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1. INTRODUCTION

The experimental program at the new DESY electron-positron
storage ring PETRA' got underway late 1978, more than half a year
ahead of schedule. Initially data? were collected at c.m. energies
of 13 GeV, 17 GeV and 27.4 GeV using three large detectors MARK J,
PLUTO and TASSO. In Junme of 1979 a fourth detector, JADE, was in-
stalled and these detectors have since taken data at c.m. energies
between 22 GeV and 31.6 GeV, the highest energy available with the
present complement of klystrons. The energy region between 29.5 GeV
and 31.6_GeV, have been scanned in steps of 20 MeV in a search for
narrow 1 states.

Several new results have been obtained during the first year of
data taking:

The data on various QED processes agree with the theoretical
predictions down to distances of 2 - 10716 ¢.m. and confirm lepton
universality at small distances.

The data on multihadron final states give clear evidence for
jets and they show that the threshold for tt production, where t is
a quark with charge 2/3 e, must be above 31.5 GeV.

The outstanding experimental result has been the observation of
three-jet events, first seen®’® by the TASSO Collaboration and since
confirmed®’®*7 by all the other groups. Such events are evidence for
hard gluon bremsstrahlung which is expected in any field theory of
strong interactions. + - . -

The first data on e e - e e hadrons at high energies have been
obtained by the PLUTO Collaboration.

In this talk I'1l first describe the status of PETRA and then
discuss these experimental results in more detail,

2. STATUS OF PETRA

A schematic layout of the DESY accelerator complex is shown in
Fig. 1. PETRA (= Positron Elektron Tandem Ring Anlage) is made of
eight 45° bends joined by eight straight sections, four 108 m long
and four 68.4 m long. The total circumference is 2.3 km. Electrons
are injected from the DESY synchrotron directly into PETRA, the po-
sitrons are first accumulated in a small storage ring PIA and then
injected into PETRA via DESY.

The energy and luminosity of PETRA has been climbing from
13 GeV and a peak luminosity of 2 x 102° cm~2sec™! at the beginning
of the year to 31.6 GeV and 5 x 10°° cm™2sec™?. This luminosity
should be compared to a predicted maximum luminosity of 2.2 x 103!
cn”%sec=! for 2 bunches of positrons colliding with 2 bunches of
electrons and a free distance of + 7.5 m in the interaction region
between the quadrupoles. On the average, an integrated luminosity
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of about 100 nb~? per day is obtained at 30 GeV,this corresponds to
some 25 hadron events per day.

The circulating electron beams radiate and this leads to a
bu11d up of transverse polarization with atime constant® 1 = 98.8sec
(Rp*/E®). R and o are the geometrical and the bend radia in meters
respectively, and E the beam energy in GeV. From this equation, at
a beam energy of 15 GeV, we predict a polarization time T of about
30 min. Since this time constant ig ghort compared to the storage
time we expect, in absence of strong depolarlzatlon effects, that
the beams are peolarized. A measurement of e¥e”™ + qq can be used to
determine the degree of polarization. The distribution of the jet
axis, assuming the quarks to be fermions, is given by
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do
df

-— v 1 + cosze + stinze * cos2(9p - 4A)

(1)

where p 1s the degree of transverse polarization and A a possible
angle in the interaction region between the polarization vector and
the transverse direction. 9 and ¢ denotes the production and azi-
muthal angle. The azimuthal distribution of 2-jet events observed
by the JADE Collaboration and selected using thrust (see below) is
plotted in Fig. 2, The data show a strong azimuthal dependence and
a fit to the form given above yields A = ~10° + 14" and
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Fig. 2 =~ Azimuthal distribution

of the jet axis in two-jet events as
measured by JADE at 30 GeV in c.m:

Table I -~ PETRA parameters

Maximum c.m. energy:

Average circulating current:
Number of Bunches:
Luminosity after £ill:

Tune shift Qmax Qmax:
vV s 'H

Lifetime:

p = 0.85 + 0.14,

During the long shut down
at the end of the year
the number of r.f. cavi-
ties will be increased

from 32 to 64 and the r.f.
power will be doubeled.

With this r.f.system
PETRA will be able to
explore energies up to

38 GeV in c.m.
Some of the PETRA para-

meters are listed in
table 1.

