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Topological distributions of charged and neutral hadrons from the reaction e ÷ e- ~ multihadrons are studied at x/s  of 
about 30 GeV. An excess of planar events is observed at a rate which cannot be explained by statistical fluctuations in the 
standard two-jet process. The planar events, mostly consisting of a slim jet on one side and a broader jet on the other, are 
shown actually to possess three-jet structure by demonstrating that the broader jet itself consists of two collinear jets in its 
own rest system. Detailed agreement between data and predictions is obtained if the process e+e-~ qqg is taken into account. 
This strongly suggests gluon bremsstrahlung as the origin of the planar three-jet events. By comparison of the data with the 
q~g-model we obtain a value for the strong coupling constant of ~s(q 2) = 0.17 _+ 0.04. 

I Present address: Siemens AG, Miinchen, Germany. 
2 Present address: Purdue University, Indianapolis, IN, USA. 

3 Present address: Cosmic Ray Laboratory, University of 
Tokyo, Japan. 

4 Partly supported by the Yamada Science Foundation. 

142 



Volume 91B, number 1 PHYSICS LETTERS 24 March 1980 

In a previous paper [1],  we studied the topological 
distribution of  hadrons produced in the reaction e+e - 
-+ multihadrons. The main features of  the data suggest- 
ed a dominant two-jet structure, which would be ex- 
pected from the process e+e - -+ qgl, with subsequent 
fragmentation of  the quarks into hadrons. A search 
for spherical events produced no evidence for the pro- 
duction of  massive particles. 

The perturbative QCD theory of  strong interactions 
predicts [2] a specific type of  deviation from two-jet 
structure due to the gluon bremsstrahlung process 
e+e - -+ qC:tg. Soft bremsstrahlung of  gluons at small 
angles to the quark direction will cause a broadening * 
of one of  the two jets, whereas hard bremsstrahlung at 
large angles will produce a well-defined event plane con- 
taining the quark, ant±quark and gluon, which then 
fragment into three distinct jets. Therefore, in addi- 
tion to the predominant  two-jet topology,  the data 
should contain a subset of  events with a planar con- 
figuration [3,4],  of  which a fraction should exhibit a 
distinct three-jet like structure. This letter describes 
the search for such effects and discusses the evidence for 
the planar and three-jet-like events. 

The experiment was carried out at the e+e - storage 
ring PETRA using the JADE detector. The apparatus, 
triggers and selection of multihadron events have been 
described elsewhere [5].  The results described here are 
based on the combined sample of  89 hadronic events 
obtained at x /7  = 27.7 GeV and 198 events obtained at 
x/}-= 30 GeV. The data were analysed as follows. Firstly, 
a comparison was made between the data and a two- 
jet model [6] which incorporated qq production with 
subsequent fragmentation. Secondly, a model-inde- 
pendent analysis was carried out to look for three-jet 
topology by analysing the broader of  the two primary 
jets in its own rest frame to see whether it actually 
consisted of  two jets. Finally, a comparison was made 
with a jet model [7] which included gluon brems- 
strahlung q~tg in addition to q?:l. 

The q(l model [6,8] included production of  u, d, 
and s quarks which were assumed to decay with frag- 
mentation function [6] f ( z )  ~ 1 - a + 3a(1 - z2), 

.1 Early indications for, and preliminary results on jet broad- 
ening and planar events were presented at the Geneva and 
FNAL conferences [3] .While writing this paper we learned 
that papers by the TASSO, MARK J and PLUTO Collabora- 
tions are being published on the same subject [4]. 

where a = 0.77, and production o fc  and b quarks with 
fragmentation function f (z)  = const. The transverse mo- 
mentum (q±) distribution of secondary quarks in the 
hadron-jet cascades was described [6] by do/d2q± 

exp ( -q2 /202 )where  two values of  Oq were used, a 
standard value of  250 MeV/c, with which the q?:t 
model adequately describes low energy data [9],  and 
an arbitrarily large value of  350 MeV/c, which was 
used for comparison purposes + 2 

In the qctg model [7] the u, d, s, c and b quarks 
were produced in the same way, but the u, d, s and c 
quarks were then allowed to radiate vector gluons with 
a probabil i ty given by QCD [10]. A value O~s(q 2) 
= 0.17 was used for the qqg coupling constant. The 
quark fragmentation functions were as defined above 
and the gluon fragmentation function was taken to 
be f ( z ) ~  (1 - z) 2. The events were generated accord- 
ing to these models by a Monte Carlo program in which 
hard photon radiation by the initial e -+ was taken into 
account [5].  The final state particles were then fol- 
lowed through the detector and analysed in exactly the 
same way as the real data. 

