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ABSTRACT 

We have measured inclusive distributions for charged particles in hadronic decays 

of the Z boson. The variables chosen for study were charged particle multiplicity, 

scaled momentum and momenta transverse to the sphericity axes. The distributions 

have been corrected for detector effects and ·are compared with data from e+e-

annihilation at lower energies and with the predictions of several QCD-based models. 

The data are in reasonable agreement with expectations. 
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In this Letter we present measurements of charged particle inclusive distribu­

tions in hadronic decays of the Z boson. These distributions allow us to study 

fragmentation at higher energies than were previously available in e+e- annihila­

tion. The data were taken with the Mark II detector at the SLAC e+e- Linear 

Collider (SLC) running at several center-of-mass energies (Ecm) near the Z boson 

. resonance peak at 91.1 GeV. 
1 

The data correspond to a total integrated luminosity 

of 19.7 nb-1. Comparisons with lower energy data are presented, in particular with 

measurements at 29 GeV taken with the same detector. 

The Mark II detector has been described in detail elsewhere? Charged particles 

are measured for Ieos 81 < 0.92, where 8 is the polar angle relative to the beam 

direction, with a 72-layer cylindrical drift chamber in a 4. 75 kG solenoidal magnetic 

field. The momentum (p) resolution was determined from Bhabha scattering events 

at 29 GeV Ecm to be u(p)fp = 0.0046p (pin GeV/c) with an additional expected 

contribution from multiple scattering in the drift chamber itself of 0.014. When 

the charged tracks are constrained to originate at the e+e- collision point, the 

momentum resolution improves to u(p)fp = 0.003lp. The energy and dirtdion 

of photons are measured in two electromagnetic calorimeter systems with strip 

readout geometry. The central region (Ieos 81 < 0. 72) is covered by lead-liquid 

argon sampling calorimeters and the endcap region (0.69 < Ieos 81 < 0.96) by 

lead-proportional tube calorimeters. The trigger system is described in detail in 

Reference 2. It includes charged particle and neutral energy triggers and has an 

estimated efficiency of greater than 99% for hadronic Z decays! 

Events were selected for this analysis on the basis of the reconstructed charged 

tracks and electromagnetic showers. The charged tracks were required to pass 

through a cylinder around the measured e+e- interaction point of radius 1 em and 
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half-length 3 em along the beam direction. This reduced the number of beam-gas 

events and tracks from secondary interactions. The polar angles had to satisfy Ieos 

81 < 0.82, in order that the tracks traverse a sufficient number of drift chamber 

layers to have well-measured momenta. The momenta transverse to the beam 

direction were required to exceed 0.3 GeV /c, so that the tracking efficiency be well 

understood. For particles with momenta greater than 10 GeV /c, the tracks were 

refitted using the interaction point as a constraint. This is not a useful procedure 

for lower momentum particles because of systematic uncertainties in the an1ount 

of multiple scattering. 

Electromagnetic showers in the central calorimeter were required to satisfy Ieos 

81 < 0.68 and to be within the fiducial volume of the calorimeter in azimuth, a total 

of 63.5% of the solid angle. The fiducial volume for the endcap calorimeter was 

defined to be 0.74 < Ieos 81 < 0.95. An energy greater than 0.5 GeV was required 

for all showers in order to ensure high detection efficiency and reduce accelerator­

related backgrounds. Showers were retained regardless of any association with a 

charged track. 

Events were required to have at least 7 charged tracks passing these cuts in 

order to reduce contamination from backgrounds, in particular Z --+ T+T-. The 

visible energy was defined to be the sum of the energies of the selected charged par­

ticles, calculated assuming pion masses, and the energies of the showers passing the 

cuts. Events were selected if the visible energy was greater than 0.5Ecm. Events 

having small visible energies are primarily those with jets close to the beam line 

and are thus not well measured in the detector. The number of events passing all 

selection criteria was 381. The efficiency for detecting events was estimated from 

Monte Carlo simulations to be 0.77 ± 0.01, where the error represents the system-
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atic uncertainty due to differences in the fragmentation models used. Backgrounds 

from beam-gas scattering, Z decays into lepton pairs and two-photon scattering 

were estimated to be less than 0.5 event~ Contamination from accelerator-rdat.ed 

backgrounds was included by superimposing data from random beam crossings 

onto Monte Carlo events with detector simulation. 

