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Abstract:

Electron-positron~annihilations into hadrons were observed
in the region of the T(9.46 GeV) and the T'(10.02 GeV)
resonances at the storage ring DORIS with the nonmagnetic
NaIl lead-glass detector. Distributions of sphericity and
charged multiplicity were measured. Outside the resonances
the data show a clear two-jet structure, while the decays
of the resonances are compatible with the predictions of a
three~gluon model.
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In recent experiments /1,2,3/, the T{9.46) and T'(10.02)
resonances were observed in e+e_—annihilations into hadrons.

at the upgraded storage ring DORIS /4/. These resonances are
interpreted as bound states of a quark-antiquark pair with
JPC=1"". In the framework of gquantum chromodynamics, they
should mainly decay wvia three gluons /5/ which in turn fragment
into hadrons. Therefore, a more isotropic particle distribution
and possibly a three-jet structure is expected in contrast to
the continuum where a two-jet structure has been cobserved /6,7a/.
In addition, depending on the fragmentation of guarks and gluons
into hadrons, a change in multiplicity is expected for the T

and T' decays as compared to the continuum.

In the present paper, we analyze the hadronic events obtained
during T, T" and continuum studies /3/ in terms of sphericity

and thrust. As a particular feature of this experiment, these -
variables were determined primarily from hadrons decaying into
photons. A similar study has been done by the PLUTO collaboration
in the T region and in the continuum /7/ mainly using the

charged fraction of the events. In addition, we present multipli-

city distributions for charged particles.

The hadronic events were observed with the nonmagnetic DESY-
Heidelberg detector described in several publications /8/. The
inner detector consisted of three cylindrical double drift chambers
which measured the direction of charged tracks and two scintil-
lation hodoscopes for triggering purposes. It was surrounded hy

an outer detector consisting of Nal and lead-glass blocks which
measured the energy of electromagnetic showers. The energy resolu-
tion of the shower counters was approximately 12%/ VE, where E

is expressed in GeV. Coordinates of showers were measured from

the position of shower counters and the energy sharing between
them or from conversion points measured in the drift chambers.

The photon direction was measured with a precision varying between
30 and 200 mrad. In general, minimum jionizing particles deposited
an energy of about 200 MeV in the shower counters. The detector

covered 86% of 4nr.



A very loose on-line trigger, requiring at least one charged

track in the inner detector and more than 250 MeV deposited in

the apparatus, was used to detect e*e -annihilations into hadrons.
In order to remove background from beam—-gas interactions, cosmic
rays and QED processes, the off-line selection for hadrons
required three or more charged tracks and at least 1.8 GeV total
measured energy. In addition, more than 5% ¢f the total observed
energy had to appear in any half of the detector and at least 10%
of the energy had to be correlated with charged tracks. Final
selection was done by a hand scan thus eliminating misinterpreted
Bhabha scattering events. The reconstructed interaction vertex
peaked well in the region of e+e- bunch crossing. From the vertex
distribution, the background from beam~gas interactions and cosmic
ray eﬁents was estimated to be 2.5% inside the accepted interaction
region of *30 mm. About 10% of the continuum events were
estimated to be due to the hadronic decays of the heavy lepton T.
The total efficiency for detecting hadronic events was of the
order of 20%. The number of hadronic events obtained is shown in
table 1 together with the luminosities and energy ranges. The
number of events from the direct decay c¢f the T into hadrons as
given in table 1 was obtained by subtracting the nonresonating
continuum part under the resonance and the T-decay via one wvirtual
photon. The small contribution of the virtual photon decay was
determined using results for e+e‘¥>uu on and off-resonance from
ref. /7b/.

