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Abstract. The correlations between pi0, Az/, S - z / a n d  
A(1520)A baryons have been measured in e + e-  con- 
tinuum events and in direct T decays. The observed 
correlations exclude the production of point-like di- 
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1 Introduction 

Baryon production in e + e-  annihilation has been in- 
vestigated by several experiments, mainly running at 
center-of-mass energies around 30 GeV [-1]. These 
studies have been supplemented recently by an analy- 
sis of inclusive baryon production in a high statistics 
data sample obtained at energies in the ~" mass region, 
where production rates for most octet and decuplet 
hyperons [2] and the orbitally excited A(1520) state 
[3] were obtained. The interest in this work lies in 
the unsettled question of the mechanism for baryon 
production in fragmentation processes. 

In many fragmentation models, baryon produc- 
tion requires the somewhat ad hoc introduction of 
diquarks as additional partons [4]. From the diquark 
model one can expect strong correlations between 
baryon-antibaryon (BB) pairs, a prediction which can 
be tested by analysing both kinematical and flavour 
correlations between such pairs. An alternative ap- 
proach is to model baryon production via indepen- 
dently produced quarks generated by colour fluctua- 
tions in an one-dimensional colour flux-tube [5]. This 
model is usually referred to as the popcorn mecha- 
nism, since meson (M) production "between" the bar- 
yon and antibaryon (BMB configuration) is allowed, 
diminishing correlations between the baryons. 

Both models are implemented in the Lund event 
generator [6], where an adjustable parameter 
p = BMB/(BB+ BMB) allows for a continuous varia- 
tion between a pure diquark model (BB only) and 
a 100% BMB configuration. Experimentally, two ap- 
proaches can be used to distinguish the models. The 
most direct method is to search for correlations in 
the quantum numbers of baryons and antibaryons. 
Unfortunately p and A baryons*, while most easily 
accessible to experiments, are largely the decay prod- 
ucts of heavier baryon states [2], and therefore pro- 
vide only indirect information on quantum number 
correlations. The situation is somehow better for kine- 
matical correlation studies, since baryons originating 
from the decays of heavier states usually carry most 
of the mother particle's momentum due to their large 
mass. 

Correlation studies have already been published 
by several experiments [7]. In comparison with model 
predictions most of these data favour a large "pop- 
corn" contribution to baryon production. This result 
is qualitatively supported by an investigation of stran- 
geness and spin suppression in inclusive production 
of heavier hyperon states [2]. No extra strangeness 
suppression was seen for baryons compared to the 
known SU(3) breaking for mesons, and within the 

* References to  a specific s ta te  are  to  be in te rpre ted  as a lso imp ly ing  
the charge  con juga te  s ta te  

experimental errors spin and strangeness suppression 
were shown to be uncorrelated. Neither of these ob- 
servations is naturally expected in a diquark model 
but they are consistent with predictions of baryon 
production from independent quarks. In this paper 
we report further evidence for a large popcorn contri- 
bution, through studies of both kinematical correla- 
tions of p/5 pairs, and quantum number correlations 
of AA, ~ - A  and A(1520)A pairs. It turns out that 
none of the measurements alone is able to give unique 
constraints to the models, and therefore physical in- 
terpretations require in most cases a more compre- 
hensive view of different experimental results. 

2 Data analysis 

The data were collected with the ARGUS detector 
on the Y(1S), )~(2S) and Y(4S) resonances and in the 
nearby continuum with integrated luminosities of 
25.7, 29.3, 95.4 and 42.3 pb-  1, respectively. A detailed 
description of the detector, its trigger and particle 
identification capabilities can be found in [-8]. 

The data were divided into two samples in order 
to allow for separate analyses of gluon and quark 
fragmentation. For the study of low statistics i f - / /  
and A (1520)A signals the Y(4 S) was treated as contin- 
uum and the ~IS)  and ~'(2S) data were combined. 
For the higher statistic samples only Y(1 S) and con- 
tinuum data were used, in order to avoid additional 
systematic uncertainties. 

