4.11a, (da/ dE)resonance, is proportional to 

f'(E) and therefore peaks at energies corresponding to atomic energy levels 

This term shows the origin of the Fermi plateau: for (3 > 0.96, but [Pf- (1 - e) • 

1, the cross section rises as In jiy. For sufficiently large /3y, the denominator of 

the logarithm becomes proportional to /J 2 / 2 , and (da/dE)re50nance becomes 

independent of the particle's speed, (da/dE)Rutherford is essentially the 

Rutherford cross section multiplied by the fraction of electrons bound by an 

energy less than E. 

4.4 Model for the Most Probable Energy Loss in the TPC 

Ideally, one could plug the expression for doVdE given in equation 4.11 

into the expression for / (p; /?, x) (equation 4.2) invert the Laplace transform to 

find the energy loss distribution, and then determine its most probable value, 

Amp- We choose the simpler approach of finding Amp using the resonance 

and Rutherford cross sections separately, and then simply adding the results 

[50]. In other words, we make the approximation: 

Amp ~ (Amp)resonance + (Amp/Rutherford • (4.o) 

For the oscillator strength, /(E), it is convenient to use different 

approximations for the resonance and Rutherford terms. For the resonance 
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term, the following parameterization was obtained from photoabsorption 

data [50, 51]: (See figure 4.3a.) 

/(E) = I S PL 
j = gas i = level "Ar "CH4 

Wj fij (£) , (4.16a) 

fij iE) 

1 ( E\ 
•vj 

Si E > Ei 

E < Ei 

(4.16b) 

The index ;' is summed over gas types, argon and methane, pj is the number 

of electrons per unit volume from gas type j , i is summed over the atomic 

energy levels, and the weights, Wij, sum to one for each component of the gas. 

The gas mixture of 80% Ar, 20% CH4, by number of molecules, at a 

temperature of 21° C corresponds to electron densities of p ^ r = 3.05 x 10 2 1 

c m - 3 and PCH4 = 4-24 x 1 0 2 0 cm - 3 . Argon is approximated as having four 

energy levels, and methane as having two. Values for the parameters WJJ, Ey, 

and Sij are shown in table 4.1. The resulting real and imaginary parts of the 

dielectric constant are shown in figures 4.3b and 4.3c. 

The mean number of resonance collisions per unit length can be found 

by integrating ( d o 7 d E ) r e s c m m c e / multiplied by the appropriate electron density, 

over energy. For this, the energy dependence inside the logarithm can be 

approximated as being constant, and set equal to the mean ionization 

potential, E,y', for energy level i, gas;'. This is defined by 

In Ey' = J fij (E) In E dE , 
0 

(4.17) 
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Figure 4.3 (a) The oscillator strengths,/(£), for argon and methane. /(£) for 
the argon-methane mixture is given by a weighted sum of the two curves 
(equation 4.16). (b) The imaginary part of the dielectric constant, from 
equations 4.12 and 4.16 (c) One minus the real part of the dielectric constant, 
frcm equations 4.13 and 4.16. 



Table 4.1 Parameters used in the model for ionization energy 
described in section 4.4. The index j refers to the gas, and i to the energy 
The "outer" level of CH4 combines hydrogen with the L-level of carbon. 

Atom Level wu Ej.- (eV) s,\ 

Ar K 0.111 3206.0 2.75 

Ar L 0.444 248.0 2.29 

Ar M 0.133 52.0 3.20 

Ar M 0.311 15.8 3.20 

CH 4 K 0.2 283. 2.52 

CHi "outer" 0.8 11.5 2.15 



yielding 

Ey = Eij exp | j - ^ (4.18) 

Using this to integrate (da/dE)resonance, one obtains for the mean number of 

collisions per unit length for electrons of energy level i, gas ;': 

dN 
dx 

_ 2K e4 pj Wjj Sjj -1 
ij = m C2 02 Ey S i j 

2 m c2 $• f f ( 
In 

V 
Ei/ I I + p?(l - e(Ey-')) 

+ 1 - /J2 Re (e (£,/)) (4.19) 

Since the resonance cross section is strongly peaked at the binding 

energies, the most probable energy loss for a given gas and energy level can be 

approximated by the most probable number of collisions multiplied by the 

mean ionization potential for that level. The number of collisions in a gas 

layer of thickness x follows a Poisson distribution, the most probable value of 

which is one half less than its mean. This yields 

(Amv) mp > resonance - 1 I 
j = gas i = level I** )ij 2 E i / (4.20) 

For the Rutherford term, it is easier to approximate /(E) as a sum of 

delta functions centered about the mean ionization potentials, using the same 

weights, W{j, as before: 

/(E) = I I 
; » ?Ar + ?CH 4 

Wij 5(E - E{,') . JIJ y (4.21) 

This breaks the Rutherford cross section into six terms: four for argon and 

two for methane. Each term is of the same form as the Rutherford cross 
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section given in equation 4.4, which was used to obtain equation 4.10 for the 

most probable energy loss. (Amp) Rutherford c a n therefore be approximated as 

(%,p)Rutherford = I X H'y £; In ^ 4 + 0.198 ] . (4.22) 
j - gas ! = level V ^ ) 

Using the definition of Ejj', (equation 4.17,) this reduces to 

(lmr)Rutherford = X £ ; ( In ^ r + 0.198 ] , (4.23) 
j' = gas V J J 

where Ef is the mean ionization potential for gas /', defined by 

£ / = Z J Wij fij (E) In E d E . (4.24) 
i = level 0 

This yields mean ionization potentials of 208.0 eV for Argon and 49.9 eV for 

methane. Note that (A„,p)Rutherford is not directly proportional to the gas 

layer thickness, x, but rather to x In x. For purposes of the energy loss model, 

(•^mp)Rutherford is evaluated at x = 5 mm. In the data, the dE/dx of each track is 

corrected for the dependence on gas layer thickness. 

The final expression for the most probable energy loss per unit length 

is obtained by summing equations 4.20 and 4.23 and dividing by the gas layer 

thickness, x. (See figure 4.4a.) Note that only the resonance term contributes 

to the relativistic rise. This results from the fact that the minimum energy 

transfers for the six terms in the Rutherford cross section were set equal to the 

mean ionization potentials, E,,', independent of the speed of the particle. The 

contributions from the various energy levels to (Amp)resonance are shown in 

figure 4.4b. From this it can be seen that most of the relativistic rise comes 

trom collisions with the I.-shell electrons in argon. 
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Py, showing the contributions of the resonance and Rutherford terms, (b) 
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4.5 Fit of the dE/dv Model to Data 

As mentioned in section 4.1, the required accuracy for the expected 

d E / d x as a function of velocity is approximately 0.2%. In order to achieve 

this, the model for ( d E / d x ) m p described in the previous section was 

parameterized and fit to data from a variety of track sampies. These included 

protons from the l / / ? 2 region, pions from the minimum ionizing and 

relativistic rise regions, cosmic ray muons, conversion pair electrons and 

Bhabha electrons (i.e. electrons from e+e~ —> e +e"). The protons, pions and 

conversion pair electrons were taken from multihadron events (i.e. the same 

events we eventually want to study) so that systematic errors from gain 

variations and track environment cancel. 

In order to have track samples of sufficient purity, particles were taken 

from regions where identification by dE/dx does not depend crucially on the 

dE/dx measurement (e.g. the 1//J2 region) or where identification is provided 

bv means other than d E / d x . (For example, the cosmic ray muons are 

identified by their ability to penetrate the iron in front of the muon 

chambers.) An exception to this is the pion sample, which is not well 

separated from kaons and protons in the relativistic rise region. Here, a 

maximum-likelihood fit was performed for the d E / d x distribution of tracks 

within a narrow momentum interval. The technique is essentially the same 

as that used to determine the charged hadron fractions, and is described in 

detail in section 6.3. For purposes of obtaining information on the dE /dx as a 

function of velocity, an extra adjustable parameter was used corresponding to 

the mean d E / d x of the pions in the momentum interval. The pions from the 

relativistic rise region are crucial for establishing the accuracy of the dE/dx 

versus velocity curve. 
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The model prediction was parameterized to allow translations and 

linear transformations in In /3yand dE/dx . In other words, 

where (dE/d.x) m o j e ; is evaluated at 

(In PY) model = Aln/Sy + B. (4.26) 

The data and resulting fit are shown in figure 4.5. The X2 per degree of 

freedom is 1.50. The values obtained for the parameters are: 

A = 0.986 

B = -0.055 

C = 0.999 

D = 1.532 keV/cm 

The fact that A = 1 and B = 0 indicates the extent to which the velocity 

scales agree between theory and experiment. The fact that D is not zero, but 

rather represents about a 10% shift for particles between the minimum 

ionizing and plateau regions, can be interpreted in several ways. It could be 

the result of a pedestal subtraction problem in the data, or (more likely) an 

underestimate of the Rutherford contribution to the most probable dE/dx in 

the model. For purposes of data analysis, the distinction is unimportant. 

What is important is that the parameterization of the model fits the data well. 