Jet characteristics were studied by determining the 

quantity thrust [11 ] T = max (Y . i lP l l i l / ]~ i  ]P/l) for each 
event. The axis along which the value of  T is maximiz- 
ed provides a good determination of  the jet  axis, and 
the magnitude of  T indicates how jet-like the event is. 
The limiting values of  T are Tmin = 0.5 (spherical) 
and Tma x = 1.0 (extreme iet). Fig. 1 shows our mea- 
sured thrust distribution compared with the predic- 
tions of  the simple q?:l model. The data show an excess 
of low thrust events compared with the qq model ex- 
pectation. The production of  a new flavour (e.g. top)  
has already been excluded as a possible origin of this 
broadening on the basis of' the total cross section mea- 
surement [5] and the absence of  spherical events [1 ] .  

A more thorough analysis can be made by studying 
the detailed event shapes. For this purpose the nor- 
malized sphericity tensor [12] was constructed and 
diagonalized for each event: 

fl ~ ~ , 
1 

#2 We did not consider q±~iistributions with arbitrary non- 
gaussian tails. The physical interpretation of such modi- 
fications, which might possibly simulate some of the ef- 
fects of gluon bremsstrahlung, is not clear to us. 
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Fig. l. The observed thrust distribution compared with qq 
(Oq = 250 MeV/c) and qqg model predictions. 

where Pio, is the a-component (a = x, y ,  z) of  the mo- 
mentum of the ith particle. The sum runs over all 
charged and neutral particles. The resulting eigenvalues 
Q1, Q2, Q3 (Q1 < Q2 < Q3 ) correspond,respectively, 
to the lengths of  the orthogonal axes (nl, n2, n3) of  
the momentum ellipsoid and they satisfy the constraint 
Q1 + Q2 + Q3 = 1. Each event is then represented by a 
point in a triangle plot as shown in fig. 2a. The two in- 
dependent variables can be chosen either as Q1 and 
(Q3 - Q2)/%/-~ °r sphericity" = ~(Q13 + Q2) and planar- 
ity = Q2 - QI" Fig. 2a shows the data and can be com- 
pared with the qq model prediction shown in fig. 2b. 
A substantial deviation from the two-jet model is 
clearly apparent: the data contain an excess of  planar 
events with small Q3 - Q2" Quantitatively, there are 
23 events in the region (Q3 - Q2)/%/~ < 0.35, Q1 
< 0.07) compared to a prediction of  6 from the qq 
model (see table 1). 

Fig. 3 shows the projection of  the Q plot onto the 
Q2 - Q1 (planarity) axis. The data show a consider- 
able excess of  events with high values of  Q2 - Q1 
(planar events) compared with the prediction of  the 
q[t model. For the region Q2 - Q1 > 0.07, we observe 
78 events, whereas 24 events would be expected on 
the basis of  the simple qC t model with Oq= 250 MeV/c. 
It can be seen from the curves in fig. 3 that an arbi- 
trary increase in aq from 250 to 350 MeV/c still doe.s 
not account for the excess of  events (see table 2). 
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Fig. 2. "Event shape" Q-plot as defined in the text. (a) High 
energy data, (b) qq model prediction with Oq = 250 MeVJc, 
(c) qqg model prediction. The planarity (Q: - Q1) axis is 
orthogonal to the sphericity axis. The dotted line indicates 
planarity = 0.07. 

In contrast to the lower energy (x/s- <[ 15 GeV) 
data [9,13], which agree well with the qr:l model predic 
tions, we see in the w/s ~ 30 GeV region broader jets and 
an excess of  planar events compared with the simple 
qq model predictions. The existence of  planar events 
strongly suggests a three-body primary process such 

Table 1 
Observed and expected numbers of events inside the cut 
(Q3 - Q2)/v~ < 0.35 and Qt < 0.07. 

Observed q~ model qqg model 
aq = 250 MeV/c 

23 6 22 
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as e+e - -+ q?:lg. Since the total  energy available (30 

GeV) is sufficient  to coll imate the three resulting jets  
to the ex ten t  that  the pr imary plane is still well de- 

fined, a significant f ract ion o f  the events should de- 

monstra te  a three-jet  s tructure.  

