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ABSTRACT 

Inclusive Lepton Production in Hadronic Events 
from e*e" Annihilation at 29 GeV 

nark Everett Nelson 

ABSTRACT 

He have measured the production rates of prompt electrons and muons 

in hadronic events from e*e~ annihilation at 29 GeV. The inclusive rate 

per hadronic event for leptons with total Momenta greater than 2 GeV/c 

is determined to be (0.033 i 0.003 ± U.012) for electrons and 

(0.037 i 0.005 i 0.008) for muons. Ue measure the longitudinal and 

transverse momentum spectra of these leptons. The harder transverse 

momentum spectrum of leptons from bottom quark decays relative to charm 

decays al'ouis us to separate the bottom and charm quark contributions to 

the prompt lepton signal. The longitudinal momentum distributions allow 

us to study the fragmentation properties of these heavy quarKS. For 

charm quarks Me find average semileptonic branching ratios of 

(6.4 ± 1.3 i 2.8)5! into electrons and (8.1 ± 1.6 t 1.8)X into muons. 

For bottom quarks ue find average branching ratios of 

(12.9 ± 2.5 • 2.OX into electrons and (12.2 ± 5.0 ± 3.0)5! into muons. 

The fragmentation function for bottom quarks is determined to be peaked 

at large z with <s>b = 0.75. 

' C'.L*. (A I '-4VU 
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1. INTRODUCTION 

The discoveries of the J/+C3100) in 1974 [1] and the TC9460) in 

1977 [2] marked the beginnings of the experimental investigations of 

particles which are interpreted as containing charm (e) and bottom (b) 

quarks. The J/+ is interpreted as a bound state of a charm quark and 

its antiquark (cc) and the T is assumed to be a bound state of bottom 

and its antiquark (bb). The J/+ and T have net charm and bottom quantum 

numbers of zero since they contain both a quark and an antiquark of the 

same flavor. Thus they can decay via the electromagnetic and strong 

interactions which conserve the flavor quantum number. A full 

understanding of the properties of c and b quarks requires the 

investigation >f their weak decay properties as uell. This can be 

accomplished through the study of particles uhich contain only one c or 

b quark and uhich therefore have nonzero c or b quantum numbers. The 

louest lying mass states of these charm and bottom particles can only 

decay via the flavor changing weak interaction. 

Since the discoveries of the J/^ and T , several particles with 

nonzero charm or bottom quantum numbers have been observed. Table 1.1 

lists these particles, along uith some uhich have not yet been observed, 

but uhich are predicted by the standard quark model. These charm and 

bottom particles con be produced in electron-positron annihilations at 

high energies. In this thesis ue ui11 investigate some of the 

production and decay properties of such particles by studying the 

leptons uhich are produced in semileptonic ueak decays. 

In this chapter ue begin hy discussing the production mechanism for 

c an*! b quarks (heavy quarks) in e*e" annihilations. Me then discuss 
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the phenomenology of the hadronizatiori process, in which these initial 

heavy quarks produce observable final state hadrons. Next ue exotore 

the semileptonic ueak decay process, in uhich heavy hadrons decay into 

final states containing leptons. Ue end this introductory chapter with 

a discussion of the experimental method ue uill use to study these 

processes. In Chapter 2 ue uill discuss the details of the Matk !I 

detector. Chapters 3 and 4 uill describe the identification algorithms 

used to find electron and muon candidates and uill discuss the 

backgrounds arising from the more numerous pions, kaons and protons in 

hadronic events. Chapter 5 uiTI detail the analysis procedure uhich 

leads to the determination of the inclusive lepton rates and cross 

sections. These rates and cross sections uill be presented in Chapter 

6. in Chapter 7 ue uill interpret these measured lepton cross sections 

in terms of the production and dec&y properties of c and b quarks. 

1.1 Heavy Ouarl. Production in e*e~ Annihilation 

Hadronic event production in e*e" annihilations is mediated by the 

quark pair production diagram shoun in Figure 1.1. At a center of mass 

energy of 29 GeV, five quark flavors can be produced. These flavors are 

denoted u (up), d (doun), s (strange), c (charm), end b (bottom). A 

sixth flavor t (top) is also predicted by the standard model but its 

mass is apparently too large for it to be pair produced in e'e" 

annihilations at presently available center of mass energies. Since 

quarks are not observed as free particles, the definition of a quark 

mass )s someuhat model dependent, especially for light quarKS. Models 

Mhich predict "constituent quark masses" typically predict the following 

magnitudes: m u = ma <= 0.3 GeV/o2, in, = 0.5 GeV/c2, m c = 1.7 GeV/c2, mi, 
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hadrons 

F i oure 1.1: Hadronic event production in e*e" annihilation. 
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Name Quark p Mass 
Content j (t1eV/o2> 

C H A R M E D n E S 0 N s 
D* (cd) o- '.'869 
o«* (cd) 1- 2010 
0° (cis) o- 1865 
D*» Ccu) 1- 2010 
F* (cs) 0" 1970 
F** (cs) 1-

C H A R M E D B A R Y 0 N S 
Ac* c ( u d ) a {• 2282 
Ic" c(uu) {• 2450 
Zc* c(ud), V 2450 
Ic° c(dd) i* 

B O T T O n M E S 0 N S 

au" (bu) o- 5272 
Bu- (bu) 1-
Bd° (be)) 0" 5276 
Bd*° Cbd) 1-
B5° (bs) o-B»*° (bs> 1-

Table 1.1: Charm and bottom mesons and baryons 
Particles uhich have no entry in the "Mass** column have not 
yet been observedi but should be produced with rates 
comparable to the observed states. 
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* 5.0 GeV/c 2. The u, d. and s quarks are referred to as light quarks 

uhile the more massive c> and b quarks are considered heavy quarks. 

The cross section for producing a pair of point-like spin } 

particles via the single intermediate virtual photon of Figure 1.1 is: 

4n« 2q i f 3-B2 ' 
o = B C 

3s I 2 . 
Here q is the magnitude of the charge of the produced particles, B is 

their velocity, s is the square of the center of mass energy, and C is a 

color factor. C = 1 for charged leptor,-anti lepton pairs Ce*e", u*u,~, 

and I*I") and C = 3 for quark-antiquark pairs fqq). At energies 

sufficiently above the production thresholds (B " 1), quark pairs of 

different flavors are thus produced in proportion to their charge 

squared. At 29 GeV ue expect the charge -1/3 quarks (d,s, and bj each 

to contribute 1/11 to the total quark pair production cross sectitT 

uhile the charge +2/3 quarks (u and c) should each contribute 4/11 to 

the total. These quarks do not appear in the final state as free 

particles, but instead appear in bound states as mesons (by combining 

uith an antiquark) or baryons (by combining uith tuo other quarks). The 

process in uhich these quarks are transformed into observable particles 

is called quark fragmentation. 

1.2 Quark fragmentation 

One uay to characterize the quark fragmentation process is to 

define a phenomenological fragmentation function Dq H(z). This function 

is defined to be the probability that a quark q uith energy E q uill 

result in a hadron H of energy zE q via the fragmentation process. Here 

the variable z, 0<z<1, is the fractional energy carried by the hadron. 
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Many models for the fragmentation process, such as the 

Feynman-Field [3] or co'«?r potential [43 model, involve the production 

of secondary quark-antiquark pairs as illustrated in Figure 1.2. In 

these models. the primary and secondary quarks combine to form final 

state hadrons. In such models, the probability for pair producing 

secondary heavy quarks is suppressed relative to light quarks. Thus 

heavy quarks are assumed to be either primary quarks uhich carry the 

energy of the incident beam or to be the weak decay products ol heavier 

quarks (e.g. b-»c d"cay). 

Although the details of the actual fragmentation process may 

involve complicated dynamical effects, simple kinematical considerations 

suggest that, as quark masses increase, hadrons containing the heavy 

quark should carry an increasing fraction of its energy 15]. There is 

at present experimental evidence that the charm quark to charmed meson 

fragmentation does lead to a harder momentum spectrum than is the case 

for the light quark fragmentation [6-8]. 

1.3 Parameterization of Heavy Quark Fragmentation Functions 

Peterson et al. [9] have proposed a parameterization of the heavy 

quark fragmentation function Mhich is based on simple kinematic and 

quantum mechanical arguments. Their derivation is outlined below. 

Consider a process such as that shoun in Fipure 1.2(b), in uhich a heavy 

quark 9 fragments into a heavy hadron H = (Qq) and light quark q. The 

initial heavy quark momentum is p, and the final state momenta a.-e zp 

and (1-z)p for the heavy hadron and light quark respectively. There is 

an energy transfer in the process flE = Eg - EH -Eq> Hhich is in general 

non-zero. The quantum mechanical amplitude for this process, ignoring 
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dynamical vertex functions is proportional to 4E"'. The energies for 

each of the three particles in Figure 1.2(b) are: 

Eo = i/mq2 + p* - P + mqVZp 

EH = v V q 2 + Z 2 P 2 = zp + mq 2 / 2zp 

E q = v W + ( 1 - z ) 2 p 2 « ( 1 - z ) p + m q

2 / 2 ( 1 - z ) p 

Thus the energy t r a n s f e r fiE i s g iven b y : 

Lc = Eq - E H - E q = ( m Q 2 / 2 p ) r . 1 - 1/z - * q / 0 - z ) 3 

where fq is m q
2 / m q 2 and uhere ue have assumed that »n = m 0. Since the 

amplitude goes as AE" 1, the transition probability is proportional to 

AE~ 2. If ue ignore the small transverse momentum components (typically 

300 MeV/c w.r.t the direction of Q) then the transition probability is 

also proportional to the longitudinal phase space factor dp„/E (as 

opposed to d 3p/E for three-dimensional phase spaced. Since dp/E = Bdp/p 

s dz/z for B * 1. the factor of 1/z is included and the following ansatz 

for the fragir?ntion function is proposed: 

1 1 
Dq H(z) <x oc (1.1) 

z(4E) 2 z[1 - U z - e q / d - z ) ] 2 

rigure 1.3 shous the resulting shapes of the fragmentation function 

for several different values of eq. Note that the average z of the 

distribution increases as <q is reduced. It has been shayn by Schlatter 

[10] that the existing experimental data on charm quark fragmentation 

can be satisfactorily described by Eq. (1.1) with S'Q = 0.25. This value 

of eg results in an average z * 0.S5. Figure 1.4 shous the D* 

production cross section in e*e" annihilation as measured by several 

experiments including the Mark II. The solid curve is Eq. (1.1) uitb eq 

= 0.25. A similar analysis by Kleinknecht and Renk t'1] finds a best 
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) meson 

} meson 

| meson 

| meson 

} meson 

F i aure 1.2: Hadronisation via quark fragmentation. 
(a) Hadronization via secondary production of 
quark-antiquark pairs. (b) Fragmentation of a heavy quark 
Q into heavy hadron H. 
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I 
I 

0.2 0.4 0.6 
z (EH/EQ) 

Fragmentation functions as parameterized by Eq. (1.1). 
The curve with Eg = 10.00 has <z> = 0.23. 

" 1 . 0 0 " 0.41. 
" 0 . 1 0 " 0.63. 

" " " " o . o i " o.ao. 



INTRODUCTION 10 

1.0 

0.8 

> 
^ 0.6 

0.4 

0.2 

0 

T — i — i — i — i — r ~ ~ i — r ~ 
• MARKE A DELCO 

. o CLEO o TASSO 

J I 
i1 m 

I L 

•-R? 
0.2 0.4 0.6 0.8 1.0 

Z OTSA1 

Fioure 1.4: D* production cross sections in e*e~ annihilation 
This figure was taken from Ref. [10]. Tht. solid curve is 
Eq. (1.1) uith eg = 0.25. 
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value of eg = 0.11 resulting in an average z « G.62. The itata from the 

Mark II 0* analysis [6] is consistent with both fits but favors the eg = 

0.'5 value. 

1.4 Decays of Heavy Hadrons 

Thus far ue have described the process that leads from the initial 

annihilation of an electron-positron pair, through the intermediate pair 

production of heavy quarks, to the production of observable heavy 

hadrons uhich carry non-zero charm or bottom qusntu'n numbers. These 

heavy hadrons are not stable. The lowest lying mass states decay via 

the weak interaction yith lifetimes that are typically in the range of 

10-' 3 to 10 -' 1 sec [123. Even if these heavy hadrons carried the full 

original quark energy (14.5 GeV in our experiment), they uoula typically 

travel less than two millimeters in our detector before decaying into 

more stable particles. 

The decays of these particles can be understood in terms of the 

standard Weinberg-Salam SU(2) x Utl) gauge theory of weak interactions 

[13] combined with the Kobayashi-Maskaua CK-M) six quark model [14]. In 

this model, quarks and leptons are grouped into doublets as follows: 

v . 

.e . .T . 

U 

d'. 

c 

s'. 

t 

.b \ 

where A', s', and b' are mixtures of the d. s, and b quarks. This 

mixing can be described by a unitary matrix U as follows: 

d' d 
s ' = U s 
b'J [b 

The charged Heak current uhich couples leptons to their neutrinos and 

charge -1/3 quarks to the charge 2/3 quarks is written as: 
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r (l-Ts)-l fe-1 
Jc a = (5. 9„ v T ) ir« J 11-

• « „ » ? > [r<^--] [s;] 
The mixing matrix U has been parameterized by Kobayashi-flaskaus: 

Ci SlCs SlS3 

U = -SiCj CiC 2c 3 - SiSje' 8 CiC 2sj + S2C3e' s 

-S1S2 C l S j C 3 + d S o e ' 5 C2S2SJ - C 2 C 3 e ' 6 

where c; 3 cosSi and s; = sinSj. Thus there are tour angles 8^,62,83 

and G which completely describe the mixing in this six quark model. In 

the linit of 82 = 83 = G = 0, this reduces to the following matrix where 

8<. is the more familiar Cabibbo angle of the four quark 

Glashow-Il iopoulos-tlaiani (DIM) model 1153 : 

cos8 c sin8 c 0 

U = -sin8 e cos8 c 0 

0 0 -1 

In this limit, the b quark does not mix with the d and s quarks. If 

this were the case, the b quarK would only couple to the more massive t 

quark via the charged weak current J e. Since the decay of b into t 

would be kinematically forbidden, the b quark would be stable. Resent 

results on b decay from the CESR storage ring at Cornell indicate that 

this is not the case [163. They find the relative rate for b-»c relative 

to b-»u (the two kinematical ly allowed couplings) [12]: 

I"(b-»u) 
< 0.10 (SOX C.L.) 

rtb-«c) 
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There is also information on charm decays from the Mark II at SPEAR [17] 

uhich yield: 

T(c-»d) 
« .05 - .10 

T(c-»s) 

These charm decay results are about the same as would be expected from 

the four quark model uhich predicts this ratio to be tan 26 c = 0.05. 

These results can be combined to define a preferred decay hierarchy for 

flavor changing weak decays> namely: 

b •* c -• s •» u 

In the following discussion, decays uhich follow the above sequence will 

be called "K-M favored" and those which do not (e.g. b-*u cr c-*d) will be 

referred to as "K-rt suppressed". 

In the simplest decay model for charm and bottom hadrons, the weak 

decays proceed via the diagram in Figure 1.5(a). In this figure, the 

charged weak current J c is mediated by a charged weak vector boson U*. 

This diagram is called a "spectator" diagram since the light quark q is 

a spectator in the sense that it does not directly participate in the 

weak decay process. In this spectator model, the heavy quark is treated 

as a free particle and the decay rate can be calculated in analogy to 

the muon decay process shown in Figure 1.5(b). 

The spectator diagrams for charm and bottom meson decay are shown 

explicitly in Figures 1.6 (a) and (b). The product o' the color factors 

(1 for leptons, 3 for quarks) and the phase space factors are shown for 

each decay mode. A simple calculation based on these factors predicts 

semileptonic branching ratios of = 20% (1/5) for c-*XJJ5̂  and = 17X 

(1/5.8) for b-»X£vjj where 8, = e or u.. The spectator model also predicts 
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Heavy Hr - ron 
Composit ion 

Ec» 
(GeV) 

Mode 
(e cr n) 

Branching R a t i o Reference 

A I E I U E C H A » 11 R E S U L T S 

56!! 0 ° ; 44X 0* 
5 6 * D"; 44X 0* 
D ° , D * , F * 
D 0 , D * , F * . A e * 

3 .77 
3 . 7 7 

3 . 9 9 - 4 . 0 8 
3 . 9 - 7 . 4 

e 
e 
e 
e 

8 . 0 i \ 5 
7 . 2 ± i.t 
8 . 0 ± 3 .0 
8 . 2 ± 1.9 

DELCP 
LGU 
DASP 
LGU 

CIS] 
[ 1 9 ] 
£203 
[ 2 1 ] 

I N D I V I D U A L C H A R n I E S U L T S 

D° 
D* 
D» 
Ac 4 

3 . 7 7 

3 . 7 7 

4 . 5 - 6 . 8 

e 

e 

e 

16 .8 ± 6 .4 
5 .5 i 3 . 7 

2 2 . 0 + 4 . 4 - 2 . 2 
<4 (953! C.L.5 

4 . 5 ± 1.7 

MARK11 

0ELCO 

HARKII 

[ 1 7 ] 

[ 2 2 ] 

[ 2 3 ] 

A V £ R A G E B 0 T T 0 M R E S U L T S 

50"/. B° ; 505! B* 
")'/, B"; 505! B* 
50% D°; 50% B* 

10 .55 
10 .55 
10.55 

e 
H 
e 

12 
12. 
13. 

7 i 1.7 ± 1 .3 
4 * 1.7 ± 3 . 1 
6 ± 2 . 5 i 3 . 0 

CLEO 
CLE0 
CUSB 

[ 2 4 ] 
[ 2 4 ] 
[ 2 5 ] 

Table 1.2-. Heavy hadron semi e p t o n i c branching r a t i o s 
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equal semileptonic branching ratios for D* (c3) and D° feu) since the 

light quark does not take part in the decay process. These predictions, 

however, do not agree very well with the experimental results summarized 

in Table 1.2. Here ue see that the D* and D° semi-electronic branching 

ratios are not equal. The D* branching ratio seems to be larger than 

that for D° by a factor of 3-5. In addition, the average charm 

branching ratios are in the 7-1OX range, whereas the simple spectator 

model predicts = 20%. There is no experimental information on the 

individual B° and B* branching ratios, but the average results of 

12-13V. are somewhat lower than the = MX predicted by the simple 

spectator model. 

The failure of the simple spectator model to correctly predict the 

charm semileptonic branching ratios has prompted many theoretical 

extensions and alternative approaches. The current theoretical 

situation for charm decays and the extension to bottom decays has been 

reviewed by Leveille [26]. The major points Hill be outlined below. 

There are basically two improvements which can be made to the 

simple model: (1) strong interaction effects can be included in the 

spectator diagrams and (2) non-spectator diagrams can be included. 

There are two types of strong interaction corrections which can be made. 

The first type involves the radiation of gluons by the quarks, in 

analogy to the radiation of photons in muon decay. The corrections for 

single gluon radiation tn semileptonic charm decays have been cclculated 

by Cabibbo and rlaiani, and Cabibbo, Corbo, and Haiani [27]. The 

uncorrected rate To for semileptonic charm decay (neglecting phase space 

corrections and strong interaction corrections) is related to the rate 

for muon decay by: 
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M c ] 5 G 2 M C
5 

To = — rt|i-»evv) = 
nj 192 n 3 

The corrected rate T can be expressed in terms of the uncorrected rate 

To as: 

2a, 
r/r0 = gum fun 

3ir 

uhere g(e) is a phase space factor 

g(«) = 1 - *<=z - 24f"ln(<=) + 8e' - e" 

f(e) is the strong correction coefficient, c = r1»/Mc is the ratio of the 

strange and charm quark masses, and a s is the strong coupling constant 

evaluated at the heavy quark mass. 

12TT 
a 5(rlq) = 

(33-2NO ln(MaJ/A2) 

uith rlQ the heavy quark mass. A the QCD scale parameter C- 0.3 GeV) and 

Nf the number of quark flavors that can be produced. The function f(e) 

is a smoothly decreasing function of e uhich varies between - 3.62 at 

€=0 and 1.5 at e = 1. a, decreases as *1Q increases. The total 

corrections to To are on the order of 50X for charm decay and 158 for b 

decay. Although this correction is quite large for charm decay the 

effect on the charm semiieptonic branching ratio not as substantial 

because most of the corrections in the semiieptonic decays exactly 

cancel uith similar corrections in the nonleptonic decays. The net 

effect houever is to slightly decrease the semileptonie branching ratio. 

There is a second type of strong corrections to the non-leptcnic 

spectator diagrams uhich can be sizable. These corrections are 

generally termed "short distance enhancements** [280. For the simple 
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figure 1.7: Rearrj-ngement of color ft • in the spectator diagram. 
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spectator diagram for non-leptonic charm decay (Figure 1.6 (a) uith c -» 

such, the interaction Hamiltonian can be expressed in an abbreviated 

form (neglecting y matrices) as: 

Gf 
H H = — cos 29 c(se • ud) 

Since the U boson does not carry color, the strange quark must carry the 

same color as the charm quark and the up quark carries the same color as 

the down antiquark. For any given color of the charm quark, there are 

three possible colors for the ud pair. Gluons can alter the flou of 

color in the diagram. An example of a spectator diagram uith rearranged 

color flow is shown in Figure 1.7. The net effect of including such 

diagrams is to give rise to tuo terms in the Hamiltonian E281: 

Gf rft+f- ft-f- I 
H„ = -3 cos 26 c (sc • ud) + Csd • uc) 

i/2 L 2 2 J 

The coefficients f« and f- are given by: 

(12/(33-2Nf)) 
f. = f«" 2 = Ca,(Mq)/a,(Mh)] 

The first term has the same color arrangement as the original 

Hamiltonian unite in the second term the up quark carries the color of 

the charm quark and the strange quark carries the same color as the down 

antiquark. In order to compute rates using this model one must also 

take the K-M mixing angles and the phase space factors into account. As 

an example, Leveille calculates the charm semileptonic branching ratio 

in the approximation of mu=m,j=mm=0, m c=1.5 Gev/c* and m H =80 Bev/c 2. 

With these masses, it, e 0.6° snd f. = 2.09. The nonleptonic rates are 

enhanced by a factor of (2f» z + f- J) = 5.32, compared to a factor of 3 

in the simple model. This results in a semileptonic branching ratio 

prediction oi. 
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B(c-*XXv^) = 1/(2 + 2f t* + f- 2) s 13X 

as compared to 20% predicted by the simple spectator model. If the 

single gluon radiative corrections discussed earlier are also included, 

the semileptonic branching ratio decreases from 13% to about 10% in 

reasonable agreement with the experimental data in Table 1.2 

These improvements to the simple spectator model do not explr -i the 

differences in the D° and D* semiieptonic branching ratios. This 

difference must arise from non-spectator diagrams in which the light 

quark also participates in the decoy. The possible non-spectator 

diagrams for D°, D* and F* decays are shown in Figure 1.8. Important 

points to note ere: (1) the B° non-spectator diagrams are purely 

non-leptonic; (2) the D* diagram is K-rl suppressed) (3) the F* diagram 

is K-M favored; (4) all non-spectator diagrams are helicity suppressed 

Cin analogy to pion decay in which v -» ei> is suppressed relative to n -» 

\iv). In order for these diagrams to contribute significantly, the 

helicity suppression mechanism must be overcome. This can be 

accomplished by including the effects of gluons. These gluons can 

either be included in the charmed meson uave function or can be emitted 

before the decay interaction, leaving the meson in a spin 1 state. U.th 

the proper choice of certain phenomenological parameters, the 

contributions from the non-spectator D° diagrams can be comparable to 

those of the spectator diagrams. Since there are no corresponding K-M 

favored diagrams for the D* decays, the difference in the 0° and D* 

semileptonic branching ratios can be explained. 

All of ihe enhance"i«Mts to the simple spectator model for charm 

decays also apply to bottom decays. The strong inler&ction corrections 



INTRODUCTION 22 

D o ,w 
u 

D + 

i 

Non-spectator diagrams for D°, D + , and F* decays. 
Sirong interaction corrections (gluons) are not included 
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should be smaller for bottom decays than charm because the strong 

coupling constant a, is smaller at larger mass scales. In Table 1.2 we 

saw that experimental results on the semileptonic branching ratios of 

bottom hadrons were in the 12-13X range whereas the simple spectator 

model predicted ° 17J!. Leveille has calculated the semileptonic 

branching ratio for bottom decays. including strong interaction 

corrections, to be 11-13X, in good agreement with the experimental 

results. 

1.5 Analysis Objective and Motivation 

The goal of this thesis is to study the inclusive production of 

prompt leptons arising from the semileptonic decays of heavy quarks. 

This study uill be carried out using data from the Hark II detector at 

the PL? storage ring to investigate hadronic events from e*e" 

annihilations at 29 GeV. Me are particularly interested in 

investigating the properties of the recently discovered bottom hadrons 

as well as in furthering the understanding of the charmed hadrons. 

There are two properties of these heavy particles which we will 

investigate in this analysis. 

The first such property is the average semileptonic branching 

ratio. This quantity has been measured for bottom quarks at the TC4S) 

at the CESR storage ring (see Table 1.2). At the CESR energy (10.55 

Gi-v), only the lowest lying B meson states (Bd°> Bu~> can be produced. 

At a center-of-mass Energy of 29 GeV, other bottom flavored hadrons, 

such as the B»° meson or bottom baryons can also be produced. The 

semileptonic branching ratio measured at 29 GeV will thus be an average 

over al' weakly decaying bottom mesons p.nd baryons, weighted by their 
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relative populations. If the branching ratio measured at 29 GeV were 

significantly different from that measured at CE5R, it might be an 

indication of the presence of a bottom hadron species that has a 

substantially different semiieptonic u,inching ratio. 

This point concerning the measurement of a "weighted" average 

branching ratio is also particularly relevant to the charmed mesons 

uhich are known to have different semiieptonic branching ratios for D* 

and D° (see Table 1.2). Recent measurements of the D* production 

cross-section in e*e" annihilations at 29 GeV [6] indicate that D* 

production may comprise a significant fraction of the total charm 

cross-section. Since <t 645! of D** decays and I005S of D*° decays result 

in a D°, the production of D*'s can lead to a D° to D* ratio that is 

significantly greater than 1. In this case, one would expect to measure 

an average charm semiieptonic branching ratio that is smaller than the 

averages measured at the it" (see Table 1.2) where the ratio of D° to D* 

is e 1.27. In addition, as in the case of bcttom, any significant 

production of other hadron species (e.g. F*. A e M could also affect the 

measured average. 