Figure 4.6 shows the dE/dx for cosmic ray muons and pions from the 

relativistic rise region divided by the predicted d E / d x . The dashed lines 



73 

> 

•o 

•c 
c 

60 

50 

40 

30 

20 

10 

' ' I ' " ' l l I I I I M i l l 

10 L 10 J 

cosmic Bhabha 
ray muons electrons 

' i ' " i n i i i 

10< 10^ 10* 10^ 
07 

Figure 4.5 Data points: the truncated mean dE/d.v from several track samples 

as a function of fiy. Curve: the parameterization of the dE/d.v model. 



74 

l.UJ 

1.01 

- i — i — i — i — r ~ r -i 1 1 1—i—i i i 

R 1.00 

0.99 

0.98 

• pions 
• cosmic ray muons 

-r-itltli _ - > . ! , _ . . _'_'!ji 

i i i i i i i _i 1 1 i ' ' ' ' 

50 10 
PY 

50 100 

Figure 4.6 The measured truncated mean d E / d x divided by the prediction 
of the parameterized d E / d x model, R, as a function of f3y for cosmic ray 
muons and pions from multihadron events. The dashed lines indicate the 
estimated systematic uncertainty in the model of 0.27c for the relativistic rise 
region 



75 

indicate the estimated systematic uncertainty for the dE/dx versus velocity 

curve of 0.2%. 

4.6 Estimation of the dE/dx Resolution 

In addition to the expected dE/dx as a function of velocity, a knowledge 

of the dE/dx resolution is needed. This was determined from a sample of 

approximately 47,000 minimum ionizing pions from multihadron events. 

The tracks were required to have at least 80 usable ionization measurements 

for determination of the truncated mean, and to have a dip angle between 

-45° and 45°. The relative resolution, (J^E/dx I (dE/dx), is shown in figure 4.7, 

in which tracks of all dip angles are combined. The resolution improves 

slightly for larger dip angles because of the increase in the effective thickness 

of the gas layer sampled and pedestal restoration problems in the electronics. 

A parameterization of G&E\dx I (dE/dx) is given by 

°dE/dx / (dE/dx) = -\j ^ + b ( 1 + en + d I sin AI ) (4.27) 

where n is the number of ionization samples used to compute the truncated 

mean and X is the dip angle. Determined parameter values are: 

a = 0.168 

b = 4.62 x 10"4 

c = -5.46 x 10-4 

d = -0.258 

Figure 4.8 shows a histogram of the difference between measured and 

predicted d E / d x , divided by the d E / d x resolution for each track, for the 
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minimum ionizing pion sample. The distribution is well described bv a 

Gaussian of unit width out to three standard deviations, demonstrating that 

the d £ / d x response is indeed well understood. Studies with cosmic rav 

muons indicate that (JdE/dx I (dE/dx) remains approximately independent oi 

the mean d E / d x of the track sample for the relativistic rise region. For the 

1//J- region, the resolution was observed to improve somewhat for track 

samples of increasing mean dE/dx. (Empirically, o^-£^x I (dE/d .v) - -

(dE/dx)" 0- 3-.) The relative systematic uncertainty in the d £ / d x resolution is 

estimated to be 8%. 
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Chapter 5 

Event Reconstruction, Selection 
and Simulation 

5.1 Introduction 

The basic flow of the analysis used to convert raw input signals into 

data summary tapes (DSTs ~ actually disk files) of multihadron events is 

shown in figure 5.1. Event selection is carried out at several stages along the 

way; details are given in reference [52]. The basic philosophy is to analyze the 

data with the best available calibration constants and correction factors, use 

the analyzed data to refine the calibrations and corrections, and then 

reanalyze the data. Only the charged particle analysis for TPC information 

will be described here. 

5.2 Online Analysis 

The first stage of the analysis chain, known as preanalysis, is an online 

event filter for fast rejection of spurious events, mostly beam gas collisions 

and cosmic rays [53]. Qualitatively, the cuts imposed in preanalysis are 

similar to (although tighter than) those required by the hardware trigger, 

fivents satisfying charged particle triggers are first processed by the "charged 



RAW DATA 

PREANALYSIS 

ONLINE ANALYSIS USING NOMINAL 
CALIBRATION CONSTANTS 

WRITE EVENTS TO TAPE 
DETERMINE NEW 

CALIBRATION CONSTANTS 

REANALYZE DATA WITH NEW 
CALIBRATION CONSTANTS 

WRITE OUTPUT TO "E" TAPES 

PRELIMINARY EVENT SELECTION FOR MULTIHADRON AND 
OTHER ANNIHILATION EVENTS WRITE OUTPUT TO TAPE 

(-F- TAPES}. WRITE MULTIHADRON DSPS TO DISK 

FROM MULTIHADRON DSTS. DETERMINE FINAL 
DISTORTION AND DE/DX CORRECTIONS 

APPLY FINAL CORRECTIONS TO mf> TAPES 

FINAL MULTIHADRON EVENT SELECTION 
WRITE DSPS TO DISK 

1 The data analysis chain for multihadron events. 



preanalysis". Recall that t-hc charged particle trigger uses TPC wire signals and 

information from the inner and outer drift chambers to identify at least two 

charged tracks with dip angles less than 60 c. In the charged preanalysis, TPC 

pad information is used to verify that this condition actually existed. If the 

event is rejected by the charged preanalysis but a neutral trigger was satisfied, 

the event is processed by the "neutral preanalysis" for verification that the 

corresponding trigger requirements were met. All events passing preanalysis 

are recorded on the raw-data tapes. The fraction of events rejected is typically 

35<"r. Approximately 1,000 raw-data tapes were written during the 1984-198b 

running cycle. 

For the events passing preanalysis, as much further analysis as possible 

is done online. Large-angle Bhabha events (e +e" —» e+e~) and multihadron 

candidates (4-5% of the events passing preanalysis) are processed through the 

final (DST) level. As manv of the other events as possible (tvpically about 

70%) are processed through track reconstruction and the first level of 

distortion corrections. The charged track reconstruction and momentum 

determination can be summarized as follows: 

1) Find clusters of wire and pad hits. Determine space points from 

pad clusters. (Program CLUSTER.) 

2) Find tracks from space points. (Program PATTERN.) 

3) Associate wire clusters with tracks. (Program HAWIRE.) 

4) Use wire information to refine space points. Applv distortion 

corrections. (Program DISTORT.) 
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5) Determine the tracks' momenta from independent fits in 

the bend plane and in z. (Program DISTORT.) 

6) Determine truncated mean dE/dx. Assign particle type. 

(Program DEDX.) 

7) Redetermine momenta with helix fit. Extrapolate 

momenta to origin including energy loss corrections based on 

particle type assignment. (Program TRAGIC.) 

8) Redetermine momenta using the constraint that the tracks come 

from a common vertex. (Program VERTEX.) 

9) Summarize data in "DST" format. (Program MAKEDST.) 

The online analysis is done using best guesses for calibration constants 

and correction factors, usually based on a weighted average of the most recent 

previous data. The processed data is then used to determine new corrections 

for offline analysis. Information from the multihadron candidates is used to 

establish the beam position on a run-by-run basis. Drift velocity correction 

factors are determined from tracks crossing the midplane, and from the edge 

of the distribution of hits in z. Minimum-ionizing pions from all of the 

events (mostly two-photon collisions) are used to determine gain factors for 

the dE/dx analysis. Because of fluctuations in the methane fraction of the 

TPC gas, the gain factors are crucial for achieving the dE/dx resolution 

necessary for particle identification. Gain factors as a function of run number 

are shown in figure 5.2. 
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Figure 5.2 Run-by-run dE/dx gain correction factors for the 1984-19Se> 

running cycles. The factors are based on minimum ionizing pions from 

single-photon annihilation and two-photon multihadronic events. 
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5.3 Offline Analysis 

Once the events have been recorded, the raw data tapes are transported 

to LBL for further analysis using the refined calibration constants. For events 

not processed online, the track and event reconstruction procedure described 

in the previous section is performed up to creating the DST information. For 

events which have already been processed, the analysis chain is started at the 

point where the wire information is used to refine the space points and 

distortion corrections are applied (step 4 above, program DISTORT). Cosmic 

ray events identified by information from the TPC and the muon chambers 

are removed. Low-angle Bhabha events are counted for determination of the 

integrated luminosity, and every tenth event is kept. The output events are 

written to "E" tapes. The information retained on the "E" tapes includes 

individual wire pulse heights and space points, but not raw input signals (i.e. 

digitizer outputs). 

DST information is produced from the "E" tapes, and events satisfying 

loose criteria for T + T", multihadron (i.e. q q) and large angle Bhabha events 

are output to "F" tapes. There were 193 "F" tapes for 1984-1986. In addition, 

the DST information for events passing a tighter set of selection criteria for 

multihadron events is written to disk. For the purposes of the multihadron 

event selection, a "good" track is defined as satisfying the following criteria: 

1) Dip angle, IAI < 60°. 

2) Curvature error, Ac < 0.3 (GeV/c)" 1 or relative curvature error, 

Ac/c < 0.3. 

3) Momentum in the TPC, pTpc > 100 MeV/c. 
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4) Momentum extrapolated to the interaction point, Pyjx > 120 

MeV/c. 