32 Gev (38 GeV early 1980)

~ 8 mA/Ring

2/Ring (4 possible)
5% 10%%em=?sec™! at 30.0 GeV

0.027 / Interaction Region

"% 6,5 hours just after filling
" 24 hours towards the end of the £ill
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Table I (continued)

Number of interaction regions: 4 (can be extended to 6)
Length of interaction region: 15m
Interaction volume: U, € 0.07 cm at 14 GeV
OL N 3 cm
Vacuum in the interaction ~ 1077 torr after £ill
regions: ~ 10-10 torr towards the end of
the fill

There are four interaction regions equipped with experiments:

SE TASSO Collaboration

Aachen, Bonn, DESY, Hamburg, I.C.London, Oxford, Rutherford,

Weizmann and Wisconsin
Large conventional solenoid. Central part with tracking chambers
and time of flight counters completed. The muon chambers are in-
stalled. The hadron arms are nearly completed and the liquid Argen
detector will be installed later this year and in }1980.

NE PLUTO Collaboration

Aachen, Bergen, DESY, Hamburg, Maryland, Siegen, Wuppertal
This is a modified version of the superconducting magnetic solenoid
detector which collected data at DORIS. In particular the muon and
electron detection have been much improved.This detector is now
taking data but will presumably be replaced by the CELLO detector
during the long shutdown at the end of the year.

CELLO Collaboration

DESY, Karlsruhe, Munich, Orsay, Paris, Saclay
Superconducting solenoid filled with tracking chambers and sur-
rounded by a liquid Argon detector

NW JADE Collaboration
Daresbury, DESY, Hamburg, Heidelberg, Lancaster, Manchester,
Tokyo
Conventional solenocid with a high pressure drift chamber as a
tracking detector. Particles are identified by measurements of dE/dx.
Large leadglass photon detector mounted ocutside the solenoid. This
detector was installed in June,

SW MARK J Collaboration

Aachen, DESY, MIT, NIKEF Amsterdam, Peking
This detector is a fine grained calorimeter weil suited to measure
electrons, muons and the energy flow of hadrons.

3. TEST OF QED AND RELATED TOPRICS

Electron-positron colliding beams make it possible to test the
structure of quantum-electrodynamics at very high momentum transfer
in a clean environment with negligible corrections due to strong
interactions.

So far the following reactions have been investigated:
1) e+e“_)_ e+e_ 7295190

2) ee s ®
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3) e+e_ - T+T_g
4) e+e- > yy 7
5) e+e— - e+e~ u+u-9

’ ete” e+e_(u+u- + e+e_)1°
Reactions 1 ~ 4 are prOportional to az and decreases with

energy as Ifs = i.e. sdg/dQ is independent of energy. sdo/dQ for
ete™ » e'e” measured® by the MARK J group at various energies are

10 T T plotted as a function of
scattering angle in Fig. 3.
Tge results for
ee *ee and

e _ e'e -+ yy measured’ by the
© 17 Gev JADE Collaboration are
& 274 GeV

shown in Fig. 4. Both ex-
periments are in agreement
with the QED prediction re-
presented by the solid line
in Figs. 3 and 4. To quan-
tify the agreement it is
assumed Ehat a kreakdown of
- QED in e e * e e can be
parametrized by introducing
spacelike and timelike form
factors F (q )} and F (q2)

With Fs(q ) = F (q )} =

Jcos B

Fig. 3 - The cross section 2
do + ]+ 3
s - 0 for e e + e e measured - 2 A2
+
by MARK J betwe 13 d 27.4 - .
iz c.m. en an Gev the agreement with QED

can be expressed as a
lower limit on the cut
off parameter A, .

JADE

Fig. 4 - The cross section

s - 39 for e+e - e e and
e > Yy measured by JADE
between 22 and 31.7 GeV

in c.m.

tos 6



The results are listed in Table II.