In order to study the spatial momentum distribution, we used
the global variables sphericity S and thrust T defined as:

3/2 min (Ip%?)
ll

Sphericity S = % = sum over all

Zpiz particles of an

1 event
and p; = transverse momentum

component
pi“ = longitudinal
max Z]pi"[ momentum component
- i

Thrust T P; = total particle

E'Pi[ momentum



S and T are calculated with respect to the sphericity and thrust
axes. The sphericity axis is obtained by minimizing the sum of
squared momenta transverse to it, the thrust axis by maximizing
the sum of momenta parallel to it. For the extreme case of a
pure two-jet event, one expects S$+0 and T»1 while for an ideal
spherical event (isotropic angular distribution) one would find
S+1 and T>1/2.

In our analysis, the momenta in the above definitions were
replaced by the momenta §==E-3, using the measured energies (E)
and their positions (unit vector &) in the detector. The summation
was done over all observed energies. Since charged tracks contri-
bute generally only about 200 MeV, the sphericity and thrust
values measured with our apparatus are primarily sensitive to the
neutral fraction cof events, i.e. to 7°'s and n's decaying into
photons. This same procedure was also applied to events generated
by a Monte Carlo method. It is shown later that the sphericity
values obtained with this procedure are useful for testing various
production processes, in particular the two-Jjet and three-jet
decay modes. The real guantities S, T and charged multiplicity,
unaffected by the detector, can be deduced if we assume a specific
model. Since the measured difference between the thrust axis and
the sphericity axis is approximately 15° (FWHM) and the measured
thrust follows the relation T~ 1-0.5+S5 with AT~ t+0.05, we will

concentrate in the following mainly on distributions of sphericity.

Figure la) shows the experimental distribution of our sphericity
from c.m.s. energies below and above the T resonance. The distri-
bution peaks strongly at small S as expected for ete -annihilation
into two jets. The solid line is a Monte Carlo calculation using
the production of a quark-antiquark pair by a virtual photon

and a standard fragmentation into mesons following the parametri-
zation of Field and Feynman /9/. The Monte Carlo calculation
included radiative corrections, detector acceptance, event selection
criteria and the reconstruction procedure. It also simulated the
energy deposition of neutral and charged particles including
possible hadronic interactions. Contributions from charmed mesons
and heavy leptons are not included in this calculation. The
observed sphericity distribution as well as the mean sphericity



of 0.227 £0.010 (given in table 2a)are well reproduced by this
Monte Carlo calculation. The two-jet model yields a real mean
sphericity, unaffected by the detector, of 0.231 +0.003 (table 2b).

Figure 1b) shows the experimental sphericity distribution for
events in the T resonance after bin by bin subtraction of the
expected contribution from the continuum and from virtual photon
decay of the resonance. This procedure has also been applied for

the subsequent distributions of direct T decays. From the figure

we can see that the maximum of the sphericity distribution is
shifted to higher sphericity values with respect to the off-rescnance
distribution, indicating a substantial change in event shape towards
more spherical decays. The solid line is a Monte Carlo prediction
for the decay of the T into three gluons. In this calculation, we
used the QCD-matrix element /10/ and assumed that the gluons
fragment exactly like quarks with the same momentum. This three-
gluon decay prediction describes the data very well both in the
mean value and shape of the distribution. Also shown in fig. 1b)

as a dashed line is the expected distribution for an assumed decay

of the T into pions according to phase space, which is the limiting
case of an isotropic decay. Here, we assumed the multiplicity

distributicon to be Poisson-like with = 8.6 and

<n -
charged

Nutral’ o 4.3 to reproduce the observed multiplicities. This
multi-pion phase space model differs from the data predicting

higher sphericity wvalues.

In order to demonstrate the relation between the real sphericity
and the expected experimental one, Monte Carlo studies for the two-
jet and three-gluon decay model are shown in figs. 1c) and 1d).

