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Abstract. The multiplicity distributions of charged par- 
ticles in full phase space and in restricted rapidity inter- 
vals for events with a fixed number of jets measured by 
the DELPHI detector are presented. The data are well 
reproduced by the Lund Parton Shower model and can 
also be well described by fitted negative binomial distri- 
butions. The properties of these distributions in terms of 
the clan model are discussed. In symmetric 3-jet events 
the candidate gluon jet is found not to be significantly 
different in average multiplicity than the mean of the 
other two jets, thus supporting previous results of the 
HRS and OPAL experiments. Similar results hold for 
events generated according to the LUND PS and to the 
HERWIG models, when the jets are defined by the JADE 
jet finding algorithm. The method seems to be insensitive 
for measuring the color charge ratio between gluons and 
quarks. 

1 Introduction 

In previous papers [1, 2] we presented an analysis of the 
multiplicity distributions of charged particles produced 
in hadronic Z ~ decays in the DELPHI detector. In par- 
ticular, it was shown [2] that the multiplicity distribution 
reveals a shoulder structure which was shown to be well 
reproduced by the Lund parton shower (PS) model 
(Monte Carlo program JETSET version 6.3 and 7.2) 
[3, 4] and was explained by the superposition of 2-jet 
events with mostly low multiplicities, and 3- and 4-jet 
events yielding larger multiplicities. 

Due to the shoulder structure the multiplicity distri- 
bution could not be described by a negative binomial 
distribution (NBD) which, however, has been success- 
fully fitted in many previous experiments [5-14]. 

In this paper we extend this study and report on prop- 
erties of charged particle multiplicity distributions in full 
phase space and in restricted intervals of rapidity for 
events with selected jet multiplicities. We show that the 
charged particle multiplicity distributions for events with 
a given number of jets, as well as the multiplicity distri- 
butions of individual jets for events with a given number 
of jets, are well described by fitted NBD's. The data are 
also compared with the Lund PS model and good agree- 
ment is found. An attempt is made to compare the 
average multiplicities for quark and gluon jets. 

In Sect. 2 the event sample, the selection criteria and 
the correction procedures are described. The procedure 
used for the separation of multi-jet events is described in 
Sect. 3. Experimental results on charged particle multi- 
plicity distributions for events weith selected jet multi- 

plicities and for the individual jets are presented in Sect. 4 
and 5. The average charged particle multiplicity of quark 
and gluon jets in 3-jet events is discussed in Sect. 5. A 
summary is given in Sect. 6. 

2 Selection and treatment of data 

This study is based on 94439 hadronic events with five 
or more charged particles obtained in 1989-1990 with the 
DELPHI detector at the LEP collider at energies near 
the Z~ The DELPHI detector has been de- 
scribed in detail elsewhere [ 15]. The measurements pre- 
sented here are based on charged particles detected by 
the time projection chamber (TPC). For the event selec- 
tion, we apply the same cuts as in our previous studies 
[ 1, 2]. The most important of these cuts are that a track 
was kept only if it extrapolated back to the nominal cross- 
ing point within 5 cm in the transverse direction and 10 cm 
along the beam direction, if its momentum was greater 
than 0.1 GeV/c, if its measured track length was greater 
than 50 cm and if its polar angle was between 25 ~ and 
155 ~ Events were kept only if the energy of charged 
particles (assumed to have the pion mass) in each of the 
two hemispheres with respect to the beam axis exceeded 
3 GeV, if the total energy of charged particles exceeded 
15 GeV, if there were at least 5 charged particles with 
momenta above 0.2 GeV/c and if the polar angle of the 
sphericity axis was in the range 40 ~ < 0 < 140 ~ The re- 
sulting data sample comprised 63434 events. The possible 
contaminations from events due to beam-gas scattering, 
yy interactions and r + r -  events were reduced to a neg- 
ligible level ( <  0.1%, < 0.1% and < 0.15%, respec- 
tively) by the imposed cuts. 

The corrected multiplicty distribution of the events 
was calculated from the observed one by means of a 
matrix unfolding technique described in detail in [2]. The 
matrix was determined from a full detector simulation of 
54000 events generated according to the Lund PS model, 
treating the simulated tracks in the same way as the real 
data. This matrix can be used for correction of the ob- 
served distribution if the kinematic distributions of 
charged particles do not differ widely from those in the 
Lund PS model. We stress that the errors of the corrected 
multiplicity distributions are strongly correlated in nearby 
bins due to the method of correction. Therefore com- 
parisons between data and models are made by trans- 
forming the predictions for the multiplicity distribution 
back to the level of the uncorrected data. However, in 
the figures we show the comparison between model pre- 
dictions and corrected distributions. The correction ma- 
trix was determined for each rapidity interval under study. 
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3 Selection of multi-jet final states 