The second property of interest is the fragmentation functions for 

charm and bottom quarks. As ue have already discussed ir. section 1.3, 

the charm quark fragmentation is harder than that of light quarks. The 

theoretical expectation is that the bottom quark fragmentation will be 

even harder (i.e. peaked near z=1) than that for charm. In this thesis 

ue will obtain the first experimental information on the b-quark 

fragmentation function. 
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In order to investigate these properties of charm and bottom 

quarks, we need a Hay to distinguish the leptons which arise from their 

semileptonic decays. The contribution from bottom decays can be 

enhanced by selecting events in which the lepton has a relatively large 

transverse momentum p x with respect to the event jet axis. This 

approach was first suggested by Barger et al. [29] and extensivs 

discussions of its applications in e*e~ annihilations at PEP and PETRA 

energies have been presented by Ali [30] and by Puhala et al. [31]. 

Figure 1.9 shows typical lepton transverse momentum distributions for a 

few heavy quark decay models. The fact that th« signal above px of - 1 

CeV/c is largely from bottom decays will allow us to distinguish between 

the contributions from charm and bottom. 

In this thesis we will measure both the total momentum (p) and 

transverse momentum (p x) spectra of prompt electrons and muons in 

hadronic events. The transverse momentum p± will be measured with 

respect to the thrust axis defined by all the charged particles in the 

event. Due to the limitations of our electron and muon identification 

algorithms we will not be able to identify electrons with p < 1 CeV/c or 

muons with p < 2 GeWc. In the following chapters, the data will 

typically be presented in a two-dimensional matrix, binned in 1 GeV/c 

bins of p and 0.5 GeV/c bins of p x, as illustrated in Table 1.3 belou. 
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P\PT 0 .00 0 . 5 0 1.00 1.50 

1.0 
2 . 0 
3 .0 
4 . 0 
5 .0 
6 .0 

Table 1.3: Typical (p>px) table. 
The headings to the left of each rou indicate the value of 
the lou edge of the momentum bins in units of GeVsc. The 
headings at the top of each column indicate the lou edge of 
the transverse momentum bins. The last bin in a rou or 
column contains all overflous (e.g. p > 6 GeWc or p 1 > 1.5 
GeV/c). 
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2. THE MARK II DETECTOR 

The MARK II detector <s a KUIti-purpose magnetic detector, designed to 

detect both charged and neutral particles produced in e*e" 

annihilations. The Mark CI Mas installed in the SPEAR storage ring at 

the Stanford Linear Accelerator Center (SLAC) in the uinter of 

1977-1978. Data on e*e" annihilations at center of mass energies 

betueen 3.0 and 7.4 GeV were collected from the spring of 1978 until the 

summer of 1979. The detector Has moved out of SPEAR in the summer of 

1979 and installed in the PEP storage ring at SLAC. The detector 

configuration at PEP differed only slightly from thai at SPEAR. Thus 

the detector performance and characteristics were well understood from 

the outset of the PEP data analysis. 

The data to be discussed in this thesis were collected at PEP at a 

center of mass energy of 29 GeV from the winter of 1980 until the summer 

of 1982 and correspond to a total integrated luminosity of 32 pb~1. 

Figures 2.1 and 2.2 show cross sectional and isometric views of the 

detector as it was configured at PEP. For the data analyzed in this 

thesis, there were three slightly different detector configurations. 

These three configurations ars summarized in Table 2.1, The details of 

the individual detector components will be discussed in the following 

sections. 

2.1 Beam Pipe 

For configuration 1> the vacuum around the interaction region uas 

contained by a 2 mm thick aluminur, pipe. It uas 8.0 cm in radius and 

had a length of 1.5 m. For configurations 2 and 3, the vacuum uas 

contained by a 1.4 mm thick beryllium pipe uhich also served as the 
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Fiaure ?. 1 : A cross sectional vieu of the MARK II detector at PEP. 
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Detector Mean 
Element Radius 

(cm) 

Thickness 

(cm) (gm^cm1) 

Radiation 
Length 

Comments 

C O N F I G U R A T I O N 1 
Integrated Luminosity «= 15.4 pb"1 

Momentum resolution (ij,,/p)2 «t (.01)2 + (O.OIp)2 

Vacuum pipe 8.0 0.2 0.5 0.023 Aluminum 
Pipe counter 12.1 3.8 1.6 0.035 
Trig, chmbr. 1J.5 7.3 0.7 0.025 
Lexan uindou 37.3 0.3 0.4 0.009 
Drift chmbr. 94.0 113.0 0.2 0.009 
Outer can 151.0 0.6 1.7 0.071 
TOF counters 152.0 2.6 2.7 0.064 96 PM tubes 
Magnet Coi T 155.0 12.0 35.0 1.300 B=4.6 kC 
Calorimeter 190.0 40.0 135.0 16.500 
Muon system 350.0 105.0 800.0 60.000 

c 0 N F I C U R A T I O N 2 
Integrated Luminosity " 3.4 pb"1 

Momentum resolution (Op/p)2 « (.01)2 + (O.OIp)2 

5 Vacuum pipe 7.7 0.2 0.3 0.006 
* Vertex chmbr. 21.0 26.0 0.4 0.022 

Lexan window 37.3 0.3 0.4 0.009 
Drift chmbr. 94.0 113.0 0.2 0.009 
Outer can 151.0 0.6 1.7 0.071 
TOF counters 152.0 2.6 2.7 0.064 
Magnet Coil 155.0 12.0 35.0 1.300 
Calorimeter 190.0 40.0 135.0 16.500 
Muon system 350.0 105.0 800.0 60.000 

Beryl Hum 

C O N F I G U R A T I O N 3 
Integrated Luminosity - 18.4 pb"' 

Momentum resolution (s p/p) 2 e (.02)2 + (O.OIp)2 

Vacuum pipe 7.7 0.2 0.3 0.006 
Vertex chmbr. 21.0 26.0 0.4 0.022 
Lexan window 37.3 0.3 0.4 0.009 
Drift chmbr. 94.0 113.0 0.2 0.009 
Outer can 151.0 0.6 1.7 0.071 

* TOF counters 152.0 2.6 2.7 0.064 93 PM tubes 
« Magnet Coil 155.0 12.0 35.0 1.300 H=2.3 kG 

Calorimeter 190.0 40.0 135.0 16.500 
Muon system 350.0 105.0 800.0 60.000 

Table 2.1: MARK II da tec Jo.- conf igurations. 
* denotes a change from previous configuration. 
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inner wall of the vertex drift chamber. This pipe uas at a radius of 

7.7 cm and uas 1.4 m in length. A 50 u* thick titanium foil cylinder 

uas inserted inside the beryllium tube to absorb synchrotron radiation. 

The outside of the tube Has wrapped with a 50 |im sheet of mylar to 

insulate it from a 25 |iiti shte'; of aluminum foil which served as a ground 

shield for the vertex chamber. The beam pipe was constructed .'rom 

beryllium in order to minimize the multiple scattering contribution to 

the track extrapolation error. 

2.2 Pipe Counter 

Four hen-i-cl indrical scintillation counters formed tuo concentric 

cylinders around the beam pipe in configuration 1. The inner radii of 

the two cylinders uere 11.0 and 12.5 cm and they uere each 81 cm in 

length. Signals from photomultiplier tubes which viewed the counters 

uere used in the primary trigger logic to reduce the background from 

cosmic ray events. There was no pipe counter in configurations 2 and 3. 

2.3 Trigger Chamber 

The trigger chamber was a cylindrical drift chamber that occupied 

the space between the pipe counter and the main drift chamber in 

configuration 1. The 86 cm long chamber consisted of four layers each 

containing 64 drift cells. The inner and outer layers uere at radii of 

17 and 20 cm. The resolution uas about 300 microns at each layer. 

Signals from this chamber uere used in both the primary and secondary 

trigger. Because of its small radius and short length relative to the 

main drift chamber, the trigger chamber provided a factor of 2 reduction 

in trigger rate by rejecting background tracks originating at large r 

and z. The information from this chamber was not USEU in the charged 
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track reconstruction in this analysis. The trigger chamber was replaced 

by the vertex chamber for configurations 2 and 3. 

2.4 Vertex Chamber 

The vertex chamber is a high precisian drift chamber which was 

designed to accurately measure the position of secondary vertices 

resulting from particle decays. tt reslaced the trigger chamber and 

pipe counter in configurations 2 and 3. The vertex chamber consists of 

seven layers of sense Hires grouped into tuo bands. The inner band 

contains four layers of 60-75 sense Hires each at radii between 10 and 

13 cm from the beamline. The outer band contains three layers of 

180-190 sense i/ires each si radii between 30 and 32 cm. The distance 

betwee; sense wires and field wires is 0.53 cm. The spatial resolution 

per layer is = 110 urn. The rms error on the position of a track 

extrapolated to the interaction point is given by <nz = t95|ira)2 + 

(95nm/p) 2. The second term is the contribution from multiple scattering 

in the 0.6X radiation length beryllium beam pipe. 

2.5 Wain Drift Chamber 

The main drift chamber consists of sixteen cylindrical layers at 

radii between 41 and 145 cm enclosed in a common gas volume. Six layers 

are parallel to the incident beams and the other 10 are skewed at ± 3° 

relative to the beams. The per layer spatial resolution is typically 

200 urn. for configuration 3 (half-field), the rms momentum resolution 

in the plane transverse to the incident beams is given by: 

CSPiAv ) 2 e (0.02)* + (0.01p)* 

where p is in units of GeV/c. In this analysis the momentum measurement 

is combined with information from tho liquid argon calorimeter to select 
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electron candidates and with information from the muon system to 

identify muon candidates. 

2.6 Time of Flight System 

The time of flight ITOF) system consists of 48 Pilot F 

scintillators surrounding the main "irift chamber at a radius of 1.5 m. 

Each 1 inch ^hick scintillator is 3.4 m long and viewed at each end by a 

2 inch ,'P2230 photomultipl ier tube. The output of each phototube is 

processed to obtain both timing (TDC) and pulse height (ADC) 

information. In addition, a time-compensated latch signal for each 

scintillator is provided for use in the primary and secondary trigger. 

The ADC information is used to perform pulse-height sleuing corrections 

to the TDC information for each tube. The time of flight for a particle 

traversing a scintillator is calculated from an average cf the tuo 

corrected phototube times. If tuo charged particles traverse a single 

scintillator (as determined from the drift chamber information) then the 

time of flight for each particle is calculated using the information 

from the phototube which is unobstructed by the other track. If three 

or more particles traverse a single scintillator then the time of flight 

information is considered unusable. The overall resolution of the TOF 

system for the single hit case is approximately 350 ps. In this 

analyses, the TOF information is used to identify lou momentum electron 

candidates belonging to potential photon conversion or Dalitz dt-av 

pairs. 

2.7 Magnet Coil 

The aluminum coil of the solenoid magnet lies just beyond the TOF 

counters at a radius of 1.6 m. The magnet consists of tuo layers of 
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water cooled aluminum conductor with insulating material between the tuo 

layers. In configurations 1 and 2. the magnet provided a nominal 

longitudinal field of 4.64 kC. Configuration 3 resulted from an 

electrical short which developed between the tuo layers of the magnet 

windings. In order to operate the magnet in this condition it was 

necessary to power only the outer winding while letting the inner one 

float. This was accomplished by cutting the Aluminum conductor at the 

end of the detector where the inner and outer windings joined. As a 

result, three of the TOF phototube assemblies also had to be removed 

from that end of the detector. In the new configuration the magnet 

provided a nominal 2.32 kG Meld. 

2.8 Endcap calorimeters 

At each end of the Mark II detector are proportional chamber 

calorimeters which cover the polar angular region from * 15° - 40° 

except for cutouts in + to accomirodnte the door kevways. Each endcap 

consist of two layers of proportir- ,al chambers, each preceded by about 

2.3 radiation lengths of lead. The.' rms energy resolution for photons 

and electrons is approximately '<(E)/E * SOSC/I/E (GeV ) . 

2.9 Small Anole Tagging System 

The small angle tagging (SAT) system provides charged particle 

tracking and calorimetry in the angular region from 21-82 mrad with 

respect to the beamline. The SAT system was designed to detect ';he 

scattered electrons resulting from either small angle Bhabha events or 

two-photon interactions. The measurement of the snail angle Bhabha 

cross section results in a ± 5% determination of the luminosity. 
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Figure 2.3 shous the details of the SAT system. Each SAT counter 

system consisted of three layers of planar drift chambers, three layers 

of acceptance defining scintillation counters, and a shower counter. 

Each drift chamber layer contained three pairs of 20 urn sense wires. 

Each pair of sense wires is placed above an inductive delay line. This 

combination provides a spatial resolution of « 300 |im in the drift 

coordinate and * 0.5 cm in the delay line coordinate. The acceptance 

scintillators are arranged in such a way as to define four axes along 

which the coiinear electrons from a bhabha event would travel. These 

counters are used in the luminosity measurement. The shower counters 

consist of eighteen layers of \/A inch lead sheets followed by NEI14 

plastic scintillator. Light from the scintillators was transferee) to 2 

inch phototubes via plastic sheets doped with a wavelength shifting 

compound BBS. The energy resolution of the calorimeters is o(E)/E = 

15.5V\/E. 

2. 10 Liuuid Argon Calorimeter 

The Hark II liquid argon (LA) calorimeter system has been described 

in reference [32]. The details that are relevant to the understanding 

of the electron identification algorithm (Chapter 3) will be described 

here. The LA calorimeter system consists of 8 modules (3.8 m long x l.s 

m wide x 0.3 m deep) in an octagonal array surrounding the magnet coil. 

At the front of each module is a "massless" gap consisting of three 

aluminum planes separated by 8 mm LA gaps. The central plane is 

segmented into 3.8 cm wide readout strips running parallel to the 

incident beams. This "massless" gap was designed to identify showers 

which begin in the 1.25 radiation length magnetic coil which precedes 
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the calorimeter modules. The remaining sensitive volume of each module 

consists of 37 planes of 2 mm thick antimony strengthened lead planes 

separated by 3 mm LA gaps. The lead planes and LA gaps are arranged in 

the following pattern: 

1) A solid plane at ground potential 
21 A liquid argon gap 
3) A segmented readout plane at +3.5 kv 

4) A liquid argon gap 

Th;s arrar.gpment results in 18 readout layers in depth. each of uhich 

contains a central segmented readout plane to measure the ionization in 

two LA gaps. Each of the 18 readout layers is - 0.8 radiation length 

thick resulting in a total calorimeter thickness of * 14.5 radiation 

lengths. About 20% of the energy is deposited in the liquid argon. Vhe 

readout planes are segmented into strips as follows: 
1) F strips: 9 of the 18 layers have 3.8 cm wide strips 

running parallel to the beam direction and thus measure the 
azimuthal angle »*. 

2) T strips: 6 of the layers have 3.8 cm wide strips running 
perpendicular to the F strips and thus measure the polar 
angle 9. 

3) U strips: The remaining 3 layers have 5.4 cm uide strips 
running at 45° with respect to the F and T strips. These 
layers help resolve multi-hit ambiguities. 

In order to reduce the amount of readout electronics, some layers with 

the same strip orientation were grouped together to form six ganged 

readout layers {Fir T1, U» F2, T2r and F3) as shown in Figure 2.4. 

The overall rms energy resolution is o(E)/E = M'/./^Z. The 

sensitive area of the calorimeter system which is used in the electron 

identification procedure covers = 6455 of the 4n solid angle. 
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F i gure 2.4: Ganging pattern in LA calorimeter modules 
In thi_ vieu. incident particles uould enter from the top 
(i.e. the first layer encountered uould be the Trigger Cap. 
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2.11 Muon System 

The Hark II muon system at SPEAR has been described in detail in 

reference [333. The muon system at PEP consists of 4 ualls located 

above, belou, and on either side of the central detector. Each uall 

consists of alternating layers of steel hadroii absorber plates and 

layers of proportional tubes. At PEP there are four such layers in each 

uall. The properties of each uall are shoun in Table 2.2. The 

proportional tubes in the first level of each uall are oriented so that 

they measure the polar coordinate 8 Hhile the second through fourth 

levels measure the azimuthal coordinate +• The fourth level of the muon 

system covers - 45X of the 4* solid angle. 

Level 

East Hal 1 Top Mai 1 Uest Ual1 Bottom Uall 

Level 
D T 
(m) (gm/cm2) 

D T 
(m) (gm/cm2) 

D T 
(m) (gm/cm2) 

D T 
(m) (gm/cm2) 

1 
2 
3 
4 

Total 

3.2 182 
3.6 184 
4.0 244 
4.5 196 

2.5 182 
2.8 184 
3.2 239 
3.6 184 

3.2 182 
3.6 184 
4.0 244 
4.5 196 

2.5 182 
2.8 184 
3.2 244 
3.6 244 

1 
2 
3 
4 

Total 806 789 806 854 

Table 2.2: Muon system configuration 
0 is the perpendicular distai.ee from the center oi the 
absorber to the interaction point. T is the absorber 
thickness. 

A cross sectional vieu of a proportional tube module is shoun in 

Figure 2.5. Each extruded aluminum module contains 8 triangular tubes 

uhich run the full length of the absorber layer. The 45 |im sense uires 

http://distai.ee
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20 i 

2.5 i 

Figure 2.5: A cross sectional vieu of a muon proportional tube module 
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are spaced 2.5 cm apart. This spacing is well matched to the typical 

extrapolation errors arising from the drift chamber tracking error and 

multiple Coulomb scattering. 

2.12 Event Trigger 

The Mark II trigger system at SPEAR has been described in detail in 

reference [34]. The changes to the system since the move to PEP will be 

described below. 

Overview: 

The time between beam crossings at PEP is 2.4 lisec compared to 780 

nsec at SPEAR. The event trigger is implemented as a two level process. 

At the first level (primary trigger) a decision to keep }r reject the 

detector information is made with = 1 iisec after beam crossing. If 

there is no evidence of a potentially interesting event the detector 

electronics is resit in time to accept data from the next beam crossing. 

Thus there is no associated deadtime from the primary trigger. If there 

is evidence of an inte sting event. the primary trigger logic sends a 

signal to the Master Irterrupt Controller (MIC). The MIC module 

transmits a signal (UAIT) to the detector electronics to prevent data 

collection from subsequent beam crossings. MIC sends another signal 

(START) to the Master Clock (MO module which controls the hardware 

track finding electronics. During the 30 |isec hardware track finding 

process, the MC sends a signal (BUSY) to MIC. This 30 usee delay 

introduces a deadtime of 3% per kHz primary rate. Uhen the hardware 

track finding is complete, MIC makes a final trigger decision (secondary 

trigger) based on the information from the hardware track processor and 

from other detector components. If a secondary trigger is initiated, 
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the MIC module sends iin i^ti.rjpt to a VAX t1/780 computer which then 
reads the detector data and writes the data to tape. At the end of the 
data transfer, or if a secondary trigger uas not initiated, MIC removes 
the UAIT signal and the detector electronics are reset to enable data 
collection from the next beam crossing. 
Primary Trigger: 

The charged particle pr-Tiary trigger requires a coincidence of a 
beam crossing signal iBX), a drift chamber majority (DCM) requirement 
for layers in the inner and main drift chjmbers, and • time-compensated 
latch from at l?ast i>ne time-of-fl ight scintillator (TOD. In 
configuration 1, a pipe counter signal Mas also used to further reduce 
m t background from cosmic ray events. The primary trigger rate is 
typically less than 1 kHz, resulting in less than 3X deadtime from the 
secondary trigger. 

The BX signal is derived from e signal induced on a beam pickup 
electrode l.cated inside the PEP vacuum pipe near the Mark II 
interaction point. The DCfl signal is derived from a set of inner and 
main drift chamber signals called "LAYER OR". Each layer (7 vertex 
chamber, 16 main drift chamber) has an associated signal which is true 
if any sense Hire within the layer had a hit. These signals are 
connected to a programmable memory logic module (MLM) which forms a 
majority signal based on pre-programmed requirements. A typical 
majority requirement yis: 

1 2/4 Inner vertex chamber layers 
and I 1/3 Outer " " 
and I 2/4 Innermost main chamber layers 
and 1 1/3 Mid-inner " " " 
and 1 1/3 Mid-outer " " " 
and 2 2/4 Outermost " " " 
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The programmability of the majority requirement made it easy to maintain 

a inigh DCP1 efficiency (> 9955) for good events even when some drift 

chamber layers uere operating at low efficiency. This Has accomplished 

by simply excluding these layers from the programmable majority 

requirement. 

In addition to the charged particle primary trigger described 

above, there uere also primary triggers associated uith a total energy 

trigger derived from the calorimeters and a small angle bhabha trigger 

derived from the SAT system. 

Hardware Track Finding: 

The hardware track finding electronics is identical to that at 

SPEAR [34]. The only changes have been in the "shapes" of the 

programmable curvature masks in the Curvature Modules and in the 

programmable requirements on the track definition criteria. Figure 

2.6(a) illustrates hou the curvature module "roads" uere defined at 

SPEAR. Figure 2.6(b) shous an enlargement of a single road. All tracks 

uith radii of curvature p betueen pi and p? uhich originate from the 

beamiine can be contained uithin this road. This is also true of the 

neu road illu.-trated in Figure 2.6(c). The roads in 2.6(b) and (c) are 

equivalent uhen th? interaction point Rj nt is equal to R a a l (. The 

curvature roads at PEP uere defined by first constructing the roads as 

defined at SPEAR (Fig. 2.6(a)). The intersection point of each road uas 

then moved from R a a x to 0.25 x R.,„. This definition results in roads 

uith smaller angular uidths Si* at small radii (i.e. for vertex chamber 

and trigger chamber layers). This results in an improved rejection of 

backgrourd tracks originating at large radii from the beamline. 
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R = l.7 meters 

(a) 

p< \Pi (b) 

(c) 

rigurg 2.6: Definitions of harduare track processor curvature roads. 
(a) Original (SPEAR) definition. (b) Enlargement of an old 
road (SPEAR), (c) Enlargement of neu road (PEP). 
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The typical track definition requirements ("A" track definition) at 

PEP required the follouing number of channels iiithin a curvature road: 

I 2/4 inner vertex chamber layers 
and 2 5/7 main drift chamber layers 
and I 1/3 outer main drift chamber layers 
and an associated TOF counter. 

Secondary Trigger: 

The secondary trigger typically required one or more of the 

follouing conditions to be satisfied: 

(a) 2 2 tracks found by the hardware track processor 

The hardware track processor required these tracks to have 

momenta greater than a 100-200 MeV/c and to be uithin the 

central * ST/, of the detector solid angle. 

(b) At least 1 GeV of energy deposited in the front half of 2 

or more of the S barrel LA calorimeters. 

(c) A small angle bhabha event in the SAT counter system. 

Because of the high rate for this topology, this trigger 

uas typically prescaled by a factor of 16. 
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3. ELECTRON IDENTIFICATION 

3.1 General philosophy 

Electrons can be distinguished from other stable charged particles 

by the nature of their interaction uith natter. The difference arises 

primarily from the bremsstrahlung process in which the electron loses 

energy by radiating photons. Bremsstrahlung is the dominant energy loss 

process for electrons above the critical energ" (a 7 MeV in lead). This 

mechanism of energy loss is suppressed for heavier particles by a factor 

of " (m e/m) 2 where m is the particle mass. It is negligible for other 

stable charged particles Ctiuons, pions, kaons and protons) which are 

hundreds of times more massive than the electron. 

The bremsstrahlung process results in a unique pattern of energy 

loss for electrons which is called an electromagnetic cascade shower. 

The energy distribution for the bremsstrahlung photons is almost 

constant from zero up to the full energy of the electron. These photons 

most often interact with matter to either create an electron-positron 

pair o" to eject a single electron from an atom via Compton scattei'ng. 

In either case, the resulting electrons have energies comparable to the 

incident photon. These new electrons then radiate more photons which 

produce more electrons, thus creating a cascade process. This process 

initially results in a'i increasing number of particles with increasing 

depth in the material. The average energy of these particles is 

decreasing and at some depth will reach the critical energy where 

ionization energy loss will dominate and the cascade process will 

terminate. If the material is thiol: enough, then the full incident 

electron energy will be deposited in the matter via the cascade process. 
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A natural first step in developing an electron identification 

algorithm is to make use of the fact that a high momentum electron will 

deposit almost all of its incident energy in an appropriately designed 

calorimeter whereas a typical hadron of the same momentum will only lose 

a small fraction of its energy. If the energy Ed.p deposited by a 

particle with momentum p could be accurately measured, then electrons 

would have Ed < p/p * 1 and most hadrons would have Ed*p'P << 1- A 

practical electron identification algorithm must also take the finite 

energy resolution of a real calorimeter into account (o(E)/E e 

(10-15)5S/VE(GeV)). In order to maintain a high efficiency for electrons 

above 1 GeV/c, such an algorithm might require Edep/p > 0.7 for electron 

candidates. In practice, however, the misidentification probability of 

such a method is too large for our purposes. There are two aspects of 

this standard method that lead to a relatively large misideniification 

probability. First, in order to obtain good energy resolution, a 

relatively wide region around the track projection in the calorimeter 

must be searched to efficiently collect the deposited energy. This 

results in a sizable probability for mis-measuring Edep by accidently 

collecting additional energy from nearby particles. Second, in order to 

properly reconstruct Ed«p. a sharing algorithm must be implemented which 

divides the energy deposited on a calorimeter strip among all the 

photons and charged tracks which could have deposited energy on that 

strip. This can increase the misidentification probability because the 

sharing algorithm sometimes mis-assigns energy from photons to nearby 

charged tracks. It can also decrease the electron identification 

efficiency by mis-assigning energy from a real electron to other 

particles in the jet. 
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One must therefore devise an electron identification algorithm 

uhich is less sensitive to these overlap and sharing effects. This can 

be accomplished by a procedure uhich does not attempt to accurately 

reconstruct the deposited energy but uhich only checks thnt it is 

consistent with that expected from an electron slower. An electron Hill 

deposit most of its energy in a narrow core around the track projection. 

This neu algorithm will only search for energy in this narrow region. 

Since some of the deposited energy will fall outside this search region, 

one might expect th~t ',he energy resolution. and thus the 

electron-hadron separation fould be degraded. In practice, however, 

this approach dramatically improves electron-hadron separation by 

reducing the contributions from track overlap. In order to alleviate 

the need to implement sharing schemes. the electron identification 

algorithm will not reject a candidate if it seems to deposit too much 

energy. Although this may result in a slightly higher misidentification 

probability, it has the great advantage of making the identification 

efficiency insensitive to the patterns of nearby and overlapping energy 

deposits. 