5) Distance of closest approach to the event vertex in the bend 

plane, Ar < 6 cm. 

6) Distance of closest approach to the event vertex in the direction 

of the beam, Az < 10 cm. 

A preliminary mass assignment is made for each track based on its 

dE/d.v and momentum. Pairs of oppositely charged tracks with low invariant 

mass and dE/dx values consistent with electrons are identified as electron-

positron pairs from photon conversions. The total charged energy, E c/,, is 

computed from the measured momenta and the preliminary mass 

assignments. The sphericity axis is determined, which defines two 

hemispheres for the event. The following criteria are used to select 

multihadron events: 

1) The number of "good" tracks identified not to be electrons, iVj,flj 

> 5 . 

2) Total charged energy, E c^ > 7.25 GeV. (Suppression of two-

photon collisions.) 

3) Sum of z components of momenta, I \pz I < 0.4 E c^/c. 

(Suppression of two-photon collisions and events with large 

initial state radiation.) 

4) The total number of "good" tracks, N„ n 0 l i , > half the total 

number or tracks, Ntotai/2. 
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5) In at least one hemisphere there must be at least 4 non-electron 

tracks or the invariant mass of the tracks must satisfy M e t > 2.0 

GeV. (Suppression of x+x~ background.) 

6) The event vertex must be within 2.0 cm of the origin in the x-y 

plane and 3.5 cm in the z direction. 

7) The dip angle of the sphericity axis, I As„/, I < 45°. 

This resulted in a sample of 20,126 events. 

5.4 Final Corrections to the Data 

Once DSTs with multihadron events were available on disk, further 

analysis was carried out to study systematic effects in the dE/dx measurement. 

This was based on approximately 47,000 minimum ionizing pions from 

multihadron events. Correction factors were determined for dependence of 

the dE/dx on sector, end cap, and dip angle. For example, figure 5.3 shows the 

uncorrected mean dE/dx for minimum ionizing pions divided by the 

expected value as a function of dip angle. Variations on the order of several 

percent can be seen. Correction factors were computed by fitting third order 

polynomials to the data. The sector-to-sector variations were also on the 

order of several percent. The dE /dx corrections resulted in an improvement 

in the d E / d x resolution from 3.7% to 3.5% for pions with at least 120 wire 

samples for determination of the truncated mean. 

In addition, a final set of distortion corrections was developed based on 

u +u~ and Bhabha events. These included corrections for E x B drift based on 

magnetic field maps obtained with NMR probes [54], and a set of empirical 

corrections for distortions from sources not entirely understood, but assumed 
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to be mainly electrostatic in origin. The result of these corrections was to 

improve the momentum resolution for high momentum tracks from 

approximately Ap/p = 0.9% • p (GeV/c) to 0.65% • p (GeV/c). The resolution is 

determined from the width of the curvature distribution for muons from 

u+U" events, as shown in figure 5.4. The constant background is from cosmic 

ray muons which pass through the interaction point. 

5.5 Event Simulation 

A Monte Carlo event generator and detector simulation program is 

used to determine the event selection efficiency and particle acceptances, 

estimate backgrounds and test various data analysis procedures. To simulate 

multihadron events, the Lund version 5.3 generator was used. (See section 

2.4.2 and references [55-57].) The output from this program is basically a list 

of particles produced in the event, with their types and momenta. 

This particle list is the input to the program TPCLUND which 

simulates the detector response. The philosophy behird TPCLUND is to 

adequately simulate the overall characteristics of the detector, while running 

sufficiently quickly to allow a number of events comparable to the amount of 

actual data to be processed in a short period of time. The time required to 

process a typical multihadron event is 1.8 seconds on a VAX 8650 computer. 

The speed requirement places constraints on the level of detail in 

which the detector can be represented. TPCLUND describes the detector as a 

series of hexagonal layers, each characterized by a certain number of radiation 

lengths, nuclear interaction lengths, and a certain ionization rate for a 

minimum ionizing particle. The simulation of the particle's evolution from 

layer to layer includes the effects of decays, nuclear interactions and hard 



electromagnetic processes (i.e. bremsstrahlung for charged particles, pair 

production for photons) multiple Coulomb scattering and ionization energy 

loss. Particles from decays and particles produced in interactions in the 

detector's material are treated in the same manner. 

Rather than simulating the production of ionization in the TPC and its 

subsequent drift and detection bv the sectors, TPCLUN'D generates space 

points corresponding to the places where a particle's trajectory crosses a pad 

row. The positions of the points are then smeared according to the measured 

position resolution of the detector as a function of drift distance, (i.e. z) 

crossing angle, a, and pad row. Points are thrown away in regions where 

tracks overlap. A significant amount of time is saved by not using the pattern 

recognition program used for the actual data. Instead, points are associated 

with a track if they are within 3 cm of its trajectory. Ambiguous points are 

associated with only one track. Tracks with at least three points are said to be 

found, and the momentum is determined by a fit to a helix. 

Individual wire signals are not simulated by TPCLUND. Instead, a 

truncated mean d E / d x is generated based on the particle's momentum and 

particle type. The number of usable dE/d.v measurements that the track 

would have had is then estimated. This takes into account how many wires 

were crossed, track overlap, effects of delta rays and electronics saturation. 

The dE/d.v resolution is then estimated from the number of usable dE/d.v 

measurements and the dip angle using equation 4.27. The initial truncated 

mean dE/d.v value is then smeared with a Gaussian distribution of this width. 

From this point, the analysis in TPCLUND mimics the analvsis for the 

real data. A particle type is assigned based on the momentum and dE/d.v. 
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The energy loss in the material between the detector and the interaction point 

is then estimated. The particle's trajectory is extrapolated to the interaction 

point including the effects of energy loss. The momentum is then 

redetermined using the vertex constraint. The output is recorded in the same 

format as for the real data, so that the same analysis programs can be used for 

both. 

5.6 Backgrounds in the Multihadron Event Sample 

The reactions e + e" —» e+e~ + hadrons (two-photon reactions) e+e~ —> r r 

and e + e _ —t e +e" events were studied as potential sources of background to the 

multihadron event sample. Background subtractions for the n, K and p 

momentum spectra are made, although these corrections are in all cases 

small compared to uncertainties from other sources. 

The reaction e + e" —> e +e" + hadrons can be viewed as a collision of two 

photons [58]. For the case where one or both of the Q-- values of the colliding 

photons are large compared to vector meson masses (0(1 GeV)), the process 

can '-'- -' scribed by the Quark Partor Model (QPM). A Monte Carlo study was 

can .cd out in which 61,504 QPM events were gene T ted and processed 

through the detector simulation program TPCLUNC The total center-of-

mass energy of the two photon system, Wyy, was required to be greater than 3 

GeV, corresponding to a cross section of 0.42 nb. Of the generated events, 224 

were accepted by the selection criteria discussed in section 5.3, from which the 

fraction of QPM events in the multihadron event sampie is estimated to be 

0.5%. The erior in this value could be quite large (a factor of 2-3) in view of 

the experimentally observed excess of two-photon events over the QPM 

prediction [59], Nevertheless, the QPM -ackground is sufficiently small that it 



does not constitute a significant source of systematic uncertainty in the 

analysis of annihilation (i.e. qq) events. The relative background levels for 

the various particle species (with statistical errors only) are shown as a 

function of z = p I pteam in figure 5.3. 

For the case in which the photons' Q2 values are small or of the same 

order as vector meson masses, the process e + e" —> e + e _ + hadrons can be 

described by the Vector Dominance Model (VDM). Requiring Wyy> 3 GeV as 

before, the cross section for this process is approximately 2.4 nb. Events of this 

tvpe tend to produce hadrons at very small angles with respect to the beam 

direction, so that the amount of detected energy is typically below the 

minimum energy cut of 7.25 GeV. In a Monte Carlo study with 80,000 

generated VDM events, four passed the the multihadron selection cuts with 

the exception of the 45° cut on the dip angle of the sphericity axis. Of the four, 

only one passed this final cut, corresponding to a contamination of only 

0.01% in the multihadron event sample. 

For the reaction e +e~ -» T + T _ , 100,000 events were generated and 

processed through the detector simulation program. The total cross section 

including radiative corrections is 0.136 nb. 975 events were accepted, 

corresponding to a contamination of 0.47c. The background levels as a 

function of z are shown in figure 5.6. The background peaks at high 

momentum, reaching 47c for pions in the interval 0.7 < z < 0.9. 

Bhabha events were studied as a potential background to the high 

momentum region. 200,000 events were generated of the type e + e _ —> e+e~ and 

e +e~ —* e+e"y. where the minimum scattering angle with respect to the beam 

direction was 30° and the minimum photon energy in the radiative events 
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was 0.5 GeV. The corresponding cross section is 3.b4 nb Approximated 1 ' 

oi the events contained at least five charged tracks due to electromagnets 

processes in the 15'" r 1. oi material between the interaction point and thi-

detector The multihadron event selection requires, however, that these 

tracks be identified not to be electrons. None ot the events satisfied this 

criterion, leading to a 68c"r confidence level upper limit on the fraction ol 

Bhabha events in the multihadron sample of 0.01 r>. 
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Chapter 6 

Determination of the Inclusive 
Cross Sections and Fractions 

6.1 Objectives 

The 20,126 events passing the multihadron event selection criteria 

were analyzed to determine the charged hadron inclusive cross sections and 

fractions. Specifically, the following quantities were measured: 

1 dex 
1) - — -777 (e+e- -> h + X) as a function of z = fhadroJ Vbeam f o r h = n±> 

utot U J -

K 1 , p, p and total. 

