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Hadron jets produced in e+e - annihilation between 13 GeV and 31.6 GeV in c.m. at PETRA are analyzed. The trans- 
verse momentum of the jets is found to increase strongly with c.m. energy. The broadening of the jets is not uniform in 
azimuthal angle around the quark direction but tends to yield planar events with large and growing transverse momenta in 
the plane and smaller transverse momenta normal to the plane. The simple qq collinear jet picture is ruled out. The obser- 
vation of planar events shows that there are three basic particles in the final state. Indeed, several events with three well- 
separated jets of hadrons are observed at the highest energies. This occurs naturally when the outgoing quark radiates a 
hard noncollinear gluon, i.e., e÷e - ~ q~g with the quarks and the gluons fragmenting into hadrons with limited transverse 
momenta. 

It has been conjectured that hadron production in 
e+e - annihilation proceeds by quark pair product ion 
with the quarks fragmenting into two nearly collinear 
jets of  hadrons [ 1 - 4 ] .  The transverse momentum of 
the hadrons is limited at high energies such that nar- 
row jets are predicted in the PETRA energy range. 
Data from SPEAR and DORIS support this picture 
[5,6].  In this paper we examine our data on e+e - an- 
nihilation at high energies for deviations from the sim- 
ple quark parton picture * 1. Such deviations have 
been observed [8] in deep inelastic lepton scattering 
experiments and are expected [9] to occur in any 
field theory of  strong interactions. Furthermore,  final 
states observed [ 10] in the hadronic decay of  the 
T (9.46) disagree with a naive q~ picture. 

This analysis is based on data collected at the DESY 
e+e - storage ring PETRA using the TASSO detector.  
A description of  the experimental setup and of  the 
data analysis has already been published [ 11 ]. We list 
here only the main points. The detector,  which mea- 
sures charged secondaries over approximately 87% of  
41r, was triggered by demanding at least three tracks 
with a transverse momentum of  more than 0.32 GeV/c 
with respect to the beam axis, at total  energies 14' = 
2Ebeam = 13 and 17 GeV. At least four tracks were 
required at W = 27.4, 27.7, 30, and 31.6 GeV. The 
hadronic events were separated from the beam gas 
background by demanding that the event vertex was 
in the interaction volume, and that the sum of  the de- 
tected momenta were above 3 GeV/c at 13 GeV ener- 
gy, above 4 GeV/c at 17 GeV energy, and above 
9 GeV/c at the higher energies. Further cuts on the 
event topology essentially eliminated ~/-/and r + r  - 

events. The resulting detect ion efficiency varied with 
energy between 75% and 78%. The final data sample 

,1 Evidence for planar events in e+e - annihilation has been 
reported earlier, see ref. [7]. The present results are based 
on a five-fold increase of statistics. 

consists of  75 events at 13 GeV, 40 events at 17 GeV, 
118 events at 27.4 and 27.7 GeV, 135 events at 30 
GeV, and 40 events at 31.6 GeV. For the following 
analysis only tracks that reached at least the sixth zero 
degree layer in the drift chamber (I cos 01 < 0.87) and 
had transverse momentum relative to the beam a x i s  
of  at least 0.10 GeV/c, are used. Hadrons resulting 
from kaon decays were not removed while electrons 
from pair conversion or Dalitz decays were removed. 

The effects of  the selection criteria described above, 
as well as the effects of measuring errors and the effi- 
ciencies of the pattern recognition programs and the 
whole analysis chain, were checked by propagating 
Monte Carlo events through the simulated detector 
and the analysis programs. It was thus ascertained that 
the results presented in this paper are not subject to 
any significant bias due to these sources. 

The quark parton picture of  the process e+e - ~ qgl 
is depicted in fig. 1 a. It will produce back-to-back jets 
of  hadrons with typical transverse momenta of  0.30 
GeV/c. In field theories of  the strong interactions this 
picture will be modified [9,12] to include other pro- 
cesses including the lowest-order diagrams shown in 
fig. lb .  The radiated field quanta (gluons) are also ex- 
pected to evolve into jets of  hadrons. This has clear 
experimental implications [ 1 2 - 1 6 ] :  The PT distribu- 
tion of  the final hadrons will broaden with increasing 
energy. If the coupling constant is less than one there 
will be a tendency for only one of  the jets to be 
broadened. The q~g state is necessarily planar; this 
should be reflected in the final hadron configuration 
which should retain the planarity with small transverse 
momenta with respect to the plane and large transverse 

momentum in the plane. If the gluon is radiated with 
a transverse momentum that is large compared to the 
typical transverse momentum of  0.30 GeV/c, then the 
event will have a three-jet topology [ 12]. 