In order to study the charged particle multiplicity distri- 
butions in the different multi-jet final states we applied 
the jet finding algorithm originally introduced by the 
JADE collaboration [16]. For each event the squares of 
the scaled invariant masses for each pair of charged par- 
ticles i and j, 

Y,:/= 2 E i Ey (1 - cos 0 u )/EZs, (1) 

are evaluated. Here E i, E/ are the energies and 0 u the 
angle between the momentum vectors of the two particles 
and Ev~ s is the total energy of the charged particles in the 
event (pion mass assumed). The particle pair with the 
lowest value of Yu is selected and replaced by a pseudo- 
particle with four momentum (p~ +p/), thereby reducing 
the multiplicity by one. The procedure is repeated until 
the values Yu for all pairs of pseudo-particles or particles 
are larger than a given jet resolution Ymi~" The remaining 
pseudo-particles or particles are called jets. 

As is known from our previous analysis of the jet 
production rates at LEP energies [17], the fractions of 
different multi-jet configurations depend strongly on Ym~," 
For an improved understanding of jet separation, the 
JADE algorithm has been applied to events with initial 
parton qdl, qqg, qqgg and qc]qc]-states generated by the 
JETSET 7.2 Monte Carlo program [4], with parameters 
optimized for the center-of-mass energy of 91 GeV [18], 
containing the second order QCD matrix elements (ME) 
of Ellis et al. [19]. 

The transformation of events with a certain number 
(m) of initial partons, as defined by the Lund ME, into 
events with a certain number ( j )  of jets, as defined by 
the JADE cluster algorithm applied to the generated 
events, can be described in terms of the transformation 
matrix Mmj (with ~, ~, Mm / = 1). The dependence of 
the components of M,,,j on the jet resolution parameter 
Ym~, is illustrated in Fig. 1. In the Lund ME program the 
default value of minimum scaled invariant mass-squared 
of any two partons in 3- or 4-jet events, was used. Other 

values of the parameter were tested and they do not 
change the conclusions to be drawn from Fig. 1. It shows 
that in the 2-jet events separated by the JADE algorithm, 
the real 2-parton states are heavily contaminated by 3- 
and 4-parton states even at small values of the jet reso- 
lution parameter (Fig. 1 a). The contamination of 3-jet 
events by 2- and 4-parton states is less severe at minimal 
values of Ymin up to Ymin > 0.04 (Fig. 1 b), while the con- 
tamination of the 4-jet sample by 2- and 3-parton states 
is maximal at small Ymin  values (Fig. 1 c). 

Next we compared the charged particle multiplicity 
distributions for 2-, 3- and 4-parton states generated by 
the Lund ME program with the ones for the same Monte 
Carlo events resolved into 2-, 3- and 4-jet events by the 
JADE algorithm. The agreement in shape of multiplicity 
distributions for a fixed number of initial partons and for 
the same number of selected jets is reasonable at 
Ymin =0.005, 0.01 and 0.02 for 2-, 3- and 4-parton(jet) 
states(events) respectively (as illustrated in Fig. 2) but 
deteriorates significantly for higher values of Y,~in" 

We thus conclude that the JADE jet finding algorithm 
provides a reasonable separation between 2-, 3- and 
4-parton events only at small values of the jet resolution 
parameter and the contamination of events with a given 
number of jets by events with different numbers of initial 
partons significantly affects the shape of the multiplicity 
distributions for Y~, > 0.04. 

4 Charged particle multiplicity distributions 
for selected multi-jet states 

The corrected charged particle multiplicity distributions 
for 2-, 3- and 4-jet events for values of the jet resolution 
parameter Ymin = 0.01, 0.02 and 0.04 are given in Tables 
1-3 and presented in Fig. 3. The errors quoted here and 
elsewhere are calculated from the statistical errors and 
from the correction procedure as described in [1]. The 
errors are strongly correlated in nearby bins due to the 
method of correction. 
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e 4 jets separated by the JADE algorithm for the values of the jet 
resolution parameter Ym~, = 0.005, 0.01 and 0.02, respectively 

Table 1. Corrected charged particle multiplicity distributions P,.  10 3 for 2-, 3- and 4-jet events for the jet resolution parameter Ym~n = 0.01 

n 2-jets 3@ts 4-jets n 2-jets 3-jets 4-jets 

4 0.7_+0.2 
6 3.8_+0.5 0.6• 
8 16 •  3.7+_0.4 0.9_+0.3 

10 49 _+3 14.4-+0.9 3.0-+0.5 
12 93 + 4  39 -+2 7.4_+0.8 
14 143 4-6 74 -+3 19 4-1 
16 166 -+7 110 +5  40 -+2 
18 168 _+7 136 -+6 59 -+3 
20 139 -+6 146 -+6 91 -+4 
22 95 + 4  139 -+6 113 -+5 
24 62 -+3 113 _+5 125 -+6 
26 33 -+2 86 -+4 126 -+6 
28 17 +_1 59 +_3 119 -+6 

