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ABSTRACT 

We have measured the total momentum and transverse momentum spectra 

Of electrons in e+e’ annihilation at 29 GeV. The inclusive cross 

section is determined to be 14.4 2 1.6 2 5.2 pb for momenta greater than 

2 GeV/c. The average semi-electronic branching ratios of charm and 

bottom quarks are measured to be (6.3 t 1.2 t 2.11% and 

(11.6 2 2.1 t 1.713: respectively. The fragmentation function for bottom 

quarks is determined to be peaked at high zI with <Z>b = 

0.75 2 0.05 ,+ 0.04. 
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Prompt lepton production in hadronic events from high energy e*e- 

annihilation is an excellent signal for the-- presence of hadrons 

containing charm (c) or bottom (b) quarks. The production rates and 

momentum spectra of such leptons depend on the weak decay semileptonic 

branching ratios and the momentum spectra of the parent hadrons. In 

turn the momentum spectra of these hadrons provide information on the 

fragmentation properties of c and b quarks. Simple kinematical 

considerations suggest that, as quark masses increase, hadrons 

containing the heavy quark carry an increasing fraction of its 

momentum.’ This situation contrasts pith the observation that 1 ight 

quarks fragment principally into low momentum hadrons. There is recent 

experimental evidence that charm quark fragmentation does lead to a 

-harder momen turn spectrum than is the case for light quark 

fragmentation.2-’ In this Letter we obtain the first experimental 

information on b quark fragmentation. 

In this analysis we measure the total momentum and transverse 

momentum spectra of prompt electrons in hadronic events from e+e- 

annihilation at a center of mass (c.m.1 energy of 29 GeV. The 

transverse momen turn p I is measured with respect to the thrust axis 

defined by all the charged particles in the event. The harder pI 

distribution of electrons from bottom decays relative to charm decays 

allows us to separate the contributions of b and c quarks to the prompt 

electron signal. 

The data, collected with the MARK II detector at the electron 

positron storage ring PEP, correspond to an integrated luminosity of 35 

pb-‘. The MARK II detector has been described elsewherep5 and we recall 
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here only the elements essential to our analysis. Charged particle 

momenta are measured over 76% of 4n in a cylindrical drift chamber in an 

axial magnetic field. The rms momen turn resolution is given by 

(Sp/p)2 y (.015)2 + (.Olp)‘, where the momentum p is in units of GeV/c. 

Electron identification is accomplished over 64% of 4n by combining this 

momentum determination with measurements of energy deposition in a 

lead-liquid-argon calorimeter.6 In this calorimeter, spatial information 

is obtained by sampling energy depositions on strips which run in three 

different directions. 

The electron-hadron separation algorithm is based on measurements of 

the ratio r; E Ei/p, where Ei is the energy deposition in one of three 
_- 

groupings, i=l-3, of layers in the calorimeter. Each of these groupings 

-combines all layers in the first 8 radiation lengths which have the same 

strip orientation. To minimize the effects of neighboring particles, 

particularly photons, the energy deposition Ei is taken from a narrow 

lateral region, comparable in size to a strip width (e 4 cm), centered 

about the extrapolated particle trajectory. The algorithm demands that 

each value of ri and that Eri be greater than an appropriate minimum 

value. The electron identification efficiency was determined with 

electrons from Bhabha events and photon conversions. This efficiency 

varies from 78% at 1 GeV/c to 93% at the highest momenta. 

We determined the probability, as a function of p and plr that a 

hadron will be misidentified as an electron as follows. First, hadron 

interactions in our calorimeter were studied using data taken in a pion 

beam and using pions from the decay 3r + ~(JI+TI-)~~ in data taken at the 

SPEAR storage ring. Second, to measure the effect of accidental overlap 
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with nearby photons, we took advantage of the back-to-back jet topology 

of most hadronic events at 29 GeV. Charged tracks in these events were 

reversed and projected to the opposite jet. Energy depositions 

associated with the inverted track arise purely from accidental overlap. 

