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Abstract.  Charged hadron production in e+e - annihi- 
lation is studied in the 7 to 10 GeV CM energy region 
and at the ]c (9.46) and Y' (10.01) resonances with the 
LENA detector at DORIS. The statistical moments of 
the charged multiplicities are studied. The data show 
KNO scaling behaviour and suggest the presence of 
long range correlations. An average charged multi- 
plicity rise ofA n()~) = 0.55 __ 0.19 and A n(]c') = 1.26 _+ 0.29 
over the continuum is observed for the 1 ~ and )~' direct 
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decays. The jet structure of the ~F and F' direct decays 
is investigated using the charged particles. The polar 
angular distributions of the jet axis behave like 
l+~(T)cos20  with (~(T))r=0.7+_0.3 and (~(T))r, 
=0.6___0.4. The (e(T))r  value is in agreement with the 
QCD vector gluon assignment and excludes scalar 
gluons by more than four standard deviations. 

I. Introduction 

The study of hadron production in e + e- annihilation 
in the F (9.46) region has proven to be a useful tool in 
the understanding of the decay mechanism of bound 
quark-antiquark (q~) states. In particular the com-  
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Table 1. The number of events and the corresponding luminosi- 
ties for the different energy intervals. For the continuum the 
weighted average CM energy (l/s) is also given 

[/s Number of observed events Luminosities 
(MeV) (nb 1) 

7,350- 7.490 524 176 
<VT> = 7,448.8 

8,@9 - 9,142 1152 459 
(l/s> = 8,861 7 

9,150- 9,410 1226 541 
(~-)  =9,275.6 

~oft 916 356 
(I/7) =9,514.9 

~'o'~ 1075 424 
(l/s) = 9,990.3 

Yo. 5223 586 
9,462.4 

Yon 2814 632 
10,014.8 

parison between the )" resonance decay data and those 
of the nearby continuum has shown that many features 
are consistent with the lowest order QCD 3 gluon 
process [1-4]. So far very little information has been 
reported on the )" (10.01) decay into hadrons [-3, 5]. 
The )" is expected to decay into hadrons via the 
3 gluon process and also through intermediate states 
containing bound bb systems. Some of these systems 
decay into 3 gluons, among them the Y resonance, and 
some into 2 gluons. Thus, )" and Y' data taken in the 
same experiment afford the possibility to compare 
their decay properties. 

Here we present results on the multiplicity and jet 
structure of the charged hadrons from a large statistics 
e § e-  annihilation experiment performed in the )" and 
)" energy region. In Sect. II we describe the experimen- 
tal data selection and the analysis methods. The 
charged multiplicities are studied in Sect. III and com- 
pared to those reported for pp and ~p collisions. The 
geometrical jet structure of the Y and Y' hadronic 
decays is investigated in Sect. IV. These data are also 
compared with continuum data. 

If. Experimental Procedure 

The data were taken in the CM energy range of 
7-10 GeV including the )" and )" resonances using the 
non-magnetic LENA detector at DORIS. This de- 
tector is described in details elsewhere [-4, 6, 7]. The 
charged particles were detected by three cylindrical 
double drift chambers giving the track direction and 
covering 86% of 47z solid angle. Two scintillation 

hodoscopes were used in the trigger as well as energy 
information obtained from NaI and lead-glass blocks 
(178 in total). 

All the candidates for hadronic events were scan- 
ned by physicists to remove background events such as 
beam gas interactions, Bhabha scattering and cosmic 
rays. In the present analysis we have restricted our- 
selves to events having at least three charged particles 
identified as hadrons. For the multiplicity study we use 
the data taken in the continuum at 7.4-10 GeV, while 
for the jet analysis we confine ourselves to the data on 
the Y and Y' resonances and at their nearby energies. 
The continuum data were divided into five CM energy 
intervals as specified in Table 1. This table also gives 
the average CM energy for each interval, the number 
of events, and the corresponding accumulated 
luminosities. 