The LA modules are ganged in depth as shown in figure 2.4. This 

ganging scheme provides some information on the longitudinal shower 

development which can be used in the identification algorithm. Ue will 

define the "r" energy to be that collected on the strips labelled Fl and 

F2 in Fig. 2.4. Similarly, we will define the "T" and "U" energies to 

be those collected on the T1 and U strips. Note that we have excluded 

the T? and F3 strips from these groupings. In addition, the "FRONT" 

energy will be the sum of Fl.F2.rl, and U. The "FRONT" grouping 

http://Fl.F2.rl
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comprises the first = 7 radiation lengths (X 0) of the calorimeter. The 

algorithm monitors the longitudinal shower development by checking the 

deposited energy in each of these "coordinates" for consistency with an 

electron shower. In addition. the algorithm cheeks the transverse 

shOHer properties by searching a narrow region around the track 

projection. 

In order for a track uith momentum p to be considered an electron 

candidate, the energy found within the search region at each layer mu::t 

be at least as much as would bt expecteC from an electron shower. This 

expected energy scales approximately uith the momentum of the incident 

track. Minimum ionizing hadrons with p > 1 GeV/c will not deposit 

enough energy in the calorimeter to lead to misidentification. Some 

hadrons, however, nil I interact in the calorimeter and deposit a large 

fraction of their energy. Many of these interacting hadrons will not be 

misidentifisd as electrons because of the specificity of the 

identification algorithm for the electromagnetic shower topology. This 

distinction is possible because the interaction length in the 

calorimeter is much longer than the radiation length. Thus the average 

hadron shower starts deeper in the calorimeter and tends to be less 

uniform in both the transverse and longitudinal directions. For 

example, a hadron that interacts relatively late in the calorimeter will 

not deposit much energy in the front layers. A hadron interaction which 

produces hinh momentum charged secondaries will likely deposit energy 

relatively far from the track projection, leaving little or none within 

narrow search region. Such an interaction may also deposit a lot of 

energy in one layer of the calorimeter, but leave hardly any in another. 
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Shouering hadrons with the above patterns of energy loss are not likely 

to be misidentified as electron candidates by the algorithm. The 

interactions that are most likely to be misidentified as electron 

shouers are charge exchange interactions that occur either in the 

magnetic coil or early in the calorimeter module. These interactions 

are of the form: 

ii* •* n •* n ° + p 
it" + p •* n° + n 

The v°'s decay into tuo photons uhich then shower eiectromagnetically. 

giving uniform longitudinal and transverse sheacrs. 

3.2 Implementation 

The details of the electron identification algorithm as it is 

actually implemented are provided belou. Th» following steps are 

performed for each charged track in an event: 

1) The projected coordinates and angles of the track at each LA 
coordinate (F1> F2, T, and U) are obtained from the drift 
chamber tracking information. 

2) The deposited energy in each coordinate is associated uith the 
incident track in the following manner: 

2a) A search width is calculated using the formula: 

Ws»»reh = U shoM«r + Hg.ng X ItanCSM 

where M s e a r c h is the calculate' search uidth, WfthoMer reflects 
the typical uidth of an electromagnetic shouer (= 3 cm), U g > n g 

reflects the additional uidth arising from the separation (= 
A-l cm) of the front and back of a ganged layer, and 6 is the 
angle betueen the track projection and the normal to the 
layer. This angle is measured in the plane uhich contains the 
strip coordinate and the normal. Thus for F strips, S = 4>, 
and for T strips E = n/2-8. Mghoxer actually has an angular 
dependence given by Mo-'^os(S) where Wo is the uidth at normal 
incidence, but this effect is approximately handled by the 
U g > n g term. Table 3.1 belou shows the values of W s hotter 8nd 
ug»ns that uere actually used in the algorithm. The 
calculated uidth typically contains - SO-90% of the deposited 
energy from an electromagnetic shouer. 
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Strip 
coordinate "shoMar Ugans 

Fl, F2 
Tl 
U 

0.75 
0.75 
0.70 

0.9 
1.5 
1.5 

Table 3.1; Values of U s h O H C r •nd M 9 , n g in units of strip widths 

2b) If the center of a strip lies within the search region, then 
the energy from that strip is associated with the projected 
track. 

3) The energy associated in each coordinate is designated Ef (= 
Efi + Ef2), Et> and E u. The sum of Ef, Et, and E u is 
designated Efront- We postulate that an electron candidate 
with momentum p should h^ve: 

Ef > Of x p 
and Ef ! Of x p 
and E u > o u x p 
and E f r o n t > «front x P 

(of = 0.14) 
(at = 0.10) 
(o u = 0.10) 
(ofront = 0.50, P < 4i 
ofpont = 0.40, p > 4) 

4) 

where p is the track momentum and the a parameters are chosen 
such that most electrons (705J-95JJ, depending on momentum) will 
satisfy these four energy requirements. 

A test of the four requirements stated in 3) above is 
implemented by defining a variable E , j n as: 

E«in = minimum of tF/Of, T/ot, UVo u, FR0NT/Of r o nt) 
The four requirements can now be concisely stated as Ea;„/p > 
1. 

In practice, the value of Enir^P which is actually used to define 

electron candidates can be varied. If the cut on E»in^P were moved 

higher, the misidentification probability would decrease as would the 

electron efficiency. Figure 3.1 illustrates this effect. The figure is 

based on a sample of known electrons (p a 1.5 GeWe) and pions (p = 1 

GeV/c) from SPEAR data. The :.m;„/p distributions for these two samples 

are shown in Figure 3.2 



ELECTRON IDENTIFICATION S3 

c 

c o u 
••-> 

o 
5 

0.2 

0.0 i 

I I I I I 1"T—I-

0.7 0.6 0 5; 

* l • • i i l • t • • l • • i • l i • • • 

0 0.01 0.02 0.03 0.04 0.05 0.06 
Pion misidentification 

rigure 3.T: Identification efficiency vs. misidentifica+ion probability 
The points on the curve arc values of the cut on C E M ; n / p ) . 



ELECTRON I D E N T I F I C A T I O N 54 

S 
E 

c 

10-1 

io-

~ 10_ 

10 - 1 

1 
E 

c •o 

10 - 2 

- 10 - 3 

~ i — i — i — i — ! — i — i — i — i — i — i — i — i — i — i — i — i — i — r 

(b) 

' t ' t i 

F igure 3,2: Typical E„; n/p distributions 
for (a) electrons and (b) pions. 



ELECTRON IDENTIFICATION 55 

3.3 Identification efficiency 

In this analysis, electron candidates are taken to be those tracks 

that have E.in/p > 1.1 and which are not too near the edge of a 

calorimeter module. The sensitive aree defined by the latter 

requirement covers = 615! of the 4IT solid angle. This region Kill b,» 

referred to as the electron fiducial volume. The electron 

identification efficiency for tracks within the fiducial volume has been 

determined using sources of known electrons. 

Electrons from bhabha events (e*e" •* e*e") and from identified photon 

conversions lr + N •» e*e" + N) were selected from both SPEAR and PEP 

data. Figure 3.3 shoHS the results of these measurements. 

Table 3.2 gives the overall identification efficiency as a function 

of p and p x . For a given momentum, the efficiency rises slightly at low 

p x . This is due to the association of additional energy from nearby 

tracks in the core of a jet. The quoted efficiencies in the 1-2 GeV/c 

momentum bins are weighted averages of the rising efficiency and the 

falling electron momentum spectrum within the bins. In the other 

momentum bins the efficiency is slowly varying. A 2X inefficiency that 

results from prompt electrons being misclassified as coming from photon 

conversion pairs (see section 3.5) has been included. The systematic 

error on the detection efficiencies is estimated to be ± 5% in each bin. 

3.A Hadron misidentificat ion 

Charged hadrons are misidentified as electrons whenever the energy 

collected within the search region at each calorimeter layer is at laast 

as much as would have been deposited by a real electron. This collected 

energy can eithc, come from the energy actually deposited by the track 
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ELECTRON IDENTIFICATION 57 

P\PT 
• 

0 .00 0 .50 1.00 1.50 

1.0 0 .80 0 .78 0 .76 0 .76 
2 .0 0 .90 0 .88 0 .87 0 .87 
3 .0 0 .91 0 .91 0 .90 0 .90 
4 . 0 0 .91 0 .91 f l .90 0 .90 
5.0 0 .91 0 .91 0 . 9 1 0 .91 
6 .0 0 .91 0 .91 0 .91 0 .91 

Table 3.2: Prompt electron detection efficiency 

of interest or from energy deposited by nearby photons and other charged 

tracks in the event. Me will study these tiio contributions separately 

and then see how they combine to affect the overall misidentification 

probabi1ity. 

Hadron interactions? 

Hadron interactions in the LA calorimeters were studied using known 

pions fror several sources. The results from each of these studies will 

be discussed below. 

Pions from + •> 2(n*i|-)n° at SPEAR: 

The following election criteria were used to select event 

candidates: 

• 4 observed charged prongs 
• Total charge zero 
• Less than 10 unused drift chamber hits after track 
reconstruction 

• No potentir.* c.amma conversion pairs 
• Recoil mass 2 against 4 prongs within ± .06 (GeV/c*) 2 of m^ 2 

• Recoil momentum against 4 prongs > 100 MeV/c 

Figure 3.4 shows the momentum spectrum of the pions selected by these 

cuts. Figure 3.5 shows the distributions of E.irv'P in three different 

momentum ranges. The misidentification probabilities for a electron 

selection criterion of E nj n/p > 1.1 are shown in Table 3.3. 
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0 0.5 1 i.5 2 
E m i n / p 

Figure 3.5: E„i n/p for pions from * - 2(TT*TI- )TT° 
(a) 0.50 < p„ < 0.75 GeV/c 
Cb) 0.75 < p„ < 1.00 GeV/c 
(c) p„ > 1.00 OeV/c 
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Pions from Beam Test Data: 

In this data sample several thousand 2 and 4 CeV pion interactions 

were recorded in a partially instrumented LA calorimeter module. In 

order to apply the electron identification algorithm to this data sample 

it uas necessary to: 

1) Determine the position of the pion beam for each 
calorimeter coordinate (F,T,and U). 

2) Adjust the layer to layer normalizations to correspond to 
those observed in the PEP data. 

3) Determine the overall energy normalization to convert 
deposited to incident energy. 

Step 1) was accomplished by plotting the energy weighted mean position 

in each layer. This mean value uas then taken as the projected 

coordinate for each event, thus simulating the projection of the DC 

tracks into the LA module. Step 2) was accomplished by looking at the 

mean minimum ionizing energy deposited in each coordinate. The layer to 

layer corrections necessary to reproduce PEP data were of the order of 

10/i. Step 3) was accomplished by adjusting the minimum ionizing peak to 

agree with that observed in the PEP data. 

A small correction to the pion misidentification probabilities must 

be applied to account for the different amount of material preceding the 

calorimeter module. The test beam data was taken with 1 X 0 of aluminum 

in front of the LA module. At PEP there is a 1.3 X 0 magnetic coil in 

front of the LA modules. Showers from charge exchange interactions 

which take place in the coil often look very electron-like, since the 

electromagnetic shower starts developing near the front of the LA 

module. Thus it is important to reproduce the effects of the coil in 

measuring the misidentification. Because of the way the layers are 
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ganged in depth and the way they are combined in the electron algorithm, 

it is not necessary for the charge exchange to occur in the coil in 

order for the shine' to look electron-like. To be misidentified, it can 

occur anywhere within about the first feu radiation lengths of the 

calorimeter. Thus the correction to the test beam data for having 0.3 

Xo less material in front of the calorimeter is on the order of 10X. 

Figure 3.6 shous the E~:VP distributions for the 2 and 4 CeV test beam 

data. The misidentification probabilities are shoun in Table 3.3. 

momentum data sample 1 tracks ( misid misidentification 
probability 

0.50 - 0.75 
0.75 - 1.00 
1.00 - 1.30 

2.0 
4.0 

+ data 
•f data 
+ data 

beam test 
beam test 

1751 
1193 
680 

3602 
5181 

16 
11 
3 

22 
19 

.009 ± .002 

.009 i .003 

.005 ± .003 

.006 4 .001 

.004 ± .001 

Table 3.3: Pion misidentification probabilities. 

Figure 3.7 summarizes the pion misidentification measurements from 

the beam test and SPEAR + data. The line on the plot is the best 

straight line fit to the data and is given by: 

misid = .0075 - .0060 • Iog,ofPir' 

Clearly, this is not the correct functional form of the 

misidentification probability. However, it serves as a guide to 

estimate the misidentif ication in the ra je of = 500 MeV/'c up to = 5 

GeV/c. 



ELECTRON IDENTIFICATION 62 

10 

10 -

1 0 u 

- 1 

fc I I I I I I I I I I I I I I I I I I I I I I d 

10 - 3 

10 

£ 

- § IO­

CS 

- 4 

10 - 2 

10 

10 

- 3 

- 4 

I " " II 

(a) -

I 

0 0.5 1 1.5 

Emin/P 

Figure 3.6: E = 1in /P for pions from the test bean data 
<a)pn = 2 CeV/c 
(b)Pn = 1 GeV/c 



ELECTRON IDENTIFICATION 63 

<0 
J3 
O 
(H 

a. c o 
CJ 

c v 

0.020 

0.015 — 

0.010 -

0.005 

0.000 
1 5 10 
Pion momentum (GeV/c) 

Fmure 3.7; Pion misidentification vs. momentum 



ELECTRON IDENTIFICATION 64 

Pions from K.» •* H*V at PEP.: 

The Ks" data includes the effect of track overlap since thp K,°'s 

are produced in the middle of jets. K,°'s were selected by constraining 

oppositely charged pairs of tracks to a vertex and requiring an 

invariant mass and flight path consistent with the K,° hypothesis. The 

calculated misidentification probability is 0.022 ± 0.006. This value 

is three to four times larger those shown in Table 3.3 uhich uere based 

on the + and pion test beam data. This is primarily due to the effects 

of track overlap mentioned above. Also, there is " 10X background from 

non-K. tracks in the resulting sample, uhich uould mean a possible 

electron contamination on the order of =}!!. 

Pions from T Pair Events at PEP.: 

The T pair events are interesting because the "T -» 3 charge prongs" 

decay provides an easily identifiable source of multi-GeV pions in the 

PEP data. This topology is most easily recognized when the other T in 

the event decays into a single charged prong resulting in a " H I " event 

topology. Unfortunately there are not enough such events io measure the 

misidenti-ication probability precisely. Furthermore, there is a 

relatively large systematic uncertainty in the measured probability 

uhich is due to differences in the neutral energy component (i.e. T -» 3 

prongs + neutrals) relative to hadronic events. This effect results in 

an absolute uncertainty in the misidentification probability that is on 

the oriier of IX. Since this IJ5 limit is larger than the expected 

misidentification determined from the other methods, the r data simply 

provides a consistency check for those results. The results from the 

first 15 pb" 1 data !>hou 3 out of 277 pions misidentified as electrons. 
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Of these 3, 2 appear to have overlapping photons because the LA energy 

is much greater than the momentum measured in the drift chamber. This 

leaves 1 out of 277 pion with an electron-like shower, giving a 

misidentification < 1.4% at the 90X C.L., ignoring systematic errors. 

Track overlap: 

The misidentification probability as a function of momentum in an 

uncrouded environment (i.e. no track overlap) uas shown in Figure 3.7. 

The jet topology of PEP hadronic events however results in a much more 

crowded environment due to the large number of nearby photons and 

charged tracks. In this situation* the misidentification probability 

can be much larger than shown in Figure 3.7. Consider, for the moment, 

a hypothetical charged particle that conveniently stops losing energy as 

soon as it enters a calorimeter module. If this particle were in a jet 

event at PEP and the electron identification algorithm were applied, it 

is likely that some energy would be associated with the track, even 

though the track itself deposited no energy. The associated energy 

uould come from other particles in the jet that deposited energy on the 

strips within the search region. Because of the strip geometry of the 

LA modules, the overlap only needs to occur in one coordinate (F.T or U) 

in order to contribute. If there were enough energy associated in every 

coordinate. it would be possible for this hypothetical particle tnat 

deposited no energy to be called an electron. 

A scheme for simulating such a hypothetical particle was devised in 

order to study the overlap problem in the PEP events. The scheme relies 

on the fact that, in general, a hadronic event consists of two 

back-to-back ;ets. The orientation of the two jets can be characxarized 
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by a single axis such as the thrust axis. The deposited energy density 

tends to be peaked along this axis and decreases farther auay from the 

axis. Thus we can imagine that the average energy density is described 

by some function uhich depends only on the angle relative to the axis. 

If ue consider taking a charged particle trajectory from one jet and 

"flipping" it 180", the neu trajectory Mill point into the opposite side 

jet. The neu projection is into a region of the calorimeter uhich has 

the same relative angle with respect to the axis as before. This new 

region will have, on the averager the same energy density as the region 

the track originally came from. There will* of course* be no energy in 

the secind jet corresponding to the energy lost by the original track. 

Thus the "flipped" track simulates the hypothetical one described above. 

The statements just made about the equivalent average energy 

densities of the tuo jets are not rigorously correct. In particular, 

there is an effect uhich tends to give a higher energy density in the 

opposite side jet. This is simply due to ths fact that the opposite jet 

has essentially the full beam energy available while the remainder of 

the same-side jet has the beam energy less the candidate track energy. 

This difference is not very important for a 1 OeV/c track in a 14.5 GeV 

jet, but the effect can be substantial for trtcks of higher momentum. 

Fortunately, the high momentum region where this systematic effect is 

important is the region where the misidentification is dominated by the 

shower contribution and the overlap effect is almost negligible. 

In order to study the effects of overlap on hadron 

misidentification, charged tracks from hadronic events uere "flipped" as 

described above and the electron identification algorithm uas applied to 
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the energy associated uith the "flipped" track. The number of tracks in 

each p,p A bin that had E.jn^P > 1.1 > after the flip, uas divided by the 

total number of tracks in that bin, to obtain a misidentification 

probability from overlap. To first order, the total misidentification 

probability is the sum of the misidentification probabilities from the 

overlap study and the "clean" pion shouer studies. The first entry in 

each bi i of Table 3.4 is the resulting sun as just described. 

This procedure may underestimate the total misidentification 

probability. It is possible for the sum of the overlap energy plus the 

shower energy to be sufficient to make a hadron look electron-like, 

uithout the overlap or shouer energy alone being sufficient to do so. 

In order to study the combined effect, a file uas created uhich 

contained measured energy depositions from knoun pion interactions. A 

neu overlap study uas then made in uhich the track flipping scheme uas 

used to obtain a sample overlap energy and the data file uas used to 

obtain a sample pion shouer. The overlap and shouer energies uere added 

together in eacn calorimeter coordinate. The electron identification 

algorithm uas then applied to the summed energies. This method thus 

simulates the combined effect of overlap and shouer contributions. The 

file of pion shouers uas created using knoun pions from the SPEAR + 

data. Since these pions have momenta less than about 1.3 GeV/c, a 

scheme for simulating pions of higher momenta had to be implemented. In 

order to do this, two simple scaling rules Here used as explained fc-luu. 

The deposited energy distributions for pion interactions consist of 

a minimum ionization region in uhich the energy deposited is independent 

of momentum, a charge exchange interaction region uhert the deposited 
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energy is roughly equivalent to the incident momentum. and an 

intermediate region which has a more complex momentum dependence. In 

order to carry out our study, two simple scaling schemes were used, 

neither of which correctly reproduced the full distribution. The first 

scheme took the pion showers from the file and did not rescale their 

energies before adding them to the overlap energies. This approach 

reproduced the contributions from the minimum ionizing part of the 

distribution, but underestimated the contributions from the momentum 

dependent tail. The results of this scheme are the second entries in 

each bin of Table 3.4. The second scheme was to rtscale the deposited 

energies by the ratio of the momenta of the chosen track and the pion 

which actually created the interaction. This scheme reproduced the 

effects of the momentum dependent tail, but overestimated the effects 

from the minimum ionizing region. The results of this scheme are the 

third entries in each bin of Table 3.4. 

We now have three different estimates of the misidentification 

probability, each of which we suspect is either systematically high or 

low. We must extract an overall probability for each bin, as well as an 

estimate of the systematic error on that probability. For the bins with 

Px > 1-0, overlap plays a negligible role and the probabilities assigned 

for those bins ore taken directly from Figure 3.7 . For the other bins 

a simple average of the results from the three methods is used and an 

estimate of the error is made based on the difference between the 

highest and lowest results obtained by the various methods. Finally, a 

few bins whose values do not seem to fit well with the general p,p x 

trends are adjusted slightly (by nc more than .002) to give smooth 



ELECTRON IDENTIFICATION 69 

variations uith p and Pj.. The results of this procedure and the 

assigned errors are shoun in Table 3.5 

Me can now calculate the expected background contribution from 

misidentified hadrons. Table 3.6 shows the number of charged tracks in 

the hadronic event sample that passed all of the necessary quality and 

fiducial cuts to be an electron candidate, but had <E»jn/p> < 1.1. This 

sample is made up of about 65'/. pions, 20/C kacns. 10% protons, 5% nuons. 

and a feu non-identified electrons. All non-electrons car potentially 

be misidentified as electrons. The different particle species have 

different hadronic interaction properties, but they are all equally 

effected by random energy overlap. Ue will compute the electron 

misidentification probability for these tracks as if they were all pions 

(i.e. using Table 3.5). In doing so ue introduce a small systematic 

error that is proportional to the fraction of non-pion tracks times the 

per-;er'.age difference in the pion and non-pion misidentification 

probabilities. Ue have estimated that 35S! of th» tracks are non-pions. 

Since a large part of the misidentification arises from track overlap, 

«e do not expect a large difference betweer pion and non-pion 

misidentification probabilities. Even if the difference were as large 

as 502. it tould only introduce an systematic error of « 18X which is 

small in comperison to the 50X systematic error He assigned to the piot 

miridentification probabilities themselves. Table 3.5 gave the 

probability P(n-»e), a.~ a function of p and p l r that a pion Mould be 

misidentified as an electrcn. Me obtain the expect»d background from 

miiidentified hadrons by multiplying the number of observed hadrons in 

each bin of Table 3.6 by P(ir*e)/t1-P(it-»e)]. The result of this 

calculation is shoun in Table 3.7 
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P\PT 0. 00 0.50 1.00 1.50 

1.0 

2.0 

.016 ± 

.023 t 

.030 ± 

.003 

.002 

.002 

.008 i 

.006 t 

.011 t 

.003 

.001 

.002 

.007 ± 

.000 ± 

.003 ± 

.003 

.002 

.002 

.007 ± 

.000 ± 

.010 ± 

.003 

.020 

.020 

2.0 

3.0 

.011 ± 

.009 ± 

.024 + 

.C03 

.002 

.003 

.008 ± 

.003 i 

.014 ± 

.003 

.001 

.003 

.006 ± 

.000 ± 

.•107 ± 

.003 

.004 

.004 

.006 ± 

.001 ± 

.007 ± 

.003 

.004 

.003 

3.0 

4.0 

.008 ± 

.005 ± 

.016 ± 

.003 

.002 

.004 

.006 ± 

.002 t 

.011 ± 

.003 

.002 

.004 

.005 ± 

.000 ± 

.009 ± 

.003 

.006 

.006 

.005 ± 

.000 ± 

.006 ± 

.003 

.006 

.006 

> 
4.0 

.007 ± 

.004 ± 

.016 ± 

.003 

.002 

.003 

.005 t 

.001 ± 

.014 * 

.003 

.012 

.00* 

004 ± 
.000 ± 
.GOO ± 

.003 

.005 

.005 

.004 ± 

.000 ± 

.016 ± 

.003 

.007 

.003 

Table: 
3.4 

key Sum of overlap 7'isid + 
shouer misid. 

Result of "flipping" showers 
without rescaling energy. 

Result of "flipping" shouers 
anri rescaling energy so 
tnergy « momentum. 

Table 3.4: Misidentification probability estimates including overlap. 

P\PT 0.00 0.50 1.00 1.50 

1.0 .023 • .008 .010 • .005 .007 t .003 .007 ± .003 
2.0 .015 ± .008 .008 ± .005 .007 ± .003 .007 ± .003 
3.0 .010 ± .005 .006 ± .003 .005 ± .002 .005 ± .002 
4.0 .00"1 ± .003 .005 i .003 .004 t .002 .004 i .002 
5.0 .007 • .003 .005 ± .003 .004 ± 002 .004 t .002 
G.O .006 i .003 .004 ± .003 .003 ± .002 .003 ± .002 

Table 3.5: Overall Pion misidenMfication probability 
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P\PT 0.00 0.50 1.00 1.50 

1.0 10952. 5662. 1481. 169. 
2.0 4104. 2633. 707. 445. 
3.0 1911. 1329. 363. 259. 
4.0 923. 696. 231. 176. 
5.0 484. 369. 141. 95. 
6.0 657. 565. 200. 228. 

Table 3.6: Hadrons Cnon-electronsJ in electron fiducial volume. 

P\PT 0.00 0.50 1.00 1.50 

1.0 241. i 88. 57. • 28 10. ± 4.4 1.2 i 0.5 
2.0 62. ± 33. 21. ± 13. 4.9 ± 2.1 3.1 ± 1.3 
3.0 19. ± 10. 8.0 ± 4.0 1.8 ± 0.7 1.3 ± 0.5 
4.0 6.5 ± 2.8 3.5 ± 2.1 0.9 ± 0.5 0.7 i 0.4 
5.0 3.4 ± 1.5 1.8 ± 1.1 0.6 ± 0.3 0.4 t 0.2 
6.0 3.9 ± 2.0 2.3 ± 1.7 0.6 ± 0.4 0.7 t 0.5 

Table 3.7; Expected electron background from misidentified hadrons. 
The errors shown reflect the systematic uncertainties in the 
misidentification probabilities quoted in Table 3.5. 

3.5 Electrons from 1 conversions and Dalit? decays 

In addition to the background from misidentified pions. there is a 

smaller background contribution from non-prompt sources of real 

electrons. The major contribution to this background comes from photons 

which pair convert in the material between the interaction point and the 

tracking chamber. A smaller contribution comes from the Dalitz decay of 

it°'s (i.e. ir° -* ye*e"). The branching ratio for the Dalitz decay is e 

1.15%. Since each non-Dalitz n° decay produces two photons and since 

the pair production rate per unit distance is * 0.8/Lr«d> the number of 
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e*e~ pairs expected from Dalit? decays is about the same as would be 

expected from pair conversions in 0.7JS Xg of materia!. There was = 9.37. 