MARK J?
JADE’
PLUTO!®

A possible breakdown of QCD in ete” » YY can be expressed as

do/dQ

(2)

Table II -~ Lower ligigs on A at 957 confidence in
e e ~+~ege -
A+(GeV) A_(Gev)
65 64
89 74
71 67
2
_ s . 2 do
= (1 + — sin"e) ( Eﬁh)QED
27

From a fit to the data the JADE Collaborat
and A_ > 31 GeV with 957 confidence,

ion findsl’ A+ > 43 Gev

. . + - + -
+ - Fig. 5 shows the total cross section for e e - p M and

e e > T'T” as reported® by the MARK J group. The solid (dashed) line is

the QED prediction for pointlike leptons. The agreement is good
and to express the agreement in terms of a radius of the leptons
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Fig, 5 - The total cross section for e e - u+u_ and
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ate + T T measured by MARK J



the MARK J group assumes a form factor:

2y _ - q
Fplad = 1% —5—5 3
T - Py

A fit to the data give:

L electron muon tau
A 95 GeV 97 GeV 53 GeV
A+ 74 GeV 71 GeVv 97 GeV

Lepton universality is thus valid down to distances of 10"]6 cm.

In models incorporating several neutral vector bosons, the
lightest vector boson always has a mass below the mass given in
the standard!! Weinberg-Salam model. Therefore, although they can
be made to yield the same prediction as the standard model at low
energies, they will differ at hlgh energies. JADE? has fitted their
data to a particular version'? of such a model with the mass M, and
the width T, of the lightest neutral vector boson as a parameter.

The result is shown in Fig. 6.

20

T

Fig. 6

. Limits on the width and
i mass at the lightest
neutral vector boson

in a two pole model. The
. data are from JADE.
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3. HADRON PRODUCTION IN e e ANNTHILATION
: T
It has been conjectured'®-1® that hadron production in e e

+

annihilation proceeds by quark pairproduction as shown in Fig. 7a,
where the electromagnetic current couples directly to the charge
of a pointlike quark. (The neutral weak current is expected to
contribute on the order of 17 to the total cross section at PETRA
energies and is neglected). The total cross section for hadron
production is therefore proportional to the cross section for muon
pairproduction with the constant of proportionality

Fig. 7

e-b
QHQ

e+

}
Hg
e
q
g
e- (b) Q

R =

(e+e" -+ hadrons) -

+ - + -
(ee »>1up)

fisl]

g
q
g
q

- Quark pairproduction and
gluon bremsstrahlung to
first order

35 (L) (%)

e

Here e, is the charge of
the i-fh flavour and the
sum is over all flavours.
The hadrons will appear
in two nearly collinear
jets of hadrons with
small and maybe constant
nomenta transverse and
large and growing momen-~
ta parallel to the jet
axis. The single particle
distribution should scale
i.e.

s - %% with x = Eh/Ebeam
should be independent of
energy for large x. The
charged particle multip-
licity is expected to
increase logarithmically
with s = (2E)2. The
data'? from SPEAR and
DORIS at lower energies
support the gross fea-
tures of this picture.

This picture will be mo-

dified in any field

theory'® of strong inter-
actions., In a field
theory e*e-annihilation
proceeds to lowest order
by the Feymman graphs
shown in Fig. 7b. The
preduced quark radiate

field quanta (gluons) and the gluons are expected to materialize
as hadron jets in the final state.



This has well defined experimental implications!®:??9: The
mean transverse momentum of the hadrons with respect to the jet
axis will increase with energy. If the quark-gluon coupling
constant is small only one of the jets will broaden. The premordial
qqg state is necessarily planar and the firal hadron configuration
will retain the planarity. In a small fraction of the events the
gluon is radiated at an angle which is large compatred to the angu-
lar spread of the hadron jet. Such events will be very striking
with three visible jets of hadrons defining a plane.

A field theory of the strong interactions will also modify the
value for R given above, the multiplicity will grow faster
than ln s and the single particle distribution will no longer
scale.

At present quantum chromodynamics (QCD)?? is the leading can-
didate for a theory of strogg interactions. The coupling constant
in this theory depends on q° = (2E)2 and is given by

127
(33-28) 1n R

o () = gl - : (5)

Here N, is the number of flavours with mass below E and A is de-
termined?? in deep inelastic lepton-hadron interactions to be about
500 MeV. The data will be confronted with the QCD predictions., How-
ever it is important to bear in mind that most of the general features
outlined above will be true in any field theory of strong interactions.