The distributions for complete events as well as their charged

and neutral fractions have been calculated using the momenta of
particles generated by the Monte Carlo program without detector correc-
tions. These curves have to be compared with the expected experi-
mental distributions (solid lines) in figs.la) and 1b), which have
been obtained by generating the energy deposition of photons and
charged hadrons in the detector and applying the pattern recognition
program and analyzing methods also used for the data. One can see
that the distributions for the neutral fraction of the events,
unaffected hy the detector, in figs. 1c) and 1d) are very similar



to the predicted experimental ones in figs. ta) and 1b). By
comparing the curves in figs. 1a) and 1b) one concludes further-
more that the predicted experimental distribution is a good way
to distinguish between different models such as two-guark and
three-gluon assumptions.

The observed sphericity distribution for the continuum events
around the T' in fig. 1e) shows the same shape as the continuum
around the T. The two-gquark model (solid line) fits the data

well. Figure 1f) shows the distribution for the direct decay of T'.
One cannot discriminate between different models because of low

statistics.

Figures 2a) and 2b)'show the angular distributions of the
sphericity axis with respect to the eTe -beam for the continuum
and the T resonance, regpectively. To improve the statistical
significance, data from the continuum around the T and T' have been
combined. For the continuum, we omitted events with sphericities
greater than 0.5 because of the poor definition of the axis.

The acceptance of the apparatus was essentially 100% for

cos 9<0.6. A fitof 1+ gcos?8 in the range O< lcos¢| < 0.6 yields
a = 1.5+ 0.6. This is in agreement with the expectation ofa = 1
for a virtual photon coupling to two spin 1/2 gquarks. In fig. 2b)
the angular distribution is shown for the direct decays of the T.
The distribution is flatter, the fit result of o = -0.1+0.8 is
consistent with a three-gluon prediction of <a>=0.39 /10/ for

the thrust axis.

The multiplicity of particles in the final states was studied to
gain insight into gluon fragmentation. In this experiment the
number of charged tracks including beam-pipe conversiocns have

been determined by counting the straight tracks seen in the polar
projections of the cylindrical drift chambers. Figure 3a) shows
the observed charged multiplicity for the events from the continuum
around the T resonance. The broken curve indicates the real
charged multiplicity as generated by a Monte Carlo calculation
following the standard model of Field and Feynman for two-jet
events. The solid curve is this same distribution after radiative
corrections, acceptance cuts for the apparatus and beam-pipe
conversions. The data are well described by this curve. The pre-
diction of a mean multiplicity of 7.7+ 0.1 from the two-jet model



implies an observed multiplicity of 6.2+ 0.1 after our acceptance
cuts. We find a multiplicity of 6.1+ 0.5, which is in complete
agreement. The error in the measured data is dominated by a
systematic contribution of *0.5 units due to pattern recognition
problems. This systematic error is common to all multiplicity values.
For the continuum region around the T' resonance, approximately

the same value has been cbserved (table 2).

For the direct T decays, the observed charged multiplicity
distribution is shown in fig. 3b). An increase of (0.8 0.2) in
the mean multiplicity compared to the continuum is observed. For
multiplicity changes the systematic contributions to the errors
cancel and only the statistical errors apply. Assuming that gluons
fragment like quarks with the same momentum and adopting the QCD
prediction of the T decay via three-gluons, we can predict the
charged multiplicity distribution. The broken curve in the figure
indicates the real charged multiplicity as generataed by the
three-gluon Monte Carlo calculation while the solid curve gives
the multiplicity of tracks from charged particles and beam-pipe
conversions after experimental cuts.For the direct T' decays, an
increase in the mean multiplicity of (1.6 % 0.7) compared to the

continuum is observed.

In summary, two-jet structure has bheen observed for e e -annihi-
lations into hadrons in the continuum around the T(9.46) and
T'(70.02) resonances. The angular distribution of the jet axis
is compatible with 1+ cos?p as expected from the quark parton
picture. The observed sphericity and charged multiplicity can
bewell described by a two-jet model with a quark fragmentation

according to Field and Feynman.