This picture was tested in the fol lowing way. A 

sample o f  planar events was chosen according to the 

cri terion Q2 - Q1 > 0.07 which excluded the bulk 
of  the two-jet  events.  Each of  the remaining events 

was separated by a plane normal  to the thrust  axis in to  

" s l im"  and " f a t "  je ts  by def ini t ion;  Z IPT Lslim 

< Z IPT I fat- The fat je t  was then analysed to see 
whether  it actually consisted o f  two jets. To do this, all 

m o m e n t u m  four vectors o f  the particles in the fat 

jet  were Lorentz  t ransformed into the rest frame o f  

that  jet .  I f  the f a t  je t  really consists o f  two  sub-jets, 

then the effect  o f  this t ransformat ion  will be to  bring 

the sub-jets into their  c.m. frame, where they  will ap- 
pear collinear [12] .  The direct ion ,3  and the 3,-factor 

o f  the Lorentz  t ransformat ion  were obta ined  f rom the 

invariant mass and the m o m e n t a  o f  the fat je t  system, 

which were calculated by using the measured m o m e n t a  
o f  charged and neutral  hadrons comprising the fat je t .  
The hadron masses were neglected.  

#3 The direction of the Lorentz transformation coincides with 
that of the event thrust axis typically to within 8 ° . The differ- 
ence is due to the missing momentum from photon radia- 
tion by the incident e -+ or to inaccuracy of the momentum 
measurements and is small for most of the events. 

Table 2 
Observed and expected numbers of planar events with Q2 
- Q1 > 0.07. 

Observed qq model qq model qqg 
oq = 250 MeV/c Crq = 350 MeV/c model 

78 24 36 74 

The thrust  o f  the particles in the fat je t  system 

alone, T*,  was then calculated in its rest system. As 

shown in fig. 4a the observed T * dis t r ibut ion peaks at 
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Fig. 4. The three-jet nature of the "planar" (Q2 - Q1 > 0.07) 
events. (a) The observed distribution of T* (the thrust of the 
fat jet in its rest system) for the planar events compared with 
the two-jet thrust distribution obtained by PLUTO at 
= 9.4 GeV (full-line histogram). The broken-line histogram 
shows the normalized T* distribution for all events without 
the planarity cut. (b) The observed invariant mass (M*) distribu- 
tion of the fat jet system for the planar events compared with 
the distributions expected from the q~ modelwith ~rq = 250 
MeV/c (shaded, broken-line histogram) and with Oq = 350 
MeV/c (dot-dashed histogram). The full-line histogram repre- 
sents the M* distribution predicted by the qqg model. (c) The 
same observed T * distribution as shown in (a) compared with 
the predictions of the qq and qqg models. 
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high T*, consistent with a two-jet structure. The in- 
variant mass of  the fat jet system of hadrons, after the 
planarity cut, as shown in fig. 4b. The mean value of  
the invariant mass is about 9 GeV, which is above the 
energy (x/s = 7 GeV) at which SPEAR and DORIS 
data [9] have shown that a two-jet structure, if pres- 
ent, becomes distinct. For comparison, the thrust dis- 
tribution for e+e - -+ two jets as measured by PLUTO 
[13] at w/sof  9.4 GeV is also shown in fig. 4a (full 
line histogram). The agreement between the two dis- 
tributions is good, i.e., in its own rest frame the fat jet 
has a two-jet structure with a thrust distribution simi- 
lar to that of  the two-jet events produced in e+e - colli- 
sions at x/s-equal to the average mass of  the fat jet. It 
should be emphasized that the above conclusion that 
the fat jet actually consists of  two jets, making three 
jets for the event as a whole, was reached in a com- 
pletely model-independent way. 

As a check, the same analysis was repeated without 
the planarity cut, i.e., for the dominant two-jets events. 
The resulting T* distribution is shown in fig. 4a as the 
dotted histogram normalized to the number of  planar 
events in this figure. The distribution is peaked at a low 
T* (less jet-like) and has a different shape than the T* 
distribution of  the planar events. This demonstrates that 
the dominant two-jet-events do not artificially produce 
the high T* peak observed in the planar events. This 
point was further checked by selecting "planar" 
(Q2 - Q1 > 0.07) events from events generated accord- 
ing to the q~t model with Crq = 250 MeV/c. The result- 
ing T* and M* distributions are shown in figs. 4b and 
4c as shaded histograms normalized by the total num- 
ber of  events before the planarity cut. If compared with 
the data they show substantial disagreement both in 
the number of' events and in the shape. If  the qT: t model 
is modified by an arbitrary increase of  Oq to 350 MeV/c, 
the agreement is still poor as seen in figs. 4b and 4c. 
More events pass through the planarity cut but the T* 
distribution becomes peaked at smaller values. 