In order to study the properties of the )" and Y' 
decay we must first subtract the contribution 
of the continuum O'hoff. Furthermore we also 
subtract the vacuum polarisation (decay via a virtual 
photon) contribution avhp which has the same be- 
haviour as the continuum. In the )'case this leaves us 
with the so called direct hadronic decay channel 
mediated by the 3-gluon QCD mechanism. This sub- 
traction method when applied to the Y' data, does not 
isolate the 3 gluon contribution since the )" has 
additional decay channels. These additional channels 
will end in final states containing also bb bound 
systems some of which (in particular the )') decay into 
3 gluons and some into 2 gluons. Here we will study 
the )" decay using the same subtraction procedure 
applied to the Y In as much as the 2-gluon F' decay 
channels are important, deviations between the )" and 
)' decay may be detected. In what follows we will refer 
both to the )" and )" substraeted samples as the direct 
decay data keeping in mind, however, that 2 gluon 
decay contributions may also be present in the F' 
sample. 

The direct decay cross sections are calculated using 
the expression 

_ h h h 
O'di  r - -  O'on - -  O'of  f - -  G y p  

_ _  h h h h 
- -  (Ton - -  O'of f - -  (O-on - -  O ' o f f )  

�9 R 'Bu, ' (1  - 3B~u)- 1, 

where R -  ~h /,~,, --voff /Uof f was taken to be (3.7_+ 0.4). 
The subscripts indicate the observed cross section 

on and offthe resonance for hadron production (h). To 
calculate ad~ r we use our measured value of the mu-pair 
branching ratio B,~()') = (3.5 + 1.4) % I-4]. In the case of 
the Y', only an upper limit of 3.8% has been de- 
termined for Bu, [6]. We used Bu, ()")-- 1.7 % which is 
consistent with theoretical predictions [8] and with the 
deduced value of [9]. 
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Table 2. The observed average charged multlplicmes and the unfolded statmtical moments for various 
CM energy regions. The errors are stat~sncal only. Our estimated systematic error is about 10% 

Energy region Observed Unfolded moments 
(GeV) average 

<n> <n> D f~ D/<n> 

~7.4 5.59_+0.09 6.27+_0.13 2.39• - 1.71 +_0.13  0.38+--0.01 
8.9 6.04 _+ 0.07 7.08 • 0.11 2.55 • 0.09 - 1.92 _+ 0.13 0.36 • 0.01 

~9.3 6.13 • 7.28_+0 11 2 64_+0.09 --1.90_+0.13 0.36-+0.0I 
Yoff 6.32-+0.08 7.57-+015 280_+0.11 -1.83-+0.19 037_+0.02 
?(~ff 6.42_+0.08 7.6 _+0 . 12  2.60_+008 -1 .70+0.14  0.34_+0.01 

~,r 720_+0.10 ~.12_+0.1 l 2.90_+0.08 -1.96_+0.16 0.36_+002 
F~ 7.47_+0 18 8.93_+026 3 18_+0.15 -1.94_+0,67 0.36_+002 

Since the main subtraction is due to the continuum 
contribution, the direct samples are almost insensitive 
to the value of Bu, used. 

III. Charged Multiplicity 

Since the acceptance for charged particles in our 
detector is less than 100 % (the geometrical acceptance 
is 86% of 4~) we observe events with both even and 
odd numbers of charged prongs whereas clearly only 
an even number can be produced. The true charged 
multiplicity distribution can be deduced from the data 
knowing the acceptance properties of the detector. 
Denoting by Fn the true number of events with n (even) 
outgoing charged particles, the observed distribution 
fm is given by [10] 

fm= ~ Pm,F, . 
n 

Here m = 0, 1, 2 ... is the observed number of charged 
tracks. The matrix element Pro, represents the proba- 
bility that a produced n prong event will be observed 
with m charged particles. Note that m can be larger 
than n due to photon conversion in the beam pipe. 
Since m can have even and odd values, one has more 
equations than unknowns. We therefore solve the 
equations using the least square method where the Pro, 
are determined from Monte Carlo calculations. 

To determine Pro, for the continuum data, Monte 
Carlo events were generated according to the 2 jet q~ 
model of Field and Feynman [11] with the inclusion of 
the charmed quark. For the Ic and F direct decay we 
used a 3 gluon QCD decay matrix element [12] and 
assumed that gluons fragment like quarks. In this way 
two sets of Pro, probabilities were calculated, one for 
the continuum and one for the direct decays. In this 
calculation we took into account our various detection 
efficiencies, the deficiencies of the pattern recognition 
program and photon conversions in the beam pipe. It 
should be noted that the Pro,, probabilities do not 

depend on the charged multiplicity distribution as- 
sumed in Monte Carlo programs. The Pmn do depend 
somewhat however on the assumed Monte Carlo ratio 
of neutral to charged particles at each multiplicity. 
This ratio determines the number of photons produced 
which then have a 5 % probability to convert in the 
beam pipe. Since this neutral to charged ratio is 
experimentally not well known, we have taken the 
values as obtained from the Field and Feynman 
fragmentation functions. 