Since in e+e - interactions the direction of  the jet  
axisis not known from the initial state, it has to be 
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Fig. 1. Quark pair production and gluon bremsstrahlung to 
lowest order. 

determined event by event from the final state hadrons. 
We have done this in two ways: Minimizing Z p  2 
(which gives the sphericity axis) [3,5] or maximizing 
ZlPll I (which gives the thrust axis) [13,17].  The sum- 
mations are over all observed hadrons. The results 
presented in this paper were generally found not  to 
depend to any significant degree on the choice be- 
tween these two possibilities , 2 .  Studies with Monte 
Carlo qr: 1 jets [ 18] * 3 further showed that the jet" axes 
so determined deviate by  an average o f  less than 5 ° 
from the true jet  axis at our higher energies. 

The normalized transverse momentum distribution 
o -1 dcl/dp2T evaluated with respect to the sphericity 

,2 An exception is the "seagull effect" shown in fig. 3. Here 
only the thrust axis is useful since the sphericity weights 
fast particles too heavily and thus biases the particles of 
high z = Ph/Pbeam towards small values of PT. 

• 3 For comparison with the data we used the version given by 
Field and Feynman [18]. 
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Fig. 2. o -1 da[dp,~ at 13 and 17 GeV combined (o) and for 
27.4 GeV, 27.7 GeV, 30.0 GeV and 31.6 GeV combined (e) 

function of p~-. The curves are fits to the data for p~- as a 
< 1.0 GeV/c using the Field-Feynman quark-patton model 
including u, d, s, c and b quarks with aq as a free parameter. 

axis is plot ted in fig. 2 versus p2 .  The data at 13 GeV 
and 17 GeV are identical within statistics and are 
averaged; similarly the higher energy data between 
27.4 GeV and 31.6 GeV are combined. The data at 
bo th  energies are in reasonable agreement for p2  < 0.2 
(GeV/c) 2 but  the high-energy data are well above the 
low-energy data for larger values o f  p2 T. The average 
value ofp2T increases from 0.15 --- 0.02 (GeV/c) 2 at 
13 and 17 GeV, to 0.27 -+ 0.02 (GeV/c) 2 for the com- 
bined high-energy data. The low-energy data have 
been fi t ted for p2  < 1.0 (GeV/c) 2 with the jet  model  
[18] ,3 of  Field and Feynman,  extended to include 
c and b quarks , 4 .  In this model,  the parameter tTq 
determining the width of  the PT distribution was va- 
ried from the original value Oq = 0.25 GeV/c to Oq = 
0.30 GeV/c to obtain a fit to our data. This is shown 
by the curve in fig. 2. To fit the higher-energy data 
with the F i e l d - F e y n m a n  model, Oq must be increased 
to 0.45 GeV/c. This is in contradict ion to the naive 
quark par ton model  which assumes the quark to frag- 

,4 The branching ratios for B meson decay were taken from 
ref. [191. 
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ment into hadrons with an energy-independent trans- 
verse momentum distribution. On the other hand, 
field theories of the strong interactions naturally pre- 
dict the transverse momentum to increase with ener- 
gy due to gluon bremsstrahlung by one of the outgo- 
ing quarks. The production of a new quark flavour will 
also lead to an increase in the average value of PT. We 
do not find any evidence for the production of a new 
flavour in agreement [20] with other groups at PETRA. 

If hard noncollinear gluon emission is a rare pro- 
cess, then there should usually be only one such gluon 
in these events. Dividing each event into two halves by 
a plane perpendicular to the jet axis and determining 
(p2) separately for the two sides, the "narrow'"  side 
should rarely have a noncollinear hard gluon. Thus 
(p2)narrow will increase with energy less rapidly than 
(PT)wide . ~  This is observed as shown in fig. 3 where (p2 T) 
is plotted as a function of z = P/Pbeam for the wide 
and the narrow jet separately. The qq model with Oq 
= 0.30 GeV/c is also plotted in fig. 3a. It fits the data 
rather well at low energy; the narrow-wide asymmetry 
is due to statistical fluctuations. The model fails to de- 
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Fig..3. (p~.) as a function ofz = P/Pbeam for the wide and 
narrow jet separately, for the low-energy (a) and the high- 
energy (b) data. The curves show the prediction from the q~ 

b quarks. 

scribe the data at high energies (fig. 3b); however, in- 
creasing Oq to 0.45 GeV/c, obtained from the fit to 
the p2 distribution, approximately reproduces the ob- 
served z distribution. Therefore we can fit, within the 
statistical uncertainties, both the p2 T distributions and 
the seagull plot at both energies by increasing the val- 
ue of Oq with energy. 