Xo of material in the first 15 pb" 1 of this data sample &r.d - 3.75! X 0 in 

the remaining 20 pb"'. Thus Dalitz decays account for about 11% of the 

produced pairs in the full data sample. 

It is possible to substantially reduce this contribution to the 

background by removing pairs of oppositely charged tracks which are 

consistent uith a photon conversion or Dalitz decay topology. Such a 

pair finding procedure should be implemented in such a May as to 

maintain a high efficiency for "real" pairs. uhile minimizing the 

probability of finding "fake" pairs. A fake pair tccurs when a prompt 

electron is accidently combined with an unrelated oppositely charged 

track in the same jet to form a pair candidate. The pair finding 

algorithm that was actually implemented is described below. 

The pair finding algorithm combines each identified electron 

candidate with every oppositely charged track in the same event. For 

each of these track pairs, the following quantities are calculated: 

- o x y is the gap distance between the tracks in the XY-plane, at 
the point where they have the same f. 

• R Ky is the radius from the interaction point to the minimum gap 
point in the XY-plane. 

- AZo is the absolute difference in Z between the two tracks at 
the origin. 

• A0 is the absolute difference in the dip angle 9. 

The definitions of these variables are illustrated in Figure 3.8. Tl<e 

distributions of A x y > AZ<>, and AS are shown in Figure 3.9. Note that 

Axy ca : be either negative or positive depending on whether or not the 

two tracks intersect. Potential pair candidates must have the absolute 

value of A Xy less than 0.015m. We make tr.is cut relatively broad in 
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order to maintain a high efficiency for Dalitz decays. The pairs from 

such decays have small negative gap distances because the finite 

invariant mass of the pair results in a finite opering ungle. A useful 

property of the variable A x y is that it is relatively insensitive to 

track mis-reconstruction in the dip angle 8. This is in contrast to a 

variable like the invariant mass which can be large for real conversion 

pairs if one of the tracks has an impropeily reconstructed dip angle. 

This point is important since the most probable mis-reconstruction for 

these tracks is in the dip angle 6 rathei than the azimuthal angle t. 

One way to check the integrity of the dip information is to look at 4Z<>. 

the absolute difference in z of the two tracks, at the origin. If this 

difference is reasonably large (> 0.10m) He assume that the dip 

information is incorrect and ue make no further geometrical cuts. If 

flZo is acceptable then the variable AG is required to be less than 120 

mrad for pair candidates. In making the cut on AZo> we make the cut 

generous enough to accommodate the expected difference in z for two 

tracks of different momenta which convert at a large radius. This 

expected difference arises because the two track helices only match in z 

at the point where the photon materialized. 

If a pair of tracks meets all of the geometrical criteria for a 

conversion or Dalitz pair then further tests are made on the second 

member of the pair to check its consistency with the electron 

hypothesis. For 'tracks with momenta less than 2 SeV/o, a test is made 

on the particles time of flight informatior if available. To be 

consistent with the electron hypothesis, the time of flight must be no 

more than 3 standard deviations later than the expected time for an 
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Definitions of pair finding variables 
Examples illustrating (a) s positive gap distance (/*„,) and 
a positive radios of conversion (R„ y) and (b) a negative 
A>,y and a negative R „ y . Example (c) illustrates the dip 
angle difference (A8) and Z difference at 'the origin (AZo>-
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electron. For tracks of momenta greater than 0.7 OeV, a test is made 

based on the electron identification algorithm. To be consistent uith 

the electron hypothesis, E.in^P must be greater than 0.5 if the track is 

within the electron fiducial volume. These cuts are > 9SX efficient for 

electrons and reject a substantial fraction of hadrons. If the second 

track is inconsistent with the electron hypothesis, then the pair is 

consir'TTed to be "fake". Figure 3.10 shows the reconstructed radius of 

conversion for the real pair candidates. The structure of the material 

in the detector is clearly visible. Table 3.8 shows the number of 

electron candidates which are identified as belonging to real pairs in 

each p, p A bin. 

P\PT 0 .00 0 .50 1.00 1.50 

1.0 2 1 1 . 46 . 10 . 0. 
2 . 0 4 9 . 2 2 . 5. 1 . 
3 .0 20. 6. 1 . 4 . 
4 . 0 3. 4 . 1 . 0 . 
5.0 0. 3. 0 . 2 . 
6 . 0 0 . 3. 0. 1 . 

Table 3.8: Electrons belonging to real pairs. 

The Monte Carlo was used to determine the efficiency for 

identifying real pairs as well as the probability for misidentifying a 

prompt electron by accidently forming a fake pair. The efficiency is 

determined «s a function of the momentum of the observed electron 

candidate. For electrons in the range 1-2 OeV/c the algorithm finds 765! 

of the real piirs. The efficiency drops somewhat with increasing 



ELECTRON IDENTIFICATION 77 

60 

40 

20 

0 

60 

40 

20 

(•) K*H PDT 2.3% 
ft) PIPE ami 3.6% 
(o) TC COVIR 0.0% 
(d) WIRZJ.GAS 0.7% 
<•) TC COVER 0.0% 
(OUSUN 0,9% 

(a) 

is. 
(a) StlX PIPI 0.6% 
(b)¥IRSS,G»S 0.1% 
<e)nRES.C*S 0.1% , _ _ 
(d)VCCOVIB 2.0% • ? 
(•}1BUN Q.8% ' T ' T 

3.7% * * 
* •• 

L ^lU^VL-Lr^r^ U, 
0.2 0 0.2 

Radius (m) 
0.4 

(b) 

.ffl I ai__Lca. 

0.6 

r i oure 3.10: Radius of conversion (R Xy) 
(a) Data from IS pb"' uith 9.3% y 0 total material. 
(b) Data from 20 pb" 1 uith 3.72 X, total material. 
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observed electron momentum. Fe.- electrons above 6 GeV/c, the 

probability of correctly identifying a real pair is about 60JS- The -irop 

in efficiency occurs because high momentum photons often produce two 

high momentum electrons that share several cells in the innermost DC 

layers before the magnetic field can sweep them apart. These shared 

cells can result in one of the tracks being mis-reconstructed or 

unidentified by the track reconstruction algorithm. The probability 

that a prompt electron Hill form a fake pair with an unrelated track was 

determined to be * 255. The fact that the fake pair probability is so 

small is due in part to our ability to check the second track for 

consistency with the electron hypothesis. 

There is another way to reject gamma conversions in th 20 pb" 1 data 

sample taken with the vertex chamber. Electrons from photons which 

convert at the lexan or outer VC cover should hove no associated signals 

in the vertex tracking chamber. In order to make use of this fact, all 

electron candidates that had signals in less that tuo out of seven 

possible vertex chamber layers Mere visually scanned to look for 

misreconstructed pairs or accompanying untracked low momentum tracks 

uhich curl tightly in 'he magnetic field and are missed by the track 

reconstruction algorithm. If there was no evidence of a potential 

second track that could form a pair with the original track, then the 

electron candidate was not removed from the sample. In practice = 90X 

of the candidates without vertex chamber signals were actually removed. 

Table 3.9 below shows the number of candidates that were removed by this 

procedure in each p»p A bin. Since ue knoH the number of pairs found by 

pair-finding algorithm and its efficiency, ue can calculate the expected 
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P\PT n 00 0.50 1 . 00 1 50 

' . 0 30. ( 2 8 . ) 9. ( 9 . ) 2 . C I . ) 0. ( 0 . ) 
2 .0 8. ( 7 . ) 5. C4. ) 2 . C I . ) 0. CO.) 
3.0 3. C 3 . ) 1 . ( 1 . ) 0. CO.) 0. ( 0 . ) 
4 .0 2- ( 0 . ) 1 . ( 0 . ) 0 . CO.) 0. CO.) 
5.0 0. ( 0 . ) 0. ( 0 . ) 0. CO.) 0. CO.) 
6 .0 1 . ( 0 . ) 0. ( 0 . ) 0. CO.) 1 . CO.) 

Table 3.9: Electrons removed with less than 2 VC cells. The leftmost 
number in each bin is the number actually removed. The 
numbers in parentheses shou hou many uere expected to be 
removed. 

P\PT 0 .00 0 .50 1.00 1.50 

1.0 66 .0 12.0 3 .0 1.0 
2 . 0 16.0 6 .0 1.0 0 .5 
3 .0 7 .0 2 . 0 1.0 0 .5 
4 . 0 1.0 1.0 0 .5 0 .25 
5.0 0 .5 0 .5 0 .25 0 .25 
6.0 0 .5 0 .5 0 .25 0 .25 

Table 3.10: Expected background electrons from unidentified pairs. 
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number of remaining unidentified pairs. Multiplying this number by the 

fract.jn of total material tnat occurs after the vertex chamber yields 

the expected number of pairs to be found in i'.:z hand-scan, assuming a 

100% efficiency for the scan. The numbers in parenthesis in Table 3.9 

are the results of that calculation. ihey agree quite aell with the 

numbers of tracks actually removed. 

After removing those electron candidates uith missing vertex 

chamher hits, there is still a small residual contamination of electrons 

from unidentified gamma conversions and Oalitz decays. The expected 

remaining background can be calculated from the number of identified 

gamma conversions (Table 3.S) and the knoun efficiency of the pair 

finding algorithm. The results of the calculation are shown in Table 

3.10. 
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4. MUON IDENTIFICATION 

4.1 General philosophy 

Muons can be distinguished from other stable charged particles by 

the nature of their interaction with matter. For muons uith momenta 

greater than a feu hundred MeWc. this interaction is characterized by a 

relatively uniform rate of energy loss dE/^K due primarily to the 

ionization of atoms and molecules in the material. This pattern of 

tnergy loss is very different from the electromagnetic shouer which 

characterizes an electron interaction. The difference arises because 

the relatively large muon mass suppresses the bremsstrahlung uhich 

initiates the electron-photon cascade process. Muon energy loss differs 

from that of pions* kaonst and protons because muons do not participate 

in the strong interaction. Although both muons and charged hadrons 

undergo the relatively uniform riE.'dx energy losst only the hadrons 

experience large localized energy loss due to nuclear interactions. 

If a mixture of muons and other stab!" charged particles are 

incidsnt on a sufficient amount of material, then almost all of the 

electrons and hadrons in the mixture uill deposit their full energy in 

the materia 1. Those muons Hhich have incident energies greater than 

that uhich uill be lost to dE/dx uill penetrate the material. In a 

practical muon detector, the amount of material to be used as an 

absorber is therefore limited by the requirement that the muons of 

interest be able to penetrate the absorber. For a typir.al absorber like 

iron, the rate of energy loss dE/dx is about 200 MeV per interaction 

length. In the MARK II experiment ue would like to have a lou momentum 

cutoff in the 1 - 2 GeV/c range for incident muons. This implies that 
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ue can only use * S - 10 interaction lengths of absorber. Hith an 

absorber thickness in this range, i non-negligible fraction of incident 

hadrons will fail to interact strongly and will penetrate the muon 

system, thus simulating muons. In addition, some hadronic interactions 

in the absorber will create charged particle secondaries which penetrate 

the absorber, «!so simulating muons. Some rejection of these 

secondaries can be accomplished by obtaining spatial information about 

the penetrating tracks. Without this information, the occurrence of ar; 

hadronic interartion is not apparent until all of the charged 

secondaries have b*en absorbed. This limitation can be overcome by 

having sufficient spatial information to recognize the large-angle 

scatters and multi-prong topologies associated with hadronic 

interactions [35]. 

4.2 Implementation 

The MARK II muon system, described in detail in chapter 2, consists 

of four walls located above, below, ant! on either side of the central 

detector. Each wall consists of four layers of alternating steel plates 

and planes of proportional tubes. Hits in the proportional tube planes 

signal the penetration of charged tracks through the absorber and 

provide spatial information about the location of the penetrating 

tracks. The total amount of material traversed by a charged particle at 

normal incidence is e 2.6, 4.0, 5.8, and 7.4 interaction lengths for 

levels 1-4 respectively. The muon identification algorithm involves 

extrapolating a charged particle trsjectory, as measured by the central 

drift chamber, through t'.ie absorbing walls and then looking for hits in 

the proportional tube planes that are consistent with the expected range 



MUON IDENTIFICATION S3 

and multiple scattering for the incident track. In the extrapolation 

process, expected dE/dx losses, multiple Coulomb scattering, and bending 

in the magnetic field (some of the absorber serves as a flux return) are 

taken into account. 

In practice, each drift chamber track in an event is extrapolated 

into the muon system and a search is made for proportional tube hits 

uithin 2a of the non-scattered extrapolation. Mere o is the rms 

extrapolation error arising from multiple scattering and the drift 

chamber tracking resolution. A variable MUSTAT is formed which contains 

a bit pattern corresponding to the levels uhich had such hits. The 

lowest order bit of MUSTAT corresponds to a hit in the first level of 

the muon system. A track which had an associated hit only at the first 

level would thus have MUSTAT = 1 = 0001;. A track which had associated 

hits in all .our levels would have MUSTAT = 15 = IIH2. Figure 4.1 

shows the MUSTAT distribution for all tracks in the muon system fiducial 

volume (more on hou this is defined in section A 3). 

Multiple Coulomb scattering; 

The primary contribution to the extrapolation error o comes from 

mul.-.ple Coulomb scattering in the magnetic coil '.-- i.3 X 0 ) . the 

calorimeter modules (= 16 Xo), and hadron absorbers t? 13 X 0 per level) 

which precede the proportional tube planes. The mean-squared radius 

distribution relativ: to the non-pxtrapolated trajectory, after passing 

through an absorber of thickness t 0 and a drift space of distance ri0 i« 

g 1 ven by [36]: 

J-2 = e 0
2 ( t 0

J / 3 + t 0d 0 + do 2) (4.1.< 
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Figure A. 1 : MUST AT distribution for muon fiducial volume track?, 
flUSTAT contains a bit pattern uhich corresponds to the 
levels in uhich associated proportional tube hits uerp 
found. The populations are expressed in terms of the "per 
track probabi1i ty." 
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uhere So is the rms scattering angle in the Gaussian approximation. In 

this approximation. So is given by [37]: 

21 MeV f t 0 1} 
8 0 = (4.2) 

p(MeV) B U r . d 

where p and B sre the momentum and velocity of the incident particle, to 

is the amount of absorber traversed, and L«,d is the radiation length of 

the absorber. 

A particle typically traverses several detector elements, each at 

different distances from the proportional tube planes. The effects of 

each element are independent and the contributions can be added in 

quadrature. Since the proportional tube wires in each layer measure 

only one coordinaI", say x, we are really interested in Uj, which is 

equal to Or/i/2. Therefore, for the coordinate of interest we I. ve: 

s, ! = i I 8i z(tj 2/3 + tidj + dj J) (4.3) 

i 

uhere 8i, d;, and ti are the rms multiple scattering angle, distance to 

the detector plane, and thickness of element i respectively. 

This component of the extrapolation error is combined in quadrature 

with the extrapolated drift chamber tracking error (typically = 3 cm) to 

obtain the overall extrapolation error o used in defining rlUSTAT. 

Figure 4.2 nous a plot of the measured deviation of proportional tube 

hits from the extrapolated trajectory uivided by the o x calculated from 

Eq.t(4.3). If Q X is properly calculated and if the distribution of 

deviations were actually Gaussian, then the normalized distributions 

should be unit width Gaussians as illustrated by the solid curves in 

Figure 4.2. These curves fit the data fairly well, indicating that we 

understand the extrapolation errors. 
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Figure 4.2: Measured deviation from extrapolated position divided by 
sigms 
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A. 3 Muon identification efficieivey 

For the purposes of this analysis, muon candidates will be required 

to have MUSTAT=15 (i.e. to have a hit uithin 2o of the extrapolation in 

all four levels of the muon uall). The possible sources of inefficiency 

include all those uhich could cause a real muon ti be missing a hit in 

one or more levels. The various contributions Hill be discussed below. 

Fiduci&l criteria: 

Two obvious uays for a muon to fail the selection criteria are for 

it to have missed the geometrical acceptance of the muon system or for 

it to have had too Title momentum to penetrate all four levels. In 

order to avoid the lart/e inefficiency from these effects, He define 

fiducial criteria uhich eliminate most failures of this type. Muon 

candidates are required to have drift chamber track extrapolations uhich 

lie uithin the sensitive volume of the muon proportional tube planes. 

The solid angle subtended by the outermost proportional tube levels (the 

limiting case) corresponds to « 45% of 4ir. Muon candidates are also 

required to have sufficient initial momenta to penetrate all four levels 

of the absorber. The calculation of the minimum momentum is based on 

the amount of expected dE/dx loss along the extrapoiuted trajectory. 

For a muon traversing the absorber planes at normal incidence* the 

minimum momentum required to penetrate all four levels is about 1.8 

GeV/e. For other angles of incidence, more material is traversed, and 

correspondingly larger momenta are necessary to penetrate all levels. 

These two criteria, that the muon candidate extrapolate into the 

sensitive volume and that it have enough momentum to penetrate all four 

levels, are expressed in HARK II software notation as MULEVE^. MULEVE 
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translates as "number of muon levels expected". In this analysis muon 

candidates must have MULEVE=4 and an incident momentum p > 2 GeV/c. 

Multiple scattering losses: 

Since real charged particles do not exactly follou the calculated 

extrapolations through the muon system, it is possible for actual muon 

trajectories to lie outside the 2o search region. Multiple scattering 

near the edges of the fiducial volume can result in tracks being 

scattered out of the sensitive region. The inefficiency resulting from 

such scattering is greater for loder momentum tracks since they have a 

larger rms scattering angle. Muons can also scatter out of the 2o 

search region while remaining within the sensitive voiume. The 

inefficiency from this effect is momentum independent. since the 

differences in the rms scattering are included in the calculation of o. 

Range straggling losses: 

Because of the statistical nature of the ionization energy loss 

process, variations in dE/dx result in fluctuations in range. A measure 

of this variability is the percentage range straggling which is defined 

as the ratio of tfc» rms variation in range to the expected range. In 

the momentum range of interest (2-14.5 GeWe) this percentage range 

straggling varies between = 3 - 6Ji. For further details, see the 

numerical calculations presented by Sternheimer [38] and experimental 

measurements in the MARK II detector by Hayes [33]. Range straggling 

can result in fluctuations in energy loss which result in the muon 

ranging out before penetrating all layers, thus failing the muon 

selection criteria. 
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_3: flUSTAT distribution for muons from e*e" -*• V-*\L" 
This distribution is used in determine the proportional 
tube efficiencies in the muun system. The populations are 
expressed in terrrs of the "per track probability.** 
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Proportional tube efficiencies: 

A muon track may be missing a hit at a particular proportional tube 

|>lane because of electronic inefficiency. In order to study this 

effect, a sample of e*e" -» |i*|i" events (pp, * 14.5 GeV/c) Mere studied. 

Figure 4.3 shous the I1USTAT distribution for such muons that Here uithin 

the muon system fiducial volume. The populations at MUSTAT=14, 13. 11, 

and 7 correspond to single missing hits in levels 1-4 respectively. 

From these populations Me estimate the inefficiency to be (3±1)% per 

track per level. 

Extrapolation error: 

A muon track that is improperly reconstructed in the central drift 

chamber can fail the identification criteria because the track 

extrapolation is more than 2st auay from the proportional tube hits left 

by the muon. It is more likely that a track uill be mis-reconstructed 

in the polar angle 8 rather than the azimuthal angle t. This occurs 

because the polar angle is determined from the ± 3° stereo layers in the 

drift chamber, whereas the azimuthal angle is determined by the axial 

layers. The proportional tubes in level 1 of the muon system measure 

the polar angle 8 Hhile levels 2-4 measure the azimuthal angle +. 

Therefore, mis-reconstructed muons will often not have an associated hit 

in the first level because the extrapolation misses in 8. 

Monte Carlo determination of efficiency: 

All of the effects described above have been incorporated into a 

detailed Monte Carlo simulation program. From this program, the 

acceptance and identification efficiencies for muons have been 

determined as a function of momentum. Table 4.1 beloM shous the 



MUON IDENTIFICATION 91 

identification efficiency for muons in the muon fiducial volume. The 

momentum dependence is due to the multiple scattering losses near the 

edges of the fiducial volume and range straggling losses. Both effects 

tend to decrease the efficiency at louer momenta. 

P\PT 0.00 0.50 1.00 1.50 

2.0 0.7S 0.78 0 .78 0.78 
3.3 0.82 0.82 0.82 0.82 
4.C 0.86 0.86 0 .86 0.86 
5.0 0.90 0.90 0.90 0.90 
6.0 0.92 0.92 0.92 0.92 

Table 4.1: Muon identification efficiency 
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4.4 Hadron misidentification probability 

Hadron misidentification can occur uhen a hadron fails to interact 

strongly in the absorber and penetrates all four levels of the muon 

system. Misidentification can also occur when a nuclear interaction in 

the absorber does take place if some of the interaction secondaries 

penetrate all four levels. It is also possible for misidentification to 

arise from hits which were actually caused by random noise or by the 

penetration of other nearby tracks. 

Muon system noise: 

Random hits in the muon system can arise from either purely 

electronics related njise ("hot channals") or actual physical processes 

(ctsmic rays, synchrotron radiation) which fire the p.oportional tubes. 

The effects of random noise in the muon system were measured by 

combining muon system raw data from bhabha events (e*e~ -» e*e") uith the 

central detector data from hadronic events. Since bhabha events 

contains no penetrating tracks, the corresponding muon system raw data 

contains only noise hits. Figure 4.4 shows the MUSTAT distribution 

obtained by combining charged tracks from hadronie events with the 

random muon hits. The fourth level has the most noise, as can seen by 

looking at the MUSTAT = 8 = 1000 2 bin. About 5% of all charged tracks 

in the muon fiducial volume have a random hit in this level. None of 

the "noise" tracks satisfy our muon criterion of rIUSTAT=15, primarily 

because of the low noise levels in the inner levels. The noise can 

contribute to the hadron misidentification probability however, as in 

the case of a hadron which only penetrates to the third level but which 

also has a noise hit in the fourth. 
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Fiaure 4. A-. MUSTAT distribution from random background. 
This distribution is used to determine the proportional 
tube "noise" in the muon system. The populations are 
expressed in terms of the "per track probability." 
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figure 4.5: MUSTAT distribution for "flipped" tracks 
This distribution is used to determine the combined effects 
of track overlap and noise. The populations are expressed 
in terms of the "per track probability.** 
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Another source of random hits are those caused by other penetrating 

tracks in the event. These other tracks can be either muons or haclrons 

that have punched through into the muon system. Because of thn jet 

topology of the hadronic events it is quite common for the 2<j search 

regions around the charged track trajectories in a jet to overlap. In 

order to study this effect, the following algorithm uas used. Tracks in 

a hadronic event were reversed in direction and projected into the muon 

system on the opposite side of the event. The muon identification 

algorithm was then applied to the "flipped" '.rack. The resulting MUSTAT 

distribution is shown in, Figure 4. 5. Note that in addition to the 

"noise" populations (cf. Figure 4.4) there are now substantially larger 

populations in the MUSTAT = 1 and MUSTAT=14 bins. These values of I1USTAT 

correspond to track overlap in the 8 and + coordinates respectively. 

The fact the MUSTAT=1 represents a single associated hit and HUSTAT=14 

represents three associated hits is a consequence of the wire 

orientation of the four proportional tube levels. 

Hadron punchth.'ouqh: 

Hadron punchthrough results uhen a hadron or a secondary from its 

nuclear interaction in the absorber penetrates into the muon detector. 

Figure 4.6 illustrates this effect uith data from the SLAC 20 

spectrometer [39] as reanalyzed by Harris et al.[35]. In this figure, 

the ordinate gives the fraction of incident pions that generate 

penetrating radiation. The momentum dependence of this fraction is due 

to the fact that the reaction secondaries penetrate deeper as the 

incident energy increases. The slopes for various incident momenta, 

however, are almost identical because the pion-nucleon cross section is 
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Pion range data from the SLAC 20 GeV spe.trometer. 
The ordinate gives (he fraction of the incident pions tf-at generate 
penetrating radiation n the absorber thic>..>ess in ct uivalert; cm 
of iron. Because the reaction secondaries tend to penetrate 
deeper as the incident momentum increases, the curves shift to 
the right with increasing momentum. Ultimately, however, 
the slopes become similar for different incident momenta, a 
consequence of the fact that the original pion-nuclear reaction 
cross section is relatively constant over this momentum range. 

Figure 4.6: Pion range data from the SLAC 20 GeV spectrometer 
This figure in taken from Reference [35], 
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relatively constant over this momentum range. In the 20 5eV 

spectrometer experiment, no spatial information on the penetrating 

tracks is provided, thus the occurance of a hadronic interaction is not 

apparent until all of the interaction secondaries have been absorbed. 

A muon detection system which provides spatial information on the 

penetrating tracks can have better pion rejection than that illustrated 

in Figure 4.6. Figure 4.7 shous the fraction of incident pions 

surviving within s circle expected to contain 96% of the incident muons 

based on a multiple Coulomb scattering calculation. This data comes 

from Harris et al.[353 uhich. like the MARK II> uses multiuire 

proportional chambers and iron absorbers. The slope of the curve in 

Figure 4.7 corresponds to an attenuation length of 16.6 cm as compared 

to - 21 cm for the curves in Figure 4.6. The t6.6 cm attenuation length 

corresponds to an effective "cross section" of 7*0 mb, which can be 

compared to a calculated cross section for iron of 725 mb obtained from 

IT* data on copper at 3 GeV/c [403 assuming the inelastic cross section 

goes as A 2' 3. The inelastic cross section is assumed to be the dominant 

process in separating pions from muons. The elastic part of the cross 

section also contributes to a small degree since the typical scattering 

angle ( = 20 mrad) combines in quadrature with the multiple Coulomb 

scattering to yield a slightly wider distribution for non-interacting 

pions relative to muons. 

He can use the data from thess two experiments to estimate the 

punchthrough probabilities for the MARKII muon system. The arrangement 

of detector ?lements in the MARK II system gives it a sensitivity to 

interaction secondaries that lies between those illustrated in Figures 
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Fraction of the incident pions surviving within a multiple-
Coutomb-scartering circle containing 9 6 % of th* incident muuns, 

plotted as a function of the thickness of iron in cm. 