Multihadron events were selected by requiring at 
least 3 tracks from a reconstructed main vertex or 
3 tracks, not necessarily pointing to a common vertex, 
but having more than a total of 1.7 GeV energy de- 
posited in the shower counters. Charged tracks were 
selected by requiring that their momentum transverse 
to the beam direction be greater than 60 MeV/c, and 
restricting their polar angle to Icos 01 <0.92. Particles 
assumed to originate from strong interaction pro- 
cesses were required to point within 7 standard devia- 
tions of the main vertex. The identification of charged 
particles was performed by measurements of the spe- 
cific ionization loss (dE/d x) and of time-of-flight. Both 
measurements were combined into a normalized like- 
lihood ratio. A given particle hypothesis was accepted 
if the corresponding likelihood value exceeded 5%. 

A hyperons were reconstructed by a secondary 
vertex fit. The flight direction of the A candidate was 
restricted to 1cos01<0.85. Furthermore, only pro- 
combinations with a scaled m o m e n t u m  Xp=PA/Pma x 
> 0.1 were considered, since the acceptance is small 
below this value. In order to reduce combinatorial 
background to the A signal, the radial distance of 
the decay vertex, R w, from the beam line was re- 
stricted to the interval 4 cm < Rv~ < 40 cm. Converted 
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photons were rejected by a cut on the opening angle 
between the proton and pion candidate, requiring 
cos(p, re-)< 0.998. To suppress A particles from stran- 
geness-exchange reactions in the inner detector mate- 
rial, the angle between the flight direction of the A 
and the vector d, connecting the main and the second- 
ary vertex, had to satisfy cos(p, d)>0.995. This cut 
was not applied to A particles used in the search of 
~ -  hyperons, where the A does not originate from 
the main vertex. 

3 T r a n s v e r s e  m o m e n t u m  c o r r e l a t i o n s  

Kinematical correlations between hadrons occur nat- 
urally due to the conservation of energy and momen- 
tum in an event. In the phenomenology of semi-classi- 
cal string models transverse momenta of hadrons with 
respect to the string axis are compensated locally and 
are therefore especially suited for correlation studies. 
Longitudinal momenta, in contrast, are only globally 
conserved in the event and also depend strongly on 
the choice and parametrization of fragmentation 
functions [6]. Studies of the correlation between the 
transverse momenta Pt of baryons and antibaryons 
are a sensitive test of the baryon production mecha- 
nism, since in a diquark model strong correlations 
should appear, whereas in the popcorn model trans- 
verse momenta can be compensated alternatively by 
mesons, leading to a weaker correlation in Pt between 
the baryon/antibaryon pair. 

For our analysis, p/5 pairs were selected separately 
in I('(1S) and in continuum data samples. To reduce 
the number of background combinations, the cut on 
the likelihood of particle identification was raised to 
30%. In addition proton candidates were selected in 
the momentum range 0.4-1.1 GeV/c. These restric- 
tions result in unique proton identification, with negli- 
gible background [9]. 

A good knowledge of the jet direction is required 
for this approach, and the event thrust axis t was 
used for this purpose. The correlation between the 

reconstructed thrust axis and the jet axis j at [/s 
= 10 GeV was checked by a Monte Carlo study using 
the Lund event generator version 6.2 [6]. For events 
containing more than 2 jets or radiative photons, we 
defined the jet axis as the direction of the most ener- 
getic parton in the event. A correlation coefficient 
c~=([t.jl) was then determined, where t and j are 
unit vectors. In the case of continuum-like events, a 
strong correlation, c~ =0.88, was obtained, while the 
3-gluon topology of direct Fdecays gave a somewhat 
weaker correlation of c~ = 0.72. Therefore in both cases 
a sizable correlation between t and j exists in compari- 
son with the value e=0.5 resulting from random ori- 
entation. 

To study the kinematic correlations of p/5 pairs, 
we calculate the angle, q~t, between the p and p flight 
direction, Pt, in the plane perpendicular to the thrust 
axis (event plane): 

~bt=arccos (Pt(P)'Pt(P) 

In this variable one would expect Pt anti-correlations 
to appear as an enhancement at q~= 180 ~ It should 
be emphazised that the angle ~bt is a variable that 
is to large extent independent of the fragmentation 
function and the average hadron Pt chosen in the had- 
ronization model. For a more detailed analysis, we 
also divided the selected pp pairs into two samples, 
depending on whether both tracks were found in the 
same or in opposite hemispheres as defined by the 
event plane, i.e. 

p/5 in same hemisphere: p II (P)" P II (/5) > 0 

p/~ in opposite hemispheres: p II (P)" P II (fi) < 0 

where p II is the projection of the particle momentum 
vector onto the thrust axis. 