30 7.1 -+0.7 36 -+2 95 -+5 
32 4.3 •  21 -+1 76 -+4 
34 1.3 +_0.3 11.1 -+0.7 50 +_3 
36 1.2 -+0.3 6.1 -+0.5 33 -+2 
38 0.10-+0.07 2.8 -+0.3 22 -+2 
40 0.07-+0.06 1.1 -+0.2 13 -+1 
42 0.3 -+0.1 5.0 -+0.6 
44 0.22-+0.08 2.8 __0.5 
46 0.06 _+ 0.04 2.4 -+ 0.4 
48 0.3 +0.1 
50 0.04 -+ 0.04 
52 0.12 • 0.09 

Table 2. The same as in Table 1 but for Ymin = 0.02 

n 2-jets 3-jets 4-jets n 2-jets 3-jets 4-jets 

4 0.29 -+ 0.09 
6 2.7 + _ 0 . 3  0.23-+0.09 
8 11.9 -+0.8 2.0 +0.3 

10 38 +2  8.6 +0.6 2.5-+0.6 
12 80 + 4  23 -+ 1 
14 126 +5  49 + 2  8 4-I 
16 154 -+7 82 -+4 14 _+2 
18 163 -+7 109 -+5 25 -+2 
20 146 +6  129 •  52 + 4  
22 110 -+5 136 +6  83 •  
24 75 • 3 124 -+ 5 102 __+ 6 
26 43 -+2 106 -+5 119 -+6 
28 26 •  82 -+4 131 __+7 

30 12.5 +0.8 58 +3  113 -+6 
32 7.4 +0.6 39 +2  99 + 6  
34 2.8 -+0.3 23 -+ 1 81 •  
36 1.2 -+0.2 14.3 -+0.9 61 4-4 
38 0.6 -+0.1 8.0 __0.6 46 -+3 
40 0.07-+0.05 3.9 •  27 •  
42 1.5 -+0.2 17 ___2 
44 0.8 •  10 -+1 
46 0.4 • 6 •  
48 0.13_+0.06 1.7_+0.5 
50 0.8-+0.4 
52 0.9 + 0.4 
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Table 3. The same as in Table l but for Ym*. = 0,04 

n 2-jets 3-jets 4-jets n 2-jets 3-jets 4-jets 

4 0.21 _ 0.07 
6 2.0 • 0.2 
8 9.2 • 0.6 1.0 • 0.2 

10 31 •  4.1 • 
12 66 • 12.1__0.9 
14 110 •  28 •  
16 140 •  53 • 
18 152 •  83 •  
20 146 +_6 104 •  
22 117 • 129 •  
24 87 +_4 127 _+6 
26 57 • 120 • 
28 37 •  102 • 

0.5• 
7 •  
6 •  

29 • 5 
57 •  
61 •  
83 •  

126 • 

30 2l • 78 •  114• 
32 12.3 • 58 • 136• 
34 6.0 • 38 •  106• 
36 2.8 • 27 •  80• 8 
38 1.4 • 17 • 76• 8 
40 0.8 • 9.1 • 41• 6 
42 0.06• 4.2 • 42• 6 
44 0.11• 2.7 • 18• 4 
46 0.03• 1.6 • 14• 3 
48 0.02• 0.5 • 3• 2 
50 0.5 • 
52 0.09• 3• 1 
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with the Lund PS model predictions 

F r o m  Fig. 3 it is seen that  the charged particle mul- 
tiplicity distribution becomes broader  and shifts to higher 
multiplicities as the calculated jet-multiplicity increases. 
This is also evident f rom Table 4 in which the average 
multiplicity ( n )  and dispersion D = (<n 2) -< r / ) 2 )  1/2 for 
2-, 3- and 4-jet events (together with their fractions o f  
the total sample) are shown as a funct ion o f  Ymin, ranging 
f rom 0.01 to 0.08. The rise o f  ( n )  and D for 2- and 3-jet 
events with increasing Ymin is explained by the increas- 
ingly impor tan t  contamina t ion  by events with higher par- 
ton  multiplicity discussed in the preceding section 

(Fig. 1 a, b). For  the 4-jet sample, the decreasing contam- 
ination by 2- and 3-jet events with increasing Ymin (Fig. 1 c) 
leads to a similar rise o f  ( n )  with increasing Ymin" 