Fitting our observed multiplicity distributions for 
m > 3, we obtain the true (unfolded) distribution. The 
contribution of 0 and 2 prongs to the unfolded distri- 
butions were estimated by assuming that their relative 
fractions are the same as in the generated Monte Carlo 
events. Table2 shows some statistical moments de- 
rived from the unfolded distributions, namely, the 
average charged multiplicity <n>, its dispersion 

D=V<n2>-<n> 2 and its Mueller moment [13] 
f2- = <n_ (n_ - 1 ) > -  (n_ >2 where n_ = n/2. The errors 
given in this table are statistical only. For comparison 
we also present the averages of the observed distri- 
butions which are significantly different from the un- 
folded ones. We note that the s dependence of (n> 
in the continuum increases faster than 
<n>=2.1+0.851ns (see Fig. l) which describes the 
e§ - data below 7GeV [14]. A better agreement is 
obtained with the QCD prediction [15] 

(n>=a+bexp[c(ln(s/A2))ln], A=0.5 GeV 

using the parameters a=2.38_+0.09, b=0.04+0.01 
and c --1.92 _+ 0.07, obtained from a fit [16] including 

high energy ( ~ - >  9 GeV) data. In the 9 GeV region, 
our data points*, as well as those obtained from other 
experiments, lie somewhat higher than the QCD pre- 
diction (Fig. 1). 

For the Y and /r, we obtain higher average multi- 
plicity and dispersion values than at their nearby con- 

* The decays K ~  - are not excluded 
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tinuum. The multiplicity of the Y direct decay of 
(n)  = 8.12 _+0.11 is consistent with previously reported 
values [,1-3]. This average is within the range of values 
predicted by QCD calculations [17, 18]. It is worth- 
while to note that the unfolded multiplicity of the Y' is 
higher by 0.81 +0.28 than that of the Y. This difference 
can be accounted for by the 1~' chain decays such as 
~"~zc + re- 1~ discussed elsewhere [9]. 

As in hadron-hadron interactions we observe a 
linear dependence [19] between D and (n).  This is 
illustrated in Fig. 2a which presents our results togeth- 
er with those obtained with the PLUTO detector [16]. 
A fit to this distribution with D = A(n)+ B yields the 
values A=0.33-+0.03 and B=0.23__0.23. For large s, 
D/(n) approaches the value A which is nearly equal to 
the D/(n) ratios found in ~p annihilation [21]. In 
Table 2 we also present our D/(n) values at different 
CM energies; these can be compared with the dual 
unitarization model [22, 23]. This model relates D/(n) 
for e§ - annihilation with pp interactions through 
[23] 

D(s) ] D(s-) 

where 1 ~ = 0 . 2  ~S-. In our energy range this model 
predicts a value of D/<n)=0.75 which obviously is 
higher by a factor ~ 2 than our experimental values. 

The D/(n) ratio has recently also been studied in 
terms of the QCD model considering single quark and 
gluon jets [15], To compare our data at the continuum 
with this approach, we assume that the two produced 
quarks fragment independently. In this way the QCD 
predicted ratio [15] is D/(n) = 0.61 which is still higher 
than our continuum data. 

In Fig. 2b we present the f f  moments as a function 
of (n).  These f 2  have a negative sign similar to ~p 
annihilation whereas in other hadron reactions they 
have a positive value for @ ) > 4  [20]. The s de- 
pendence of f2- is sensitive to the presence of long 
range correlations [24], a feature which is also ex- 
pected by QCD [15]. The s range of our data is 
however too narrow to study the detailed energy 
dependence of f f .  We thus plot our data in the so 
called KNO form [-25], namely (n)P, versus n/(n) 
(Fig. 3). Here P, is the probability to observe an n 
prong event. The KNO scaling hypothesis states that 
all data points for a given type of reaction should be 
distributed on a universal curve independent of the 
CM energy. Figure 3 shows indeed that our data at 
various s values lie essentially on the same curve, 
nearly identical to the ~p annihilation data. This fact 
has been noted previously [16]*. An equivalent form 

* Within errors this is also true for Y decays 
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of the KNO scaling hypothesis is the requirement that 
the reduced moments cq = ~glq)/~n) q are independent 
ors [24]. This leads to f proportional to @)2. The fact 
that ( n )  varies as fast as ins [16] means that f2- varies 
at least as (ln s) 2 which implies the presence of a long 
range correlation between the produced particles 
[15, 24]. 