3.1 THE TOTAL CROSS SECTION

In some respects a measurement of the total hadronic ee
annihilation cross section is easier at high than at low energies.
The final state hadrons are in general confined in two back to
back jets and the angular distribution of the jet axis is propor-
tional to | + cos?®. The new generation of detectors cover a large
solid angle and this, together with the high multiplicity, Tresult
in a high detection efficiency (75-80%) which is subject to small
systematic uncertainties only. Events resulting from cosmic ra-
diation or from interactions between the beam and the environment
are easily identified and removed in the off line analysis. The
background from e*e” + T T lead to events with low multiplicity
(907 of all 1T lead to events yield 4 or less prongs) and are re-
moved by a cut on multiplicity. The contribution from two photon
processes ete” > e*e” hadrons are removed by a cut on visible
energy.

The values2s?»23-25 for R at PETRA energies, corrected for ra-
diative effects and with the contribution from e*e™ - Tt~ removed,
are plotted in Fig. 8 together with data?® measured at lower
energies. In addition to the statistical errors shown, there is
a systematic uncertainty on the order of 10%. The different groups
collected data using different trigger conditions and they applied
different cuts to extract the R values. The good agreement among
the various groups demonstrate that systematic effects are well
understood.
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The new data finds R to be constant above 13 GeV in c.m. In
the parton model with u, d, s, ¢ and b quarks R = 3.7. First order
QCD predict?? R = (1 + as(qz)/n) 3 - E(ei/e)z, i.e. a small in-
crease of about 67 only.” This predictiol, shown as the solid line
in Fig. 8, is in good agreement with the data. If we naivly average
the R values for all experiments above 27 GeV in c.m. and ignore

L R LT F T TN O e
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systematic uncertainties we find <R> = 3,94 compared to the QCD
value of 3.92, Of course the data are not yet accurate enough, once
systematic errors are included, to discriminate between

the quark-parton and the QCD predictions for R.

A charge 2/3 e quark would lead to R j; 5.4, shown as the dot-
ted line in Fig. 8, in disagreement with the observed R values.
However, the data are not yet precise enough to exclude a charge
1/3 e quark. There is also no evidence in the data for pairproduction
of new leptons. However, note that new leptons will yield final
states with a lower multiplicity than those observed in multihadrom
states and hence have a lower trigger efficiency.

3.2 CHARGED MULTIPLICITY AND RAPIDITY DISTRIBUTIORS

A

MEAN CHARGED MULTIPLICITY

=}

o

T T 1 1 11T LI

T
» ADONE y
« SPEAR-MARK 1 ,

v DASP i b
& PLUTO ¢ N #
& TASSO

o JaDE

[[lllllllr\llll

B Lo

Lo [ O ISR L1 ;

1 2 3 45 0 1520 30 40
W {GeV)

~ Average charged particles

multiplicity versus the
c.m. energy. The solid
line igs 2 combined fit
to the low energy data
and the TASSO data at
high energies

The average charged mul-
tiplicity observed!®»2%:2°
at high energies <n h>

is plotted in N

Fig. 9 together with
data?? at lower energies
as a function of W (W =
2E). For comparison the
multiplicities observed

in pp?? and pp®! collisions
are ghown as the dashed
and the dashed-dotted line
in Fig. 10. The data are
¢learly not proportiomal
te a + b ln s over the
whole energy range, as
predicted in the naive
quark-parton model., In-
deed a fit to the data for
1.4 GeV < W < 7 GeV yield
a=2,67 +0.04 and

b =0.48 + 0.02, At W =

30 GeV this fit predicts

a charged multiplicity of

6 compared to an observed multiplicity of more them 10. Pair produc-—
tion of bottom quarks is expected to increase the multiplicity by
0.2 and cannot account for the strong increase,

<n , >
ch

The multiplicity in QCD iﬁ

n, + aexp (b VYIn s/ A“.

W < 31.5 GeV yields: :
- (2.92 + 0.04) + (0.0029 * 0.005)exp(2.85+0.07)(1n s/4%)!/2

and is shown as the solid line in Fig. 9. The general trend of the
data is reproduced by the fit.

<n
C

h

expec-.ted32 to behave as
A fit to the data?® for 1.4 GeV



- 12 -

10 = T T T 3

- o0 e .