The predictions o f  the Lund  PS model  are plotted 
together with the data  in Fig. 3. The model  describes the 
data  very well, apar t  f rom a slight systematic difference 
in the high multiplicity tail o f  the distributions for 2- and 
3-jet events, where the Lund  predictions are below the 
data  (see also the corresponding discussion in [2]). We 
cannot  exclude the possibility that  this small difference 
is due to an imperfect t reatment  of  the multiple pho ton  
conversion in our  detector simulation program.  
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Table 4. Parameters characterizing the 
corrected multiplicity distributions for 
events with 2-, 3- and 4-jet configurations 
together with their respective fractions of 
the total sample, F, in dependence of the 
jet algorithm parameter Ynli,, fitted values 
of the NBD parameters (with 
corresponding ):'2/NDF values) and 
parameters of the "clan" cascading picture 

L "  o) Y.,N = 0.01 

16-' 

-2 
lO 

- 3  
lO 

-4 
lO 

0 20 40 

Ymin 

0.01 0.02 0.04 0.06 0.08 

2-jets 

(n)  17.6 _+0.7 18.4 _+0.7 19.3 _+0.8 19.8 _+0.8 
D 4.7 _+0.2 5.0 _+0.2 5.3 +0.2 5.6 _+0.2 
F 0.282 0.463 0.659 0.767 

17.6 _+0.1 18.5 +0.1 19.4 4-0.1 20.0 -+0.1 
k-l .102 1.50-+0.09 1.76-+0.08 2.30_+0.07 2.65_+0.07 
,~2/NDF 20/15 20/16 41/18 78/19 
)V c 15.6 _+0.6 15.9 _+0.7 15.8 _+0.7 15.7 _+0.7 
~c 1.13_+0.05 1.16_+0.05 1.22_+0.05 1.27_+0.05 

3-jets 

(n)  21.0 _+0.8 22.8 +_0.9 24.8 _+1.0 25.9 _1.0 
D 5.5 _+0.2 5.9 _+0.3 6.3 _+0.3 6.4 _+0.3 
F 0.481 0.447 0.321 0.227 

21.1 _+0.1 22.9 0 . 1  24.8 _+0.1 26.0 -+0.1 
k -~. 102 1 .87_+0.07  2.28_+0.07 2.37_+0.08 2.24-+0.08 
z2/NDF 19/18 15/18 13/20 29/20 
N'. 17.5 _+0.7 18.2 -+0.8 19.4 _+0.8 20.3 _+0.8 
~. 1.20 _+ 0.05 1.25 _ 0.05 1.27 _+ 0.05 1.28 -+ 0.05 

4-jets 

(n)  25.9 _+1.0 28.8 _+0.1.2 31.4 _+1.3 33.0 _+1.3 
D 6.2 +_0.3 6.4 _+0.3 6.3 _+0.3 5.6 +__0.2 
F 0.199 0.085 0.020 0.005 

25.9 _+0.1 28.9 _0.1 31.4 _+0.2 33.2 _+0.4 
k-l .102 1.91_+0.08 1.4 _+0.1 1.0 _+0.2 1.0 __0.5 
z2/NDF 20/18 24/18 19/13 17/9 
P?. 21.1 _+0.9 23.9 _+ 1.0 27.7 + 1.1 34.1 _+ 1.4 
r~ C 1.23_+0.05 1.20_+0.05 1.13_+0.05 0.97___0.04 

t i l l  
o 
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Fig. 4a-c. Corrected charged particle multiplicity distributions for 
2-, 3- and 4-jet events multiplied by the fraction, F(j ), of events 
assigned to the given jet configuration (~P(n )F( j )=I )  for 

26.7 _+ 1.1 
6.5 4- 0.3 
0.164 

26.8 _+0.1 
2.05 _+ 0.09 

29/20 
21.1 _+0.9 

1.26 _+ 0.05 

o 20 40 

a Ymin=0.01; b Y,~in=0.02 and e Y,,lin=0.04. The solid curves 
represent fits of the data by the NBD 
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The charged particle multiplicity distributions for 
events with a fixed jet-multiplicity were fitted to the neg- 
ative binomial distribution (NBD) 

k(k+ 1 ) . . . ( k + n -  1) 
P , , ( , ~ , / 0  = 

n!  

• ( ~ +  ~)k  ( ~ ) , ,  (2) 

with two parameters: the average multiplicity r /and the 
positive parameter k - i ,  related to the dispersion D by 

D 2 1 1 

The NBD fits the multiplicity distributions for fixed 
numbers of jets well for values of Ymin < 0.04. The fits 
deteriorate for large values of Ymin' The deterioration of 
the fits for Ymin > 0.04 can be explained by the contam- 
ination pattern described in Sect. 3. The failure 6f the 
NBD to describe the overall multiplicity distribution, re- 
ported in [2], is shown below to be related to the super- 
position of events with different numbers of jets. Fits of 
the multiplicity distributions to NBD's  are shown in Fig. 4 
for three values of Y,~in. 