1 d a 
-) a p ^ 7 (e +e- -> h + X) as a function of x = Ehadrm/Ebcam for h = n-, 

K 1 and p, p. 

3) 
z do" 

— -rz (e +e- -> fe + X) as a function of z = phadroJVbeam for /j = TI=. 

K+- and p, p. 

4) Charged hadron fractions as a function of z = Phadron/Vbeam-

5) K/TC, p/71 and baryon/meson ratios as a function of z = Phadron/Pbav, 
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Here c,ol refers to the total cross section for the process e +e" —> hadrons. The 

quantities listed above are clearly not independent; all are computed for the 

sake of convenience in comparison with theorv and with other experiments. 

The fractions and particle ratios have the advantage that a number ot 

systematic uncertainties (e.g. those associated with the acceptance) largely 

cancel out. 

6.2 Track Selection 

For determination of the quantities listed above, tracks from the 

selected events were required to satisfy the following criteria: 

1) Number of d£/d.r wire samples for determination of the 

truncated mean dE/dx, nw > 40. 

2) Absolute value of dip angle, IAI < 60°. 

3) Curvature error of track, Ac < 0.15 GeV"1 or relative curvature 

error, Ac/c < 0.15. 

4) Distance of closest approach to event vertex in the x-y plane, Ar < 

3 cm. 

5) Distance of closest approach to event vertex in the beam 

direction, Az < 5 cm. 

At low momenta, a substantial fraction of the observed protons come from 

nuclear interactions in the material between the interaction point and the 

TPC. Therefore, only negative particles are used for z < 0.25. 
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6.3 Statistical Fit for the Number of Observed Hadrons 

For determination of the hadron fractions and cross sections, the track 

sample is divided into z (i.e. momentum) intervals as shown in figure 6.1 

and table 6.1. Also shown in figure 6.1 is the expected truncated mean dE/dx 

as a function momentum for electrons, pions, kaons and protons. In the 

following these curves are referred to as T^p), where the index i refers to the 

particle tvpe. In the relativistic rise region {z > 0.25), however, there is only a 

1 to 2 standard deviation separation between protons and kaons, and only 2 to 

3.5 standard deviations between kaons and pions. As a result, the relative 

abundances of the various particle types must be determined by a statistical 

technique. 

For purposes of the statistical analysis, it is convenient to normalize 

the dE/dx of a track by the expected mean dE/dx value for pions at the track's 

measured momentum: 

dE / 
R H dT/W- ( 6 1 ) 

The variable /i,(p) is defined as the expected mean dE/dx for particle species f 

divided by the expected mean dE/dx for pions at the momentum p: 

|i,(p) = r,-(p) / Tn(p), i = e, K, K, p. (6.2) 

For a sample of tracks all of momentum p, particle type i, number of 

wire samples for truncated mean determination nw, dip angle A, and 

momentum error Ap, the variable R is assumed to follow a Gaussian 

distribution centered about m(p) of width 
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Figure 6.1 Scatter plot of d£/dx versus p showing the momentum intervals 

used for determination of the inclusive cross sections and fractions. 
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°", = f { (dE/dx)min., ^ 
Omin-ln^W'U /i,-(p) fjfi 

a 
J J 

Here, crm ! n_j K(nw, A) is the relative dE/d.r resolution (i.e. cr c j£/ d ; i . /(dE/dx)) as 

determined from minimum ionizing pions and given by equation 4.27. 

{dE/dx)mjn.j is 12.1 keV/cm, the ionization rate for a minimum-ionizing 

particle. The exponent a is zero for relativistic particles (/J > 0.96) and 0.35 

otherwise. (See section 4.6.) The second term corresponds to the broadening 

due to momentum measurement errors. The contribution from this term is 

only significant in the 1//J2 region, since the multiple Coulomb scattering 

contribution to the momentum resolution is inversely proportional to p. 

The tracks within a given momentum interval do not, however, all 

have the same dip angle, number of d E / d x samples, or momentum 

resolution. Therefore o~,- is different for each track and must be treated as a 

random var iable . Fur the rmore , the m o m e n t u m interval is not 

infinitesimally narrow; it is necessary to consider different values of 

momentum, and hence different values of /^,(p) within the interval. It is 

assumed that the distribution of the variables R, p and o~, for tracks within a 

sufficiently narrow momentum interval are distributed according to 

F (R, p, a{) oc g (p, a-) f (R, p, o-;; 0,) , (6.4) 

where the function / (R, p, a,-; 0 () is given by 

( _ i v _ ., r„\ \2 \ v 0i 
f(R,p, oy; <pt) = L —7= exp 

i V2TC a,-

(R-Hi(p) V 
la? (6.5) 



The index i is summed over the four particle types: e, n, K and p. The four 

adjustable parameters , 0,, are proportional to the abundances of the 

corresponding particle types. Studies with minimum-ionizing pions indicate 

that the assumption of a Gaussian distribution is well justified. (See figure 

4.8.) 

The abundance of each particle type is determined by an extended 

maximum likelihood fit [60]. The likelihood function is given by 

L = exp ( - 1 0,•) 11 / (R p , a,••; 0 f), (6.6) 
i j 

where the index j runs over all tracks in the momentum interval. It is not 

necessary to include g (p, cr,) in the likelihood function, since it does not 

depend on the adjustable parameters, 0,-. The likelihood function is 

maximized using the program MINUIT [61]. By using the extended 

maximum likelihood technique (i.e. including the exponential term in front 

of the usual product in equation 6.6) the parameters, 0;, give the actual 

number of particles (not the fraction) of each type. The fit does not require 

binmng in the variable R (i.e. dE/dx) and makes maximal use of the 

information available for each track. This is particularly important in the 

high momentum region, where limited statistics are available. 

In order to see qualitatively the results of the fit, a histogram of R can 

be compared to f (R, <p>, <&{>; 0,). Plots for several momentum intervals 

are shown in figures 6.2a - 6.2d. The function / is evaluated at the mean 

values of momentum and a,- in the interval, and its area is scaled to that of 

the histogram. Note that the relative number of hadrons can be determined 

even when the peaks are quite close together. This relies heavily on the fact 
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Figures 6.2a, b Histograms of R for the indicated z intervals. The solid 
curves correspond to the fit numbers of electrons, pions, kaons and protons 
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Figures 5.2c, d Histograms of R for the indicated z intervals. The solid 
curves correspond to the fit numbers of electrons, pions, kaons and protons. 
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that the positions of the peaks (i.e. ^,(p)) and the widths, o",, are not adjustable 

parameters , but instead are determined from separate measurements. 

Contributions of the uncertainties in these quantities to systematic errors in 

the cross sections and fractions are discussed in section 6.5. 

The fit number of particles in each momentum interval is corrected for 

background from the processes e + e" -» x + i " and e + e- -» e +e~ + hadrons as 

discussed in section 5.6. These corrections are small, and the associated 

uncertainties do not constitute a significant source of systematic error in the 

cross sections or fractions. 

6.4 Acceptance Corrections 

Given a certain number of particles observed in the detector, one must 

estimate how mai^ particles were actually produced in the e + e _ collision. 

The ratio of these two quantities (the acceptance) was determined using the 

Lund version 5.3 Monte Carlo event generator [55-57] and the Monte Carlo 

detector simulation program TPCLUND, described in section 5.5. 

First, 139,497 multihadron events were generated and processed 

through the detector simulation program. The event generator included 

initial state radiation (i.e. photon emission) so that the initial partonic system 

had, on the average, a center of mass energy somewhat less than 29 GeV. 

Events and tracks were selected using the same cuts as for the real data. 73,793 

events passed the selection criteria described in section 5.3, corresponding to 

an efficiency of e^a^ = 0.529. By looking at the reconstructed momentum, 

-TPO a n d t n e generated particle type of each track, the number of pions, kaons 

and protons in a given zjPC interval passing the track selection cuts per 

accepted event was determined. 



A second set of 500,000 Monte Carlo events was generated using the 

same event generator, except that the effects of initial state radiation were 

turned off. The total number of particles of each type (without any detector 

simulation or cuts) was recorded as a function of the generated : , z y c . 

Protons were defined to include the decay products of weakly decaying 
0 0 

barvons. Pions included decay products of K$ mesons, but not those of K|_ 

From these two Monte Carlo data sets, the acceptance for particle type i, 

Ai, is given by 

Number of particles 
of type i in Az Tp (- passing 

. track cuts per accepted event I 
A { = r Number of particles of type i \ x eV^tem- (6.7) 

generated in A z M C per event 
without initial state radiation 

where Epattern = 0-97 is the estimated pattern recognition for the real data. 