With the selection criteria described above, we 
find in the continuum (Y(1S)) data a total of 995 
(5154) p/5 pairs in the same hemisphere, and 961 (5147) 
pairs in opposite hemispheres, respectively. A Monte 
Carlo analysis shows that the probability of finding 
pairs in the same or in opposite hemispheres depends 
strongly on the choice of values for the parameters 
in the fragmentation function. Therefore, the appear- 
ance of pairs in opposite hemispheres, at center-of- 
mass energies considered here, is not a clear indicator 
for a non-local baryon production mechanism. 

For further analysis we subtracted continuum and 
vacuum polarization contributions from the Y(1S) 
data using the method described in [10]. The remain- 
ing contribution of dominantly 3-gluon decays we 
refer to as "direct" decays of Y(1 S). 

In Fig. 1 a and b the distribution of the angle q~t 
is shown for pairs from continuum events and r(1 S) 
direct decays respectively, where the p and i5 are con- 
tained in the same hemisphere. The model predictions 
for the parameter p shown in Figs. 1 and 3 were ob- 
tained using the Lurid event generator (version 6.2) 
for both the qq and ggg topologies. The differential 
shape agrees best with the prediction with p=  1, 
which shows the weakest anti-correlation. In order 
to obtain a more quantitative result, a Monte Carlo 
simulation was performed for p varying between 0 
and 1 in steps of 0.1. For each value, a likelihood 
was calculated from the Z 2 deviations in each bin 
of the corresponding q~t distribution. A continuous 
likelihood function was obtained by cubic interpola- 
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Fig. l a ,  b. ~b, distribution of p/5 pairs in the same hemisphere a 
for continuum events and b for direct Y decays. The histograms 
show the Lund model predictions for p = 0 (dashed), p = 0.5 (dotted) 
and p - 1 (full line) 

tion. By integration of the likelihood function, we der- 
ive a lower limit on the parameter  p of 0.85 for contin- 
uum data and 0.79 in case of ~'(1S) data, both at 
the 90% CL. 

In order to determine whether the observed en- 
hancement  at q6~= 180 ~ is indeed due to local trans- 
verse momen tum  compensat ion between baryons and 
antibaryons, the Ct distribution of such pairs was 
compared  to a reference distribution derived from all 
oppositely charged tracks. As demonstra ted for con- 
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Fig. 2. q5 t distribution of pp pairs in the same hemisphere compared 
with a reference distribution from unlike-sign pairs, both from con- 
tinuum data 
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Fig. 3. q~t distribution ofpff pairs in opposite hemispheres for contin- 
uum events. The histograms show the Lurid model predictions for 
p = 0  (dashed), p =0.5 (dotted) and p = 1 (full line) 

t inuum data in Fig. 2, the ~b t distribution of the refer- 
ence sample shows no significant deviations from that  
observed for Pig pairs. This correspondence indicates 
a non-local compensat ion of the baryon/ant ibaryon 
p/s, since combinations of arbitrarily charged pairs 
exhibit [11] only a global transverse momen tum com- 
pensation. 



The Monte Carlo analysis shows that the increase 
of the r distribution is dominantly caused by a kine- 
matical bias, since the thrust axis tends to be recon- 
structed at the connecting line between two tracks 
in the same hemisphere, especially for jets with low 
multiplicity. The bias from the thrust axis is much 
smaller for pairs from opposite hemispheres (Fig. 3), 
for which the q~t distribution is almost flat. Also the 
latter distribution shows deviations from the predic- 
tions of a pure diquark model and again favours 
values close to p = 1, but the lower limits on p derived 
from Fig. 3 are not as restrictive as those from Fig. 1, 
since the dependence on the model parameter is 
weaker in this case. 