The NBD fits were also transformed to the "clan" 
cascading picture [20-22] (see also [23, 24] and refs. 
therein), with two parameters characterizing the clan 

~2 = r/q k" (3) 

�9 . to the NBD parameters by 
The fitted values of parameters are gwen, together with 
x2 /NDF,  in Table 4. 19<,= r//r/<.= k. ln  (1 +1i/k). 
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structure: the average number of clans, N(, and the 
average number of charged particles per clan, r~<, linked 

(4) 

Fig. 5. Same as in Fig. 4, but for one value of 
Ymin = 0.04 and for different central rapidity 
intervals 



The parameters N,, and r7 c calculated from (4) with ex- 
perimental values of  r7 = <n> and k-1  are also given in 
Table 4. The covariance between r7 and k -  ~ was taken 
into account in calculating the errors on Nc and fT. 

The mathematical property of the NBD in terms of 
clan parameters (Poisson distribution for the number N c 
of  clans and logarithmic distribution of the number of 
particles per clan no), together with the previously re- 
ported observation that the average number 32,. of  clans 
for fixed rapidity windows is approximately energy-in- 
dependent both in e+e - annihilation and in hadronic 
reactions ([2] and refs. therein), is of some interest and 
awaits a dynamical interpretation at the parton level 
[23, 24]. In this respect it is also of interest that the values 
of r L for events with a fixed jet multiplicity are much 
closer to unity (or the values of Nc are not very different 
from (n>) than for all events [2] and practically inde- 
pendent of  the jet multiplicity. 

We have also analysed the multiplicity distributions 
of  charged particles for fixed numbers of jets and for 
different rapidity maxima (the rapidity y was calculated 
with respect to the thrust axis, assuming the pion mass 
for all particles). The corresponding multiplicity distri- 
butions obtained for Ymin = 0.04, together with the results 
of  the NBD fits, are shown for illustration in Fig. 5. The 
parameters describing the experimental distributions and 
the fitted NBD parameters are collected in Table 5. We 
find that the multiplicity distributions for 2-jet events are 
described by the NBD rather well in all central rapidity 
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intervals. The fits are also good for 4-jet events, but worse 
for 3-jet events for ]Yl < 1.0 and ]Yl < 1.5. Figure 5b, 
c suggests that this can be again explained by contami- 
nation of the 3-jet sample by 2-parton events peaking at 
low multiplicities and, perhaps, by 4-parton events at high 
multiplicities. A similar behaviour is observed for other 
values of the jet resolution parameter Ymi,' It is evident 
from Fig. 5 that a shoulder structure in the multiplicity 
distribution, best visible in the c.m. rapidity intervals 
y < 1.0 to 2.0 [2], is obviously explained by the super- 
position of events with different number of jets. 

It is thus seen that the charged particle nmltiplicity 
distributions in restricted rapidity intervals for events with 
selected jet multiplicities are reasonably well described by 
fitted NBD's, provided that events with different jet mul- 
tiplicities are well separated by the jet finding procedure. 
In central rapidity windows, the values of the parameter 
k -  1 are significantly larger than for distributions inte- 
grated over all rapidity intervals, thus showing more im- 
portant deviations of the multiplicity distributions from 
Poisson distributions (this is also seen in the somewhat 
larger values of the parameter a~). It is of interest to study 
the energy dependence of the NBD parameters for mul- 
tiplicity distributions in the central rapidity intervals for 
2-jet events. A comparison of the "clan" cascade picture 
parameters N- c and r~ for 2-jet events a t  Ymin = 0.04 with 
those of  the HRS collaboration at ~ s =  29 GeV (with 
2-jet events selected using sphericity and aplanarity cuts) 
[3] is shown in Fig. 6. The average number of  clans per 

Table 5. The same parameters as in Table 
4, but for fixed value Ymin = 0.04 of the jet 
resolution parameter and for different 
central rapidity intervals [ Y l < Yoot 

Ycut 

0.5 1.0 1.5 2.0 2.5 

2-jets 

<n) 2.04_+0.08 4.4 +0.2 7.1 +0.3 10.0 5:0.4 13.0 +0.5 
D 1.62_+0.07 2.6 +0.1 3.7 • 4.8 +0.2 5.5 +0.2 

2.03_+0.02 4.36_+0.02 7.10__0.03 10.1 +0.03 13.1 _+0.04 
k-l.102 15.2 _+1.0 13.0 _+0.4 12.7 -+0.3 12.3 _+0.2 10.5 +0.2 
z2/NDF 9/10 31/17 48/24 70/32 28/19 
N~. 1.79_+0.07 3.5 -+0.I 5.0 __+0.2 6.5 -+0.3 8.2 _+0.4 
r7 c 1.14-+0.05 1.26-+0.05 1.40___0.06 1.55-+0.06 1.59_+0.07 

