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Hadronic decays of Z° bosons are studied in the Delphi detector. Global event variables and single particle inclusive distribu- 
tions are compared with QCD-based predictions. The mean charged multiplicity is found to be 20.6 +_ 1.0 (star + syst). The mean 
values of the sphericity, aplanarity, thrust, minor value, pp and p~Ut are compared with values found at lower energy e +e- 
colliders. 

1. Introduction 

This letter presents a study of  the general proper-  
ties of  charged particles produced in hadronic  decays 
of  the Z ° boson observed in the DELPHI  detector [ 1 ] 
during the first months  of  operat ion of  the new e+e - 
storage ring LEP at centre of  mass energies of  91.0-  
91.5 GeV. We compare  measured dis t r ibut ions  of  
global event shape variables and of  inclusive single 
particle variables and the energy dependence of  some 
characterist ic mean values with the expectat ions of  
four QCD-based  fragmentat ion models  computed  
using parameters  pre- tuned to lower energy data. 

2. The detector 

The measurements  of  charged particles used in this 
analysis were made in the Time Project ion Chamber  
(TPC)  in which tracks are reconstructed from up to 
16 space points at radii  r =  36.5 to 106.2 cm. The su- 
perconduct ing solenoid had been commiss ioned  dur- 
ing the pilot  run at its nominal  magnetic  field of  1.2 
T, but  the data  presented here were taken while it was 
being operated at only 0.7 T. In this reduced mag- 
netic field, the TPC space point precision is about 300 
/~m in rO and 900/~m in z (the resolution varies with 
rO and z and with the angle at which the track crosses 
the readout pad row).  The momentum resolution was 
found to be 8p/p2= +0.02  ( G e V / c )  -~. Points  on 
neighbouring tracks could be dist inguished only if  
they were separated by at least 15 m m  in r~ or z. No 
differences in t rack-f inding efficiency were observed 
between the data  and the Monte Carlo simulat ion.  

The trigger for hadronic  events that  was available 
throughout  the data- taking was based on two inde- 
pendent  sets of  scinti l lat ion counters covering polar  
angles of  40° -140  ° . The High-densi ty Project ion 
Chamber  ( H P C ) ,  which is located inside the sole- 
noid and measures electromagnetic energy with high 

granularity,  contains a scinti l lator layer behind the 
first 5 radia t ion lengths that was sensitive to electro- 
magnetic showers above about  2 GeV. The t ime-of-  
flight ( T O F )  system was sensitive to m i n i m u m  ion- 
ising particles and consists of  a single layer of  172 

scintillation counters located outside the HPC and the 
solenoid. The HPC and TOF counters were each ar- 
ranged in two groups of  four quadrants  symmetr i -  
cally on opposi te  sides of  the crossing point.  Various 

sub-triggers were formed from back-to-back and ma- 
jor i ty  coincidences between the HPC and TOF sec- 
tors. The final HPC + TOF trigger was the OR of these 
sub-triggers. 

For  part  of  the data  an addi t ional  independent  

trigger sensitive to charged particles in the polar  an- 
gle range 40 °-140 ° reaching the front of  the HPC was 
formed by a coincidence between the inner tracking 
detector  ( ID ) and the outer  tracking detector  ( O D ) .  
The ID is a cylindrical  drift  chamber  covering polar  

angles of  approximate ly  20° -160  ° at radii  of  12-28 
cm. It comprises  a je t  chamber  section providing 24 
r~ coordinates  surrounded by 5 trigger layers provid-  
ing both r~ and z coordinates.  In the OD, which cov- 
ers polar  angles of  40° -140  ° at radii  of  197-208 cm, 