Regardless of the value of (pT) in the naive quark 
jet picture hadrons resulting from the fragmentation 
of the quark must be on the average uniformly distri- 
buted in azimuthal angle around the quark axis. There- 
fore, apart from statistical fluctuations, the two-jet 
process e+e-  -+ q~ will not lead to planar events where 
as the radiation of a hard gluon, e+e - -+ q~g, will re- 
sult in an approximately planar configuration of ha- 
drons with large transverse momenta in the plane and 
small transverse momenta with respect to the plane. 
Thus the observation of such planar events at a rate 
significantly above the rate expected from statistical 
fluctuations of the q~ jets shows in a model-indepen- 
dent way that there must be a third particle in the fi- 
nal state, which might be identified with a gluon. 

The shape of the events is evaluated using the fol- 
lowing method. For each event we construct the sec- 
ond-rank tensor [3,5] from the hadron momenta 

N 

Ma# = "j~l P/aP/# (c~,~=x,y,z), 

summing over all N observed charged particles. Let 
h l ,  h 2 and h 3 be the unit eigenvectors of this tensor 
associated with the smallest, intermediate, and largest 
eigenvalues A1, A 2 and A3, respectively. The princi- 
pal jet axis is then the h 3 direction, the event plane 
is the h2-h 3 plane, and h 1 defines the direction in 
which the sum of the squared hadron momenta com- 
ponents is minimized [21 ]. We compare in fig. 4 the 
distribution of 

N 
{p2T)out = lj__~ 1 (Pj " hl)2 

(the momentum component normal to the event 
plane squared) with that of 

(p2)in =l/~=l (P/" h2) 2 

(the momentum component in the event plane per- 
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Fig. 4. The mean transverse momentum squared normal to the 
event plane <P~?>out and in the event plane < P~>in per event 
for the low-energy and the high-energy data. The predictions 
from the quark model [18] ,3 are shown assuming aq = 0.30 
GeV/c (solid curves) and aq = 0.45 GeV/c (dotted curve). 
The model includes u, d, s, c and b quarks. 

pendicular to the jet axis). The data show only little 
increase in (p2>ou t between the low-energy and the 
high-energy point. The distribution of  <P~)in, how- 
ever, becomes much wider at high energies, and in 
particular there is a long tail of  events with a large 
value of  (p2)in not observed at lower energies. The 
curves show the expectations from the Monte Carlo 
q~ jets. Hadrons resulting from pure q~t events will 
on the average be distributed uniformly around the 
jet axis, however, some asymmetry  between <p2>in 
and <p2>ou t is caused by  statistical fluctuations. Fair 
agreement with the q~l model is found both  for 
(p2)in and (P+)out at the low-energy point. Thus the 
asymmetry observed at this energy can be explained 
by statistical fluctuations only. 

At the high energy, we find fair agreement between 
<P+)out and the qF: 1 model with Oq = 0.30 GeV/c, how- 
ever, the observed long tail of  the (p2T>in distribution 
is not reproduced by the model. This discrepancy can- 

not be removed by increasing the mean transverse mo- 
mentum of the q~l jets. The result f rom the model 
with Oq = 0.45 GeV/c is also plotted in fig. 4. The 
agreement is poor. We therefore conclude that the da- 
ta include a number of  planar events not reproduced 
by the q~ model, independent o f  the assumption on 
the average PT in that model. 

The normalized eigenvalues, 

Qk = Ak p2, 

may be used for a more detailed study of  the shape of  
the events. These normalized eigenvalues Qk satisfy 
Q1 + Q2 + Q3 = 1 and are arranged such that 0 ~< Q1 
~< Q2 ~< Q3" We express our data in terms of two vari- 
ables, aplanarity A and sphericity S: 

_ 3  3 + 
A - ~  Q1 =~ <P >out/<P 2) ,  

_ 3  
S - ~ (Q1 + Q2) = ~ (p+)/(p2). 
All the events are then inside a triangle shown in fig. 5, 
where S is the hypotenuse of the triangle. The event 
distribution in A and S is shown in fig. 5, for the low- 
energy and high-energy data separately. 

Collinear two-jet events lie in the left-hand corner 

' I ~ I ' I ' I r 
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Fig. 5. Distribution of the events as a function of aplanarity 
A ~ ~ Q1 = ~ <PT)out/(P ) a n d  s p h e r i c i t y  S = ~ (Q1 + Q 2 )  
= ~ (p~)[<p2) for the low (a) and high (b) energy data. 
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(A, S small), uniform disk shaped events in the upper 
corner (A small, S large), and spherical events in the 
lower right-hand corner (4,  S large), while coplanar 
events will occupy a band along the larger of the two 
small sides of the triangle in fig. 5. 