3-jets 

<n> 4.9 +0.2 10.0 +0.4 14.6 __+0.6 18.3 +0.7 21.3 +0.9 
D 2.9 --0.1 4.7 +0.2 6.0 ___0.3 6.7 -+0.3 6.8 +0.3 
r7 4.92!0.03 10.2 _+0.04 14.8 -+0.05 18.3 _+0.06 21.2 -+0.06 
k 1.102 14.6 _+0.5 10.3 _+0.2 9.2 ___0.2 7.7 • 5.7 +0.1 
;gZ/NDF 15/17 75/30 88/35 79/40 48/20 
19. 3.7 +0.2 6.6 -+0.3 8.9 ___0.4 11.3 -+0.5 14.9 +0.6 
t7~. 1.33-+0.06 1.52-+0.06 1.63___0.07 1.62_+0.07 1.52-+0.06 

4-jets 

(n> 8.2 --+0.3 17.3 • 24 1 28 _+1 30 • 
D 3.8 • 5.9 +0.3 6.6 • 6.9 • 6.8 -+0.3 
a 8.2 +0.1 17.2 +0.2 24.2 -+0.2 28.4 • 30.2 • 
k 1-102 11 _+1 6.3 • 3.1 _+0.3 2.6 • 1.7 --0.2 
xZ/NDF 13/16 37/24 53/27 33/28 24/15 
N~. 6.1 _+0.3 12.0 ___0.5 17.8 ~0.7 21.7 • 24.4 _+1,0 
ri. 1.35-+0.06 1.43-+0.06 1.37___0.06 1.31_+0.05 1,24-+0.05 
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Fig. 6a, b. a Average number of clans, N,.; b Average number ( 
charged particles per clan, r~., all obtained from the data for 
Ymin = 0.04, as a function of the limit of the rapidity interval 

event Ar C increases almost linearly with the size of the 
rapidity interval in an approximately energy independent 
manner. The average number of particles per clan r~ C is 
rather constant about 1.2 at 29 GeV while at 91 GeV it 
increases with increasing size of the rapidity interval. 

5 Average charged particle multiplicity 
of quark and gluon jets 

The study of multiplicity distributions of individual jets 
for events with selected multi-jet configuration can pro- 
vide an important insight into a possible difference be- 
tween the multiplicities of quark and gluon jets. 

Such a difference is predicted in the high energy limit 
by lowest order QCD calculations [25, 26] (see also a 
review [27]) which give, assuming five flavours: 

<n>~_9 
<n>q 4. (5) 

The value 9/4 reflects the ratio of the colour charges of 
the gluon and of the quark. Higher order calculations 
[281 modify (5) to 

<n>g _ 9. (1 - 0.27 ]~ss - 0.07-e~). (6) <n>q 

The expression in the brackets reduces the ratio by 10% 
at 1/s=91 GeV. The main experimental problem is to 
identify the various types of jet. 

In our analysis, we first defined the individual jets for 
a given multi-jet configuration inclusively (with 2-, 3- and 
4-entries for each 2-, 3- and 4-jet event, respectively). In 
Table 6 we show the same parameters as in Tables 4 and 
5, but evaluated for the multiplicity distributions of in- 
dividual jets in events assigned to fixed multi-jet config- 
urations. The data are shown as a function of the jet 
resolution parameter Ymin" The corresponding multi- 
plicity distributions for several values of Ymin are shown 
for illustration in Fig. 7. The distributions become nar- 
rower and shift to smaller multiplicities with increasing 
jet multiplicity. Figure 7 illustrates also the NBD fits to 
the data and the conclusions which can be drawn about 
these results are very similar to those made in the previous 
section. 

Comparing the dispersions of the multiplicity distri- 
butions of the individual jets, Di, in Table 6 with the ones 
for whole events, Dw, in Table 4, one notices that empir- 
ically they are approximately related by 

D2w = j  D~, (7) 

where j is the number of jets. This is unexpected since 
the full relation between the two dispersions is given by 

( _ wy D~ = j  D~ + 2 X Z coy (nk, n , ) -  Z ~ 3 / ' (s) 

where the covariance term refers to the multiplicities of 
pairs of jets (k, l), summed over all pairs, and where the 
last term is due to possible differences between the av- 
erage multiplicity (rik) of jet k from the overall average, 
summed over all jets. It should be noted that the disper- 
sions appearing in these equations are invariant for 
changes in the labeling of the jets (such as ordering with 
respect to jet energy, jet multiplicity or according to the 
nature of the parent parton), whereas the other terms in 
(8) are dependent on such labeling. 