For the direct decays of the T and T' resonances, we observe an
increase in sphericity and charged multiplicity as compared to

the continuum. The observed distributions for the sphericity

and charged multiplicity are in good agreement with the assumption
that the T resonance decays mainly via three gluons which in turn
fragment into hadrons like gquarks with the same momentum, although

a phase space-like decay cannot be completely excluded.
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Table 1

LIuminosities, energy ranges and numbers of hadronic events

in the T and the T' regiocn.

Table 2

Mean values for the sphericity S, thrust T and charged

multiplicity Ny for the T and T' region. All guoted

errors are purely statistical.

a} The experimentally observed values are to be compared with
the two—quark, three~gluon and phase space calculations on
the same line, which include radiative corrections, detector
acceptance and the analyzing method.

b) For the T region, the real values, unaffected by the

apparatus, are listed.



TABLE 1

T region T' region
Integrated luminosity 173 nb | 120 nb”"
Energy range -of continuum 9.41-9.44 GeV 9.98-10.00 GeV
9.48-9.52 GeV | 10.04-10.10 GeV
Events of continuum 327 165
Energy range "ON" resonance 9.455-9.460GeV | 10.014-10.028 GeV
Events "ON" resonance 695 181
Events from direct ~427 ~70

resonance decay




TABLE 2

EXPERIMENTAL AND MONTE CARLO VALUES INCLUDING DETECTOR CORRECTIONS

a) M.C. Experiment M'C'Dhase
2-quark OFF DIRECT {| 3-gluon space
<8> 0.243 0.227 0.365 0.332 0.427
*0.005 *0.010 *0.014 *0.006 +*0.006
T <T> 0. 801 0.819 0.736 0.753 0.713
*0.003 +*0.005 0. 007 +*0.003 +0.003
<nCH> 6.2 6.1 6.9 6.8 6.8
0.1 0.2 0.2 0.1 0.1
<8> 0.232 0.247 0.316 0.325 0.414
+0.005 *0.016 £0.044 £0.006 *0.006
T* <T> 0. 805 0.813 0.767 0.754 0.716
+0.003 *0.008 10.022 $0.003 *0.003
<nCH> 6.3 5.9 7.5 7.0 7.0
0.1 0.2 0.6 0.1 0.1
MONTE CARLO VALUES WITHQUT DETECTOR CORRECTIONS
b) M.C. M'C'phase
2—-guark 3-gluon space
<S>total 0.231 0.321 0.579
+0.003 +0Q.005 +0.005
<T>n atral 0.235 0.323 0.377
€ +0.004 +0.006 +0.007
<S>char od 0.234 0.354 0.511
g +0,004 £0.005 +0.006
<nCH> 7.7 8.4 8.6
0.1 +0.1 (fixed)




FIGURE CAPTIONS

Fig. L
Differential sphericity distributions for ete” » hadrons.

a) and b) Experimental sphericity distributions for the
T region compared to Monte Carlo calculations including
detector correctiong. See text for details of the two-
guark-jet, three-gluon decay and multi-pion phase
space models shown.

c) and d) Model predictions without detector corrections showing
the distribution for complete events as well as for the
neutral and charged fractions.

e) and f) Distributions for the T' region as in a) and b).

Fig. 2

Angular distributions of the sphericity axis.
8§ is the angle between sphericity and beam axes. The solid line
shows dN/d|cos8 |~1+acos?6.

a) Continuum around T and T', events with sphericities < 0.5 are
shown.
b) Direct decay of the T.

Fig. 3

Distributions of the cobserved multiplicity of charged particles

including beam-pipe conversions.

a) Continuum around the T. The solid line shows the two-quark-
jet Monte Carlo calculation including detector corrections,
while the dashed line indicates the multiplicity distribution
without detector corrections and beam-pipe conversions.

b) Direct decay of the T. The solid line shows the three—gluon
Monte Carlo calculation including detector corrections, while
the dashed line indicates the multiplicity distribution without

detector corrections and beam-pipe conversions.
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