In conclusion, our data are fully consistent with 
the predictions of the popcorn model with p close 
to 1. However, the popcorn mechanism is not the 
only possible explanation for the observed minimal 
transverse momentum correlation, since one could 
also obtain similar results from a pure diquark model 
by relaxing local Pt compensation within a string. Al- 
though a study of Pt correlations alone cannot unique- 
ly distinguish between the diquark and popcorn mod- 
els, a pure diquark model in combination with a local 
compensation of transverse momentum is excluded 
by the data. 

4 F l a v o u r  c o r r e l a t i o n s  

Flavour correlations offer an independent check of 
the baryon production mechanism. In a pure diquark 
model one expects the primary baryon and antibar- 
yon to have two quark flavours in common, while 
in a popcorn model with p = 1 they would share only 
one. As noted earlier, flavour correlations cannot be 
studied directly, since experimentally accessible bar- 
yon states, such as p and A, are mostly decay prod- 
ucts. However, it appears, for example, that the AA 
rate in the Lund model is sensitive to the popcorn 
parameter p defined in the last section. 

4.1 A A  correlations 

A/I pairs were selected both from ~1S)  decays and 
from the continuum data using the criteria described 
in Sect. 2. A scatter plot of the prr-  versus the/57r + 
invariant mass is shown in Fig. 4a and b for the Y(1 S) 
and the continuum data respectively. At the crossing 
of the A and A mass bands, a clear signal is observed 
in both samples. 

The mass region for the A signal was defined as 
1.105 to 1.125 GeV/c 2, while sidebands were selected 
from the intervals 1.095 to 1.105 and 1.125 to 
1.135 GeV/c 2 for background determination. After si- 
deband subtraction, a sample of 369 + 21 (68 _+ 9) AA 
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Fig. 4a, b. Invariant mass distributions of p~- vs. /~+ combina- 
tions with xv>0.1 a for Y(1 S) data, b continuum data 

pairs for the ~1 S) (continuum) data remains. Correct- 
ing for efficiency losses, and subtracting the contin- 
uum and vacuum polarization contributions from the 
Y(1 S) data, one obtains the following rates per event: 

naA()~ir) =(3.74+0.28 _+0.42) x 10 -2 

nz~ (cont.)=(1.41 _+0.21 --+0.26) x 10 -2. 
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The extrapolation to momenta below xp=0.1 was 
performed using the measured A spectrum from [2], 
assuming the A and A momenta to be uncorrelated. 

Dividing the measured production rates of AA 
pairs in direct Y(1S) decays by that for continuum 
events, one obtains an enhancement factor of: 

raz i = (2.65 _+ 0.44_+ 0.57). 

This is in good agreement with the corresponding 
ratio for single A production [2]: r a=(2 .48_0 .09  
+0.12). Again the enhancement factor is larger than 
the Lund model prediction of rAa = 1.6. 

Since the absolute production rates depend on 
several physical quantities, we define the ratio of pro- 
duction rates 

2 = 2 .  naa 
n a -t- n~i 

reflecting the probability in a multihadron event that 
a A hyperon is accompanied by a A, provided the 
fraction of events containing two A's is negligible 
[10]. Thus, the parameter 2 is a measure of how often 
strangeness is compensated by the antibaryon. Taking 
our measured A rate from [2], we obtain the values: 

2 =0.328 -t-0.025 _+0.023 

for direct Y(1 S) decays and 

2 = 0.306___ 0.044 + 0.021 

for continuum data. Hence, strangeness correlation 
is seen to be of similar size in quark and gluon frag- 
mentation. 

These results can be compared with the expecta- 
tion for two extreme cases. If A and A hyperons were 
always produced as a pair, 2 should be equal to 1, 
while in case of uncorrelated production this parame- 
ter can be expected to equal the ratio of the A rate 
to the total baryon rate. Assuming the latter to equal 
twice the proton rate, 2 should be of order 0.2 [2, 12]. 
Therefore, our result favours a minimal correlation 
between the A and A. 