5 layers of  drift  tubes provide precise r~ coordinates  
and three of  them also provide crude but fast z infor- 
mation.  The ID + OD trigger allowed the efficiency 
of  the HPC and TOF sub-triggers to be measured from 
the data  by recording the trigger pat tern event by 
event. For  hadronic  events with a sphericity axis be- 
tween 40 ° and 140 °, i.e. for the events used in this 
analysis (see below),  the efficiency of  the final 
H P C + T O F  trigger alone was found to be over 98%. 
The overall  trigger efficiency for the data  used here 
was further augmented by the ID + OD trigger and by 
other triggers that  were available for parts of  the data 
taking. 
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3. Selectioncriteria 

Only charged tracks were used in this analysis. The 
tracks were retained only if 

(a) they extrapolated back to within 5 cm of the 
beam axis in r and to within 10 cm of the nominal 
crossing point in z, 

(b) their momentum p was larger than 0.1 GeV/c, 
(c) their measured track length was above 50 cm, 
(d) their polar angle was between 25 ° and 155 °. 
Hadronic events were then selected by requiring 

that 
(a) each of the two hemispheres cos 0<0  and 

cos (9> 0 contained a total charged energy Ech= YEi 
larger than 3 GeV, where Ei are the particle energies 
(assuming the x mass), 

(b) the total charged energy seen in both hemi- 
spheres together exceeded 15 GeV, 

(c) there were at least 5 charged tracks with mo- 
menta above 0.2 GeV/c, 

(d) the polar angle (9 of the sphericity axis was in 
the range 40 ° <(9< 140 ° . 

The resulting data sample comprised 2073 events. 
The last cut ensured that the retained events were well 
contained inside the TPC. After all four cuts, events 
due to beam-gas scattering and to ?T interactions were 
reduced to below 0.1% of the sample. The largest 
background was due to z + x  - events. From the Monte 
Carlo simulation this was calculated to be 0.24% of 
the sample. 

4. The QCD calculations and fragmentation models 

QCD-based Monte Carlo event generators for LEP 
data have been reviewed in detail recently [ 2 ]. They 
consist of two parts: a perturbative phase, in which 
quarks and gluons are generated according to pertur- 
bative QCD, and a non-perturbative phase, which 
describes the transition from partons to hadrons. 
During the non-perturbative "confinement" phase, 
the QCD coupling constant becomes so large that 
perturbation theory breaks down and one must re- 
sort to phenomenological models, of which the string 
fragmentation model from the Lund group [ 3] has 
been particularly successful. In this model the had- 
rons are formed along colour flux tubes or strings 
stretched between the outgoing partons. The model 

introduces explicit correlations between the outgoing 
hadrons which are experimentally testable and have 
been found to be in excellent agreement with lower 
energy data [ 2 ]. 

As an alternative to the Lund Monte Carlo we have 
used the Marchesini-Webber Monte Carlo [4], in 
which partons are first combined into colourless clus- 
ters which then either decay isotropically, if they have 
small masses, or, if the masses are larger, are split ac- 
cording to a special cluster algorithm which is analo- 
gous to string fragmentation. In this Monte Carlo the 
perturbative phase is based on the production of 
quark pairs followed by multiple gluon emission and 
the splitting of gluons into quark or gluon pairs. For 
the evolution of such parton showers the Altarelli- 
Parisi equations are used, which are based on the 
leading approximation. After a certain minimum 
invariant mass of the partons has been reached, the 
non-perturbative phase takes over. In the Marchesini- 
Webber Monte Carlo we have used the default values 
of all free model parameters. 

In the Lund Monte Carlo the perturbative phase 
can be generated either according to parton showers, 
or according to the exact second matrix element 
(ME). The latter allows for at most four partons in 
the final state. All the higher order graphs have to 
mimicked by the parametrization of the non-pertur- 
bative phase. But the advantage is that the 3-jet cross 
section is correct, including the loop corrections, in 
contrast to most of the parton shower models based 
on the leading log approximation. For example, in the 
Lund parton shower option the 3-jet rate has been 
weighted by the first order QCD matrix element in 
order to give the correct 3-jet rate. 