-é.g’: é %"*“ §
- 'ﬂ;!uunm"- 6 i .
v mn%“ P. N Fig. 10
S 0L %o, *‘. = Rapidity distributions
= E oo ceoey 9 .% $ . 3 for charged particles
= F m 7.4Ge °o¢- ¢ . assuming they are
T 01300y o, % ‘ i pions. The data at
S e i ¢ 4.8 GeV and 7.4 GeV
v 07E T e % E are from SLAC-LBL. The
3 TP — o 3 high energy data are

-7 | s 4] . 5 , from TASSO
o - 7
>~ o4k 4 b
= 0l ? E

F= 4 E 5

FB gLt ] -

o ] - :

- I T S U 1 N EUWPN B =

0 5 10 20 &0
10-3 | Wi{GeV) | 1 i
0 | 2 3 4 5

¥ = 05 Log (E+RI(E-F)

The rapidity distribution of charged particles, evaluated with
respect to the jet axis and normalized to the total cross section,
is plotted in Fig. 10. The jet axis was determined using thrust
(see below). The rapidity Y = 0.5 1n ( E+p )/(E-p )} where E is the
energy and Py the momentum of the partlcle w1th respect to the jet
axis, was evaluated assuming the particles to be pions. The high
energy data were obtained by the TASSO Collaboration?® and they are
compared with data from the SLAC-LBL Collaboration?® at 4.8 and
7.4 GeV. The distribution has a clear plateau at Y = O and this
plateau becomes longer with increasing energy. The height of the
plateau, however, is not constant as expected in quark-parton mo-
dels, but also increases with energy. This is shown clearly in the
insert to Fig. 10, where the normalized cross section
t/o do/dy for 0.2 <Y < 1,0 is found to increase linearely with ln W.

To compare the fragmentation regions at various energies the
data are replotted in Fig., 11 versus Y-Y where Y 0.5 ln(s/mz)

The width and the shape of the frgﬁmentatlo%a¥eglon are
nearly independent of energy with the high energy data slightly be-
low the data obtained at lower energies. This is in qualitative
agreement with scaling violations expected to occur in QCD. However,
it is important to note that the intrinsic resolution is about 1
unit in rapidity caused by the uncertainty in determining the jet
direction.
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The rise of the plateau
with energy and the near
energy independence of the
distributions in the frag-
mentation region shows that
the rise in multiplicity is
caused by an excess of low
energy particles
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3.3 SCALING
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© 13.0Gev |
X 17-72Gev

da/dY

T [‘[HH]
Lol

The cross section sdo/dx
‘”5” with x p/p can be.ex-
pressed at hlgﬁmenergles
Bal) in terms of two
scaling functions Wl and
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Y = Ymax

Fig. 11 - The same data as in
Fig. 10 plotted versus
Y-Y
max

do _ 2 - 1 = :
s = - 4T o x ( mwl + Iy S\JWZ) (6)

Here v = ¥s * E/m is the photon energy seen in the rest system of
the particles.

Data from DASP2? at 5 GeV, from SLAC-LBL®® at 7.4 GeV and from
TASSO*® for energies between 13 and 31.6 GeV are plotted in Fig. 12
The cross sections for x > 0.2 scale to within 307 between 5 GeV
and 31.6 GeV. For x < 0.2 the cross section shows a dramatic rise
with energy between 5 GeV and 30 GeV. This rise is related to the
strong growth of the mult1p11c1ty discussed above.

Gluon emission as indicated in Fig. 7b will lead to a depletlon
of particles at large x and a corresponding increase in the yield
at small x, since the energy is nmow shared between the quark and
the gluon. In QCD, however, these effects are only on the level of
207 since the Q2 values _are large compared to the scale breakxng
parameter A2 = 0.25 Gev®.

‘More prec1se1y 3% the 30 GeV data for x = 0.2 are predicted to
be higher by 107 and for x = 0.7 lower by v 20% in comparison with

the 5 GeV data. The present data are not precise enough to test this
prediction.



el

- 14 -

3

e 3

o x5 Gev nase 8 :

~Big o 7.4 Gev SLAC-LBL - Fig. 12

- e ®13 Gev TL550 i The scaling cross

¢¢*“ B17-22 Gev  TASSO section s do/dx

,: 10;:_0 o‘l , ®27.4- 308 Gov TASKOC 4 (K = P/P . ) for
@ - iﬁﬁ b inclusivg éharged
o Dot b N ] particle production
ES L g&ﬂ i

e CPLY 4
2 it J

0 X

2 0t LA
.‘g C ? *‘Olt |

L ‘%
w -

- bak

i I(:)
.
1 Jo
0
- /J :
: |
1 I | I 1 I i I
0

0.4 0.6
Kp= P/’ i Bearn

(=)
o
(5]

4., EVIDENCE FOR CLUONS AND AGAINST NEW FLAVOURS

The topology of the hadrons in ete” annihilation can be used to

identify the production mechanismn:

a) Pairproduction of light quarks manifests itself as two back to
back narrow jets of hadrons

b) pairproduction of heavy quarks will, close to threshold, lead
to nearly spherical events  _

c) Gluon bremsstrahlung e¥e™ + qqg leads to planar events with large
momenta in the plane and small momenta with respect to the plane.
A fraction of the events will have a clear three-jet structure.