Figure 4.7: Fraction of incident pions surviving within a circle 
containing 96/J of incident muons. 
This figure is taken from Reference C3S^. 
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4.6 and 4.7. Thus ue expect that the pion attenuation length in the 

MARK II should lie between s 17 and = 21 cm of iron and that 

punchthrough to the fourth level of the muon system (= 130 cm re) should 

be less than - 13. With this information in hand we will nou describe 

measurements of pion punchthrough using data from the MARK II detector. 

MU5TAT distribution: 

The MUSTAT distribution for all tracks in the muon fiducial volume 

was shown in Figure 4.1. Figure 4.5 showed the contributions to this 

distribution from random noise and overlapping tracks. In addition to 

the random and overlap hits, there should be contributions to the 

observed HUSTAT distribution from real muons and from hadrci. 

punchthrough. If He ignore electronic inefficiencies, multiple 

scattering outside of the search region, and range straggling then real 

muons nil! penetrate to the fourth level and have MUSTAT=15. Hadrons 

that penetrate the absorbers do not necessarily reach the fourth level, 

but are usually absorbed earlier. The populations of hadrons punching 

through to the various levels should have an attenuation length of 17-21 

cm as Ke sau earlier. If we determine the number of tracks that 

penetrate to the first, second, and third levels, ue can use the 

attenuation length to extrapolate to the fourth level. We cannot 

measure punchthrough to the fourth level directly because it is 

contaminated by the real muon signal, the magnitude of uhich is unknown. 

Table 4.Z shows the contributions of three components (labelled 

"RAND", "MUON", and "PUNCHTHROUGH") to the observed MUSTAT distribution. 

The first component is due to random noise and overlapping hits. The 

MUSTAT distribution for this component, as measured by the "track 
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flipping" algorithm, is shown in the column labelled "RAND". The 

"OBSERVED" MUSTAT distribution (rightmost column of Table 4.2) differs 

from the "RAND" distribution because of the presence of penetrating 

tracks in the real data sample. Note, for example, the significant 

increases at MUSTAT=1,3,7, and 15 in the "OBSERVED" distribution 

relative to ths "RAND" distribution. These values of MUSTAT primarily 

correspond to track penetration to levels 1-4 respectively. Since we 

select the tracks in our sample by requiring MULEVE=4 (i.e. the tracks 

are expected to penetrate all four level of the muon system under the 

muon hypothesis) ue expect all real muons to penetrate all levels and 

thus have MUSTAT=15. This Hill not be rigorously true, however, since 

electronic inefficiency, multiple scattering, and range straggling can 

result in other values of flUSTAT. Muons from pion and kaon decays in 

'light can also contribute to the MUSTAT distribution. The expected 

contributions of both prompt and decay muons are shoun in the column 

labelled "MUON". Since the total number of tracks must be conserved, 

the muon MUSTAT population must deplete other values of MUSTAT. For the 

most part (* SOS of the time) this depletion occurs at MUSTAT=0. Other 

values of MUSTAT are depleted in proportion to their frequency of 

occurance. This explains the existence of negative entries in column 

"MUON". 

In determining the populations in column "MUON", the population at 

MUSTAT=15 is adjusted to be consistent with the "OBSERVED" MUSTAT=15 

population, after including punchthrough effects. The "MUON" 

populations at other values of MUSTAT are based on Monte Carlo 

predictions which include the effects of hadron decay in flight, 
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MUSTAT RAND HUON PUHCHTHROUGH PREDICT OBSERVED 
1 2 3 4 

0 7984.0 -193-6 -973.7 -254.9 -S6.1 -15.9 6490.7 6444.0 
1 541.0 -10.2 973.7 -9.3 -3.8 -1.1 1490.3 1469.0 
2 310.3 -7.S -37.8 -2.2 -2.2 -0.6 259.7 285.0 
3 40.0 3.8 37.8 265.5 1.5 -0.1 348.5 349.0 
4 222.0 -5.4 -27.1 -7.1 -1.6 -0.4 180.5 185.0 
S 21.0 -0.4 27.1 -0.4 1.6 -0.0 48.8 65.0 
6 31.0 -0.8 -3.8 -0.8 1.5 -0.1 27.1 39.0 
7 6.0 22.5 3.8 8.3 59.1 0.5 100.1 98.0 
8 432.0 -10.5 -52.7 -13.7 -3.0 -0.9 351.2 356.0 
9 36.0 -0.7 52.7 -0.7 -0.3 -0.1 86.9 96.0 
10 19.0 -0.5 -2.3 -0.2 -0.1 -0.0 15.9 27.0 
11 3.0 5.6 2.3 14.6 0.1 0.5 26.2 24.0 
12 31.0 -0.8 -3.8 -1.0 -0.2 -0.1 25.2 23.0 
13 1.0 5.4 3.8 -0.0 0.1 0.5 10.7 10.0 
14 31.0 8.6 -3.8 -0.9 -0.1 0.4 35.2 27.0 
15 

TOTAL 

2.0 184.5 3.8 1.9 3.6 17.3 213.1 ?13.0 15 

TOTAL 9710.0 0.0 0.0 0.0 0.0 0.0 9710.0 9710.0 

Table 4,2: Determination of hadr on punchthrough probabi 1ities. 

electronic inefficiency, multiple scattering* and range straggling. The 

magnitude in each bin is normalized uith respect to the "MUON" MUSTAT=15 

population. 

Notice that the "MUON" population at WUSTAT=7 is non-negligible in 

comparison to the "OBSERVED" MUSTAT=7 population. The population at 

MUSTAT=7 is dominant in the determination of the punchthrough 

probability to level 3. If tie had ignored the "HUON" component> ue 

would have overestimated the level 3 punchthrough probability by about 

20X. 

The remaining contribution to the MUSTAT distribution comes from 

hadron punchthrough. The columns labelled "PUNCHTHROUGH" show the 
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corrections for punchthrough to levels 1-4. The corrections to the 

MUSTAT distribution for punchthrough to levels 1-3 were determined using 

a maximum likelihood fit to the "OBSERVED" distribution. The correction 

for level 4 was obtained from an extrapolation of the punchthrough 

probabilities from the first three levels. The fit procedure and 

cornction algorithm are described below. 

For each value of MUSTAT. a correction is applied based on the 

change that would occur if some fraction Pj of all incident tracks 

punched through to level j. For example if Pi of all tracks punched 

through to the first level, then Pi of the tracks that originally had 

MUSTAT=0 Mould move to MUSTAT=1. Similarly, Pi of the tracks that had 

MUSTAT=2,4,6,... would move Jo HUSTAT=3,S,7,..., whereas those that 

originally had MUSTAT = 1,3,5,.. . would not change, since thev already 

contained a hit at level one. Similarly, if P2 of all tracks punch 

through to the second level, then P? of the tracks that had 

MUSTAT=0,l,or 2 would move to MUSTAT=3. Those that originally had 

MUSTAT=3 would not change. Those that had I1USTAT=4, 5, or 6 would move 

to rlUSTAT=7, etc.. The corrections that are shown in Table 4.2 were 

obtained by maximizing the likelihood for observing the "OBSERVED" 

populations for MUSTAT = 0 - 14. There were three free p?rameters in 

the fit, namely, the punchthrough probabilities Pj for levels 1, 2, and 

3. The population at MUSTAT=15 was not included in the fit since it 

contains actual signal muons, whereas we only uant to fit to hadron 

punchthrough. The Sit results yield average hadron penetration 

probabilities Pj of (12. «±0.4)%, (3.340.2)5!. and (0.9±0.m for levels 1 

- 3 respectively. Extrapolating these values to the fourth level using 



MUON IDENTIFICATION 103 

an attenuation length of e 19 cm. predicts a punchthrough probability P* 

= tO. ?±0.1 JJ£. 

This procedure reproduces the observed distribution quite well, as 

can be seen by comparing the columns labelled "PREDICT" and "OBSERVED". 

If ue study the entries in the MUSTAT=15 row of Table 4.2, ue uill find 

that hadron punchthrough contributes about 29 tracks to the raw signal 

of 213. Ue uill briefly discuss the various sources of these 29 

background tracks. Starting uith the column labelled "RAND" ue see that 

random overlap and noise alone contribute 2 of the tracks. In th? 

column labelled "PUNCHTHROUGH 1" there are 3.J background tracks uhich 

are the result of punchthrough to levrl 1 combining uith MUSTAT=14 noise 

hits to result in MUSTAT=15. In column "PUNCHTHR0U6H 2" ue see that 

punchthrough to level 2 combines uith MUSTAT=12 and MUSTAT=14 to 

contribute 1.9 background tracks. Punchthrough to the third level 

combines uith noise in the fourth level to contribute = 3.6 tracks to 

the background (PUNCHTHROUGH 3). Finally ue see that = 17 of these 29 

background tracks are actually due purely to punchthrough to the fourth 

level (PUNCHTHROUGH 4). 

Pions from K«° -» n*ir" t 

Figure 4.8(a) shous the momentum spectrin, of charged pions from 

reconstructed K%° -» n*n" decays. Figure 4.8(b) shou the MUSTAT 

distribution for those pions uhich satisfied the muon fiducial criteria. 

Table 4.3 shous the calculated punchthrough probabilities. based on a 

maximum likelihood fit similar to the one described above. The results 

are qu-»*.e similar to those obtained from the MUSTAT analysis for all 

tracks. 
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Figure 4.8: Pions from K 5° decay, (a) momentum Cb) MUSTAT. 
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Figure 4.9: Pions from r -* 3nv decay, (a) momentum (b) MUSTAT. 
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Pions from T -» 3-pv: 

Figure 4.9(a) shous the momentum spectrum of charged pions from 

reconstructed r •* 3irv decays. Figure 4.9(b) show the MUSTAT 

distribution for those pions uhich satisfied the muon fiducial criteria. 

Table 4.3 shous the calculated punchthrough probabilities. The results 

give higher probabilities than those obtained from the fit to the MUSTAT 

distribution for all tracks. This probably arises from the harder 

momentum spectrum of this pion sample. In fact* the punchthrough 

probabilities are similar to those obtained by fitting the MUSTAT 

distribution for all tracks uith p > 6 GeV/c. 

Kaon punchthrouqh: 

Although kaon cross sections are smaller that pion cross sections, 

the penetration probabilities for K's below a feu GeV/c are smaller 

those for pions at the same momentum. This is due to the fact that the 

K's have less kinetic energy and thus range out soiner due to the 

heavier ionization loss. Kaons which do not range out are expected to 

have larger punchthrough probabilities because of the smaller 

interaction cross sections. The results on pions and kaons from D°'s 

described below indicates tnat this is indeed true. Our fit to the 

MUSTAT distribution of all tracks handles the mixture of pions. kaons 

and protons in a statistical sense, resulting in an weighted 

punchthrough probability for the mixture. 

Pions and Kaons from P° •» K m 

A sample of identified D" candidates were obtained by utilizing the 

kinematic constraints in the decay D** -» D°n* (+ c . c ) . Me then use the 

identified 0° -* K"it* to obtain a sample of identified charged pions and 
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kaons. The punchthrough results are shoun in Table 4.3. The statistics 

are poor, but there is some indication that the kaon punchthrough 

probability is larger than that for pions. 

PUNCHTHROUGH PROBABILITIES 
level 1 level 2 level 3 

source momentum prob (X) prob (*) prob (5S) 

all tracks P : 2 12.810.4 3.3*0.2 0.9*0.1 
all tracks 2 < P < 3 10.5*0.6 2.4*0.3 0.810.2 
all tracks 3 < P < 4 12.3±0.9 3.0*0.4 0.7*0.2 
all tracks 4 < p < 6 17.4*1.1 4.6±0.6 1.0t0.3 
all tracks p > 6 17.0±1.5 5.4*0.8 2.0*0.5 
K s» -» ii*i|- 2 < p < 6 9.9*2.9 3.4±1.6 <1.1 
i •» 3nv 2 < p <10 21.5*2.9 6.6*1.6 0.810.7 
v from D° 3 < p < 6 6.8*5.0 5.4*3.3 <7.0 
K from 0° 3 < p < 5 23.1±7.0 5.0*3.7 6.013.5 

Table 4.3: Measured punchthrough probe •flities f rom various 
sources. 

Momentum dependence! 

The fact that the pion-nucleon cross section is relatively ronstant 

over the momentum range of interest and the fact that the muon 

identification algorithm is able to detect hadronic interactions early 

in thei. development implies that the punchthrough probability should 

not be too sensitive to the incident energy. In order to investigate 

this assumption, the MUSTAT distributions can be analyzed for various 

bins of ir.aident track momenta. Figure 4.10 shows the results ano the 

resulting extrapolation to the fourth level of the muon system. The 

measured punchthrough values for levels 1-3 are tabulated in Table 4.3. 



MUON IDENTIFICATION 108 

30.0 

LO.O 

1.0 

0.1 

1 1 1 1 
t : 

30.0 

LO.O 

1.0 

0.1 

I (a) 2 < p < £ 

- \ 

•< 

j : i b) 3 < p < ' 

\ 

t : 

30.0 

LO.O 

1.0 

0.1 

I (a) 2 < p < £ 

- \ 

•< 

inn 
1

1
1 

b) 3 < p < ' 

\ 

t : 

30.0 

LO.O 

1.0 

0.1 

I (a) 2 < p < £ 

- \ 

•< 

E 

b) 3 < p < ' 

\ 

t : 

30.0 

LO.O 

1.0 

0.1 
E 

)0.0 

0.0 

1.0 

0.1 

—= 

)0.0 

0.0 

1.0 

0.1 

I (c) 4 < p < 6 Z (< i) p > 6 

\ 
—= 

)0.0 

0.0 

1.0 

0.1 

I (c) 4 < p < 6 i) p > 6 

\ 
—= 

)0.0 

0.0 

1.0 

0.1 

I (c) 4 < p < 6 i) p > 6 

\ 
—= 

)0.0 

0.0 

1.0 

0.1 
-

50 100 
cm (Fe) 

50 100 
cm (Fe) 

Figure 4.10: Hadron punchthrough probabilities in several momentum bins 
(a) 2 < p < 3; (b) 3 < p < 4; (c) 4 < p < 6; and id) p > 6 
(momenta in units of GeV/c). The data points are 
punchthrough probabilities to the first 3 levels. The 
vertical dotted line shous the thickness at level 4. 
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There is a distinct momentum dependence. hovever, it is not as large as 

that shoun in Figure 4.6 for the 2D GeV spectrometer, uhere no rejection 

of secondaries was possible. 

Transverse momentum dependence; 

One might naively expect that the misidentification probabilities 

from punchthrough would not depend on transverse momentum. This would 

be true if it were not for the fact that the track overlap probability 

is dependent on transverse momentum. The probability of picking up a 

MUSTAT=1 or MUSTAT=14 contribution from overlap is larger at lou p l t and 

this reflects in the overall probability of obtaining MUSTAT=15 when 

combined with punchthrough. 

Based on all the previous results, we can estimate the punchthrough 

probability as a function of p and p±. The calculation is shoNn in 

Table 4.4. We divide the data into high (p x > 1) and low (p^ < 1) 

transverse momentum regions for this analysis. We use the punchthrough 

probabilities shown in Table 4.3 to predict punchthrough probabilities 

to all levels as a function of momentum. The leftmost numbers in rows 

(t>)-(e) of each p.Pj. bin of Figure 4.4 are, from top to bottom, the 

punshthrough probabilities to levels 1-4 respectively. For example, for 

2 < p < 3, we estimate probabilities of 11.OX, 3.OX, 0.6%; and 0.13%. 

In calculating these punchthrough probabilities, we include the effect 

of the a 3X proportional tube inefficiency at each level. In order to 

calculate the total misidentif ication probabilities we need to mi/ltiply 

these punchthrough probabilities by the probabilities that they will 

combine with "random" MUSTAT hits to form MUSTAT=15. Explicitly the 

contributions are: 
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P\PT <1.0 >1.0 

2.00 1.0 » .0003 = .0003 
.1100 * .0050 = .0005 
.0300 * .0100 = .0003 
.0060 • .0600 = .0004 
.0013 * 1.000 = .0013 

1.0 « .0001 = .0001 
.1100 * .0025 = .0003 
.0300 « .0075 = .0002 
.0060 > .0600 = .0004 
.0013 * 1.000 = .0013 

(a) 
Cb) 
(c) 
(d) 
<e) 

SUM 

2.00 

.0028 .0023 

(a) 
Cb) 
(c) 
(d) 
<e) 

SUM 

3.00 1.0 » .0002 = .0002 
.1300 * .0033 = .0004 
.0350 * .0066 = .0002 
.0080 * .0400 = .0003 
.0018 * 1.000 = .0018 

1.0 » .0001 = .0001 
.1300 • .0016 = .0002 
.0350 » .0049 = .0002 
.0080 * .0400 = .0003 
.0018 * 1.000 = .0018 

(a) 
(b) 
(c) 
(d) 
le) 

sun 

3.00 

.0029 .0025 

(a) 
(b) 
(c) 
(d) 
le) 

sun 
4.00 1.0 * .0002 = .0002 

.1500 * .0025 = .0004 

.0400 * .0050 = .0002 

.0100 * .0300 = .0003 

.0022 » 1.000 = .0022 

1.0 * .0000 = .0000 
.1500 * .0012 = .0002 
.0400 « .0038 = .0002 
.0100 » .0300 = .0003 
.0022 » 1.000 = .0022 

(a) 
(b) 
(c) 
(d) 
(e) 

SUM 

4.00 

.0033 .0029 

(a) 
(b) 
(c) 
(d) 
(e) 

SUM 

5.00 1.0 * .0002 = .0002 
.1700 * .0020 = .0003 
.0500 * .0040 = .0002 
.0120 * .0240 = .0003 
.0027 * 1.000 = .0027 

1.0 * .0000 = .0000 
.1700 * .0010 = .0002 
.0500 * .0030 = .0002 
.0120 * .0240 = .0003 
.0027 * 1.000 = .0027 

Ca) 
(b) 
Co) 
<d) 
(e) 

SUM 

5.00 

.0037 .0034 

Ca) 
(b) 
Co) 
<d) 
(e) 

SUM 

6.00 1.0 * .0001 = .0001 
.2000 * .0016 = .0003 
.0600 * .0033 = .0002 
.0140 » .0200 = .0003 
.0036 * 1.000 = .0036 

1.0 » .0000 = .0000 
.2000 « .0008 = .0002 
.0600 * .002: = .0002 
.0140 * .0200 = .0003 
.0036 » 1.000 = .0036 

(a) 
(b) 
(c) 
(d) 
(e> 

SUM 

6.00 

.0045 .0043 

(a) 
(b) 
(c) 
(d) 
(e> 

SUM 

Table 4.4: Calculation of hadron punchthrough probabilities 
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Ca) 1. x HC15) 
Cb) P, x M(14) 
(c) P 2 X [11(12) + MU4)] 
(d) P, x n<> g) 
(e> P, x nt> 0) 

where Pi is the punchthrough probability to level i. and M(j) is the 

probability of having a random MUSTAT=j. The values of P; are estimated 

from Table 4.3. The values of n(j> are calculated from Figure 4.5 

assuming that the overlap probability (e.g. MCI). MC14)) is tuice an 

large at low p ± as high pj and that noise hits Ce.g. M(8),n(12)) are 

independent of p x. The assumption about the p x dependence of the 

overlap is based on studies of the p.Px distributions of MUSTAT=t and 14 

in the flipped track analysis. 

Table 4.5 shows the population of charged tracks the passed the 

rauon fiducial criteria. We combine Tables 4.6 and 4.5 to obtain the 

expected background population from punchthrough as a function of p and 

p±. This result is shown in Table 4.7. 

Hadron decay in flight: 

Charged pions and kaons can decay in flight to produce final state 

muons which penetrate the absorber and give signals in the proportional 

tubes. The branching ratio for IT* to u*v is nearly 103%, while the 

branching ratio for K* to u.*v is s 6435. The fraction of charged pions 

or kaons which actually decay into muons before reaching the muon system 

is. of course, much smaller than the branching ratio. The probability 

trot a particle with mass in, momentum p, and proper lifetime To decays 

before it has traveled a distance Jt is: 

P(<JJ) = 1 - exp[-mjt/pcio) (4.4) 
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P\PT 0 . 0 0 0 .50 1.00 1.50 

2 .0 2568 .0 1655.0 4 3 2 . 0 2 5 7 . 0 
3 .0 i ' 8 5 . 0 8 5 1 . 0 2 4 7 . 0 2 0 0 . 0 
4 . 0 SBVO 4 5 3 . 0 153 .0 122.0 
5 .0 316 .0 2 4 0 . 0 9 7 . 0 7 4 . 0 
6 . 0 415 .0 3 5 8 . 0 136 .0 165 .0 

Table 4.5: Hadrons in muon fiducial volume 

P\PT 0.00 0.50 1.00 1.50 

2.0 0.0028 0.0028 0 .0023 0 .0023 
3.0 0.0029 0.0029 0.0026 0.0026 
4.0 0.0033 0.0033 0.0029 0.0020 
5.0 0.0037 0.0037 0.0034 0.0034 
6.0 0.0045 0.0045 0 .0043 0.0043 

Table 4.6: Hadron punchthrough probabilities 

P\PT 0 .00 0 .50 1.00 1.50 

2 .0 7 .2 4 . 6 1.0 0 .6 
3 .0 3 .4 2 . 5 0 . 6 0 .5 
4 . 0 1.9 1.5 0 . 4 0 .4 
S.O 1.1 0 . 9 0 . 3 0 . 3 
6 .0 1.8 1.6 0 . 6 0 . 7 

Table 4.7: Background to muon signal from hadron punchthrough 
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Figure 4.11: Pion and Kaon \iz decay probabilities 
(a) pion decays and Cb) kaon decays. The solid lines shou 
the ti2 decay probabilities. The dotted lines shou the 
misidentification probabilities. The momentum is that of 
parent pion or kaon. 
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The values of CTO are 7.8m and 3.7m for pions an^ kaons, respectively. 

If ue use a flight path SL of I.Em, uhich is the average distance to the 

calorimeters, and include the branching fraction for kaons, ue find: 

u •+ |iw: P(<1.6m? e .029/p(0eV<'c) 
K -» \iv: P(<1.6m) = .136/-p(0eV/'c) 

The solid and dashed lines in Figur- *.11 shou the decay probabilities 

based on this simple calculation. 

Actually, only a fraction of these decays are identified as muon 

candidates by the muon identification criteria. This is due to the 

decay kinematics uhich can produce muons that are too lou in momentum to 

penetrate the absorber or uhich can result in large decay angles causing 

the muon trajectory to lie more than 2a auay from the extrapolation. 

Both of these effects are more pronounced for K decays relative to n 

decays because c* tH • larger Q 2 in the process. 

Figure 4.12 shous a plot of the decay muon momentum versus parent 

hadron momentum for pions and kaons uith p > 2 GeV/c. Those decays in 

uhich the muon momentum is less that = 1.8 GeV/c fail the muon 

identification criteria since they cannot penetrate all layers of the 

steel absorbers. Figure 4.13 shous the product of the decay angle and 

the parent hadron momentum for pions and kaons. For comparison, a solid 

line is shoun at the value uhich represents a 2o rms multiple scattering 

(* 17 rad GeV/c) from the 16X0 thick calorimeter modules (a major 

component to the extrapolation error). Many of the kaon decays result 

in a decay angle uhich is large in comparison to the typical multiple 

scattering angle. Therefore proportional tube hits from muons in these 

decays may often lie outside of the 2o search region. 
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Figure 4.12: p u vs. Phad in TT and K \iz decays 

(a)pion decays; Cb) kaon decsvs. The solid line shous the 
momentum necessa-y for penetration to the fourth muon 
detector level. Note that many of the decays result in 
daughter muons which are unable to penetrate that far. 
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Figure ^.13; Decay angle times Phad for TT and K u.2 decays 

(a)pion decays; Cb) kaon decays. The solid line 
illustrates a typical 2u multiple scattering angle from 
the detector components. Note that most of the kaons 
decays result in larger decay angles. 
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A further complication arises from the two kinematic effects 

discussed above. When the decay point lies within the drift chamber 

volume, there Hill be tuo track segments with different momenta and uith 

different slopes at the decay point. The charged track reconstruction 

algorithm does not attempt to distinguish the tuo segments, but rather 

tries to fit a single smooth track through the tuo kinked segmenis, If 

the decay occurs very early in the chamber, the fit momentum uill tend 

to reflect the muon momentum. If the decay occurs very late, then the 

fit uill more nearly reflect the parent hadron momentum. If the decay 

occurs at an intermediate point, then the detected momentum uill have a 

more complicated relation to the produced momenta and uill depend on the 

magnitude and orientation of the decay angle. In severe cases, the 

track finding algorithm may fail to find any acceptable trajectory 

through the tuo segments. 

In order to properly handle all of these effects, ue use a Monte 

Carlo simulation to calculate the expected miside-itif ication 

contributions from n and K decay. Since a "decay" track 

(parent-daughter combination) with a given measured momentum can arise 

from a broad spectrum of produced parent momenta, it is necessary to 

reproduce the entire hadron spectra in order to calculate the number of 

expected decays at any given detected momentum. Figure 4.14(a) shous 

the observed charged particle spectrum in the data. Figure 4.14(b) 

shous the corresponding spectrum from the Monte Carlo. The fractions of 

n's, K's, and p's produced in the Monte Carlo are consistent with 

previous measurements [41]. Using this spectrum, ue define a 

misidentification probability Ph-n as: 
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I lis from h decays detected with momentum p 
Ph-uCp) = 

I charged hadrons h detected with momentum p 

The hadrons h, that appear in the denominator, are required to pass the 

same fiducial criteria as the muon candidates. Figure 4.11 shows these 

misidentification probabilities as dotted lines. These probabilities 

are smaller than the decay probabilities (shown as solid lines) due to 

the decay kinematics discussed earlier. 

We use the Monte Carlo prediction, normalized to the total number 

of observed charged tracks passing the muon fiducial criteria, to 

predict the p,Px population of muon candidates arising from decays in 

flight. The result is shown in Table 4.8. 

PNPT 0 .00 0 .50 1.00 1.50 

2.0 10.0 6.0 3.0 2.0 
3.0 6.0 4.5 2.5 1.0 
4.0 2.5 1.5 1.5 1.0 
5.0 1.5 1.E 0.5 0.5 
6.0 1.5 1.0 0.5 0.5 

Table 4.8: Background to muon signal from decays in flight. 
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5. ANALYSIS PROCEDURE 

5.1 Hadronic Event Selection 

The total data sample corresponds to an integrated luminosity of 

approximately (32 ± 2) pb"' taken at a c m . energy of 29 GeV. The 

follouing criteria uere used to select a sample of hadronic event 

candidates: 

1) A reconstructed event vertex uith a radial distance from the 
interaction point (projected in the xy-plane) < 0.04 m and a 
longitudinal distance (projected along the beamline) < 0.07 m. 