The Lund Monte Carlo version Jetset 6.3 uses the 
Gutbrod-Kramer-Schierholz (GKS) matrix ele- 
ment [ 5 ]. This is known to neglect some small terms. 
Therefore we have tried in addition the Ellis-Ross- 
Terano (ERT) matrix element [ 6 ] as implemented 
by Magnussen [ 7 ] ~, which has been found to agree 
with the ERT matrix element as implemented in the 
newest Lund version Jetset 7.2. In this case we used 
an "optimized" scale in the definition of the coupling 
constant, i.e. as was evaluated with A~--~ = 120 MeV 
at ~t2=0.005Q 2. This small scale (of the order of a 
few GeV) implies a correspondingly large value of oq 

#~ We use the p scheme ofparton recombination. 
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and was opt imised  to describe jet  mult ipl ic i t ies  at 
lower energies [7 -10]  correctly. The scale of  o~s for 
the par ton shower opt ion is roughly the transverse 
momen tum of  the branching, which is also typically 
of  the order  of  a few GeV. The string f ragmentat ion 
model  parameters  we have used are those deter- 
mined by Petersen et al. [ 10 ] by tuning the model  to 
data  at a centre of  mass energy of  29 GeV. 

5. D e f i n i t i o n  of  t h e  v a r i a b l e s  

models  with the dis t r ibut ions of  single charged par- 
ticles in the inclusive variables. 

- the rapidi ty  y~ = ½1n [ ( E + p t  I ) / ( E - P t i )  ], where 
Pit refers to the momen tum component  parallel  to the 
thrust axis and the n mass is assumed. 

- the momentum-frac t ion  variable xp = 2P/v/S= 
P/Pb . . . .  

-- the momen tum components  transverse to the 
sphericity axis and in and out of  the event plane, p~r n 
and p~Ut. 

The propert ies  of  the events are analysed in terms 
of  commonly  used global event  shape variables.  One 
set of  these is 

- the sphericity S=3(QI+Q2), which lies in the 
range 0 < S <  1 and approaches 0 for thin 2-jet events 
and 1 for spherical events; 

the aplanari ty  3 - A:'~QI, which lies in the range 
0 <A < 0.5 and approaches 0 for p lanar  events; 

- the variables Q 3 -  Q2 and Q 2 -  QI; 
where Q1 + Q2 + Q3 = 1 and QI < Q2 < Q3 are the nor- 
malised ordered eigenvalues of  the momen tum ten- 
sor M~,  = Zjp,~jppj where c~ and fl refer to the x, y and 
z directions and the sum extends over all the charged 
particles in the event. The eigenvector n3 defines the 
sphericity axis and n3 and n2 define the event  plane. 
Because the m o m e n t u m  tensor uses the momenta  
quadratical ly,  these variables are part icularly sensi- 
tive to the high momen tum particles in the event. 

Alternat ives to the above variables that  use mo- 
menta  linearly, and are therefore more sensitive to 
the low momen tum particles and less sensitive to de- 

cays, are: 
- the thrust value T =  32 IPlt, I / ~  IP/I, where Pll re- 

fers to the momen tum component  along the axis for 
which the value of  Tis  maximal,  called the thrust axis; 

- the major  value M =  ~ Ipll~l/~" IPil,  a thrust-like 
parameter  where P~L refers to the momen tum compo-  
nent along the axis perpendicular  to the thrust axis 
that gives the largest value of  M, called the major  axis; 
and the similarly defined minor  value m where Pl re- 
fers to the momen tum component  along the so-called 
minor  axis which is perpendicular  both to the thrust 
axis and to the major  axis: 

- the oblateness O =  M - m ,  the difference between 
the major  and minor  values. 