(The corresponding efficiency in TPCLUND is essentially 100%.) The pion 

acceptance is computed using the number of pions plus the number of 

muons passing the track cuts. This corrects for the fact that muons are not 

separated in the statistical fit. The muon spectrum in the Monte Carlo is in 

agreement with an independent measurement which utilized the TPC/2y 

detector's muon chambers [62]. The acceptance as a function of z for pions, 

kaons and protons is shown in figure 6.3. The discontinuity corresponds to 

the requirement that only negative particles be used for z < 0.25. 

6.5 Error Analysis 

The cross sections and ratios listed in section 6.1 are functions of the 

observed number of hadrons of type i in Az, nv the acceptance, Av and the 
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total number of accepted events, N c v e n t s = 20,126. For example, the 

normalized inclusive cross section for hadron type i is computed as 

I d a , n, 
atot ds A, Az N events 

(6.9) 

The relative error in this quantity is equally sensitive to the relative error in 

H, as to that in Ar The fraction of hadrons of type i is given by 

rtj/Aj 
f i = nn/An + nK/AK + np/Ap' ( 6 1 0 ) 

Here, the errors due to the acceptance largely cancel, since the errors in An, 

A^ and Ap are highly correlated. 

In order to carry out the error propagation for functions of n,- and Ait a 

6x6 covariance matrix, V,-, is defined in which i, j - 1, 2, 3 corresponds to nn, 

«K a n d «n/ and i = 4, 5, 6 corresponds to AK, A^ and Ap. The covariance 

matrix is assumed to be in block diagonal form, with no correlations between 

the errors in «,- and the errors in Aj. The final covariance matrix is the sum 

of a number of terms corresponding to both statistical and systematic 

uncertainties. 

For the statistical errors, the part of the covariance matrix 

corresponding to nn, n^ and np is computed as part of the maximum-

likelihood fit. This is done numerically by the program MINUIT using the 

routine HESSE [61]. Statistical errors in AK, A^ and Ap are assumed to be 

uncorrected, and contribute only to V44, V55 and V 6 6 respectively-

For nK, n K and np, the systematic errors are dominated by knowledge of 

the mean expected dE/d.v as a function of momentum, T,-(p), and bv 
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knowledge of the dE/dx resolution. The uncertainty in T,(p) is taken to be 

AT/T = 0.2% for / = n, K and p, and 0.4% for i = e. (See figure 4.6.) The 

contribution to VtJ is estimated by repeating the fitting procedure with T;(p) 

displaced by ± AT,- for one of the hadron types: 

v l = J Z (n,-(T a+Ar a) - M,(T a-AT a)) (« /T a +AT Q ) - « /T a -AT a ) ) , (6.11) 
a 

where a is summed over e, n, K and p. The contribution from the 

uncertainty in the dE/dx resolution is computed in a similar fashion: 

Vr" = \ (n,-(a+ACT) - Ji/ff-Aff)) (n/cr+Acr) - n/cr-Acr)) , (6.12) 

where a is the relative dE/dx resolution for minimum-ionizing pions. Ao7<r 

is estimated to be 8%. 

For An, A^ and A p , contributions to the systematic uncertainty are 

considered from the following sources: 

1) Pattern recognition efficiency. 

2) Simulation of nuclear interactions. 

3) Simulation of the ionization energy loss correction for material 

between the beam line and the TPC. 

4) Effects of momentum smearing. 

5) Sensitivity to the cut on the number of dE/dx measurements. 

The systematic error in the pattern recognition efficiency should be 

highly (but not completely) correlated between particle types. (Differences in 



transverse momentum spectra could, for example, lead to a dependence on 

particle type.) The contribution to the covariance matrix is taken to be 

V^at = ( (2%)2 + (1%)2 8{j ) A; Aj . (6.13) 

Here (and in the remainder of the discussion of acceptance errors) V,y is 

understood to refer to the lower-right 3x3 quadrant of the covariance matrix. 

The error due to nuclear interactions is broken into three parts: an 

uncertainty of 10% in the number of nuclear interaction lengths (6.4%) 

between the beam line and the TPC, a 20% uncertainty in the total interaction 

cross section, and a 75% uncertainty in production cross sections. In order to 

estimate the effect of these uncertainties, the contributions to the acceptance 
produced absorbed 

tor particle type i from particles produced, A • , and absorbed, Aj 

were estimated from the Monte Carlo. The contributions to the covariance 

matrix from thickness, particle absorption and production are taken to be 

V^CkneSS =(10%) 2

 { A P ^ 2 + A ^ o r b e d 2 ) U 1 produced,+ A a b 5 0 r b e d 2 ) V 2 / ( g ^ 

^sorption = ( 2 Q % ) 2 garbed ^bsorbed^ ( 6 u b ) 

production = ( 7 5 % ) 2 produced produced ( f i ^ 

The relative uncertainty in the amount of ionization energy loss in the 

material between the interaction region and the TPC is assumed to be 15%, 

independent of the amount of energy lost. This leads to the following 

contribution to the covariance matrix: 



10S 

Vf , 0 5 S = A ( In E!0"5) A ( In E Z o i S ^ - ^ ^ 0 ' J -, , r 'oss -, , Joss 
6 In E ; d In E 

(15%) 2 

^ loss ~\ ( ^loss "\ 

dp (3i 
dA: Ej 

Cp Pj ) 
(6.15) 

The derivatives with respect to momentum are computed by finite 

differences. The energy loss by particle type z is estimated as the average 

energy loss of a minimum ionizing particle (10 MeV at X - 45°) divided by Pp--

This source of error is only significant for momenta corresponding to the \lpP-

regions. 

The acceptances could have been determined using the number of 

particles passing the track cuts in an interval of the generated momentum, 

Az M £. The resulting spectra would then need to be unfolded to correct for the 

effects of momentum smearing. Because of difficulties in carrying out such 

an unfolding procedure, the acceptances were determined using the 

momenta as reconstructed by the detector simulation program. (See equation 

6.7.) This effectively corrects for momentum smearing, but is only correct if 

the momentum spectra in the event generator are the same as those of the 

real world. Based on estimates of such a discrepancy, the contribution to the 

covariance matrix for 0.7 < z < 0.9 is taken to be 

^smearing = ( 1 ( ) % ) 2 ^ . _ ( 6 1 6 ) 

For z < 0.7 the momentum smearing error is negligible. 

Systematic errors due to track cuts were estimated by varying the 

selection criteria listed in section 6.2. For the most part, the acceptance 

corrected results are sufficiently insensitive to the cuts that the corresponding 
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systematic uncertainties can be neglected. The one exception concerns the cut 

on the number of d E / d x measurements {nw > 40). This effects the results for 

highly ionizing protons, and for pions of sufficiently low momenta that their 

tracks curl up inside the TPC. The contributions to the covariance matrix are 

C , ( 7 5 o ) 2 A 2 0.010 < 2 < 0.015, (6.17a) 

VC£5 = (10%) 2 A2 0.035 <z < 0.040, (6.17b) 

Vc£ = (5%)2 A " 0.040 < z < 0.045 . (6.17c) 

For the cross sections, statistical errors dominate above x ~ 0.5. The 

systematic errors for the proton and kaon cross sections are dominated by the 

0.27c uncertainty in the dE/dx vs. velocity curve and the 8% uncertainty in 

the dE/dx resolution. The pion cross section is dominated by the uncertainty 

in the pattern recognition efficiency. Because of the correlations in a number 

of the systematic errors, the uncertainties in the fractions are predominantly 

statistical over almost the entire momentum range. 

6.6 Results 

The various cross sections and particle ratios listed in section 6.1 are 

shown in figures 6.4 through 6.11. Values are given in tables 6.1 through 6.6. 

One of the cross sections contains factors determined from the Monte Carlo: 

1 do-, _ ^ 1 >. rij 
atotp dx = ^ P i ^ At Ax Nevent5- ( 6 1 S ) 
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Values of <1//?,-> determined from the Lund version 5.3 event generator are 

given in table 6.3. The factor of z in the cross section z / a t o t do~,/dz is taken as 

the average z for all particle types over the momentum interval: 

z da,- <z> n{ 

^ "dT = Ai Az Nevents • ( 6 1 9 ) 

All points are plotted in the centers of the corresponding z or x intervals. 
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Figure 6.4 The normalized inclusive cross section 1/ <rtot dcr,/dz for i = rc1, 
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stable hadrons (i.e. rc1 + K± + p, p) as a function of z = Vhadron/Pbe 
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Figure 6.6 The normalized inclusive cross section l/p<7tot do~;/d;t for i = n±, 

K* and p, p as a function of x = 2E^ a^ r 0„/Vs. 
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Table 6.1 The normalized cross section l/atot dcr,/dz for i = n±, K= , p, p and 

toial (i.e. JI± + K± + p, p) as a function of z = Phadron/Pbcam-

1 d a 
z interval —— - r r <.e+e~ —> h- + X) 

a / t ) f a. 