In the framework of the Lund model, the quantity 
2 is sensitive to the strangeness suppression for di- 
quarks 6 = (us/ud)/(s/u) and the popcorn parameter  
p. A weak strangeness correlation, such as observed 
in the data, can be caused either by a strong suppres- 
sion of strange diquarks, a large popcorn contribu- 
tion, or some combination of both. Therefore, data 
on inclusive production needs to be included in order 
to perform a decisive test of the specific hadronization 
model. Since our measurements from [2] are in good 
agreement with no extra strange diquark suppression, 
we use a value of 6 = 1 in a simulation using the Lund 
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Fig. 5. Variation of the quantity 2 = 2. 

popcorn parameter p as predicted by the Lund model. The dashed 
line shows the 90% confidence limit for p derived from the data 

model to obtain an estimate for the popcorn parame- 
ter p. Figure 5 shows the model prediction for 2 as 
a function of p, together with the 90% CL limit ob- 
tained from the s S) data. F rom this plot one derives 
at the 90% CL a lower limit of p > 0.73. The contin- 
uum data yield a similar result, but the limit is less 
restrictive due to statistics and the unknown branch- 
ing ratio for Ac into A hyperons. 

To check whether the observed correlations can 
be simulated in a pure diquark model, the strange 
diquark suppression 6 was varied while p was fixed 
to 0. The analysis was performed for 3-gluon decays 
in order to be independent of additional parameters 
such as Ac branching ratios. Here it was assumed 
that charm production in 3-gluon decays is negligible. 
A correlation 2 of around 30%, as favoured by the 
data, was obtained with a suppression of strange di- 
quarks of 6g0.2.  However, this leads, for example, 
to a ~- /A  ratio as low as 0.05, in contradiction to 
our measurement [2] of 0.09 -t- 0.01. Therefore, a pure 
diquark model is unable to reproduce both flavour 
correlations and production rates. 

4.2 ~ - A  production rates 

More direct information on flavour correlations can 
be derived from measurements of the rate of ~ - z /  
pairs, since the ~ -  is less likely to be the decay prod- 
uct of heavier states. In the point-like diquark model 
the correlation between the N-  and _3 hyperon should 
be high since the strangeness s = - 2  of the Z -  has 
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Fig. 6a,  b. Invariant  mass  distr ibutions of A n -  combinat ions  with 
xp > 0.15 a for lr(1 S) data, b for con t inuum data, where in addition 
a A candidate has  been found in the event 

to be compensated by an antihyperon, which subse- 
quently decays with high probabil i ty into a A. 

Z -  candidates were reconstructed by combining 
A candidates in the mass range 1.105 to 1.125 GeV/c 2 
with a n - .  The scaled m om en t um  of this combination 
was required to exceed xp>0.15. In Fig. 6a  and b 
we have shown the invariant mass distribution of 
A n -  combinations where, in addition, a A candidate 
was found in the event. The ~ -  signals were extracted 
by a fit with a gaussian plus a square-root threshold 
factor times a polynomial  for the background. For  

the F data, the mass and width of the E -  were free 
parameters,  while for the continuum sample the width 
was fixed to the value of 3.6_+ 0.9 MeV/c 2 obtained 
from the fit to the Fda ta .  In total, 64+13  (16_+5) 
N-  were found in the F (continuum) data. After ac- 
ceptance correction, the measured rates per event are: 

nz-a(~ir)  = (4.75 + 1.79 _+ 0.69) x 10- 3 

ng_ a (cont.) = (2.18 _+ 0.60 _+ 0.31) x 10- 3. 

The observed ~ -  and A spectra were used to extrapo- 
late to the full momen tum range, assuming the mo- 
menta of both particles to be uncorrelated. 

Normalizing the production rates to the total N-  
rate from [2], one obtains: 

ng a (yair)=0.46_+0.17__0.05, 
/ ' lg- 

ng-~ (cont.) = 0.65 -+ 0.18 + 0.06 
n S - 

where both measurements are in agreement within 
errors. Combining these one obtains an average value 
of: 

ns -a  =0.55___0.13. 

This result can be compared with the predictions 
of the Lurid model, which for the allowed range of 
p falls in the interval 0.44 < ng-~/ng- < 0.67. The mea- 
surement lies within the predicted range, but the error 
is too large to allow discrimination between the differ- 
ent models. 