2> At least five charged tracks satisfying the follouing criteria: 

2a)Radial distance of closest approach to interaction point 
< 0.04 m and a longitudinal distance < 0.08 m. 

2b) P x y > 0.100 Gev/c and P«„t < 16.0 GeV/e 
2c) Not a member of an identified photon conversion or Dalitz 

decay pair. 

3) A total visible energy E v j , > 0.25 E c«. uhere E e a is the center of 
mass energy. The contribution from charged particles uas calculated 
by summing the momenta of all tracks that satisfied requirements 2a) 
and 2b) above. Neutral energy uss calculated by summing the energies 
from reconstructed photon candidates uhich satisfied: 

3a) The photon uas reconstructed in a LA barrel module. 
3b) Reconstructed energy > 200 MeV. 
3c) < 50% of its energy shared uith other reconstructed 

shouers. 
3d) Distance of shouer centroid from nearest charged track 

projection > 0.07 m. 

4) IcosOihrustl < 0.7, uhere Othruit is the angle betueen the beamline 
and the reconstructed thrust axis. The event thrust axes is 
calculated using all charged tracks uhich satisfied 2a) and 2b) 
above. An extra "ghost" track is added by the algorithm to balance 
momentum. 

A total of 10691 events passed these cuts. 

5.2 Event backgrounds 

Processes other than the single photon annihilation of e*e" into 

hadrons can produce event topologies which meet the above selection 

criteria. Altogether they constitute e 2% of the events in the sample. 
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L<>ch of the important background processes and its possible contribution 

to the lepton signal uill be discussed below. 

e*e" •» l'f : 

It is important to consider the background from T pair production 

because the leptonic decay mode T •* JLvv can potentially contribute to 

the prompt lepton signal. Furthermore, since each T is produced with 

the full beam energy of 14.5 CeV, the resulting decay lepton has a 

relatively large average momentum. If leptons from this background 

source did contribute to our sample, they could significantly increase 

the observed number of high momentum prompt leptons in our sample. 

When a i decays leptonical1y, it produces only one charged track in 

the final state. Thus in a T pair event where one r decays 

leptonically, the other decay must result in four or more observed 

charged tracks in order for the event to pass thr? multiplicity cut of 

five. The branching ratio for i into five charged particles has been 

measured to be less than 0.5X [42]. From this limit ue expect less than 

4 events of this "1+5" topology in our sample. In a visual scan of all 

evsnts containing a lepton with p > 4 GeVVc. no "1+5" event candidates 

were found. The only other topology that can contribute to the lepton 

signal occurs uhen the second T decay contains one or more photon 

conversions or TT° Dalitz decays. Note that our hadron selection 

criterion of five observed charged tracks excludes members of identified 

pairs (criterion 2c). This eliminates most of the T pair background 

arising from events containing photon conversions or Dalitz decays, 

mere is a small residual contribution from events uhere the conversion 

pair is not identified. In a visual scan of all events uith lepton 
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candidates uith p > 4 GeV/c, one event satisfied the "1+3+eonversion" 

topology and was removed. 

There is a T pair topology which does contribute to the hadronic 

event sample, but uhich does not contribute to the prompt lepton signal. 

This topology occurs when both I'S in the event decay into three charged 

tracks. This "3+3" topology is expected to contribute on the order of 

35±10 events to the hadronic sample. 

e*e' -» e*e' * hadrons: 

The order o* diagrams uhioh contribute to the total cross section 

for e*e* * e*e" + hadrons are shown in Figure 5.1(a)-lb). There is also 

an s-channel diagram. similar to Figure 5.1(b), uhich does not 

contribute significantly to the cross section. In the following 

discuss on, events arising from the diagram in Figure 5.1(a) will be 

referred to as "two-photon" and those arising from Figure 5.1(b) as 

"inelastic Compton scatters". The dominant contribution to the total 

cross section comes from the tuo-photon diagram. The distribution of 

total produced hadron energy U from this process is peaked near zero and 

falls rapidly. Most events from this distribution fail the visible 

energy requirement (EYi» > 0.25 E c») in our hadron selection criteria. 

Me are able to estimate the total number of events remaining in our 

sample by using the data from the small angle tagging (SAT) system. 

This system detects electrons uhich are scattered between 21 and 82 mrsd 

from the beamline. The probability that a two-photon event will result 

in an electron being observed in this region is 20i55!. In the hadronic 

sample of 10691 events, 32 such events uere observed. This implies a 

background of about 160 ± 49 events. 
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Figure 5. T: Order a* contributions to e*e" -* e*e" + hadrons 
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There are particular event topologies resulting from the «* 

processes which can contribute substantially to the high momentum prompt 

electron signal. Fortunately these events are relatively easy to 

distinguish from the single photon hadronic events and the contamination 

can be removed. These events occur uhen one of the photons in Figure 

5.1(a) or (b) has a momentum transfer Q large enough to deflect one of 

the electrons into the main detector. Usually the hadrons are also 

visible in the detector since they balance the transverse momentum 

(u.r.t. the beamline) of the electron. The electron itself usually has 

an energy greater than .25 E c«. Thus if the hadronization results in 

four or more visible charged tracks. the event will satisfy our 

selection criteria. 

In order to remove these background events a visual scan uas made 

of all events containing an electron uith momentum greater that 6 GeV/c. 

There were a total of 39 such events. Four of th?se events were 

classified as inelastic Compton scatters (see Figure 5.2) and three of 

them had tuo opposite sign electron candidates per event. Thus a total 

of 7 electron candidates were removed in this category. A total of 10 

events were classified as two-photon (see Fig. 5.3) and each event 

contained a single electron candidate. Thus a total of 17 high momentum 

prompt electron candidates were removed. Figure 5.4 shows the momentum 

spectra for the 25 remaining signal candidates and for the 17 background 

candidates. Note that the momentum spectrum of the remaining signal is 

falling with increasing p while the background spectrum is rather flat 

uith some peaking in the 8 - 1 0 GeV/c region. 
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In order to check that the number of events removed uas 

reasonable, a comparison uas made uith a version of the Smith-Vermaseren 

[43] Monte Carlo. This Monte Carlo integrates tha cross-section for 

e*e" -» e*e~u,4u,~ over a defined geometric and kinematic acceptance using 

the diagrams in Figure 5.1(c) and (d). The corresponding cross section 

for e*e" + hadrons, can be estimated in the context of the quark-parton 

model by replacing the muons uith quarks. The ratio of hadrons to u, 

pairs for the tuo-photon diagram in the hard scattering approximation is 

about 34/27. This estimation comes from the qf* coupling for u,d,s,and 

c quarks and a factor of 3 for color. A similar calculation for the 

ratio of hadrons to u, pairs from inelastic Compton scattering results in 

a ratio of 10/3. Here the cross section is proportional to qf 2 and the 

color factor is the same. The Monte Carlo predicts a cross section of = 

4 x 10"' nb, or 13 events in 32 pb" 1. for e*e'u,*u,", where at least one 

electron is within the electron fiducial volume and both muons are 

visible in the detector. The tuo-photon and inelastic Compton processes 

each contribute about equally. This translates into about 29 expected 

hadronic events in the hard scattering approximation. We (xpect the 

number actually observed to be someuhat lower than this because the 

hadron selection criteria require at least four visible charged tracks 

from the hadronic system in addition to the electron candidate. The 

mass of the hadronic system* especially in the inelastic Compton 

process, is such that it often produces a lower multiplicity final 

state. The prediction of 29 produced hadronic events is thus consistent 

with the observation of 14 events which pass our selection criteria. 
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Figure 5.2: Large Q* two-photon background event. 
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Figure 5.3: Inelastic Compton scatter background event. 
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Figure 5.4: Comparison of of (a) prompt and (b) background momenta 
Only the high momentum part of the spectrum Cp > 6 GeV/c) 
is shown-
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Beam-gas events: 

The beam-gas contamination can be estimated from the longitudinal 

event vertex distribution. From this distribution ue estimate that less 

than 20 of the 10691 hadronic candidates arises from beam-gas 

interactions. This low rate is primarily due to the multiplicity and 

total visible energy cuts in our hadron selection. A background 

bean-gas event in uhich both the beam electron and the nuclear fragments 

were scattered into the detector would qualitatively look very much like 

the two-photon process described above. The event would have a large 

longitudinal momentum imbalance and the electron would tend to be 

scattered in the direction of the same-sign beam. Such an event would 

have been removed in the visual scan for tuo-photon events that was 

described above. 
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5.3 Electron results 

The net prompt electron signal is obtained from the raw signal by 

subtracting the backgrounds from misidentified hadrons and from 

non-prompt electrons. This subtraction and the associated statistical 

and systematic errors are discussed belou. 

Raw signal: 

The raw electron signal in the hadronic event sample consists of 

all electron candidates (as defined in Chapter 3) that are not 

associated with a photon conversion or Dalitz pair. Events that were 

determined to be two-photon or inelastic Compton scatters have been 

excluded from this sample. Table 5.1 shows the momentum and transverse 

momentum distribution for the raw electron signal. The backgrounds from 

misi'lentified hadrons and from non-prompt electrons Hill be subtracted 

bin-by-bin from this distribution. 

Misidentified hadron subtraction: 

The background from misidentified hadrons uas calculated in Section 

3.4 and summarized in Table 3.7. That table is reproduced in Table 5.2 

belou. 

Pair subtraction: 

In addition to the background from misidentified hadrons, there is 

a smaller background from non-prompt electrons. The dominant 

contribution comes from residual r conversions and Dalitz decays that 

uere not removed (see section 3.5). The expected background 

contribution from this source Mas shoun in Table 3.10 and is reproduced 

in Table 5.3 belou. 
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P\PT 0.00 0.50 1.00 1.50 

I.D 363 112 28 3 
2.0 115 54 21 13 
3.0 46 31 12 9 
4.0 29 23 10 6 
5.0 7 11 5 S 
6.0 9 9 4 3 

Table 5.1: Raw prompt electron signal. 
Electrons from identified photon conversions and Dalitz 
decays are not included. 

P\PT 0.00 0.50 1.00 1.50 

1.0 246. ± Si. 57. ± 28 10. ± 4.4 1.2 ± 0.5 
2.0 63. J 33. 21. ± 13. 4.9 ± 2.1 3.1 ± 1.3 
3.0 19. ± 10. 8.0 ± 4.0 1.8 ± 0.7 1.3 ± 0.5 
4.0 6.5 i 2.8 3.5 • 2.1 0.9 ± 0.5 0.7 ± 0.4 
5.0 3.4 ± 1.5 1.9 ± 1.1 0.6 ± 0.3 0.4 ± 0.2 
6.0 4.0 ± 2.0 2.3 ± 1.7 0.6 ± 0.4 0.7 ± 0.5 

Table 5.2: Expected electron background from nnsidentified hadrons. 
Vhe errors shoun reflect the systematic uncertainties in the 
mi si dent ificat ion probabilities. 

P\PT 0.00 0.50 1.00 1.50 

1.0 66.0 12.0 3.0 1.0 
2.0 16.0 6.0 1.0 0.5 
3.0 7.0 2.0 1.0 0.5 
4.0 1.0 1.0 0.5 0.25 
5.0 0.5 0.5 0.25 0.25 
6.0 0.5 0.5 0.25 0.25 

Table 5.3: Expected background from non-prompt electrons. 
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Het signal: 

Table 5.4 shows the net prompt electron signal and the 

corresponding statistical and systematic errors in each bin. the 

systematic error is dominated by the uncertainties in the hadron 

misidentification probabilities. These uncertainties were given in 

Table 3.5 and are typically i 50%. There is a much smaller contribution 

to the systematic error from uncertainties in the number of residual 

electrons from gamma conversions, Dalitz decays and non-hadronic event 

sources. This uncertainty is estimated to be ± 20%. 

P\PT 0.0 0.50 1.00 1.50 

1.0 50.6 
26.0 
102.6 

42.8 
13.5 
31.0 

14.6 
6.4 
5.8 

0.8 
2.3 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

2.0 36.5 
13.9 
34.4 

26.8 
9.0 
11.8 

15.7 
5.1 
2.3 

9.8 
4.0 
1.4 

Signal 
Stat. Err. 
Syst. Err. 

3.0 19.7 
8.5 
11.1 

21.0 
6.4 
4.4 

9.2 
3.9 
1.1 

7.1 
3.3 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

4.0 21.5 
6.0 
3.5 

17.5 
5.' 
1.9 

8.6 
3.4 
0.6 

5.0 
2.6 
0.4 

Signal 
Stat. Err. 
Syst. Err. 

5.3 3.1 
3.3 
1.8 

8.6 
3.7 
1.0 

4.2 
2.4 
0.3 

7.4 
2.9 
0.2 

Signal 
Stat. Err. 
Syst. Err. 

6.0 4.5 
3.7 
2.1 

6.2 
3.4 
1.2 

3.1 
2.2 
0.4 

2.1 
2.0 
0.4 

Signal 
Stat. Err. 
Syst. Err. 

Table 5.4: Net prompt electron signal. 
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S.I tluon results 

The net prompt muon signal is obtained from the raw signal by 

subtracting the backgrounds from punchthrough hadrons and from hadron 

decays in flight. This subtraction and the associated statistical and 

systematic errors are discussed below. 

Ran signal: 

The raw muon signal in the hadronic event sample consists of all 

muon candidates (as defined in Chapter 4). Table 5.5 shows the momentum 

and transverse momentum distribution for the raw electron signal. The 

backgrounds from hadron punchthrough and decays in flight will be 

subtracted bin-by-bin from this distribution. 

Hadron punchthrouoh subtraction: 

The background from hadron punchthrough uas calculated in Section 

4.4 and summarized in Table 4.7. That table is reproduced in Table 5.6 

below. 

if and K decay subtraction: 

The background from charged it and K u.j decays uas discussed in 

Section 4.4 and summarized in Table 4.8. That table is reproduced in 

Table 5.7 below. 
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P\PT 0 .00 0 .50 1.00 1.50 

2 . 0 34 .0 3 1 . 0 16 .0 6 . 0 
3 .0 18.0 2 3 . 0 10 .0 i .O 
4 . 0 20 .0 10 .0 5 .0 2 . 0 
S.O S.O 6 . 0 3 . 0 3 .0 
6 . 0 S.O 7 .0 3 . 0 3 .0 

Table 5.5: Raw prompt muon signal. 

P\PT 0 .00 0 .50 1.00 1.50 

7 .2 4 . 6 1.0 0 .6 
3 .4 2 . 5 0 . 6 0 . 5 
1.9 1.5 0 . 4 0 .4 
1.1 0 . 9 0 . 3 0 . 3 
1.8 1.6 0 . 6 0 . 7 

Table 5.6: Background to muon signal from hadron punchthrough 

P\PT 0 .00 0 .50 1.00 1.50 

2 . 0 9 . 1 6 . 7 3 .2 2 . 2 
3 .0 5 .1 3 .4 1.5 1.0 
4 . 0 2 . 5 1.9 0 . 8 0 . 7 
5 .0 1.7 1.3 0 . 7 0 . 7 
6 .0 1.9 1.8 0 .8 1.0 

Table 5.7: Expected background contribution from TT and K u-z decays. 
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Table 5.8 shows the net prompt muon signal and the corresponding 

statistical and systematic errors in each bin. The systematic error 

aris' s from an estimated ± 50% uncertainty in the hadron punchthrough 

probabilities and a ± 25X uncertainty in the n and K decay 

contributions. 

P\PT 0.0 0.50 1.00 1.50 

2.0 17.7 
7.1 
5.9 

19.7 
6.5 
4.0 

11.8 
4.5 
1.3 

3.2 
3.0 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

3.0 9.5 
5.2 
3.0 

17.1 
5.4 
2.1 

7.9 
3.5 
0.7 

4.5 
2.7 
0.5 

Signal 
Stat. Err. 
Syst. Err. 

4.0 15.6 
4.9 
l.f 

6.6 
3.7 
1.2 

3.8 
2.5 
0.4 

0.9 
1.7 
0.4 

Signal 
Stat. Err. 
Syst. Err. 

5.0 5.1 
3.3 
1.0 

3.8 
2.9 
0.8 

2.0 
2.0 
0.3 

2.0 
2.0 
0.3 

Signal 
Stat. Err. 
Syst. Err. 

6.0 4.2 
3.4 
1.4 

3.6 
3.2 
1.3 

1.6 
2.1 
0.5 

1.3 
2.2 
0.6 

Signal 
Stat. Err. 
Syst. Err. 

Table 5.S: Net prompt muon signal. 
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6. PROMPT LEPTON CROSS SECTIONS 

In order to extract inclusive prompt lepton cross sections from the net 

lepton signals (Tables 5.4 and 5.3) ue must correct the data for 

fiducial acceptance and detection efficiencies. 

6.1 Fiducial acceptance 

The fiducial acceptance for prompt leptons in detected hadronic 

events is defined as: 

I leptons with momentum p satisfying the fiducial criteria 
•F.ccCp) = (6.1) 

t leptons produced with momentum p 

The denominator only includes those leptons produced in the detected 

events. Thus the asceptance efficiency as defined above does not 

include the efficiency for detecting hadronic events. If the prompt 

leptons were produced isotropically and there was no bias from our 

hadronic event selection criteria* then this acceptance would be 

equivalent to the simple geometrical acceptance of the fiducial volume. 

The acceptance as defined in Eq. (6.1) is actually someuhat larger than 

the geometrical acceptance. This is due to the fact that the hadronic 

events are jet-like and that the leptons are correlated with the jet 

direction. Since the detected hadronic event must be fairly well 

contained in the detector (E vis ) -25 E c * and IcosSthrusfl < 0.7) ue 

enhance the probability of observing the lepton. Ue determine the 

acceptance from a Monte Carlo detector simulation using definition 

Eq. (6.1) (For a description of the Monte Carlo see Section 7.1.) There 

is a slight model dependence ar-aing from uncertainties in the bottom 

and charm quark fragmentation functions. Fragmentation functions which 

yield larger average energies for bottom and charm hadrons result in 
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more col I'mated i.savy quark jets and thus a larger prompt lepton 

acceptance. The acceptance also depends someuhat on the momentum of the 

detected lepton. This effect also arises from the effects of the event 

selection criteria. The fiducial acceptances for electrons and muons as 

determined from the Monte Carlo are shown in Figure 6.1. A systematic 

error of 1555 is assigned based on the model dependence of the 

determination. 

6.2 Identification Efficiency 

The identification efficiency for prompt leptons in a sample of 

detected hadronic events is defined as: 

I leptons uith (p>p £) identified 
fidCp.Pi) = (6.2) 

t leptons with (p.Pi) satisfying the fiducial criteria 

These identification efficiencies uere determined in Sections 3.3 and 

4.3 for electrons and muons respectively. The p.p.! dependence of these 

effic icies were shown in Tables 3.2 and 4.1. These tables are 

reproduced in Tables 6.1 and 6.2 below. 

6.3 Inclusive Cross Sections 

The net prompt lepton signals (Tables 5.4 and 5.8) are corrected 

for the fiducial acceptance and identification efficiency to obtain the 

corrected signals shown in Tables 6.3 and 6.4. Me can now extract 

inclusive rates per hadronic event and inclusive cross sections from 

these corrected signals. In calculating the rate per hadronic event, we 

make the assumption that our ha'ironic event selection criteria are 

unbiased, in the sense the efficiency for detecting a hadronic event 

uhich contains a semi-leptonic decay is the same as that for a halronic 

event which does not contain such a decay. This assumption has been 
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P\PT 0.00 0.50 1.00 1.50 

1.0 0.80 0.78 0,76 0.76 
2 . 0 0.90 0.88 0.87 0.87 
3 . 0 0.91 0.91 0.90 0.90 
4 . 0 0.91 0.91 0.90 0.90 
5 .0 0.91 0.91 0,91 0.91 
6 . 0 0.91 0.91 0.91 0.?1 

Table 6.1: Prompt electron detection efficiency. 

P\PT 0 .00 0 . 5 0 1.00 1.50 

2 .0 0 .78 0 .78 0 . 7 8 0 .78 
3.0 0 .82 0 .82 0 .82 0 .82 
4 . 0 0 .86 0 .86 0 . 8 6 0 .86 
5.0 0 . 9 0 0 .90 0 .90 0 .90 
6.0 0 .92 0 .92 0 .92 0 .92 

Table 6.2: Prompt muon identification efficiency. 

checked using our standard Monte Carlo models. This uas done by 

measuring the hadronic event detection efficiencies for both 

semi-leptonic and purely hadronic events. The detection efficiencies 

are the same within a feu percent, being slightly louer for the 

semi -1eptonic events due to the decrease in visible energy resulting 

from the undetected neutrinos. This result is model dependent however. 

If for example there were semileptonic event topologies which tended to 

result in final states with very low charged particle multiplicities, 

then our hadronic event selection criteria would be biased since ue 

demand at least five visible charged tracks. 
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P\PT 0.0 0.50 1.00 1.50 

1.0 97.3 
44.9 
174.9 

77.2 
23.9 
55.0 

26.7 
11.8 
10.7 

1.5 
4.2 
1.5 

Signal 
Stat. Err. 
Syst. Err. 

2.0 56.2 
20.S 
51.2 

41.4 
13.8 
18.3 

24.5 
8.0 
4.0 

15.3 
6.2 
2.5 

Signal 
Stat. Err. 
Syst. Err. 

3.0 28.8 
12.3 
16.0 

30.4 
9.3 
6.7 

13.4 
5.6 
1.9 

10.5 
4.8 
1.4 

Signal 
Stat. Err. 
Syst. Err. 

4.0 30.3 
8.5 
5.3 

24.7 
7.2 
3.3 

12.2 
4.8 
1.2 

7.2 
3.8 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

5.0 4.3 
4.5 
2.5 

11.9 
5.0 
1.6 

5.7 
3.3 
0.6 

10.1 
4.0 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

6.0 6.1 
4.9 
2.8 

8.4 
4.6 
1.8 

4.2 
3.0 
0.6 

2.8 
2.7 
0.6 

Signal 
Stat. Err. 
Syst. Err. 

Table 6.3: Efficiency corrected prompt electron signal. 
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P\PT 0.0 0.50 1.00 1.50 

2.0 54.1 
21.6 
18.7 

60.0 
19.9 
13.5 

36.0 
13.7 
5.3 

9.8 
9.1 
2.7 

Signal 
Stat. Err. 
Syst. Err. 

3.0 26.2 
14.3 
8.7 

47.5 
14.9 
7.4 

21.8 
9.7 
2.9 

12.4 
7.6 
1.9 

Signal 
Stat. Err. 
Syst. Err. 

4.0 39.3 
12.5 
5.6 

16.7 
9.3 
3.5 

9.5 
6.3 
1.4 

2.4 
4.4 
0.9 

Signal 
Stat. Err. 
Syst. Err. 

5.0 11.9 
7.6 
2.6 

8.8 
6.6 
2.0 

4.6 
4.6 
0.9 

4.7 
4.6 
0.8 

Signal 
Stat. Err. 
Syst. Err. 

6.0 9.2 
7.5 
3.2 

7.8 
7.0 
2.8 

3.5 
4.6 
1.1 

2.8 
4.7 
1.3 

Signal 
Stat. Err. 
Syst. Err. 

Table 6.1: Efficiency corrected prompt muon signal. 
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In the case of unbiased event selection, the prompt lepton rate per 

produced hadronic event is the same as the rate per detected hadronic 

eveni. Thus the inclusive rates can be extracted from Tables 6.3 and 

6.4 by summing the corrected signals in the kinematic region of interest 

and dividing by the total number of detected hadronic events. The 

corresponding statistical errors are calculated by combining the 

statistical errors from each bin in quadrature. The systematic errors 

are assumed to be correlated and the contributions from each bin are 

simply summed. The corrected number of hadronic events after 

subtracting expected backgrounds is 10481 ± 104. There is also some 

systematic uncertainty (* ±3!S) in the number of true hadronic events in 

the remaining sample. This introduces a small systematic error which is 

negligible when added in quadrature with the other systematic errors. 

The inclusive rates per hadronic event in two different p,p ± regions are 

shown in Table 6.5. 

The prompt lepton rate can also be expressed as a cross section 

<M.P defined as: 

»1»P = ri.p x R x o w u (6.3) 

where r i l p is the prompt lepton rate per hadronic event. R is the ratio 

o(e*e" -» 1 •» hadrons)/0mi, and Ouu is the total cross section for 

e*e" -» r -*uV". The value of R at 29 GeV has been determined [44] to be 

(3.90 ± .05 ± .25). The vclue of o u u l at 29 r..v is 103 picobarns (pb). 

He use these value to obtain a scaling factor of Rx<rull = (402 ± 26)pb to 

convert rates per hadronic event into cross sections. The inclusive 

rates in Table 6.5 are expressed as inclusive cross sections in Table 

6.6. The uncertainty in the scaling factor is reflected in the 

systematic errors. 
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4 6 
P (GeV/c) 

2 4 - 6 
P (GeV/c) 

Figure 6.2: Differential total momentum cross sections. 
(a)Prompt electrons; CbJPrompt muons. Tuo sets of error 
bars are shoun for each point. The smaller one is the 
statistical error; the larger one is the statistical and 
systematic errors added in quadrature. 
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figure 6.3: Differential transverse momentum cross sections. 
(a)Prompt electrons; (b)Prompt muons. There is a total 
momentum out of p > 2 GeV/c. 
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He can also obtain differential momentum and transverse momentum 

crcs sections from Tables 6.3 and 6.4. The results of such are shoun 

in Figures 6.2 and 6.3 for prompt leptons uith p > 2 GeV/c. In these 

figures He have extended the momentum and transverse momentum bins out 

to 8.0 and 3.5 GeV/c (from 6.0 and 1.5 GeV/c) respectively in order to 

better indicate the shape of the distributions. 

Kinematic region Prompt Electrons Prompt Muons 

P > 2.0 Pi > 0.0 
p > 2.0 pj. > 1.0 

0.033 ± 0.003 ± 0.012 
0.010 i 0.001 i 0.001 

0.037 ± 0.005 ± 0.008 
0.010 ± 0.002 ± 0.002 

Table 6.5: Prompt Lepton rates per hadronic event. 
The first error quoted is statistical; the second is 
systematic. 