I V .  H a d r o n  J e t  A n a l y s i s  

In contrast to the continuum, the Y direct decay is 
expected to be mediated by three gluons. The outgoing 
hadrons should then emerge in three jets. However due 
to the relatively low CM energy, these three jets are in 
general not resolvable. Nevertheless the space con- 
figuration of the direct decay events should be different 
from the 2jet structure which describes the continuum 
at similar energies. This difference has been studied in 
earlier limited statistics experiments [1-3]. The jet 
structurc of the F' is somewhat more complex due to 
the presence of several additional decay modes as 
mentioned above. The F' decay into 3 gluons and the 
decay chain Y'-*nn~ F-*3g will have the same be- 
haviour as that of the F since their mass values are 
close. Furthermore one of the P states (13P1) of the F' 
radiative decay has a 3-jet like decay mode. The 
2gluon decay channels should be similar to the 2jet 
structure of the continuum. 

The gross features of the angular structure of the 
continuum and the resonance direct decays is shown in 
Fig. 4. In this figure we present the distributions of 
cos6 where 6 is the opening angle between pairs of 
charged tracks. The continuum data are enhanced near 
cos 6-- _ 1. These distributions are well described by 
the 2-jet qT/Monte Carlo calculations. The F and F' 
direct decay distributions in cos 6 are appreciably less 
enhanced than the continuum. The distributions for 
the Y and F' are essentially identical and are well 
described by the 3 gluon Monte Carlo prediction. 

For  a quantitative measure of the jet structure we 
use a thrust-like quantity since the momenta of the 
charged particles are not measured in our experiment. 
To this end we define 

N 
Y~ IcosOil 

T' = max 
N ' 

where O, are the polar angles of the charged tracks 
with respect to the axis which maximizes ~,lcosOil. 
Here N is the number of charged tracks in a given 
event. The quantity T' thus defined is strongly cor- 
related to the normal thrust variable Tou which utilizes 
the momenta of the charged particles. This correlation 
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Fig. 5. The scatter plot of T' versus the real thrust Toh for 3-gluon 
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is shown in Fig. 5 which presents a scatter plot of T' 
versus Tch for 3 gluon Monte Carlo events generated at 
9.4 GeV. As seen, the points are clustered along a line 
parallel and near to the diagonal. We note however, 
that T' tends to be smaller than Tow A similar cor- 
relation is found for the q~ Monte Carlo events (not 
shown). 

Table3. The average T' for the r a n d  F' decay data and for their nearby 
continuum data 

Energy < T')  
region 

Data Monte Carlo 

)off 0.777 -I- 0.004 0.753 
~ff 0.771 _ 0.003 
)~,, 0.718 +0.005 0.701 
)~,r 0.723 _+ 0.007 

The normalized experimental T' distributions of 
the Y and r '  direct decays and the nearby continuum 
are shown in Fig. 6. These distributions are compared 
with the q~ and 3 gluon Monte Carlo events. The 
continuum data are adequately described by the two 
jet Monte Carlo prediction whereas the direct decay 
data are better described by the 3 gluon mechanism. 
Within the present statistics the F' decay spatial con- 
figuration appears not to be affected by its additional 
non 3 gluon decay modes. The average values of T' are 
given in Table 3. One notices that T' for the l r' and F 
direct decay are nearly equal and significantly lower 
than those of the continuum. 

Hadron final states in one photon e+e - annihi- 
lation are mediated by q~ production with a sub- 
sequent fragmentation into hadrons. For spin 1/2 

I dN . . . .  I '  ' ' I  J i . . . . . . . . . . . . .  _I d N l ,  , , i  . . . .  i . . . .  I . . . .  I . . . .  I 
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Fig. 6a-d. The T' distribution for the Y'off a, Y~fr b and the Y e and the 1" direct decay d data. The dashed and full lines represent the predictions 
obtained from the 2-jet q7 7 and the 3-gluon decay models, respectively 
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pointlike quarks, the distribution in the polar angle O 
of the quark with respect to the e +e-  direction is given 
by 

&r/d(cos O) ~ 1 + cos 2 0 .  