Collinear two-jet events are seen to dominate at all 
energies, the collinearity being most pronounced at 
the highest energy. We exclude these events and select 
the candidates for planar events by requiring that 
A < 0.04 and S > 0.25. At 13 and 17 GeV we observe 
six events in this region compared to  3.5 events pre- 
dicted by the q~l model with Oq = 0.30 GeV/c. At the 
higher energies we find 18 events compared to 4.5 
events predicted by the qr: 1 model, independent of Oq 
between 0.30 and 0.45 GeV/c. As an independent 
test of the planar structure, a randomization proce- 
dure , s  was applied to the data to destroy any natural 
correlations. This estimate of accidentally planar events 
yields six events in the 13-17 GeV data and four 
events in the higher-energy data. Thus at the higher 
energies there is an excess of planar events well above 
the level predicted from statistical fluctuations of the 
qCt jets. This shows that e+e-  ~ hadrons proceeds via 
the creation and decay of at least three primary par- 
ticles that subsequently fragment into hadrons. Field 
theories of the strong interactions predict such a topol- 
ogy resulting from the radiation of a field quantum 
(gluon) by one of the quarks, i.e., e÷e-  ~ q~g. 

If this is the correct explanation and the gluon 
materializes as a jet of hadrons with limited transverse 
momentum then a small fraction of the events should 
display a three-jet structure. The events were analyzed 
for a three-jet structure as described in ref. [21]. All 
the coplanar events gave a good fit to the three-jet hy- 
pothesis. We further determined the transverse momen- 
ta of the hadrons with respect to the axis to which 
they were assigned. For the 18 events defined above 
we find an average transverse momentum of about 
0.30 GeV/c, close to the mean PT observed in two-jet 
events at lower energies. 

To compare this new class of three-jet events with 
the predominant class of two-jet events, fig. 6 shows 
a characteristic event of each type in momentum 

, s  The sphericity axis was chosen as a reference, and all tracks 
were rota ted by a r andom azimuthal  angle a round  the  jet  

• direction; this preserves b.oth PT and p I1" Then  at r andom 
the  sign o f  p il was changed. 
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Fig. 6. Momentum space representation of a two-jet event 
(a)-(c) and a three-jet event (d)-(f) in each of three pro- 
jections. (a), (d) h2-h 3 plane; (b), (e) hi-h2 plane; (c), (f) 
h l -h 3 plane. 

space in all three projections. Figs. 6a and 6d show a 
two-jet and a three-jet event, respectively, in the 
h 2 - h  3 plane; this is the plane containing the largest 
components of momenta. The first event shows two 
clearly delineated jets. The three-jet event, on the oth- 
er hand, shows a much broader distribution of mo- 
menta transverse to the h 3 axis. Figs. 6b and 6e show 
the projection on the plane perpendicular to the jet 
direction (h3). Here one clearly sees the small trans- 
verse momenta for the two-jet event and the tendency 
of the large transverse momentum to lie along the h 2 
direction for the three-jet event. Finally figs. 6c and 
6f show the remaining projection on the h 1 -h  3 plane. 
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In summary, we have studied e+e - ~ hadrons for 
values of  Q2 between 170 (GeV/c) 2 and 1000 (GeV/c) 2. 
We observe a change in the p2 T distribution and a 
strong increase of  (p2)  with increasing energy. This 
increase occurs predominant ly  in only one of  the two 
jets. The distribution o f  the transverse momentum 
perpendicular to the "event plane" does not show a 
pronounced energy dependence while a strong broad- 
ening takes place in the event plane at the highest val- 
ues of  Q2. We observe planar events at a rate which is 
well above the rate computed for statistical fluctua- 
tions of  the q~l jets. The planar events exhibit three 
axes, the average transverse momentum of  the hadrons 
with respect to these axes being 0.30 GeV/c. This es- 
tablishes in a model-independent way that  a small frac- 
t ion of  the e+e - annihilation events proceeds via ma- 
emission o f  three primary particles, each of  which ma- 
terializes as a jet  of  hadrons in the final state. The data 
are most naturally explained by hard noncollinear 
bremsstrahlung e+e - ~ qr:lg. Indeed, the data are in 
agreement with predictions based on first-order per- 
turbative QCD as will be discussed in a forthcoming 
paper. 
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