If the jets are independent and with equal average 
multiplicities, (8) reduces to (7). If (7) holds, at least 
approximately, and since obviously the averages are re- 
lated as <n>w = j  <n>i, it follows that 

( ~ ) / (  Dw "]=~] (9) 
i \<n>,,/ " 



Table 6. The same parameters as in Table 
4, but for the multiplicity distribution of 
individual jets at fixed multi-jet 
configurations 

Ymin 
0.005 0.01 0.02 0.04 0.06 

2-jets 

<n) 8.3 _+0.3 8.8 • 9.2 _+0.4 9.6 -+0.4 
D 3.1 _+0.1 3.3 _+0.1 3.5 _+0.1 3.8 • 

8.29_+0.04 8.78_+0.03 9.21_+0.03 9.70-+0.03 
k-I-102 1.6 -+0.2 2.5 -+0.2 3.7 _+0.2 5.3 +0.1 
x2/NDF 13/18 24/20 27/22 59/26 
Nc 7.7 -+0.3 7.9 • 7.9 _+0.3 7.7 _+0.3 
~. 1.07-+0.04 1.11__+0.05 1.17-+0.05 1.253-0.05 

3-jets 

(n)  6.5 -+0.3 7.0 _+0.3 7.6 _+0.3 8.2 _+0.3 
D 3.0 +_0.1 3.2 • 3.4 • 3.7 -+0.2 
r7 6.44-+0.03 7.04_+0.03 7.68_+0.03 8.33_+0.03 
k-l .102 5.7 _+0.3 5.8 _+0.2 6.5 --0.2 7.3 -+0.2 
xZ/NDF 18/17 32/19 44/21 49/23 
~7 5.5 -+0.2 5.8 _+0.3 6.l _+0.3 6.4 3-0.3 
~,. 1.18+_0.05 1.20• 1.24-+0.05 1.29• 

4-jets 

(n)  5.8 • 6.5 _+0.3 7.2 _+0.3 7.8 _+0.3 
D 2.7 • 3.0 • 3.2 _+0.1 3.4 _+0.1 
r7 5.82_+0.03 6.53_+0.03 7.21-+0.05 7.85-+0.10 
k-l .102 4.8 _+0.3 5.4 _+0.3 6.0 -+0.4 6.7 -+0.8 
z2/NDF 35/16 32/17 12/17 5/16 
Jg,. 5.1 -+0.2 5.5 • 6.0 -+0.3 6.3 -+0.3 
a,. 1.13_+0.05 1.17_+0.05 1.20_+0.05 1.24_+0.05 

9.9 • 
4.1 -+0.2 

10.0 • 
6.4 • 

86/27 
7.6 • 
1.31• 
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Fig. 7a-c. Corrected charged particle multiplicity distributions of 
individual jets for 2-, 3- and 4-jet events multiplied by fraction, 
F(j), of the given jet-configuration (~,P(n)F(j)=I) for a 

Ymin=0.01; b Ymin=0.02 and c Ymin=0.04. The solid curves rep- 
resent fits of the data by the NBD 
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Table 7. Average multiplicity-to-dispersion ratios for the whole 
event, c~ = <n>,,/D~, and for individual jets, B = <n>i/Di, and their 
ratios y =c~/fl for 2-, 3- and 4-jet events as a function of the jet 
resolution parameter Ym~ 

Number Parameter Ymin 
of jets 0.01 0.02 0.04 

c~ 3.72_+0.15 3.71_+0.15 3.61• 
fl 2.66__+0.11 2.60_+0.11 2.50• 

1.40 i 0.08 1.43 • 0.08 1,44 • 0.08 

c~ 3.85_+0.16 3.84_+0.16 3.94_+0.16 
B 2.21_+0.09 2.23_+0.09 2.24• 
y 1.74_+0.10 1.72__0.10 1.76_+0.10 

4.17_+0.17 4.48_+0.18 4.95• 
2.18_+0.09 2.24_+0.09 2.28_+0.09 

y 1.91_+0.11 2.00_+0.11 2.17__0.13 

Table 7 shows that the data in 2-, 3- and 4-jet events 
satisfy well this relation. * We conclude that there is an 
approximate cancellation between the term in (8) con- 
taining the correlations and the term measuring the lack 
of equality between the various average jet multiplicities, 
independent of the labeling of the jets. However, in the 
case of interest the value of each term separately is not 
available, since the nature of the various jets (gluon-jet 
or quark-jet) is unknown in the present sample. 

An attempt to disentangle the quark and gluon jets in 
e + e -  annihilation has previously been made by the HRS 
collaboration [29] by selecting symmetric 3-jet events with 
all jets emitted at relative angles of about 120 degrees. 
From their sample of 276 such events they found 

+0.21 <n>g/<n>q = 1.29_ 0.41 +- 0.20. 