Kinematic region Prompt Electrons Prompt Muons 

p > 2.0 pj. > 0.0 
p > 2.0 Pj. > 1.0 

13.3 t 1.4 ± 4.9 
4.1 ± 0.6 ± 0.6 

14.9 ± 1.8 ± 3.5 
4.1 • 0.9 ± 0.8 

Table 6.6: Prompt Lepton cross sections. 
Cross sections are in picobarns (pb). 
The first error quoted is statistical; the second is 
systematic. 
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7. PROPERTIES OF HEAVY QUARKS 

7.1 Fit to the lepton P.P. spectra 

If ue assume that the hadronic event sample contains only events 

arising from the process e*e" -* qq -» hadrons (Figure 1.1), then the 

possible sources of lepton candidates are: 

') Background from misidentified hadrons 
(electrons - hadron showers and track overlap) 
(musns - hadron purchthrough) 

2) Background from non-prompt leptons 
(electrons - unidentified r conversions and Dalitz decays) 
(muons - ii and K decays in flight) 

3) Prompt leptons from charm decay in cc events (C primary) 
4) Prompt leptons from charm decay in bb events (C secondary) 
5) Prompt leptons from bottom decay in bb events (8 primary) 

The background contributions have been measured and Here discussed in 

Chapters 3 and 4. If He subtract these backgrounds from the observed 

lepton signal, ue are left with the prompt lepton signal. This prompt 

signal arises from the weak decays of heavy quarks. In order to 

determine the contributions from each of the processes 3) - 5) ue must 

be able to predict the lepton p and p x distributions arising from each 

type of weak decay. To accomplish this ue must specify a model for the 

production and semileptonic decay of charm and bottom quarks at 29 CeV 

in e*e" annihilation. This uill be done by using a Monte Carlo 

simulation as described belou. 

Monte Carlo simulation: 

The Monte Carlo simulation uses a Feynman-Field hadronization model 

[?.] uith gluon radiation as incorporated by Ali et al.[45]. In the 

Feyiiman-Field model, a quark fragments into a meson by combining uith an 

antiquark from a secondary quark-antiquark pair (see F'gure 1.2). This 

process leaves an unpaired secondary quark uhich can fragment into 
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another meson in a similar manner. This process is repealed until there 

is too little energy left to form a new meson. At each step in the 

process, the unpa;-ed secondary quark is left with a fraction » of the 

original quark (E + p„). The pair-producHon of secondary charm and 

bottom qua-ks is greatly suppressed relative to light quarks. Thus all 

produced heavy quarks are taken to be primary quarHs (ignoring those 

that arise from the ueak decay.1 cf other heavy quark. > This results in 

a simple relationship between the heavy quark splitting function and 

fragmentation function, namely: 

f(») = DQ HC1-7>) 

In the case of secondary pair production of light quarks the 

probabilities for producing the various flavors are taken to be 

p(uu)=p(dd)=0.45 and p(ss)=0.10. Because of this secondary pair 

production, the relationship between the splitting function and 

fragmentation function is more complex for light quarks. In the Monte 

Carlo model, this light quark splitting function is parameterized as: 

fCfl) = 1 - a + 3afl* 

where we take a - 1.0D. 

For each meson '. anerated in the Monte Carlo there is a choice of 

particle spin. Our model generates 60JJ pseudoscalar and 40% vector 

particles. Once the mesons have been created they are allowed to decay 

into stable particles via appropriate decay models. 

Semileptonic decays in the Monte Carlo: 

The momentum and transverse momentum distributions of leptons from 

semileptonic decays result from a boost of the rest-frame lep'on 

momentum spectrum into the frame of the decaying parent hadron. Thus it 
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Figure 7.1: Comparison of DELCO data and MARK II Monte Carlo. 
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is very important for the tlontt Carlo correctly reproduce the rest-frame 

decay spectra of charm and bottom hadrons. The Monte Carlo lepton 

spectra have been compared uith experimental results and adjusted to fit 

the measured spectra. The electron spectrum from D's has been measured 

by DELCO at the •?' CIS]- Figure 7.1 shows a comparison of those results 

and the results from our Monte Carlo. The Monte Carlo histogram was 

made by producing pairs of D's at E c.=3.77, simulating the momentum 

resolution oi the DELCO detector, and normalizing the results to the 

peak of the experimentally observed spectrum. The shapes agree quite 

uel1. The electron spectrum from B's has been measured by CLEO at the 

T(<tS) [243. Figure 7.2 shows a comparison of those results and our 

Monte Tarlo. The solid histogram is for B -» DJtv. The dashed line is 

for B •* 0*Xv and the dotted line is for B •* XJiv uith m x = 2.2 GeV/c 2. 

The prediction with m,< = 2.2 GeV/c* gives the best fit to the data and 

our Monte Carlo model uas modified to produce a charm remnant of that 

mass. 
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Parameterization of the fit; 

Recall that our model for predicting the observed lepton signal 

consisted of five components (misidentified hadrons. non-prompt leptons. 

primary charm decays, secondary charm decays, and bottom decays). Based 

on this model, we make the following prediction for the expected number 

of observed lepton candidates N£ in any given (p.Pj.) bin: 

Njj(p,Pj.) = Npilp.Pj.) + NnpCp.Pj.) + 

+ efvtp.Pj.) X «idCp,Pi> * 

[2N(cc)x(Bc E H e<i)«P c priCj,p,p x)) 
i 

+2N(bb)x(Bb I MbCj)*PbpriCj,P,Pi)+Bc Z Wb<J)«Pe..e<S>P>Pi)>] 

N p; is the background from misidentif ied pions expected in each (p,Pj.> 

bin. These numbers come from Table 3.7 for electrons and Table 5.6 for 

muons. N np is the background from non-prompt leptons expected in each 

(o.p^) bin. These numbers come from Table 5.3 for electrons and Table 

5.7 for muons. 

tiv and fid are the fiducial acceptance and identification 

efficiencies for prompt leptons as discussed in Section 6.1. 

N(cc) end NCbb) are the expected number of cc and bb events in the 

total hadronic event sample. He assume that quark pairs are produced in 

e*e~ annihilation in proportion to the quark charge squared. Thus ue 

expect that roughly 4/11 (36.4/1) of the observed hadronic events are 

from charm quark events and that 1/11 (9.IX) are from bottom quark 

events. In practice, there are slightly different efficiencies for 

detecting hadronic events arising from different quark flavors. Ue use 

the flavor dependent detection efficiencies derived from our Monte Carlo 
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to predict « 3840 C36.6X) cc and * 1140 (10.9JO bb events in the 10481 

corrected hadronic events. 

B c and Bb are the semi-leptonic branching ratios for charm and 

bottom. These uill be two of the parameters in the fit. 

The weights U e(j) and WbCj) specify the shapes of the differential 

cross sections dv/dz for charm and bottom mesons. In this analysis the 

kinematically allowed regions of z (me/Eb««a £ z < I.) is divided into 

six equally sizec" regions. The index i Cj=1,6) refers to a particular 

bin in z. This division is made independently for charm and bottom 

since the louer kinematic limits z B; n - mq/Eb*»> are different. The 

bins of z indexed by j uill therefore be of different sizi and uill have 

different boundaries for each flavor. For example, j=1 refers to the 

regioi z=.128-.273 for charm and .358-.465 for bottom. The differential 

cross-section for producing a heavy hadron H is taken to be proportional 

to B times the fragmentation function D(z). Here 8 is the velocity of 

the heavy hadron H. The beta factor arises from the kinematical factor 

B/s in the differential cross section for inclusive hadron production: 

do 2ne*B 1 
— = z C2mWi + - B2zvW2> 

dz s 3 

This factor naturally forces the heavy hadron production cross-section 

to zero at z«in- Recall that the shape of the fragmentation function is 

taken to be: 

A 
DqH(z) = 

z[1 - 1/z - eo/M-z)] 2 

In order to calculate the ueights for the j'th bin of the fragmentation 

function, the product of B times the f agmentation function DgH is 
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integrated over the range in z corresponding from the louer to the upper 

1imit of the j'th bin: 

fza»x(j> 
Ug(j) = dz BDq N(z) 

Jzain(j> 
where Q = c or b. 

The parameters e e and <b determine the the average value <z> for 

charm and bottom hadrons respectively. In our fit we will fix c c - 0.25 

in accordance uith previous measurements of c-quark fragmentation (see 

Section 1.3). Cb will be left as a free parameter in the fit. 

The quantities P C Pri(J>P>Pi)> PbpritJ.P.Pi), and Pei»t»J<P>Pi> are 

the probabilities that the semi-leptonic decay of a heavy hadron (charm 

primary, charm secondary, or bcttom pri"-iry) uith a z in the j'th bin 

uil' "roduoe a lepton in the Cp.Pj.) bin. These probabilities uere 

calculated from the Monte Carlo and are tabulated in Appendix A. 
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7.2 Fit results 

Maximum likelihood fits to the observed electron and muon signals 

(Tables 5.1 and 5.5) were performed using the prediction discussed in 

the previous section. The results of these fits are shoun in Table 7.1. 

The detailed results (asymmetric errors. covariance matrices, and 

correlation coefficients) can be found Tables B.1 and B.2 in Appendix B. 

Electron results Muon results 

Be 6.4 i 1.3 ± 2.8 8.1 ± 1.6 ± 1.8 

Bb 12.9 ± 2.5 ± 2.0 12.2 ± 5.0 ± 3.0 

+0.022 +0.023 +0.202 +0.120 
«b 0.015 0.013 

-0.010 -0.011 -0.041 -0.035 

<z>b 0.79 i P.06 i 0.06 0.73 ± 0.15 + 0.10 

Table 7.1: Results of the fit 
B c is the average charm semileptonic branching ratio. 
8b " " " bottom " " " . 
«b is the parameter in Eq. (1.1) for bottom quark 
fragmentation. 
<z>b is the ave.age fractional energy of bottom hadrons. 

Th? systematic errors in Table 7.1 reflect our estimates ?f 

uncertainties in the overall magnitude and momentum deperdence of the 

hadron mi si dentification probabilities, the average z of the charm 

fragmentation function, the rest-frame momentum spectra of leptons from 

b- and c-quark decays and the primordial p± distributions of bottom and 

charm hadrons. Tables B.6 - B.12 in Appendix B show the detailed 

results of some of the fits which were performed in order to estimate 
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the size of these systematic errors. A systematic check involving a 

different paramete'-i-atior. of the heavy quark fragmentation function is 

described in Section 7.5. 
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7.3 Quality of Fits 

Before ue can reliably interpret the fit parameters in Table 7.1 as 

actual properties of charm and bottom quarks, we should check that the 

lepton spectra predicted by our model are in reasonable agreement uith 

the actual measured spectra. Tables 7.2 and 7.3 shou the observed 

lepton signal and the prediction of the fit procedure in each (p,p x) 

bin. In order to judge the quality of the fit ue have computed a x 2 

contribution for each bin: 

X 2 = (observed-expected)2/(expected) 

(Note that the fit itself is maximum likelihood, not minimum X 2.) He 

see that the x 2's are reasonable throughout the p,p x plane indicating 

that our model provides a good representation of the data. Three of the 

low p.Pi bins in Table 7.2 uere excluded from the fit. As one can see, 

the x 2 contribution from these bins uould have been quite small .-id the 

results of a fit which included them uould be almost identical. They 

were excluded from the fit, houever, in order to decrease the 

sensitivity to the systematic uncertainty in the hadron-electron 

misidentification probability. The overall x 2/D0F for the tno fits are 

13.4/18 for electrons and 10.1/17 for muons. 
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P\»T 0.0 0.50 1.00 1.50 

1.0 363.0 
376.1 

excluded 

112.0 
115.6 

excluded 

28.0 
29.9 

0.1255 

3.0 
3.8 

0.1681 

Obser ved 
Predicted 

X 2 

;\o 115.0 
112.0 

excluded 

54.0 
59.9 

0.5872 

21.0 
20.7 

0.0031 

13.0 
12.5 

0.0224 

Observed 
Predicted 

X* 

3.0 46.0 
46.4 

0.0037 

31.0 
33.1 

0.1342 

12.0 
13.4 

0.1457 

9.0 
10.6 

0.2480 

Observed 
Predicted 

X 1 

4.0 29.0 
19.9 

4.1737 

22.0 
17.0 

1.4697 

10.0 
8.6 

0.2245 

6.0 
6.4 

0.0236 

Observed 
Predicted 

X* 

5.0 7.0 
10.8 

1.3588 

11.0 
9.8 

0.1443 

5.0 
4.1 

0.1885 

8.0 
4.3 

3.1961 

Observed 
Predicted 

X 2 

6.0 9.0 
11.2 

0.4364 

9.0 
10.9 

0.3245 

4.0 
5.2 

0.2690 

3.0 
3.8 

0.1805 

Observed 
Predicted 

X* 

Table 7.2: Electron fit — Tit prediction vs. Observed signal 
The overall xz/D0F for this fit is 13.4/18. 
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P\PT 0.0 0.50 1.00 1.50 

2.0 34.0 
38.3 

0.4921 

31.0 
31.6 

0.0133 

16.0 
12.9 

0.7241 

6.0 
8.8 

0.8836 

Observed 
Predicted 

X* 

3.0 18.0 
21.7 

0.6307 

23.0 
20.7 

0.2637 

10.0 
8.0 

0.5236 

6.0 
6.1 

0.0015 

Observed 
Predicted 

X* 

4.0 20.0 
12.2 

4.9400 

10.0 
11.2 

0.1280 

5.0 
5.3 

0.0130 

2.0 
3.6 

0.7350 

Observed 
Predicted 

X* 

5.0 8.0 
7.1 

0.1094 

6.0 
7.5 

0.2995 

3.0 
3.0 

0.0004 

3.0 
2.6 

0.0758 

Observed 
Predicted 

x l 

6.0 8.0 
7.5 

0.0380 

7.0 
8.0 

0.1140 

3.0 
3.6 

0.1005 

3.0 
2.9 

0.0010 

Observed 
Predicted 

X 2 

Table 7.3; Muon fit - Fit prediction vs. Observed signal 
The overall X 2/00F for this fit is 10.1/17. 
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7.4 Composition of the lepton signal 

In the previous section ue sau that our model provided a good 

description of the measured lepton p.Pj. spectra. Ue therefore have 

confidence that the various components of our model correctly describe 

their respective contributions to the lepton signal. These 

contributions were listed at the beginning of this chapter. They are 1) 

misidentified hadrons. 2) Non-prompt leptons, 3) primary charm decays. 

4) secondary charm decays, and 5) bottom decays. Tables 7.5 and 7.6 

show the bin by bin contributions of each of these sources to the 

electron and muon signals. The contributions from charm and bottom 

decays are shoun graphically in Figures 7.3 and 7.4. These figures also 

shou the corrected prompt lepton signal, which is fell described by the 

fit. The signal in the low p x region (e.g. Fig. 7.3(a) and 7.4(a)) is 

dominated by primary charm decays uhile that in the high px regions 

(e.g. Fig. 7.3(c)-(d) and 7.4(c)-(d)) is dominated by bottom. 

Ue can use Tables 7.5 and 7.6 to explicitly calculate the signal 

and background contributions is such regions. As an example. the 

compositions o* the low px (c-enriched) and high p x (b-enriched) regions 

mentioned above are presented in Table 7.4 belou. 

Source 

p > 2 , o i < 0 . 5 ( c - e n r i c h e d ) p>2.Pj .>1 .0 ( b - e n r i c h e d ) 

Source E lec t rons Mucins E l e c t r o n s Muons 

Bkgd(X) 
C p r i t X ) 
c B C C c . > 
B p r i t K ) 

60 .2 
2 8 . 5 

2 .8 
8 .5 

4 1 . 4 
4 5 . 9 

3 . 6 
9 . 1 

2 0 . 9 
11 .2 

5 .6 
6 2 . 3 

3 1 . 8 
13 .3 

6 .1 
4 8 . 9 

Table 7.4: Background and heavy quark contributions 
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P\PT 0.0 K.5 1.0 1.5 

1.00 246.4 
66.0 

9.6 49.4 
4.6 

57.2 
12.0 

9.9 21.0 
15.5 

10.4 
3.0 

1.8 1.9 
12.8 

1.2 
1.0 

0.1 0.3 
1.3 

misid. 
non-prompi 
C..c Cpri 
Bpri 

2.00 62.5 
16.0 

3.6 25.6 
4.3 

21.2 
6.0 

4.2 19.4 
9.1 

4.3 
1.0 

1.9 2.2 
11.4 

2.7 
0.5 

0.5 1.4 
7.4 

misid. 
non-prompt 
0».c Cpri 
Bpri 

3.00 19.3 
7.0 

1.1 15.4 
3.6 

8.0 
2.0 

1.4 13.8 
7.8 

1.8 
1.0 

1.0 2.0 
7.5 

1.4 
0.5 

0.6 1.1 
7.1 

misid. 
non-prompt 
G.cc Cpri 
Bppi 

4.00 6.5 
1.0 

0.5 8.5 
3.4 

3.5 
1.0 

0.7 6.1 
5.6 

0.9 
0.5 

0.4 1.4 
5.4 

0.7 
0.3 

0.2 0.6 
4.7 

misid. 
non-prompt 
C».c Cpri 
Bpri 

5.00 3.4 
0.5 

0.2 4.2 
2.5 

1.9 
0.5 

0.2 3.2 
4.0 

0.6 
0.3 

0.1 0.6 
2.7 

0.4 
0.3 

0.2 0.1 
3.4 

misid. 
non-prompt 
Csec Cpri 
Bpri 

6.00 4.0 
0.5 

0.1 3.3 
3.4 

2.3 
0.5 

0.2 2.7 
5.2 

0.6 
0.3 

0.2 0.6 
3.6 

0.7 
0.3 

0.0 0.2 
2.7 

:nisid. 
non-prompt 
Ca.e Opri 
Bpri 

Table 7.5: Electron fit - Contributions to the observed signal, 
misid. - Hadron showers and track overlap 
non-prompt - Unidentified y conversions and Dalitz decays 
Cpri — Prompt leptons from charm decay in cc events 
C,«c - Prompt leptons from charm decay in bb events 
Bpri — Prompt leptons from bottom decay in bb events 
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P\PT 0.0 0.5 1.0 1.5 

2.00 7.2 
9.1 

2.1 17.6 
2.3 

4.6 
6.7 

2.3 13.0 
5.0 

1.0 
3.2 

1.3 1.4 
6.0 

0.6 
2.2 

0.3 1.5 
4.2 

misid. 
non-prompt 
0..c Cpi-i 
Bpri 

3.00 3.4 
5.1 

0.6 10.8 
1.7 

2.5 
3.4 

O.S 10.0 
4.0 

O.G 
1.5 

0.7 1.3 
3.9 

0.5 
1.0 

0.3 0.8 
3.4 

misid. 
non—prompt 
C«t>c Cpri 
P'pri 

4.00 1.9 
2.5 

0.3 5.) 
1.6 

1.5 
1.9 

0.3 4.8 
2.7 

0.4 
0.8 

0.3 1.0 
2.8 

0.4 
0.7 

0.1 0.2 
2.? 

misid. 
non-prompt 
Ca.c Cpri 
Bpri 

5.00 1.2 
1.7 

0.1 3.1 
1.1 

0.9 
1.3 

0.1 3.0 
2.1 

0.3 
0.7 

0.1 0.6 
1.3 

0.3 
0.7 

0.2 0.0 
1.4 

misid. 
non-prompt 
C..c Cpri 
Bpri 

6.00 1.9 
1.9 

0.0 2.4 
1.2 

1.6 
1.8 

0.1 2.4 
2.0 

0.6 
0.8 

0.2 0.5 
1.5 

0.7 
1.0 

0.0 0.2 
1.0 

misid. 
non-prompt 
Csec Cpri 
Bpri 

Table 7.6: Muon fit - Contributions to the observed signal. 
misid. - Hadron punchthrough and track overlap 
non-prompt - IT and K decays in flight 
Cpri - Prompt leptons from charm decay in cc events 
dec - Prompt leptons from charm decay in bb even's 
Bpri - Prompt leptons from bottom decay in bb eve-its 
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b -* e d b -> c -> e* | | c -> e J 

0 2 4 0 . . 2 4 6 
P ?Ge°V/c) 

Figure 7.3: Prompt electron momentum spectra. Four regions of 
transverse momentum pl (GeV/c) are shoun: (a) px < 1.5, 
(b) 0.5 < Pi < 1.0, (c) 1.0 < Pi < 1.5, and Cd) n x > 1.5. 
The histograms show the results of the fit. 
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b -> e d b -> c -+ e* | | c ->• e* 

4 6 0 t 2 
p (GeV/c) 

Figure 7.4: Prompt muon momentum spectra. Four regions of '.ransverse 
momentum px (GeV/c) are shown: (a) p x < 0.5, (b) 0.5 t P x 

< 1.0, Cc) 1.0 < Pi < 1.5, and (d) p ± > 1.5. The histograms 
sh i the results of the fit. 
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7.5 Fit using another parameterization of Dn H 

In order to check the sensitivity of our results to the detailed 

shape of the fragmentation function, we performed fits in which the 

following empirical parameterization of the fragmentatioiv function was 

used: 

Do H(z) « z a(1-z) 

The charm fragmentation function was taken tn have a c
 = '.5> wt oh 

results in <z> c - .57, in agreement with previous measurements of charm 

quark fragmentation. The results of these fits are shown in Table 7.7. 

The detailed fit results are in Tables B.3 and B.4 in Appendix B. The 

branching ratios and value for <z>b are in excellent agreement with the 

nominal results quoted in Table 7.1, indicating that our results are not 

strongly dependent on the functional form of the fragmentation function. 

Electron results Muon results 

Be 6.5 ± 1.4 8.3 ± 1.6 

Bb 12.8 ± 2.5 12.5 • 5.1 

+4.45 +7.36 
0-b 7.29 3.83 

-2.40 -2.82 

<z>b 0.80 • 0.06 0.72 ± 0.14 

Table 7.7: Results of a fit using 0(z) « z a(l-z) 
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7.6 Conclusions 

We hive measured the total momentum and transverse momentum spectra 

for promrt electrons and muons in hadronic events in e*e* annihilation 

at 29 G«V. These spectra Mere shoun in Figures 6.2 and 6.3 The 

inc'usive rate per hadronic event for leptons with total momenta gret.sr 

inan 2 DeV/c was determined to be (0.033 ± 0.003 t 0.012) for electrons 

and (0.037 ± 0.005 ± 0.008) for muons. He proceeded to interpret these 

spectra in terms of the production and decay properties of charm and 

bottom hadrons. We extracted information on c- and b- quark 

semileptonic branching ratios and the b-quark fragmentation function 

based on fits tr the electron and muon p, px spectra. The fit results 

were shoun in Table 7.1 and are reproduced in Table 7.8 below for 

convenience. 

Electron results Muon results 

Be 6.4 ± 1.3 ± 2.8 8.1 ± 1.6 ± 1.8 

Bb 12.9 i 2.5 + 2.0 12.2 i 5.0 • 3.0 

+0.022 +0.023 +0.202 +0.120 
<b 0.015 0.043 

-0.010 -0.011 -D.041 -0.035 

<Z>b 0.79 ± 0.06 i 0.06 0.73 ± 0.15 ± 0. 10 

Table 7.8: Results of the fit 
B c is the average charm semileptonic branching ratio. 
B b " " " bottom " n H 
«b is the parameter in Eq. (1.1) for bottom quark 
fragmentation. 
<z>b is the average fractional energy of bottom hadrons. 
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charm 

bottom 

e c=0.25 

e b =O.OiS 

Figure 7.5: Conparison ot charm and bottom fragmentation functions. 



PROPERTIES OF HEAVY QUARKS 167 

The values for both the charm and bottom average semileptonic 

branching ratios agree well with previous measurements (see Table 1.2). 

These branching ratios represent averages over all types of weakly 

decaying hadrons weighted by their relative populations. Host of the 

earlier measurements were made just above threshold (+" for charm and 

T(4S) for bottom) so only the lowest lying mesons contributed to those 

measurements. Thus the agreement between the previous measurements and 

those in this analysis indicate that there is no copious production of 

other charm or bottom hadron types with substantially different 

semileptonic branching ratios. The measurement of the semileptonic 

branching ratio of charm into muons had not been done at the lower 

energies due to the difficulty in identifying the low momentum muons. 

In this thesis ue have measured the charm semileptonic branching ratios 

for both electrons and muons. Ue find that they agree within errors, as. 

expected from universality (neglecting phase space factors). 

In this thesis we have also obtained the first experimental 

information on the b quark fragmentation function. Figure 7.5 shows a 

comparison of the charm and bottom fragmentation functions. Ue have 

assumed a parameterization of the heavy quark fragmentation function 

suggested by Peterson et al. [9]: 

1 
Og H(z) ot 

z[1 - 1/z - ta/n-z)]* 

The values of Cb that were obtained in the fits correspond to average 

values <z>b of = 0.75. This result strongly supports the theoretical 

expectations of a bottom quark fragmentation function which is peaked at 

large z. 
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It is interesting to note that in the derivation of the above 

parameterization (see section 1.3), the parameter €q is related to the 

quark masses by eq = (m«,/mq)2, where m q is is the effective light quark 

mass in the hadronization process, and mq is the effective heavy quark 

mess. Since ue already knou that t c s 0.25 gives a reasonable fit to 

the charm quark fragmentation [10], ue can use the above relationship 

for cq to predict «b = (m c/mb) 2«e- Taking 1.7 G e W c 2 for m c, 5.0 GeV/c 1 

for mb, and « c
 = 0.25, ue predict «b - 0.03, which is reasonable 

agreement with the fit values shoun in Table 7.1. 

The fact that this particular model is in reasonable quantitative 

agreement with the data does not necessarily imply that the details of 

the model are to be taken too seriously. Other simpler models also give 

reasonable predictions. In his pioneering paper on the subject of heavy 

quark fragmentation [5], Bjorken proposed <z> « 1-(1 GeV/c2)/mq, based 

on simple kinematic arguments. For mb = 5.0 GeV/c 2, this results in a 

prediction of <z>b K 0.8, Hhich is also in reasonable agreement with the 

fit results of Table 7.1. 