To determine overall misidentification probabilities we added hadron 

energy depositions, obtained from the beam test and $ data, to the 

overlap contributions, and input the sums into the electron separation 

algorithm. The misidentification probabilities are typically 0.5X, but 

can be as large as 3% for a track of momentum 1 GeV/c in the core of a 

jet. 

A hadronic event sample was selected by requiring a charged 
_- 

multiplicity of at least five and total detected energy (charged + 

-neutral 1 greater than 25% of the c.m. energy. There were a total of 

10691 such events. In this sample there are sources of real electrons 

which are not part of the prompt signal. A visual scan was performed to 

remove a small number of electron candidates arising from r pair 

production, beam-gas interactions, and the process 

e+e’ + e+e- + hadrons. Background electrons from photon conversions and 

Dalitz decays were removed by a pair finding algorithm, which searched 

for low invariant mass combinations with oppositely charged tracks. 

This algorithm removes about 70% of the electrons coming from pairs 

uhile only removing 2% of the real prompt electrons. After removal of 

these backgrounds on an event by event basis, 930 electron candidates 

with p > 1 GeV/c remained. These were partitioned into 24 p,pl bins. 

In each p,pl bin, we subtracted the remaining backgrounds and 

correct&l for geometrical and identification efficiencies. The 



background from misidentified hadrons was calculated from the number of 

observed charged hadron tracks in each bin and the appropriate 

misidentification probability. The background from remaining electron 

pairs was calculated using the number of electrons from identified pairs 

in each bin and the known efficiency of the pair finding algorithm. 

Fig. 1 shows the corrected signal in all 24 bins. Two sets of errors 

are plotted for each point. The smaller error bars represent the 

statistical errors. The larger ones show the quadratic sum of the 

statistical and systematic errors. The systematic errors are dominated 

by the uncertainty in the hadron misi.dentification probabilities. In 

three of the lowest momentum and transverse momentum bins C Fig. l(a): p 
_- 

< 3.0 GeV/c and Fig. l(b): p < 2.0 GeV/c 1 backgrounds account for 

almost 75% of the observed signal, thus these points have substantial 

systematic errors. In the remaining bins, however, the background 

levels are much less severe. Excluding these three bins, the background 

fractions for Fig. 1 (al-(d) are 46%, 36%, 30%, and 23% respectively. 

Fig. 2 shows the total momentum and transverse momentum differential 

cross sections for prompt electrons with p > 2 GeV/c. The total 

inclusive cross section for this momentum range is determined to be 

14.4 + 1.6 2 5.2 pb. 
-. 

We have performed a maximum 1 ikelihood fit to the observed 

populations in the various pIpl bins, accounting for the signal above 

background in terms of the following contributions: 

(i1 Bottom decays in bi; events (b primary). 

(ii) Charm decays in bi; events (c secondary) 

(iii) Charm decays in c5 events (c primary) 
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We have excluded from the fit the three bins in which the background 

contributions strongly dominate. To represent-contributions (i)-(iii) 

we have used a Monte Carlo simulation with a Feynman-Field hadronization 

model 7 and gluon radiation as incorporated by Ali et al.* We have 

verified that the semileptonic electron spectra produced by the heavy 

meson decay models in the Monte Carlo agree satisfactorily with measured 

spectra from the DELCO9 (charm) and CLEO’O (bottom) experiments. 

We have parameterized the fragmentation function DqH for quark Q into 

hadron H by an expression of the form:” 

A 
Do”(z) = 

- ZCl - l/Z - cQ/c1-2)32 
11) 

- where 2 = ratio of hadron energy to quark energy, A is a normalization 

factor, and EQ is a parameter. The average z of the distribution 

increases as cQ iS reduced. It has been shown12 that Eq. (11, with 

(9 y 0.25, is a satisfactory representation of measured charmed meson 

momentum spectra. 