The two jets due to these quarks should follow closely 
the original quark direction which we measure by the 
thrust axis. In Fig. 7a we present the angular distri- 
bution of the thrust axis for the combined continuum 
data from 9.2 to 10 GeV. This distribution is corrected 
for our detection efficiencies. The data were fitted with 
the expression 1 + ~ cos 2 0  giving c~ = 0.7 + 0.1 (full line 
in Fig. 7a), a value lower than that expected for free 
quarks.* For  comparison we also show in this figure 
the (1 + cos 2 O) behaviour (dashed line). 

For the Y direct decay into 3 vector gluons QCD 
predicts [26] a thrust angular distribution of 

da/d(cos O) ~ 1 + c~(T) cos 2 0 .  

This ~(T) folded with the QCD predicted differential T 
distribution gives an average value of [26], 
(e (T))  =0.39. In the case of a 3 scalar gtuon decay the 
average is expected to be (c~(T))=-0 .995  [27]. Our 
experimental dN/d cos O distributions for the F and Y' 
direct decay are shown in Fig. 7b and c. The distri- 
butions were corrected for acceptance. The correction 
factors were found to be essentially independent of the 
angular distribution assumed for the Monte Carlo 
program. We note that the angular distribution ob- 
tained for the Y' data is similar to that of the ~.. Fitting 
these distributions we obtain for the Yand Y' the values 
(~(T)) r  = 0.7 4- 0.3 and (c~(T)) r, = 0.6 __ 0.4. The results 

* Note however, that due to quark-mass-effects as well as higher 
order QCD-corrections, one does expect the value of c~ to be smaller 
than 1 [28] 

of these fits are represented in Fig. 7b and c by 
continuous lines. In the same figures we also present 
the predicted distributions for vector (dashed lines) 
and scalar (dashed dotted lines) gluons. The fitted 
<c~(T))r is in agreement within 1 standard deviation 
with the QCD vector assignment to the gluon. A scalar 
assignment to the gluon is excluded by more than 
4 standard deviations. 

V. Conclusions 

In this work we have studied the multiplicity and the 
jet structure of charged hadrons produced in e+e - 
annihilation in the energy range of 7 to 10 GeV. At 
these energies the average multiplicity of the con- 

tinuum rises with energy ( ~ - )  faster than In s. Similar 
to hadron-hadron reactions we observe a linear re- 
lation between the dispersion D and the average 
charged multiplicity {n). This allows us to estimate 
D/@)=0.33+0.03 for large s which is inconsistent 
with the Dual Unitarization Model as well as with 
some QCD estimates. Our multiplicity data presented 
in the KNO form are distributed on a curve similar to 
that obtained from p~ annihilations. This scaling be- 
haviour in conjunction with the fast increase of @)  
with the CM energy supports the existence of a long 
range correlation between the produced hadrons. 

The average charged multiplicity of the Y and ~" 
direct decays is found to be higher than the nearby 
continuum value, as expected from a QCD decay 
mechanism of bound quark states. Whereas this in- 
crease is only about half a unit for the Y, it is 1.26 4-0.29 
for the Y'. This higher value for the Y' can readily be 
understood by the additional Y'~Tr+~ - Y decay mode. 
At the same time the values for D and the moment f Z  
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of the direct decays plotted against (n)  present the 
same behaviour as the continuum. 

The jet structure of our charged hadron data has 
been studied with a thrust-like quantity which utilizes 
only the direction of the particles. This quantity is 
found to be strongly correlated to the conventional 
thrust which requires also the particle momenta. The IC 
direct decay spatial configuration is appreciably dif- 
ferent from that of the continuum, and is consistent 
with QCD expections. In the case of the 1 c', the data 
are better described by the three gluon decay mecha- 
nism than by the q?/2-jet model. A deviation of these 
data from a 3 gluon decay mechanism may be accoun- 
ted for by other 1 ~' decay modes. 

Finally we have studied the angular distribution of 
the thrust axis of the continuum and the ~F and 1 ~' 
direct decay. This angular distribution for the Y' is 
found to be similar to that of the Y. The continuum 
data are consistent within 3 standard deviations with 
the qT/2-jet prediction. The 1 r thrust angular distri- 
bution is in good agreement with the QCD predictions 
and rejects scalar gluons by more than four standard 
deviations. 
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