We have also compared  the predict ions of  the 

6 .  C o r r e c t i o n s  a n d  s y s t e m a t i c  errors  

Monte Carlo s imulat ions were used to correct the 
event shape variable dis t r ibut ions and individual  
particle dis t r ibut ions  for the geometrical  acceptance 
and kinematical  cuts, the detector  resolution, accep- 
tance inefficiencies, particle interact ions in the ma- 
terial of  the detector, other detector imperfections and 
the effects of  radia ted  photons. The Lund parton-  
shower model  (Jetset 6.3 ) was used to generate 25000 
Z ° events decaying to pairs of  u, d, c, s, b quarks. A 
correction factor C(x) for each bin in each data  plot 
was then obta ined by comparing the bin occupancy 
at the beginning of  the s imulat ion (the " t rue"  distri- 
bu t ion)  with the bin occupancy after reconstruct ion 
and selection (the "observed"  dis t r ibut ion ): 

C(x) = \ N  dxJ~ru e / \ N  d X / o b  . . . . .  d" 

The " t rue"  dis t r ibut ions were constructed from the 
final state particles of  l ifetime above 10 -9 s in events 
generated without  initial state radiat ion that  had not 
yet been t racked through the detector. The "ob-  
served" dis t r ibut ions  were constructed from the final 
state particles observed after tracking events gener- 
ated with initial  state radiat ion through the Delphi  
detector  with reduced field to produce s imulated raw 
data  which were then processed through the same re- 
construct ion and analysis programs as the real data. 

The value of  the correction factor C lies between 
0.7 and 1.3 for all the data  points  of  the global event 
shape variable dis t r ibut ions and the P~r" and p}Ut dis- 
tr ibutions,  and between 0.6 and 1.6 for all points  of  
the xp and y~ distr ibutions.  

The correction factor C was also evaluated using 
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the Marchesini-Webber parton shower model and the 
Lund GKS matrix element model. The variance of 
the C(x) values computed from the three different 
models was taken as one contribution to the system- 
atic uncertainty. Other contributions arise from pos- 
sible differences between the actual detector per- 
formance and that represented in the simulation 
program. To evaluate these, we tested the effects of a 
range of possible differences, such as additional mo- 
mentum smearing, a constant sagitta shift and a dif- 
ferent drift velocity inside the TPC, in the Monte 
Carlo simulation. We also varied our selection crite- 
ria over a wide range. These studies indicated that for 
all the data points presented below, the total system- 
atic uncertainty is less than or roughly equal to the 
errors shown. 

7. Results 

The corrected measured global event variable dis- 
tributions deduced from the charged tracks are com- 
pared with the Monte Carlo predictions in figs. 1 and 
2 and the inclusive single charged particle distribu- 
tions are shown in fig. 3. The horizontal bars indicate 
the corresponding bin width, the vertical bars show 
the statistical errors. 

Both the Lund parton shower model and the 
Marchesini-Webber parton shower model describe 
well the shapes of all the measured distributions. 
However, the measured distributions of aplanarity, 
minor value and p~U,, which are sensitive to multig- 
luon emission, are significantly better reproduced by 
the Lund parton shower model. The data are less well 
described by the other two event generators, based on 
QCD matrix elements up to second order in as, since 
they contain energy dependent model parameters 
tuned to PETRA/PEP data. The ERT matrix ele- 
ment generator with modified scale describes the tails 
of the aplanarity, minor value and p~U, distributions 
somewhat better than the GKS matrix element gen- 
erator without modified scale. 

The reason why the parton shower models can de- 
scribe the data better than the matrix element models 
over a wide energy range without retuning of param- 
eters is clear: the softening of the fragmentation func- 
tion due to the larger phase space for multiple gluon 
emission is implemented, via the Altarelli-Parisi 
evolution equations, only in the parton shower 

models. In the matrix element generators it has to be 
put in by hand. After such retuning of the fragmen- 
tation parameters [11], the agreement with all the 
data distributions becomes excellent, as shown for the 
rapidity distribution in fig. 3a. 