In order to study the origin of  the three-jet struc- 
ture we calculated various expected distributions 
from the qqg model and compared them with the mea- 
sured thrust distribution (fig. 1), the triangle Q-plot 
(figs. 2a, b, c and table 1) and the planarity (fig. 3 and 
table 2), M* and T* distributions (fig. 4). The detailed 
agreement observed in all of  these figures and tables 
between data and q~g model predictions strongly sug- 
gests gluon bremsstrahlung as the origin of  the planar 
three-jet events. 
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As a next step a three-jet analysis was performed in 
the laboratory system for the planar events in order to 
study the angular and energy distribution of  the "gluon 
jet". For each event particles were divided into three 
jets by maximizing the triplicity [15] 

where Cl, C 2 and c 3 are three nonintersecting sets of  
particles with contiguous directions. The sums were 
taken over charged and neutral particles. The energies 
and the directions of  the three resulting jets were ap- 

proximated by E i = 2ci  [Nil and k i = Y~ci Pil l  EciP/l ,  
respectively. The jet with the lowest energy, E l ,  was 
then chosen as the most probable candidate for the 
gluon jet. The angle of  the "gluon jet" with respect to 
the parent quark was defined by cos 01 = -min (k l  "k2,. 

k 1 "k3). 
If gluon bremsstrahlung is really the origin of  the 

three-jet events, we expect 01 and E 1 to peak at small 
values. On the other hand, if the three-jet structure is 
characterized by three-body phase space, for example, 
flatter cos 01 and E 1 distributions would be expected. 
The observed cos  01 distribution (fig. 5a) and E 1 dis- 
tribution (fig. 5b) sharply peak toward small 01 and 
E 1 as expected for the gluon bremsstrahlung process. 
The dips observed at 01 ~ 0 and E 1 ~ 0 are the effect 
of  the planarity cut. As seen in these figures, detailed 
agreement is again obtained between the Cl~tg model and 
the data for the cos 01 and the E 1 distributions. The 
same analysis was repeated for the events generated by 
the simple qq model. As seen in fig. 5b the resulting 
cos 01 distribution is flat and incompatible with data. 

Bremsstrahlung spectra contain a small, very hard 
component. Such hard bremsstrahlung emitted at a 
large angle should result in a distinct three-jet struc- 
ture clearly visible even in the laboratory system. A 
number of  such events are actually found among the 
planar events and were published elsewhere [3]. 

In conclusion, topological distributions of  hadrons 
show significant deviation from two-jet structure at 
high energies o f x / ~  30 GeV. The deviation appears 
in the form of jet broadening and an excess of  planar 
events. A model-independent analysis shows that pla- 
nar events actually possess three-jet structure. Both 
the qualitative nature of  these planar, three-jet events 
and the rate at which they occur are in good agreement 
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Fig. 5. Result of the three-jet analysis in the laboratory sys- 
tem for the planar events. (a) Angular distributions of the jet 
with the smallest energy relative to the primary jet axis as de- 
fined in the text. The data are compared with qq model (aq 
= 250 MeV/c) and qqg model expectations. (b) Energy dis- 
tribution of the jet with the smallest energy. 

with what  is expec ted  f rom the process e+e - ~ qftg. 
This strongly suggests that  gluon bremsstrahlung is the 

origin o f  the planar, three-jet  events. Accept ing this in- 

terpre ta t ion,  the detailed quant i ta t ive  agreement  be- 

tween the data and the q~g mode l  predict ion means 

that  the assumed strong coupling constant  a s (q2)  

= 0.17 is approx imate ly  correct  at X/s-of about  30 

GeV. In fact ,a  a s value o f  0.17 -+ 0.04 is obta ined  by 

comparing the observed high planari ty tail (fig. 3) 

wi th  the qCtg mode l  predict ions.  The quo ted  error on 

a s represents only the statistical error.  Varying the aq  

value in the qC:lg mode l  f rom 250 to 350 MeV/c,  the 

resulting a s value stayed constant  wi thin  0.02. Fur ther  
detailed analysis on the a s determina t ion  will be pub- 

lished in a fo r thcoming  paper. 
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