rc* K± p, p total 

0.010-0.015 88.4 ± 7.2 - - 91.5 ±7.4 
0.015-0.020 138.3 ±5.4 - - 144.8 ± 5.6 
0.020 - 0.025 149.5 ± 6.6 - - 157.7 ±7.0 
0.025 - 0.030 144.2 ± 5.0 5.56 ± 0.49 - 153.4 ±5.2 
0.030 - 0.035 130.9 ±4.1 7.21 ± 0.56 - 142.2 ±4.3 
0.035 - 0.040 112.9 ±3.5 7.60 ± 0.59 3.63 ± 0.65 124.1 ±3.8 
0.040 - 0.045 104.6 ±3.2 9.3 ±1.2 3.46 ± 0.46 117.3 ±3.6 
0.045 - 0.050 93.8 ± 3.0 8.55 ± 0.96 3.99 ± 0.46 106.4 ± 3.3 
0.050 - 0.055 83.8 ± 2.7 8.73 ± 0.65 3.64 ± 0.41 96.2 ± 3.0 
0.055 - 0.060 76.0 ± 2.5 8.48 ± 0.74 3.35 ± 0.39 87.8 + 2.7 
0.060 - 0.065 68.2 ± 2.6 9.2 + 1.3 3.32 ± 0.39 80.7 ± 2.6 
0.065 - 0.070 60.9 ± 3.0 8.8 ± 2.3 2.76 ± 0.33 72.5 ± 2.4 
0.070 - 0.075 - - 4.00 ± 0.48 69.2 ± 2.4 
0.075 - 0.080 - - 3.04 ± 0.58 60.0 ± 2.2 
0.080 - 0.085 - - 3.9 ±1.2 53.3 ± 2.2 
0.085 - 0.090 - - 3.43 ± 0.57 49.2+1.8 
0.090-0.100 36.0 ±1.9 5.6 + 1.5 3.06 ± 0.33 44.6 ± 1.4 
0.100-0.110 29.9 ±1.5 6.32 ± 0.92 2.69 ± 0.60 39.0 ±1.3 
0.110-0.120 - 5.13 ± 0.61 - 33.9 ±1.3 
0.120-0.130 - 5.13 ± 0.49 - 29.4 ±1.1 
0.130-0.140 - 5.00 ± 0.38 - 26.1 ±1.0 
0.140-0.150 - - - 22.11 ±0.82 
0.150 - 0.160 - - - 20.44 ± 0.79 
0.160-0.180 12.48 ±0.51 - - 17.00 ±0.58 
0.180 - 0.200 10.77 ±0.45 - - 14.38 ± 0.58 
0.200 - 0.220 7.95 ± 0.36 - - 11.31 ±0.44 
0.220 - 0.250 6.13 ± 0.26 - - 8.96 ± 0.32 
0.250 - 0.300 4.09 ± 0.14 1.73 ±0.11 0.42 ± 0.10 6.24 ±0.18 
0.300 - 0.350 2.61 ± 0.10 1.161+0.073 0.313 ±0.062 4.08 ±0.13 
0.350 - 0.400 1.581 ±0.071 0.842 ± 0.055 0.222 ± 0.046 2.644± 0.093 
0.400 - 0.500 0.874 ± 0.038 0.470 ± 0.030 0.120 ±0.022 1.463 ±0.049 
0.500 - 0.600 0.370 ± 0.022 0.249 + 0.020 0.044 ± 0.012 0.663 ± 0.029 
0.600 - 0.700 0.190 ±0.015 0.090 ±0.012 0.0305 + 0.0080 0.310=0.019 
0.700 - 0.900 0.0466 ± 0.0070 0.0225 ± 0.0048 0.0064 ± 0.0023 0.0755 z 0.0098 
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Table 6.2 The normalized cross section l/<jtotj3 da/dx, where x = 2Ehaciron/\s, 
for fixed intervals of z = Phadmn/Pbcam-

1 d a 
; interval xcenter —j ^rj (e+e" -» h- + X) 

7I± K± P'P 

0.010-0.015 0.016 142. ±12. . -
0.015-0.020 0.020 180.9 ±7 .1 - -
0.020 - 0.025 0.024 177.2 ±7.8 - -
0.025 - 0.030 0.029 162.1 ± 5.6 0.044 14.1 ±1.2 -
0.030 - 0.035 0.034 142.5 ±4.5 0.047 15.2 ± 1.2 -
0.035 - 0.040 0.039 120.4 ± 3.7 0.051 13.9 r 1.1 0.075 14.5 ±2.6 
0.040 - 0.045 0.044 110.0 ±3.4 0.054 15.2 ±2.0 0.077 11.51 1.5 
0.045 - 0.050 0.048 97.7 ±3.1 0.058 13.0 ±1.5 0.080 11.411.3 
0.050 - 0.055 0.053 86.6 ±2.8 0.063 12.4 ±0.9 0.083 9.2 ±1.0 
0.055 - 0.060 0.058 78.1 ± 2.6 0.067 11.5 ±1.0 0.087 7.60 1 0.89 
0.060 - 0.065 0.063 69.8 ± 2.6 0.071 n . 9 ± 1.7 0.090 6.8710.81 
0.065 - 0.070 0.068 62.2 ± 3.0 0.076 11.1 ±2.8 0.094 5.301 0.63 
0.070 - 0.075 - - 0.097 7.18 ±0.86 
0.075 - 0.080 - - 0.101 5.15 + 0.98 
0.080 - 0.085 - - 0.105 6.3 ±1.9 
0.085 - 0.090 - - 0.109 5.31 ±0.88 
0.090-0.100 0.095 36.4 ±1.9 0.101 6.3±1.7 0.115 4.49 ± 0.48 
o.ioo-o.no 0.105 30.2 ±1.5 0.110 7.0 ±1.0 0.123 3.72 ± 0.83 
0.110-0.120 - 0.120 5.58 ± 0.67 -
0.120-0.130 - 0.130 5.51 1 0.52 -
0.130-0.140 - 0.139 5.32 ± 0.41 -
0.140-0.150 - - -
0.150-0.160 - - -
0.160-0.1S0 0.170 12.52 ±0.51 - -
0.180-0.200 0.190 10.79 + 0.45 - -
0.200 - 0.220 0.210 7.97 ±0.36 - -
0.220 - 0.250 0.235 6.14 ±0.26 - -
0.250 - 0.300 0.275 4.09 ±0.14 0.277 1.7610.11 0.283 0.4510.11 
0.300 - 0.350 0.325 2.61 ± 0.10 0.327 1.17410.074 0.331 0.326 1 0.064 
0.350 - 0.400 0.375 1.58210.071 0.377 0.8491 0.055 0.381 0.229 1 0.047 
0.400 - 0.500 0.450 0.875 1 0.038 0.451 0.4721 0.030 0.455 0.12210.023 
0.500 - 0.600 0.550 0.370 ± 0.022 0.551 0.25010.020 0.554 0.04510.012 
0.600 - 0.700 0.650 0.190 ±0.015 0.651 0.091 ±0.012 0.653 0.030810.00S1 
0 700-0.900 0.800 0.0466 ± 0.0070 0.801 0.0225 1 0.0048 0.803 0.006510.002? 

http://-o.no
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Table 6.3 Values of <l/P> from the Lund version 5.3 event generator used to 
compute the cross section l/o" f o f /3 doVd.r. (See table 6.2 and figure 6.6.) 

z interval <l//3> 

TC± K± P'P 

0.010-0.015 1.267 - -
0.015-0.020 1.144 - -
0.020 - 0.025 1.089 - -
0.025 - 0.030 1.060 1.591 -
0.030 - 0.035 1.044 1.450 -
0.035 - 0.040 1.033 1.352 1.996 
0.040 - 0.045 1.026 1.282 1.822 
0.045 - 0.050 1.021 1.231 1.690 
0.050 - 0.055 1.017 1.193 1.589 
0.055 - 0.060 1.014 1.163 1.506 
0.060 - 0.065 1.012 1.139 1.440 
0.065 - 0.070 1.010 1.120 1.386 
0.070 - 0.075 1.009 1.105 1.341 
0.075 - 0.080 1.008 1.093 1.303 
0.080 - 0.085 1.007 1.082 1.271 
0.085 - 0.090 1.006 1.073 1.244 
0.090 - 0.100 1.005 1.063 1.211 
0.100-0.110 1.004 1.052 1.175 
0.110-0.120 1.004 1.043 1.148 
0.120 - 0.130 1.003 1.037 1.126 
0.130-0.140 1.003 1.031 1.109 
0.140-0.150 1.002 1.027 1.095 
0.150-0.160 1.002 1.024 1.084 
0.160-0.180 1.002 1.020 1.070 
0.180 - 0.200 1.001 1.016 1.057 
0.200 - 0.220 1.001 1.013 1.047 
0.220 - 0.250 1.001 1.011 1.038 
0.250 - 0.300 1.001 1.008 1.028 
0.300 - 0.350 1.000 1.006 1.020 
0.350 - 0.400 1.000 1.004 1.015 
0.400 - 0.500 1.000 1.003 1.011 
0.500 - 0.600 1.000 1.002 1.007 
0.600 - 0.700 1.000 1.001 1.005 
0.700 - 0.900 1.000 1.001 1.004 
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Table 6.4 The cross section z/alot do~,/z as a function of z ~ Phadron/Pbeam f ° r 

i = n1, K1 and p, p. The factor of z is taken as the mean z over the interval for 
all particle types combined. 

z do 
z interval <z> — -j— (e + e - —» /z1 + X) 

n (1? 