5 Compensation of  angular momentum 

Studies of correlations between A(1520) and A bar- 
yons offer a chance to test whether the orbital angular 
momentum of hadrons is compensated by a corre- 
sponding L = 1 antibaryon. In the case where the bar- 
yon angular momen tum is compensated by an orbi- 
tally excited antibaryon, one expects that the proba-  
bility for producing a A in the decay chain is less 
than for AA pairs. This follows because excited hyper- 
on states are often above threshold for N K  or Zn 
production. Alternative possibilities for angular mo-  
mentum compensation are hadron spins, tensor me- 
sons or nonzero orbital angular momenta  between 
hadrons. If angular momen tum is compensated in a 
way where the accompanying ant ibaryon is an octet 
or decuplet ground state, one expects AA and 
A (1520)A correlations of comparable  size. Therefore, 
a correlation measurement  could provide an answer 
to how angular momenta  are generated in hadroniza- 
tion processes. 
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F i g .  7 a ,  b. I n v a r i a n t  m a s s  d i s t r i b u t i o n s  o f  pK- c o m b i n a t i o n s  in  

t h e  m o m e n t u m  i n t e r v a l  0.1 < xp < 0.4  a fo r  ~ 1 S) d a t a ,  b f o r  c o n t i n -  

u u m  d a t a ,  w h e r e  in  a d d i t i o n  a A c a n d i d a t e  h a s  b e e n  f o u n d  in  t h e  

e v e n t  

A(1520) candidates were selected from pK- com- 
binations with scaled m o m e n t u m  in the range 0.1 
< x p < 0 . 4 .  For  the identification of the pro ton  and 
kaon candidates, the cut on the likelihood of the com- 
bined dE/dx and time-of-flight measurements  was ra- 
ised to 30% in order to reduce the combinatorial  
background and contributions from reflections [3]. 
The required additional A candidate in the event was 
selected with the same criteria as described in 
Sect. 4.1. 

The A(1520) signal was extracted from the invar- 
iant pK- mass distribution shown in Fig. 7a  and b 
by a fit of a relativistic L = 2 Breit-Wigner function 
plus a polynomial  background with a square-root 
threshold behaviour. The width of the signal was fixed 
to the table value of 15.6 MeV/c 2 [,13], while the 
fitted mass values 1517.5MeV/c 2 (Y data) and 
1515.7 MeV/c 2 (continuum data) were obtained. In 
total, the signals contained 40_+ 14 entries in the l" 
data sample and 15 + 7 entries in the continuum, for 
a combined significance of 3.5 standard deviations. 

After acceptance correction [,10] and normalizing 
the result to the observed A(1520) rate in the region 
0 . 1 < x p < 0 . 4  [-3], one obtains as a measure of 
A (1520) A correlations the ratios: 

hA(1520)4 ( ~ i r )  = 0.37 _+ 0.17, 
h A ( 1 5 2 0 )  

na(152~ (cont.) =0.39 -t-0.17. 
h A ( 1 5 2 0 )  

Combining r a n d  cont inuum data an average for the 
ratio is found to be: 

nA(1520)zi =0.38+_0.12. 
F / a ( 1 5 2 0 )  

This result is comparable  to the observed Az/correla-  
tion and hence indicates that  orbital angular momen-  
tum is not dominantly compensated by other excited 
baryon states. However  the statistical error of the 
measurement  is large and no model prediction is 
available for a quantitative comparison.  

To determine the A (1520)/1 product ion rates over 
the full momen tum range, the data were extrapolated 
using the spectra from [-3]. F rom this one obtains 
as absolute A (1520).,/rates per event: 

na(ls2owi()~ir)= (4.3 ___ 2.1) x 10 -3, 

nA(152o)a(cont.) = (3.1 _ 1.5) x 10 -3. 

6 Conclusions 

Studies of baryon-ant ibaryon correlations were made 
with a high statistics data  sample using direct Ic de- 
cays and cont inuum data. While none of the results 
presented in Sect. 4.1 to 4.3 alone can distinguish be- 
tween the different baryon product ion mechanisms, 
the combined view strongly favours the popcorn  over 
the diquark model. No  at tempt  has been made to 
compare  these results with the predictions of cluster 
hadronizat ion models. However,  pure two-body de- 
cays of clusters seem to be excluded since these are 
expected to give results similar to the diquark model. 
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