The data are compared with events simulated by three QCD-based Monte 

Carlo event generators. The models used are the Lund parton shower model with 

string fragmentation (Lund 6.3 Shower)~ the Webber-Marchesini parton shower 

model with cluster fragmentation (Webber 4.1); and the parton shower model of 

Gottschalk and Morris (Caltech-II 86) with a combined fragmentation method~ 

The parameters of these models were tuned to fit Mark II data at 29 GeV. 
7 

The Lund model based on the second-order QCD matrix element calculat...>d by 

Gottschalk and Schatz, again with string fragmentation~'8 was not used because 

an extrapolation to 91 GeV is not possible without changing parameters which 

should be kept constant.9 

The variables studied were the charged particle multiplicity distribution, the 

inclusive charged particle distributions in the scaled momentum (x = 2p/ Ecm) 

and the momentum transverse to the axes of the sphericity tensor 10 both in the 

event plane (Pl.in) and out of the event plane (Pl.out)· The sphericity axes were 

calculated using all charged tracks and calorimeter showers passing the selection 

criteria. 

The data were corrected for detector inefficiencies, resolutions and machine 

backgrounds using bin-by-bin correction factors derived from the Lund 6.3 Shower 

Monte Carlo with full detector simulation. Charged particles from all Kg and 

A decays were included in the corrected distributions. Typical correction factors 

5 
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were - 1.2, with a spread of- 30% for the different bins in each distribution. The 

correction factors were compared with those derived from the other QCD models 

and the differences were included in the systematic errors. Corrections for QED 

radiative effects were included but were less than 2% for these data. All errors 

shown for these data, except for the first figure, have statistical and systematic 

uncertainties added in quadrature. 

The multiplicity distribution was not corrected using this bin-by-bin method 

because the correlations between bins are large. Figure l(a) shows the uncorrected 

charged particle multiplicity distribution compared with the predictions of several 

models after detector simulation. An unfold procedure
11 

has been used to measure 

the mean corrected charged particle multiplicity to be 20.1 ± 1.2. Figure l(b) shows 

the mean charged particle multiplicity vs. Ecm for several e+e- experiments!
1

•
12 

The solid line is the prediction of the Lund Shower model. Only one model is 

shown for clarity. 

Figure 2{a} mows the corrected inclusive distribution 1/uhad du1,,jdx com­

pared with the predictions of the models, where Uhad and Utrl: are the total hadronic 

and charged particle inclusive cross sections, respectively. All of the models pre­

dict a spectrum consistent with the observed distribution. Figure 2(b) shows 

l/uhad du1,~;/dx vs. Ecm for several x bins, comparing the results of this anal­

ysis with data from other e+e- experiments at lower Ecm·7'
11

'
13 

The solid line is 

the prediction of the Lund Shower model. Small scaling violations, in agreement 

with this model and qualitatively expected from QCD, are seen in the higher x 

bins. The scaling violations in the lower x bins are due to the increase in available 

phase space for particle production. 

Figures 3(a) and 3(b) show the distributions of Pl.in and Pl.out together with 
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the model predictions at 91 GeV and Mark II data taken at 29 GeV. 
7 

The 91 

GeV data agree with the predictions of the models, within errors, over the range 

shown. A clear increase in transverse momentum at 91 GeV compared with 29 

GeV is seen for both Pl. in and PJ..oul in the perturbative region (pJ. ~ 1 GeV /c). 

In contrast, the distributions show little difference in the low Pl. region, where 

Ecm-independent fragmentation effects are expected to dominate. The correct.ed 

mean square values were measured to be <pl;
8
>= 0.70 ± 0.05 (GeV /cf' and 

<Plou1>= 0.121 ± 0.005 (GeV /c)2 , and these are compared with the results from 

other experiments in Figure 3( c):'11
'
12

'
13 The solid lines show the Lund Shower 

model predictions, which are below our measured values for both <PLn > and 

<Plaut>· The differences arise mainly from the tails of the data distributions 

which are broader than the MC predictions. 

The charged particle inclusive distributions presented here for hadronic decays 

of Z bosons are consistent with our extrapolations of the three models and lower 

energy data. These models also described the detected event shapes, such as 

sphericity, thrust, aplanarity and number of jets.3 However, there are indications, 

e.g. from the momenta transverse to the sphericity axes, that the models tuned at 

29 GeV·may not fully describe the data at Z energies without further adjustment. 

This work was supported in part by Department of Energy contracts DE-

AC03-81ER40050 (CIT), DE-AM03-76SF00010 (UCSC), DE-AC02-86ER40253 

(Colorado), DE-AC03-83ER40103 (Hawaii), DE-AC02-84ER40125 (Indiana), 

DE-AC03-76SF00098 (LBL), DE-AC02-76ER01112 (Michigan), and DE-AC03-

76SF00515 (SLAC), and by the National Science Foundation (Johns Hopkins). 