A similar analysis was performed with our symmetric 
3-jet event sample. Events with three jets were selected 
with the JADE algorithm with Ym~n=0.01. Different 
choices of Ymin give the same result within errors. A 3- 
jet event is defined to be a symmetric one if the angles 
between every pair of jet axes, projected into the event 
plane, are 120 degrees with a tolerance of i 20 degrees. 
Such events have approximately the same energy in all 
three jets. A reduction of the tolerance reflects in a re- 
duction of  the statistics, but does not change the con- 
clusion. The selected sample has 451 events. For  these 
events a fit to a NBD gives r1=7 .54 !0 .15  and 
k - ~ = (4.6 __ 1.6)- 10- 2 with x 2 / N D F  = 8.9/18. There is 
no simple way to identify the gluon jet. However, it is 
possible to test if one of the jets has a significantly larger 
multiplicity than the others, thus being a candidate for a 
gluon jet. The jets are labeled from 1 to 3 in order of 
increasing multiplicity. The ratio of the average multi- 
plicity of jet 3 to the average multiplicities of the other 
two, 2.<n)3/((n>1+(n>2), is found to be 1.68+-0.06. 
Because of  the multiplicity ordering, this ratio is biased 
and must be greater than one. To quantify the expectation 

�9 A similar conclusion was drawn by the OPAL collaboration [30] 
for events with suppressed hard gluon emission, by progressively 
selecting samples of events with smaller sphericity. For these clean 
"two-jet" events, the measured quantity (9) approaches the value 
of l ~  as the events became more collimated 

of the bias factor, three equal and independent jets were 
generated with the same NBD as found in the fit above. 
The bias factor is found to be 1.67. Thus the gluon can- 
didate jet appears to have the same multiplicity as the 
average of the other two, in agreement with the conclu- 
sions of the HRS [29] and OPAL [31] collaborations. 

This experimental finding is consistent with the ex- 
pectations of  the Lund PS and H E R W l G  [32] models 
where this ratio for symmetric 3-jet events selected by the 
JADE algorithm is predicted to be 1.64_+0.06 and 
1.65 • 0.03, respectively. If we use the completely differ- 
ent jet algorithm LUCLUS [4] we find the same result. 
The different colour charges for gluon and quarks are 
included in the Lund PS [33] and H E R W I G  [32] models, 
thus the method using symmetric 3-jet events as defined 
by the JADE algorithm seems to be insensitive to the 
colour charge factor at least up to about 30 GeV per jet. 

Moreover, in the H E R W I G  model it is possible to 
trace each final state particle to the initial parton and 
thus to determine the origin of each jet. Applying this 
procedure to the symmetric 3-jet events, without resort- 
ing to the JADE algorithm, we find that the H E R W I G  
gives <n>g/<n>q= 1.54_+_0.02 and 2<n>3/(<n>l+<n>2 ) 
= 1.91--0.03. The value of 1.54+_0.02 is substantially 
lower than the theoretical prediction (6), presumably be- 
cause the latter is obtained by comparing the parton mul- 
tiplicity produced by a virtual gg system to that produced 
by a virtual q@ one, rather than for the isolated gluon 
and quark jets as in our case, and also due to influence 
of the fragmentation and hadronization. Notice also that 
the value of 1.91 +0.03 is higher than the one obtained 
in the H E R W I G  model (as well as in the Lund PS model 
and in the data) for the symmetric jet events separated 
by the JADE algorithm. Therefore we are forced to admit 
that a conclusion about equal average multiplicities for 
gluon and quark jets in 3-jet events is not straightforward 
and, at least partly affected by the method of selecting 
jets. 

6 Summary and conclusions 

The charged particle multiplicity distributions for events 
with selected numbers of jets have been measured in e +e 
collisions at center-of-mass energies close to 91 GeV in 
the DELPHI  experiment at CERN for full phase space 
and for central rapidity intervals. The main conclusions 
are: 

1. The Lund parton shower model describes all of  the 
studied features of the multiplicity distributions very well. 
2. Negative binomial distributions can be well fitted to 
the multiplicity distributions for events with 2, 3 or 4 jets 
as well as to those of the individual jets. This result is in 
contrast to the very poor fit obtained to the unselected 
sample in [2]. 
3. The mathematical property of the NBD in terms of 
clan parameters, N c and rTc, still awaits a dynamical in- 
terpretation at the parton level. For events with fixed jet 
multiplicity, the average number of particles per clan ~. 
is rather close to unity and independent of the jet mul- 
tiplicity. 
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4. A s tudy  o f  symme t r i c  3-jet events  as de f ined  by the 
J A D E  a l g o r i t h m  d id  n o t  reveal  a d i f fe rent  a n d  larger  
average  mul t ip l i c i ty  for  the  g l u o n  c a n d i d a t e  je t  as ex- 
pec ted  f r o m  the Q C D  at  a s y m p t o t i c  energies.  However ,  
the m e t h o d  seems to be insens i t ive  to the  la rger  c o l o u r  
charge  o f  g luons  as s h o w n  by  a s imi la r  t r e a t m e n t  o f  events  
gene ra t ed  acco rd ing  to the L u n d  PS a n d  the H E R W I G  
models .  
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