The fully corrected mean values obtained for the 
quadratic momentum-tensor shape variables are 
<S) =0.073_+0.004, <A) =0.0121 _+0.0014 and for 
the linear thrust-like variables < T> = 0.934_+ 0.003, 
< rn > = 0.096 _+ 0.003. The mean transverse momen- 
tum values are <p~rn)=0.434__+0.014 GeV/c, 
<p~Ut > =0.231 -+ 0.007 GeV/c. The corrections to 
these mean values include a correction for missing 
neutral particles. For this purpose, we computed the 
"true" distributions of charged and neutral particles, 
the numerator of the correction factors C(x), using 
the Lund parton shower generator. The size of the 
correction is less than 1% for <S>, <A> and <T>, 
3%for (m>,  1.3% for <p~n> and 4% for <p~Ut >. 

The measured mean multiplicity of charged parti- 
cles was obtained by integrating the rapidity distri- 
bution. After a 2-+ 1% correction for electrons from 
photon conversions before the TPC that were not ac- 
counted for in the Monte Carlo, we find <ncla)= 
20.6_+ 1.0. The corresponding Monte Carlo predic- 
tions are 21.1 for the Lund parton shower model, 21.0 
for the Marchesini-Webber parton shower model, 
18.0 for the GKS model, 18.2 for the ERT matrix ele- 
ment model with modified scale, and 21.2 for the 
matrix element model with retuned parameters [ 11 ]. 

The quoted errors of all the mean values contain 
the statistical error of the data and the systematic er- 
rors added quadratically. The results agree well with 
other results obtained at this energy [ 12,13 ]. 

The energy dependence of the mean values is shown 
in fig. 4 where the data from this experiment are plot- 
ted together with the HRS [ 14 ], TASSO [ 15 ], AMY 
[ 16 ] and Mark II [ 10,12 ] results as a function of the 
centre of mass energy. The curves represent the model 
predictions keeping, in each case, all free parameters 
constant. While the overall trends of the data are 
roughly reproduced by all models, there are impor- 
tant differences in detail. The Lund parton shower 
model gives the best description for <S>, (A) ,  < T) 
and <m).  Both matrix element models predict a 
stronger energy dependence of <A ) and < m > than is 
observed. The increase in<p~r ") with energy is smaller 
in the data than in all the models. 
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8. Summary and conclusions 

We have measured global event shape variable dis- 
tributions and single particle inclusive distributions 
of  charged particles produced in hadronic decays of  
Z ° bosons in the Delphi detector during the first 
months of  operation at LEP. The measured mean 

charged multiplicity is 20.6 _+ 1.0. We have compared 
the data with a range of  Monte Carlo predictions for 
Z°-~qcl decays of  fragmentation models based on 
perturbative QCD. The best overall agreement is ob- 
tained with the Lund parton shower model with string 
fragmentation. The Marchesini-Webber model agrees 
less well with some distributions, particularly the dis- 
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t r ibu t ions  in aplanar i ty ,  m i n o r  va lue  and  p~ut, which  

are sensi t ive  to mul t ig luon  effects. The  mode l s  using 

Q C D  mat r ix  e l emen t s  to second o rde r  in c~s ad jus ted  

to P E T R A / P E P  data  need  re tun ing  of  the mode l  pa- 

ramete rs  at LEP energies.  

We have  also eva lua ted  the m e a n  values  o f  a selec- 

t ion o f  these var iables ,  inc luding  cor rec t ions  for 

miss ing  neut ra l  particles,  and c o m p a r e d  t h e m  with  

da ta  ob ta ined  f rom o ther  exper iments ,  mos t ly  at 

lower  energies.  The  t rend  o f  the energy dependence  

o f  the m e a n  spherici ty ,  ap lanar i ty  and m i n o r  value  is 

well p red ic ted  by the L u n d  par ton  shower  model .  

However ,  the rise o f  (p~r n)  wi th  energy is obse rved  

to be smal ler  than  predic ted.  
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