7 

t:~ ;r 

REFERENCES 

1. G. S. Abrams et al., Phys. Rev. Lett. 63, 794 (1989); G. S. Abrams tt al., 

Phys. Rev. Lett. 63,2173 (1989). 

2. G. Abrams et al., Nucl. lustrum. Methods. A281, 55 (1989). 

3. G. S. Abrams et al., Phys. Rev. Lett. 63, 1558 (1989). 

4. T. Sjostrand, Comp. Phys. Comm. 39, 347 (1986); T. Sjostrand and M. 

Bengtsson, Comp. Phys. Comm. 43, 367 (1987); M. Bengtsson and T. 

Sjiistrand, Nucl. Phys. B289, 810 (1987). 

5. G. Marchesini and B.R. Webber, Nucl. Phys. B238, 1 (1984); B. R. Webber, 

Nucl. Phys. B238, 492 (1984). 

6. T.D. Gottschalk and D. Morris, Nucl. Phys. B288, 729 (1987). 

7. A. Petersen et al., Phys. Rev. 037, 1 (1988). 

8. T.D. Gottschalk and M. P. Shatz, Phys. Lett. Bl50, 451 (1985); T. 

D. Gottschalk and M.P. Shatz, CALT-68-1172,-1173 (1985) unpublished. 

9. T. Sjostrand, Int. J. Mod. Phys. A3, 751 (1988), see page 764. When 

changing energies in the Lund second-order matrix element model, the 

parameter specifying the minimum invariant mass, Mmin, between two 

partons should be kept constant. However, the value used in reference 7 at 

29 GeV, Mmin = 3.5 GeV, gives a negative two parton cross-section at 91 

GeV. The smallest value which could be used at both energies is Mmin = 

9.3 GeV, but this value would not allow sufficient soft gluon radiation at 29 

GeV. 

8 

... ,J 



··~~~. ~1:;· 

10. G. Hanson et al., Phys. Rev. Lett. 35, 1609 {1975); J. D. Bjorken and S. J. 

Brodsky, Phys. Rev. Dl, 1416 {1970); R. Brandelik et al., Phys. Lett. B86, 

243 {1979). 

11. M. Althoff et al., Z. Phys. C22, 307 (1984). 

12. C. Bacci et al., Phys. Lett. B86, 234 {1979); J. L. Siegrist et al., Phys. Rev. 

D26, 969 {1982); B. Niczyporuk et al., Z. Phys. C9, 1 {1981); M.S. Alam 

et al., Phys. Rev. Lett. 49, 357 {1982); Ch. Berger et al., Phys. Lett. B95, 

313 {1980); D. Bender et al., Phys. Rev. D31, 1 (1985); W. Bartel et al., Z. 

Phys. C20, 187 (1983); H. W. Zheng et al., (AMY), in preparation. 

13. Y. Li (AMY), private communication; KEK preprint 89-149. 

FIGURE CAPTIONS 

Fig. I. {a) Uncorrected charged particle multiplicity distribution for detected 

hadronic events. Comparisons with several QCD models are shown. {b) Mean 

corrected charged particle multiplicity vs. Ec'"!' for various e+e- experiments. The 

solid line is the Lund Shower model prediction. · 

Fig. 2. (a) Corrected charged particle inclusive distribution Iluhad dutriJdx, 

where x = 2pl Ecm, compared with ~>everal models. (b) Comparison between . 

charged particle inclusive distribution in x for hadronic Z decays and various e+e­

experiments at lower center-of-mass energies. The solid lines are the Lund Shower 

model prediction. 

Fig. 3. (a) Corrected cl1arged particle inclusive distribution Iluhad dutrkldPl.in 

compared with the predictions of several models and with Mark II data at 29 GeV. 

(b) Corrected charged particle inclusive distribution 1 I Uhad dutrk I dp l.oul compared 

with the predictions of several models and with Mark II data at 29 GeV. (c) 
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Comparison between means of charged particle inclusive distributions in Ploul and 

p}_;n for hadronic Z decays and various e+e- experiments at lower center-of-mass 

energies. The solid lines are the Lund Shower model predictions. 
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