In addition to providing useful information on the semileptonic 

branching ratios and fragmentation oroperties of heavy quarks, this 

analysis can serve as a starting point for the investigation of many 

other properties of heavy quarks. By selecting leptons uith large 

transverse momenta relative to the jet axis, the contributions from 

bottom quarks can be enhanced (e.g. see Table 7.4). This technique has 

alreadv been employeed to measure the average lifetime of bottom hadrons 

[12] and to study the electrrueak coupling of the b quark via the 

production angle asymmetry [46], In principl <any other properties of 
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charm and bottom quarks (and somec'ay perhaps the properties of the top 

quark), can be investigated by utilizing the prompt lepton signal. 
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Appendix A 

Monte Carlo p.p, Distributions 

The tables belou give the probability that a lepton from a 

semileptonic decay of a D or B meson uill be detected uith a given p and 

p x . This probability depends on the z value of the parent hadron. The 

follouing procedure Has used to construct the tables from the Monte 

Carlo: 

(a) The energy fraction z is defined as the energy of the heavy 

hadron EH divided by the energy of the quark EQ. Both EH and 

E Q are calculated in the e*e' center of mass after initial 

state radiation. In this frame, Eg is calculated after the 

radiation of hard gluons (3 and 4 jet events). 

(b) Flat heavy quark fragmentation functions (i.e. z=constant) 

Mere used as the input to the Monte Carlo. 

(c) Events uhich satisfied the hadronic event selection criteria 

(see Section 5.1) uere selected. This step uas performed 

after a full detector simulation. 

(d) A separate count uas made of (i) the nunber of produced prompt 

leptons from heavy quark decays and (ii) the number of 

detected prompt leptons uithin the appropriate fiducial 

volume. (Part (ii) includes only the fiducial acceptance 

efficiency and not the identification efficiency of the 

electron Oi muon identification algorithm. There is a 100X 

identification efficiency in the Monte Carlo for tracks uithin 

the fiducial volume.) 
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(e) The momentum p and transverse momentum Pi were calculated for 

each detected lepton. p± is calculated relative to the thrust 

axis, as in the real data sample. 

(f) Each lepton Mas tabulated by p, px> z of the parent hadron, 

and origin of parent hadron (c primary, c secondary or b 

primary). 

(g) After all Monte Carlo events had been tabulated, the numbers 

in each p.Pj. bin of a given table uere divided by the total 

number of produced semileptonic decays (from step (d) part (i) 

above) from parent hadrons of the appropriate type and 

appropriate z. 

For secondary charm decays (leptons from D decays arising from B 

decays), the results are tabulated as a function of the z of the B ieson 

rather than of the parent D meson. This is because the enurgy 

dis'ribution of the B mesons determines the energy distribution of the 

resulting D mesons. 
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P\PT 0 .00 0 .50 1.00 1.50 

. 128 < Z c ' . 2 7 3 
1.0 0 .068 0 .065 0 .001 P.000 
2 .0 0 . 0 0 1 0 .000 0 .000 0 .000 
3 .0 0 .0 JO 0 .000 0 .000 0 .000 
4 . 0 O.COO 0 .000 0 .000 0 .000 
5 .0 0 .000 0.000 0 .000 0 .000 
6 .0 O.OJO 0 .000 0 .000 0 . 0 0 1 

. 273 < Z c < . 419 
1.0 0 .126 0 .079 0 .005 0 . 0 0 c 
2 .0 0 .044 0 .030 0 . 0 0 3 0 .000 
3 .0 0 .008 0 .008 0.001 0 .000 
4 . 0 0 .002 0 .001 0.000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 0 .000 o.ono 0.000 

. 419 < Z c < .564 
1.0 0 .146 0 .058 0 .008 0 .002 
2 .0 0 .056 0 .050 0 .007 0 .002 
3 .0 0 .036 0 .031 0 . 0 0 3 0 .003 
4 . 0 0 .010 0 .007 0 .002 0 .001 
5 .0 0 .002 0 .002 0 .001 0 .000 
6 .0 0 .000 0 .001 0 . 0 0 1 0 .000 

.564 < Z c < . 709 
1.0 0 .127 0 .050 0 .004 0 .000 
2 .0 0 .068 0 .062 0 .007 0 .005 
3 .0 0 .044 0 .037 0 .005 0 .003 
4 .0 0 .027 0 .021 0 .005 0 .001 
5.0 0 .014 0.010 0 .002 0 .000 
6 .0 0 .005 0 .005 0 .002 0 .000 

.709 < Z c < .855 
1.0 0 .119 0 .039 0 .004 0 .001 
2 .0 0 .072 0 .042 0 .003 0 .006 
3 .0 0 .049 0 .051 0 .010 0 .004 
4 .0 0 .035 0 .025 0 .006 0 .004 
5 .0 0 .020 0 .017 0 .002 O.OPD 
6.0 0 . 0 2 3 0 .020 0 . 0 0 1 0 .001 

.855 < Z c < 1.00 
1.0 P. 120 0 .030 0 .005 0 .000 
2 .0 0 .086 0 .037 0 .006 0 .004 
3 .0 0 .051 0 .037 0 .006 0 .005 
4 . 0 0 .047 0 .027 0 .002 0 .002 
5 .0 0.0S2 0 .017 0 . 0 0 1 0 .004 
6 .0 0. 44 0 .018 0 .006 0 .004 

Table A.I: Electron p.p^ distributions for c •• eX. 



APPENDIX A 173 

P\PT 0 .00 0 . 5 0 1.00 1.50 

.358 < Zb < .465 
1.0 0 .037 0 .122 0 . 1 3 5 0 .036 
2 .0 0 .018 0 .039 0 .030 0 .037 
3 .0 0 .004 0 .006 0 .004 0 .002 
4 .0 0 .000 0 .000 0 .000 0 .000 
S.O 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 0 .000 0 .000 0 .000 

.465 < Zb < .572 
1.0 0 .033 0 .097 0 .098 0 .015 
2 .0 0 .021 0 .044 0 .055 0 .041 
3.0 0 .007 0 .020 0 .019 0 .015 
4 .0 0 .005 0 .006 0 .008 0 . 0 0 3 
5 .0 C.0U2 0 .000 0 .000 0 .001 
6 .0 0 .000 0 .001 0 .000 0 .001 

.572 < Z b < .679 
1.0 0 .021 0 .071 0 .074 0 .009 
2 .0 0 .022 0 .038 0 .049 0 .037 
3.0 0 .016 0 .028 0 .025 0 .026 
4 .0 0 .009 0 .011 0 .018 0 .012 
5 .0 0 .007 0 .006 0 .008 0 .005 
6 .0 0 .002 0 .002 0 .001 0 .000 

.679 < Z b < .786 
1.0 0 .019 0 .075 0 .062 0 .003 
2 .0 0 .018 0 .037 0 .044 0 .029 
3 .0 0 .014 0 .028 0 .028 0 .027 
4 . 0 0 .014 0 .020 0 .018 0 .017 
5 .0 0 .00 f 0 .013 0 .009 0 .010 
6 .0 0.0U7 0 .010 0 .007 0 .007 

.786 < Zb < .893 
1.0 0 .017 0 .062 0 .052 0 . 0 0 5 
2 .0 0 .015 0 .034 0 .044 0 .027 
3.0 0 .013 0 .029 0.032 0 .027 
4 .0 0 .015 0 .026 0 .021 0 .022 
5.0 0 .010 0 .020 0 .008 0 .014 
6 .0 0 .013 0 .022 0 .015 0 .009 

.893 < Zb < 1.00 
1.0 n.ul'O U. 060 0 .042 0 .004 
2 .0 0 . 0 ( 3 0 .032 0 .043 0 .026 
3.0 0 .015 0 .034 0 .028 0 .030 
4 . 0 0 .011 0 .022 0 .026 0 .017 
5.0 0 .012 0 .016 0 .017 0 .019 
6 .0 0 024 0 .034 0 .324 0 .021 

Table A. 2: Electron p , p x distributions for b •» eX. 
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P\PT 0 .00 0 .50 1.00 1.50 

.358 < Z b < .465 
1.0 0 .024 0 .068 0 .029 0 .002 
2 . 0 0 .000 0 .005 0 . 0 0 3 0 .000 
3 .0 0 .001 0 .000 0 .000 0 .001 
4 . 0 0 .000 0 .000 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 a.ooo 0.000 o.r 0 .000 

.465 < Zb < .572 
1.0 0 .042 0 .082 0 .026 0 .001 
2 .0 0 .009 0 .009 0 .005 0 . 0 0 1 
3 .0 0 .001 0 .003 ft.001 0 .000 
4 . 0 0 .000 0 .000 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 0 .000 0 .000 0 .000 

.572 < Z b < .679 
1.0 0 .059 f . 0 6 8 0 .014 0 .001 
2 .0 O.014 0 .029 0 .01F 0 .005 
3 .0 0 .004 0 .005 0 .006 0 .002 
4 . 0 0 .002 0 .002 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .001 
6 .0 0 .000 0 .000 0 .000 o.noo 

. 679 < Z b < .786 
1.0 o.oso 0 .090 0 .023 0 .001 
2 .0 ( . 0 2 2 0 .023 0 .019 0 .005 
3 .0 0 .010 0 .006 0 .003 0 .003 
4 . 0 0 .001 0 .004 0 .004 -.,.001 
5 . 0 0 .000 0 .001 0 .000 0 .001 
6 .0 0 .000 0 .000 0 .001 0 .000 

.786 < Zb < .893 
1.0 0 .080 0 .095 0 .017 0 .000 
2 .0 0 .029 0 .034 0 .014 0 .004 
3 .0 0 .008 0 .013 0 .011 0 .002 
4 . 0 0 .003 0 .005 0 .004 0 .001 
5 .0 0 .004 0 .001 0 .001 0 .003 
6 .0 0 .000 0 .003 0 .003 0 .000 

.893 < ;e b < 1.00 
1.0 0 .111 0 .082 0 .009 0 .001 
2 .0 0 .040 0 .046 0 .016 0 .003 
3 .0 0 .011 0 .016 0 .010 0 .011 
4 . 0 0 .010 0 .009 0 .002 0 .003 
5 .0 0 .000 0 .004 0 .001 0 .000 
6 .0 0 .003 0 .002 0 .001 0 .000 

Table A.3: Electron p.pj. distributions for b -» c •* »X. 
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P\PT 0 .00 0 .50 1.00 1.50 

.128 < Z c < . 273 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .000 0 .000 0 .000 0 .000 
3 .0 0 .000 o.ooo 0 .000 0 .000 
1.0 0 .000 0 .000 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 9 .000 0 .000 0 .001 

.273 < Z c < . 4 1 ? 
1.0 0.00!) 0 .000 0 .000 0 .000 
2 .0 0 .025 0 .020 0 .002 0 .000 
3 .0 0 .005 0 .007 0 . 0 0 1 0 .000 
4 . 0 0 .002 0 . 0 0 1 0 .000 0 .000 
5 .0 0 .000 0 .000 o.soa 0.000 
6 . 0 0 .000 0 .000 0 .000 0 .000 

.419 < Z e < . 564 
1.0 0 .000 0 .000 0 .000 3 .000 
2 .0 0 .037 0 .027 0 .004 0 .002 
3 .0 0 .025 0 .023 0 .002 0 .002 
4 . 0 0 .008 0 .005 0 .001 0 .000 
5 .0 0 .002 0 .002 0 .001 0 .000 
6 .0 0 .000 0 .001 0 .001 0 .000 

.564 < Z c < .709 
1.0 0 .000 0 .000 0 .000 o.ooc 
2 .0 0 .043 0 .037 0 .004 0 .004 
3 .0 0 .027 0 .023 0 .001 0 .002 
4 .0 0 .013 0 .015 0 .004 0 .000 
5 .0 0 .007 0 .008 0 .002 0 .000 
6 .0 0 .004 0 .002 0 .001 0 .000 

.709 < Z c < .855 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .043 0 .025 0 .001 0 .007 
3 .0 0 .026 0 .025 0 .007 0 .002 
4 . 0 0 .020 0 .014 0 .002 0 .002 
5 .0 0 .012 0 . 0 1 1 C.001 0 .000 
6 .0 0 .012 0 .015 0 .001 0 .001 

.855 < Z c < 1.00 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .052 0 .027 0 .005 0 .001 
3 .0 0 .031 0 .030 0 .005 0 .004 
4 . 0 0 .031 0 .012 0 .000 0 .000 
5 .0 0 .019 0 .014 0 . 0 0 1 0 .002 
6 .0 0 .022 0 .013 0 .005 0 .004 

Table A.4: Muon p.p.! distributions for c •» i»X. 
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P\PT 0 .00 0 . 5 0 1.00 1.50 

.358 < Zb < .465 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .011 0 .025 0 . 0 1 9 0 .022 
3 .0 0 . 0 0 3 0 . 0 0 3 0 . 0 0 3 0 . 0 0 1 
4 . 0 0 .000 0 .000 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 . 0 0 .000 0 .000 0 .000 0 .000 

.465 < Zb < .572 
1.0 0 .000 0 .000 0 .000 0 .000 
2 . 0 0 .012 0 .030 0 .032 0 .024 
3 .0 0 .005 0 .012 0 .010 0 .010 
4 . 0 n .003 0 .002 0 .006 0 .002 
5 .0 0 .002 0 .000 0 .000 0 .000 
5 .0 0 .000 0 . 0 0 1 0 .000 0 .000 

.572 < ^ b < .679 
1.0 O.OPO 0 .000 0 .000 0 .000 
2 .0 0 .015 0 .025 0 .033 0 .022 
3 .0 0 .007 0 .020 0 .015 0 . 0 1 4 
4 . 0 0 .005 0 . 0 0 8 0 .010 0 . 0 0 7 
5 .0 0 .003 0 . 0 0 3 0 .005 0.P02 
6 . 0 0 .000 0 .001 0 .001 0 .000 

.679 < Zb < .786 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .011 0 .024 0 .026 0 .019 
3 .0 0 .009 0 .017 0 .016 0 .014 
4 . 0 0 .007 0 .010 0 .013 0 .010 
5 .0 0 . 0 0 3 0 .009 0 .004 0 . 0 0 6 
6 .0 0 .003 0 .006 0 .005 0 .004 

.786 < Z b < . 8 9 3 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .009 0 .020 0 .026 0 .017 
3 .0 0 .007 0 .018 0 .021 0 .018 
4 . 0 0 .009 0 .017 0 .012 0 .017 
5 . 0 0 .006 0 .013 0.0G6 0 .008 
6 .0 0.G08 0 .012 0 .009 0.004 

.893 < Z B < 1.00 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .007 0 .020 0 .028 0 .016 
3 .0 0 .008 0 .021 0 .021 0 .019 
4 . 0 0 .006 0 .014 0 .018 0 .012 
5 .0 0 .007 0 .012 0 .011 0 .010 
6 .0 0 .014 0 .020 0 .014 0 .015 

Table A. 5: Muon p . p 1 distributions for b -» nX. 
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P\PT 0 .00 0 .50 1.00 1.50 

. 3 5 * < : b < .465 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .000 0 .003 0 .001 0 .000 
3 .0 0 .000 0 .000 0 .000 0 . 0 0 1 
4 . 0 0 .000 0 .000 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 O.OOl. 

. 465 < 
0 .000 

: b < .572 
0 .000 

1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .006 0 .006 0 .003 0 .000 
3 .0 0 .002 0 .002 0 .001 0 .000 
4 . 0 0 .000 0 .000 0 .000 0 .000 
5.0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 0 .000 0 .000 0 .000 

.572 < Z b < . 6 7 9 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .009 0 . 0 2 1 0 .007 0 .002 
3.0 0 .001 0 .005 0 .002 0 .000 
4 . 0 0 .000 0 . 0 0 1 0 .000 0 .000 
5 .0 0 .000 0 .000 0 .000 0 .000 
6 .0 0 .000 0 .000 o . o r o 0.000 

.679 < Z b < . 786 
1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .011 0 .012 0 .014 0 .002 
3 .0 0 .006 0 .001 0 .002 0 .002 
4 .0 o.ooo 0 .001 0 .002 0 . 0 0 1 
5 . 1 o.ono O.or - 0.000 0 .001 
6 .0 0 .000 O.OOP 

.786 '. i 
0 . 0 0 1 

' b < . 8 9 3 
0 .000 

1.0 0 .000 0.000 0 .000 0 .000 
2 .0 0 .020 0 .017 0 .008 0 .004 
3.0 0 .004 0 .010 0 .008 0 .002 
4 .0 0 .003 0 .004 0 .003 0 .002 
5.0 0.U02 0 .001 0 .001 0 .002 
6 .0 0 .000 0 .002 

.893 < i 
0 .002 

b < 1.00 
0 .000 

1.0 0 .000 0 .000 0 .000 0 .000 
2 .0 0 .030 0 .027 0 .010 0 .002 
3.0 0 .009 0 .008 0 .008 0 .008 
4 .0 0 .007 0 .002 0 .001 o.oco 
5.0 0 .000 0 .002 0 .001 0 .000 
6 .0 0 .002 0 .002 0 .001 0.000 

Table fl.6: Muon p,px distributions for b •+ c -» uX. 
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Appendix B 

Detailed Results of Fits 

RESULTS OK FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NECATIVE 
ERROR 

1 B.Cc) 
2 B e C b > 
3 <b 

6.37x10-2 
1.29x10-' 
1.46x10-2 

1.35X10-2 
2.53X10-2 
2.19x10-2 

-1.31x10-2 
-2.38x10-2 
-1.05x10-2 

COVARIANCr MATRIX 

1 2 3 

1 1.77x10"' 

2 -1.87X10-* 6.02X10-' 

3 1.99X10-' 1.41X10-" 2.21x10-* 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.57 1.00 

3 0.01 0.39 1.00 

Table B.1= Electron fit - nominal results 
This fit corresponds to the electron results presented in 
Table 7.1. 
The charm fragmentation parameter c c uas 0.25. 
The background from misidentified hadrons was at its nominal 
value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE NEGATIVE 
ERROR ERROR 

1 Bu(e) 8.12x10"* 1.63x10'* -1.S7X10"* 
2 Bu<b) 1.22X10-' S.14X10-* -4.75x10'* 
3 «b 4.25X10-* 2.02x10-* -4.00x10"* 

COVARIANCE MATRIX 

1 2 3 

1 2.55X10-" 

2 -3.67X10-" 2.47X10" 3 

3 -3.27X10" 5 4.38x10"' 1.71X10"* 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0 .46 1.00 

3 -0.02 0.67 1.00 

Table B.2: Muon fit - nominal results 
This fit corresponds to the muon results presented in Table 
7.1. 
The charm fragmentation parameter « e was 0.25. 
The background from misidertified hadrons was at its nominal 
value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 B.(c> 
2 B.'b) 
3 Ob 

6.45x10-2 
1.28x10-' 
7.29 

1.38X10"2 

2.5CX10"1 

4.45 

-1.33X10-2 

-2.35X10-1 

-2.40 

COVARIANCE MATRIX 

1 
1.84X10-* 

-1.88x10"* 5.96x10-* 

-2.26X10-3 -2.78x10-2 9.67 

CORRELATION COEFFICITNTS 

1 2 3 
1 1.00 

2 -0.57 1.00 

3 -0.05 -0.37 1.00 

Table B.3: Electron fit - systematic check - zaC1-z) parameterization 
This fit uses a za(l-z) parameterizationp rather than the 
form of Peterson et a\.. 
The charm fragmentation parameter a c uas 1.50. 
The backaround from misidentified hadrons uas at its nominal 
valu°. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE NEGATIVE 
ERROR ERROR 

1 Bn(o) 8.32X10-2 1.65X10-2 _).59x10-2 
2 B,i(b) 1.25x10-' 5.40X10-2 -4.79X10"1 

3 t b 3.83 7.36 -2.82 

COVARIANCE MATRIX 

1 2 3 

1 2.62X10-' 

2 -a-eix™-' 2.58X10- 3 

3 -1.62X10" 3 -1 .25x10- ' 1.37x10' 

CORRELATION COEFFICIENTS 

1 2 -
1 1.00 

0 -0 .44 1.00 

3 -0 .03 -0 .67 1.00 

Table B.4: Muon fit — systematic check - za(1-z) parameterization 
This fit uses a z°(l-z) parameterization, rather than the 
form of Peterson et a!.. 
The charm fragmentation parameter o c uas 1.50. 
The background from misidentified hadrons uas at its nominal 
value. 



APPENDIX B 182 

RESULTS OF FIT 

PARAMETER VALUE POSITIVF 
ERROR 

NEGATIVE 
ERROR 

1 B.(c) 
2 B,(b) 
3 «b 

4.01x10-2 
1.21x10"' 
1.0SX10-2 

1.35x10-2 
2.53x10-2 
1.79X10-2 

-1.31X10-2 
-2.38X10-2 
-6.03X10-3 

1 

COVARIANCE MATRIX 

1 2 3 

1 1.77X10-" 

2 -1.96X10"* 6.04X10"* 

3 -1.17X10"5 1.25x10"* 1.43X10-" 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.60 1.00 

3 -0.07 0.42 1.00 

Table B.5: Electron fit — systematic check — 50X more pion background 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the hartron misidentification 
probabilities. 
The charm fragmentation parameter e c was 0.25. 
The background from misidentified hadrons uas assumed to be 
50J! larger than its nominal value. 



APPENDIX B 183 

RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 B„(c) 
2 Bu(b) 
3 «h 

6.88x10"* 
1.26x10-' 
6.60X10-* 

1.65X10-* 
5.09x10"* 
2.90X10-* 

-1.59X10-* 
-A.71X10"* 
-5.00X10"* 

COVARIANCE MATRIX 

1 2 3 
1 2.59X1C-* 

2 -3.82X10-' 2.38x10-3 

3 -2.52x10-' 3.69X10-' 1.52X10"* 

CORRELATION COEFFICIENTS 

1 2 3 
1 1.00 

2 -0.49 1.00 

3 -0.00 0.61 1.00 

Table B.6: Muon fit — systematic check — 50% more pion background 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the hadron misidentification 
probabi1ities. 
The charm fragmentation parameter « c was 0.25. 
The background from misidentified hadrons uas assumed to be 
505! larger than its nominal value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 BeCc) 
2 Be(b) 
3 <=b 

8 
1 
2 

84X10-2 
38X10"' 
14X10-2 

1.36X10-2 
2.51x10-2 
2.76X10-2 

-1.32X10-2 
-2.37x10-2 
-1.34x10-2 

COVARIANCE MATRIX 

1 2 3 
* 1.80X10"' 

2 -1.82x10-" 5.95x10-" 

3 1.94X10-5 1.58X10"" 3.71X10-" 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.56 1.00 

3 0.08 0.34 1.00 

Table B.7: Electron fit — systematic check — 505C less pion background 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the hadron misidentification 
probabi1ities. 
^ ne charm fragmentation parameter e c uas 0.25. 
The background from misidentified hadrons uas assumed to be 
50X smaller than its nominal value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 B u(c) 
2 B u(b) 
3 «b 

9.35x10-2 
1.17x10-' 
2.37x10*2 

1.60x10-2 
5.22x10-2 
1.29x10-2 

-1.54x10-2 
-4.64x10-2 
-2.27x10-2 

COVARIANCE MATRIX 

1 2 3 
1 2.52x10-'' 

2 -3.39X10-' 2.54X10-' 

3 -1.45X10" 5 3.28X10-3 7.89x10"' 

CORRELATION COEFFICIENTS 

1 2 3 
1 1.00 

2 -0.42 1.00 

3 -0.01 0.73 1.00 

Table B.ft: Muon fit — systematic check — 50% less pion background 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the hadron misidentification 
probabi1ities. 
The charm fragmentation parameter c c uas 0.25. 
The background from misidentified hadrons uas assumed to be 
50/1 smaller than its nominal value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 B.CcJ 
2 B.Cb) 
3 «b 

5.40x10-2 
1.31x10"' 
1.94X10-2 

1.15x10-2 
2.51x10-2 
2.81X10-2 

-1.11X10-* 
-2.37x10-2 
-1.34X10-* 

COVARIANCE MATRIX 

1 2 3 

1 1.27x10"' 

2 -1.56X10"» 5.98X10-1" 

3 2894X10"5 1.59x10"' 3.62X10-" 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.56 1.00 

3 0.06 0.34 1.00 

Table B.9: Electron fit — systematic check - harder charm fragmentation 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the charm fragmentation 
function. 
ihe charm fragmentation parameter e c uas 0.10. 
The background from misidentified hadrons uas at its nominal 
value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 Bu(c) 
2 Bu(b> 
3 «b 

7.12x10-* 
1.34X10"1 

9.81X10-* 

1.43x10-2 
5.06X10-* 
4.17x10-* 

-1.53x10-2 
-4.72x10-2 
-8.00x10-2 

COVARIANCE MATRIX 

1 2 3 

1 1.97x10-* 

2 -3.16X10-' 2.36X10"3 

3 -1.57x10-» 4.62X10"3 2.76X10-* 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.46 1.00 

3 -0.07 0.57 1.00 

Tab1e B.10: Muon fit — systematic check - harder charm fragmentation 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the charm fragmentation 
function. 
The charm fragmentation parameter e c uas 0.10. 
The background from misidentified hadronb uas at its 
nominal value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 B.(c) 
2 B.Cb) 
3 «b 

7.32X10-2 
1.29x10"' 
1.19x10-2 

1.58X10-2 
2.54X10-2 
1.82x10-2 

-1.53x10-2 
-2.39x10-2 
-8.74X10"3 

COVARIANCE MATRIX 

1 2 3 

1 2.41x10"* 

2 -2.24X10"* 6.10X10-* 

3 -7.96x10-' 1.29x10-* 1.55X10-* 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.58 1.00 

3 -0.04 0.42 1.00 

Table B.11: Electron fit — systematic check — softer charm 
fragmentation 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the charm fragmentation 
function. 
The charm fragmentation parameter € c uas 0.50. 
The background from misidentified hadrons was at its 
nominal value. 
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RESULTS OF FIT 

PARAMETER VALUE POSITIVE 
ERROR 

NEGATIVE 
ERROR 

1 BBCc) 
2 BuCb) 
3 «b 

9.14x10"' 
1.16X10"' 
2.27X10"2 

1.82X10"' 
5.14x10-' 
1.15X10-' 

-1.76x10"' 
-4.45x10"' 
-2.10X10-' 

COVARIANCE MATRIX 

1 2 3 

1 3.22x10-' 

2 -4.15x10-'' 2.36X10"3 

3 -1.06x10-* 2.64x10-' 5.89x10-* 

CORRELATION COEFFICIENTS 

1 2 3 

1 1.00 

2 -0.48 1.00 

3 -0 08 0.71 1.00 

Table B.12: Muon fit — systematic check — softer charm fragmentation 
This fit tests the sensitivity of the results to the 
systematic uncertainties in the charm fragmentation 
function. 
The charm fragmentation parameter e e uas 0.50. 
The background from misidentified hadrons uas at its 
nominal value. 
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