K± 

0.010-0.015 0.0126 1.118 ±0.091 - -
0.015-0.020 0.0175 2.426 1 0.095 - -
0.020 - 0.025 0.0225 3.36 ±0.15 - -
0.025 - 0.030 0.0275 3.96x0.14 0.15310.014 -
0.030 - 0.035 0.0325 4.25 ±0.13 0.23410.018 -
0.035 - 0.040 0.0374 4.2310.13 0.284 1 0.022 0.13610.024 
0.040 - 0.045 0.0424 4.44 ± 0.14 0.393 1 0.051 0.14710.020 
0.045 - 0.050 0.0474 4.45 1 0.14 0.405 1 0.046 0.18910.022 
0.050 - 0.055 0.0525 4.4010.14 0.4581 0.034 0.191 10.022 
0.055 - 0.060 0.0575 4.3610.14 0.488 1 0.042 0.192 1 0.023 
0.060 - 0.065 0.0625 4.2610.16 0.574 + 0.084 0.207 1 0.024 
0.065 - 0.070 0.0675 4.1110.20 0.6010.15 0.18610.022 
0.070 - 0.075 0.0724 - - 0.289 1 0.035 
0.075 - 0.080 0.0775 - - 0.235 1 0.045 
0.080 - 0.085 0.0825 - - 0.321 1 0.098 
0.085 - 0.090 0.0875 - - 0.300 1 0.050 
0.090-0.100 0.0948 3.4110.18 0.53 1 0.14 0.2901 0.031 
0.100-0.110 0.1049 3.14 10.16 0.663 1 0.097 0.283 1 0.063 
0.110-0.120 0.1149 - 0.5891 0.070 -
0.120-0.130 0.1248 - 0.6401 1 0.061 -
0.130-0.140 0.1349 - 0.674 ± 0.052 -
0.140-0.150 0.1448 - - -
0.150-0.160 0.1550 - - -
0.160-0.180 0.1699 2.120 ±0.086 - -
0.180-0.200 0.1896 2.0421 0.084 - -
0.200 - 0.220 0.2095 1.666 + 0.076 - -
0.220 - 0.250 0.2346 1.43810.060 - -
0.250 - 0.300 0.2728 1.11510.039 0.473 ± 0.029 0.11610.027 
0.300 - 0.350 0.3236 0.843 1 0.032 0.376 1 0.024 0.101 10.020 
0.350 - 0.400 0.3722 0.588 1 0.026 0.31310.020 0.083 1 0.017 
0.400 - 0.500 0.4438 0.38810.017 0.20810.013 0.0531 ± 0.009S 
0.500 - 0.600 0.5420 0.20010.012 0.135 lOTOll 0.0240 - 0.0064 
0.600 - 0.700 0.6408 0.1214 10.0097 0.0579 ± 0.0075 0.0195 ±0.0051 
0.700 - 0.900 0.7701 0.0359 ± 0.0054 0.0173 ±0.0037 0.005010.0017 
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Table 6.5 Charged hadron fractions as a function of z = VhaironlVbe 

z interval Charged Hadron Fraction (%) 

K± p,p 

0.035 - 0.040 90.95 ± 0.66 6.12 ± 0.45 2.93 ± 0.51 
0.040 - 0.045 89.15 ± 0.99 7.90 ± 0.94 2.95 = 0.38 
0.045 - 0.050 88.21 ± 0.90 8.04 ± 0.84 3.75 ± 0.41 
0.050 - 0.055 87.13 ± 0.74 9.08 ± 0.63 3.79 ± 0.41 
0.055 - 0.060 86.52 ± 0.89 9.66 ± 0.80 3.82 ± 0.43 
0.060 - 0.065 84.5 ± 1.7 11.4 ± 1.6 4.11 ± 0.47 
0.065 - 0.070 84.0 ± 3.1 12.2 ± 3.1 3.81 ± 0.44 
0.070 - 0.075 - - 5.77 ± 0.66 
0.075 - 0.080 - - 5.06 ± 0.92 
0.080 - 0.085 - - 7.3 ± 2.1 
0.085 - 0.090 - - 7.0 ± 1.1 
0.090 - 0.100 80.7 ± 3.5 12.4 ± 3.3 6.86 + 0.70 
0.100-0.110 76.9 ± 3.2 16.2 ± 2.3 6.9 ± 1.5 
0.110-0.120 - 15.1 ± 1.7 -
0.120-0.130 - 17.4 ± 1.6 -
0.130-0.140 - 19.1 ± 1.3 -
0.140-0.150 - - -
0.150-0.160 - - -
0.160-0.180 73.4 ± 1.6 - -
0.180 - 0.200 74.8 ± 1.9 - -
0.200 - 0.220 70.3 ± 1.6 - -
0.220 - 0.250 68.4 ± 1.6 - -
0.250 - 0.300 65.4 ± 1.1 27.8 ± 1.6 6.8 ± 1.6 
0.300 - 0.350 63.9 ± 1.3 28.4 ± 1.6 7.7 ± 1.5 
0.350 - 0.400 59.8 ± 1.7 31.8 ± 1.8 8.4 ± 1.7 
0.400 - 0.500 59.7 ± 1.5 32.1 ± 1.7 8.2 ± 1.5 
0.500 - 0.600 55.8 ± 2.3 37.5 ± 2.5 6.7 ± 1.8 
0.600 - 0.700 61.0 ± 3.2 29.1 + 3.4 9.8 ± 2.5 
0.700 - 0.900 61.7 ± 4.5 29.8 ± 5.0 8.5 ± 2.9 



Table 6.6 The ratios ICVrc1, (p, p ) / ^ and (p, p ) / ^ 1 + K±) as a function of z 
Vhadron' Vbeam-

z interval K^/n 1 (p, p ) / ^ {?,?)/(vP+Y?) 

0.025 - 0.030 0.0386 + 0.0035 
0.030-0.035 0.0551 + 0.0043 
0.035 - 0.040 0.0673 ± 0.0053 0.0322 ± 0.0058 0.0302 ± 0.0054 
0.040-0.045 0.089+ 0.012 0.0331 ± 0.0044 0.0304 ± 0.0040 
0.045 - 0.050 0.091 ± 0.010 0.0426 ± 0.0049 0.0390 + 0.0044 
0.050 - 0.055 0.1042 ± 0.0080 0.0434 ± 0.0050 0.0393 ± 0.0045 
0.055-0.060 0.112 ± 0.010 0.0441 ± 0.0052 0.0397+0.0046 
0.060 - 0.065 0.135 ± 0.022 0.0486 ± 0.0059 0.0429 + 0.0051 
0.065 - 0.070 0.145 ± 0.042 0.0453 ± 0.0056 0.0396 + 0.0047 
0.070 - 0.075 
0.075 - 0.080 
0.080 - 0.085 
0.085 - 0.090 
0.090-0.100 0.154+ 0.047 0.085 ± 0.011 0.0736 ± 0.0081 
0.100-0.110 0.211+ 0.038 0.090 ± 0.023 0.074 ± 0.018 

0.0322 ± 0.0058 
0.0331 ± 0.0044 
0.0426 ± 0.0049 
0.0434 ± 0.0050 
0.0441 ± 0.0052 
0.0486 ± 0.0059 
0.0453 ± 0.0056 
0.0612 ± 0.0074 
0.053 ± 0.010 
0.079 ± 0.024 
0.075 ± 0.012 
0.085 ± 0.011 
0.090 ± 0.023 

0.250 • •0.300 0.424 ± 0.027 0.104 ± 0.025 0.073 ± 0.018 
0.300 • • 0.350 0.446 ± 0.030 0.120 ± 0.024 0.083 ± 0.018 
0.350 • • 0.400 0.532 ± 0.040 0.140 ± 0.030 0.092 + 0.020 
0.400 • - 0.500 0.537 ± 0.039 0.137 ± 0.026 0.089 ± 0.018 
0.500 • • 0.600 0.673 ± 0.067 0.120 ± 0.033 0.072 ± 0.020 
0.600 • -0.700 0.477 ± 0.075 0.161 + 0.044 0.109 + 0.031 
0.700 • - 0.900 0.48 ± 0.11 0.138 + 0.049 0.093 ± 0.034 



Chapter 7 

Discussion of Results 

7.1 Introduction 

In this chapter the measured cross sections and fractions are compared 

to the results of other experiments and to various theoretical predictions. As 

in the previous chapter, error bars include both statistical and systematic 

uncertainties. All data points, including those of other experiments, are 

plotted in the centers of the corresponding x or z intervals. (This is done for 

lack of a better alternative: several instances will be pointed out where this 

procedure leads to apparent discrepancies between experiments.) 