We have fit the contributions (i)-(iii) in terms of Be(b) and Be(c), 

the average semi-electronic branching ratios in b quark and c quark 

decay, and Eb and EC) the parameters in Eq. (1) for b and c 

fragmentation. Average quark semi-electronic branching ratios are 

equivalent to averages over all weakly decaying mesons and baryons, 

weighted by their relative populations. The EQ parameters characterize 

-. 

average fragmentation functions of quarks into these hadrons, weighted 

by the product of the populations and the semi-electronic branching 

ratios bf the hadrons. These qualifications are particularly relevant 



to the charmed mesons with different Ba for D* and D”.5*13 We have 

assumed that B,(c) is the same for contributions (ii) and (iii), and 

that all bottom decays lead to charm. 1°*15 Our results are not sensitive 

to reasonable deviations from these assumptions. 

In the fit, we have fixed ec at 0.25 in accordance with previous 

measurements of c quark fragmentation. I2 For the remaining parameters we 

obtain B,(b) = (11.6 + 2.1 t l-7)%, B,(c) = (6.3 + 1.2 t 2.1>%, and El, = 

0 030 ‘0.032 . -0.0 I8 *0.0t3 The histograms in Fig. 1 show the results of the -0.01 r) 

fit and the relative contributions of (i)-(iii) to the prompt electron 

signal in each p,pl bin. The x2/D.F.. of the-fit is 14.0118, and the 

model that we have used gives a very good representation of the data 

over all p and pL studied. We have verified that the value chosen for 

eq is consistent with the data by performing an additional fit in which 

it was allowed to vary. The value obtained is compatible within errors 

with the input value of 0.25. The uncertainty in the charm 

fragmentation function is reflected in the systematic errors on Et,. 

Since we chose the parameterization in Eq. (1) a priori, we have not 

established the detailed shape of the fragmentation function, but only 

its peaking at large 2. We have also studied a parameterization 

different from Eq. (I), namely of the form za(l-21, and obtain 

qualitatively similar results. For either of these parameterizations, 

the average value of zb is <z>b = 0.75 +, 0.05 ? 0.04. 

-. 

In conclusion, we have measured the total momentum and transverse 

momen turn spectra for prompt electrons in hadronic events in e’e- 

annihilation at 29 GeV. We have extracted information on c and b quark 

semi-el&tronic branching ratios and the b quark fragmentation function 



based on a fit to these spectra. The values for the average 

semi-electronic branching ratios, B,(c) = (6.3 5’1.2 r2.1)% and Be(b) q 

(11.6 5 2.1 ? 1.7)%, agree we1 1 with previous measurements5*9*10*13-i5 

even though they may represent averages over slightly different hadron 

populations. The value of eb and the corresponding average value of 

<Z>b = 0.75 + 0.05 t 0.04 strongly support the theoretical expectations 

of a bottom quark fragmentation function which is peaked at large 2. 

This work was primarily supported by the Department of Energy under 

Contracts No. DE-AC03-76SF00515, DE-AC03-76SF00098 and 

DE-AC02-76ER03064. 
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Fiqure Captions 

Fiq. 1 Prompt electron momentum spectra in 4 regions of transverse 

momen turn PI (GeV/cl: (a) pI < 0.5, (b) 0.5 < pI < 1.0, 

(c) 1.0 < pI < 1.5, and (d) pL > 1.5. Two sets of error bars are shown 

for each data point. The smaller ones are statistical only. The larger 

ones are the statistical and systematic errors added in quadrature. The 

highest momentum bin includes all momenta 1 6 GeV/c. The histograms 

show the results of the fit. The three contributions shown are (i) b 

primary (solid), (ii) c secondary (diagonally hatched), and (iii) c 

primary (unshaded). 

Fiq. 2 Differential cross sections for prompt electrons with p > 2 

GeVic : (a) total momentum and (b) transverse momentum. Two sets of 

error bars are shown for each data point. The smaller ones are 

statistical only. The larger ones are the statistical and systematic 

errors added in quadrature. 
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