7.2 Comparison with Other Experiments 

In figures 7.1 and 7.2 the differential cross section l/pctot dcr/dx is 

plotted along with results from HRS [1], Mark II [2], TASSO [4] and the 

previous measurement made by the TPC group [3]. The TASSO 

measurement was made at a center-of-mass energy of Vs = 34 GeV, and the 

others at Vs = 29 GeV. The TASSO group reported the cross section s//J 

da/dx, which was converted to the normalized cross section l / /3a ( o f dcr/d.v 

using the TASSO value of the total cross section (R = 4.01) [63]. In general, the 
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Figure 7.1 Comparison of the inclusive cross section l / P a t o t d a / d x with 
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agreement between experiments is fairlv good. There is a discrepancy 

between the K 1 cross sections at low momentum, where the TASSO 

measurement is higher than the other three. The proton cross section from 

this analysis in the region 0.2 < r < 0 4 is somewhat lower than in the 

previous TPC measurement. The points at the highest momentum reported 

bv TASSO correspond to a very wide momentum interval (10 < p < 17 GeY, 

or 0.59 < x < 1.0). Because of the rapidly falling cross section these points 

should actually be plotted more towards the left edge of the interval, which 

would move them into closer agreement with the TPC/27 results. 

In figures 7.3 and 7.4 the charged hadron fractions are compared to the 

previous TPC measurement [3] and to the measurements by TASSO [4] and 

HRS [1]. The disagreement at low momentum with TASSO stems from the 

previously mentioned discrepancy in the kaon cross section. The only 

published high-:: data is from the TASSO group, with one measurement in 

the interval 0.59 < z < 1.0. The TASSO measurement agrees at high-z with 

this analysis within quoted errors. The TPC/27 measurement is also in 

agreement with an unpublished measurement by the DELCO group at PEP 

[6)4], which set a 90% c.l. upper limit of 15% on the proton fraction for z > 0.6. 

In figure 7.5 the cross section \/ctol doVdz (e+e~ —> }\- + X) where h- is a 

charged stable hadron (i.e. TT̂  + IC^ + p, p) is shown along with measurements 

by Mark II [65] and TASSO [66]. The lowest momentum point bv Mark II 

corresponds to a relatively broad interval (0.0 < z < 0.05) which could account 

for the discrepancy between it and the TPC/27 and TASSO measurements. 

Other than this, the measurements are in reasonably good agreement. 
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7.3 Comparison with Fragmentation Models 

Qualitatively, the overall particle ratios are in agreement with the 

theoretical considerations discussed in chapter 2. That is, we observe more 

pions than kaons and more kaon' than protons. The most obvious feature of 

the particle fractions for z > 0.3 is that they are approximately constant. This is 

in disagreement with the dimensional counting rules discussed in section 

2.4.5, which predict a falling proton fraction. The statistical errors, however, 

are fairly large for z > 0.6, so a decreasing proton fraction cannot be ruled out. 

Comparisons of various measured quantities with the predictions of 

several hadronization models (Lund [6, 55-57, 67], Webber [28], Caltech-II [29] 

and UCLA [27]) are shown in figures 7.5 through 7.15. Each Monte Carlo data 

set is based on 300,000 events, except for that of the UCLA model which is has 

only 100,000 events. The parameters used are given in table 7.1. The main 

difference between Lund 5.3 and Lund 6.3 is in the generation of the initial 

partonic configuration. Version 5.3 uses exact second-order QCD matrix 

elements, while version 6.3 uses parton showers. The Lund parameters are 

based on previous studies by the TPC/2y group [53, 68, 69]. In the Webber 

model version 3.0, clusters always decay into two particles. In version 4.1, 

clusters of small enough mass "decay" into single hadrons. 

In the low-z region (z < 0.15) there are only small differences between 

the predictions of the different models, and most are in excellent agreement 

with the data. The Webber model (both versions 3.0 and 4.1) predicts 

substantially fewer low-z protons than the measured number, and the UCLA 

model predicts slightly too few low-z protons and slightly too many low-r 



Table 7.1 Parameters used in Monte Carlo hadronization models. 

Lund JETSET parameters (d = default): 

version: 5.3 6.3 

a 0.955 0.361 

b 0.6 GeV- 2 0.6 GeV- 2 

AQCD 0.642 GeV 0.372 GeV 

°-q 0.350 GeV 0.351 GeV 

qq/q 0.1 (d) 0.09 

s/u 0.3 (d) 0.3 (d) 

V/ (V+PS) U / d 0.5 (d) 0.5 (d) 

V/(V+PS) S 0.6 (d) 0.5 

V/(V+PS) C / b 0.75 (d) 0.75 (d) 

Q, - 1.0 GeV 

For the Lund model, the parton evolution was by second order QCD 

matrix elements in version 5.3, and by parton showers in version 6.3. 

Parameters for the Webber and Caltech-II models and any parameters not 

mentioned explicitly above were left at their default values. The UCLA 

model used a = 0.9, b = 0.85 GeV"2. 
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kaons. All of the models have been tuned to reproduce the total charged 

multiplicity, which is dominated by low-z pions. 

In the high-z region (2 > 0.25) the Lund 6.3, Webber 4.1, Caltech-II and 

UCLA models are in reasonable agreement with the total inclusive cross 

section, as shown in figure 7.5 For the K/n ratio (figures 7.6 (a) and 7.7 (a)) 

the Webber model prediction is somewhat low in the range 0.25 < z < 0.6, but 

continues to rise enough to be in agreement for z > 0.6. The Caltech-II K/n 

ratio is in mild disagreement in that it fails to level off. Both the Lund and 

UCLA models reproduce the K/n ratio very well. (Recall, however, that the 

UCLA model predicts too many low-z kaons.) 

The predictions for the p / n ratio differ substantially in the high-z 

region, as can be seen in figures 7.6 (b) and 7.7 (b). The UCLA model is in the 

best agreement and the Webber model also does quite well, although both 

predict too few low-z protons. The high-z proton rate is somewhat too large 

in the Lund model, and significantly too large in the Caltech-II model. The 

problem with Caltech-II could possibly be cured by using an alternate decay 

scheme for high-z clusters, in which, for example, clusters containing 

diquarks are not allowed to "decay" into a single baryon [70]. 

In figures 7.8 through 7.15, the differential cross sections l /o" f o f dcr,/dz 

and the charged hadron fractions are compared with model predictions. 

None of the models agree very well with the data over the entire momentum 

range. Lund 6.3 predicts too many high-z protons, as mentioned in 

connection with the p/n plot. Webber 3.0 does not predict enough particles of 

any type at high-z, since clusters always decay into two particles. This is 

remedied somewhat in version 4.1, although neither version predicts particle 



ratios which agree over the entire momentum range. The UCLA model 

agrees with the data better than any other model at high-z, but disagrees at 

low-- in ihe kaon and proton rates. Nevertheless, it does surprisingly well 

considering the small number of adjustable parameters. The high-z particle 

fractions in the Caltech-II model are in significant disagreement with the data. 

The Lund model was investigated further by adjusting the parameters 

a and b in the fragmentation function, /(£) (equation 2.22). For this, a and b 

were changed in a way that the total multiplicity remained constant. The best 

from tuning to low-z data are a = 0.995, b - 0.6 GeV - 2 . This predicts too manv 

high-z protons, as seen in figure 7.13. The values a = 2.0, b = 1.2 GeV - 2 makes 

things worse, as seen in figure 7.14. The high-z proton fraction is more in 

agreement (although still too high) with a = 0, b = 0.15 GeV" 2 (figure 7.15) but 

this leads to cross sections at high-z that are too large for all particle types. 

The proton fraction is also affected by the diquark to quark ratio, but this is 

fairly well determined by the proton cross section at low momentum. 

Given the large number of parameters involved (up to a dozen) the 

results of this analysis cannot exclude the Lund model in its present form. 

The comparison, however, is not favorable, and it appears that one must do 

more than simply adjust a and b. One possible solution would be to revert to 

the fragmentation function, /(£), given by equation 2.21, with separate values 

of a for mesons and baryons. Such an /(£) could also be used in a UCLA-type 

model. 
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Figure 7.13 Comparison of the inclusive cross sections l / o " t o t d a / d z (a) and 
charged hadron fractions (b) with predictions of the Lund model version 5.3. 
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Chapter 8 

Summary and Conclusions 

The normalized differential cross sections and charged hadron 

fractions have been measured for the process e + e _ —> / i 1 + X at \'s = 29 GeV, 

where h- is a charged pion, kaon or (anti)proton. The measurements were 

based on approximately 70 pb"l of data collected between 1984 and 1986 by the 

TPC/2y detector at PEP. Charged particles were identified by simultaneous 

measurement of momentum and (velocity sensitive) ionization rate. 

The cross sections at low momentum are in fairly good agreement with 

previous measurements, and with the predictions of most hadronization 

models. This analysis provides a significant improvement in the knowledge 

of the particle ratios at high momentum. For z = p/pbeam > 0.25, the charged 

hadron fractions are observed to be approximately constant. This is in 

disagreement with the predictions of several hadronization models and with 

dimensional counting rules. None of the models studied are in better than 

fair agreement with the data over the entire momentum range. While some 

disagree worse than others, no serious attempt has been made to tune the 

models, and further work along these lines is needed. It is hoped that the 

results presented here will be useful in this regard. 
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