All groups have made extensive Monte Carlo computations to con-
front various production mechanismns with the data., The computa-
tions are in general based on the formalismn developed by Feyrman
and Fields®%, In their model the various quark flavours are pair-
produced proportional to g%. Light quarks pairs are created in va-
cuum in the ratio: uu : dd : ss = 2 : 2 : 1. The quarks fiagments
according to the distribution function. £(z) = l=-a+3a (1-2)° with
a=0,77 and z = E /E . A flat distribution function is

meson' quark . .
also used for heavier quarks. Thﬁ primary mesons
are created with a GauBian distribution exp(-p2/2g%) around the
jet axis, From fits to deep inelastic lepton-hadron data ¢, was
found¥® to be about 250 MeV/c. The decay modes for light p%imary
mesons are taken from the particle data tables. Decay mode for
heavier mesons were estimated3® using various models. The frag-
mentation for the gluon is discussed in the paper by Hoyer et al.??,

B I B L D BT S PO



- 15 -

4.1 THRUST AND SPHERICITY DISTRIBUTIONS
Two methods to determine the jet axis, sphericity'® and
thrust37, 3% are in general use:

Sphericity S is defined as § = % min —T3 (7}

. . L
Here pl is the momentum and p1 the transverse momentum of a track
with respect to a given axis.  The jet axis is defined as the axis
which minimizes transverse momentum squared. Sphericity measures
the square of §, the jet cone opening angle. § = 3/2 <§2> and is ©
for a perfect jet and 1 for a spherica}[ ?Tent.
Lip

Thrust T is defined as T = max r

E_Ipll

i
Here pl is the momentum of a track and pb its projection along a
given axis. The jet axis is defined as the axis which maximizes the
directed momentum. Expressed in termsof §, T7 (1-<86>2) and it
will approach 1 for a perfect jet event and 1/2 for am isotropic
event. '
The deviation between the true
jet axis and the axis found by
either the sphericity or the
thrust method was determined by
] a Monte Carlo computation,

o The result is plotted in Fig.13
10+ - as a function of energy. The
. jet axis is determined to 5° or
N\ Sph@l’lClty better nmearly independent of
€ method for c.m. energies above
N 50 20 GeV.
h 4 t
thrus Fig. 13

A Monte Carle calculation of the

\ angular deviation between the
true jet axis and the axis de-

10 20 30 termined using either sphericity

W (GG‘V ) or thrust

The sphericity distribution 1/N(dN/dS) as measured by TASS0?S
and the differential thrust distribution as measured by PLUTO?? are
shown in Fig. 14 and Fig. 15 respectively. The jets are expected to
become more collimated with increasing emergy and this trend is
clearly observed in the data, The solid line shows the qq prediction
including u, d, s, ¢ and b quarks. The TASSO Monte Carlo also in-
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cludes gluon bremsstrahung.

6;:""""1’[ T '.Jtli rrr17rTT “_' LANLIRLEE BN B '_‘
cl I? - -
F 13Gev '1.1‘ 17GeV 22Gev
ik Fig. 14
: Sphericity distributions
for different c.m. ener-—
gies measured by the
TASS0O Collaboration., The
v curves show the pre-
z diction for u, d, s, ¢
i and b quarks (solid)
ES plus t quark contribution
276GV 31.26eV (dashed-dotted) curves
. [ R e
o {4V Eom 2507 H 10 Eem#30 Gy PLa
e 2%evets r._. D events -

Fig. 15

Thrust distributions for
various c.m. energies
measured by the PLUTO
Collaboration., The cur=-
ves show the prediction
Saevents 7 for u, d, s, c and b
quarks (solid) plus t
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A) GROWTH OF TRANSVERSE MOMERTUM WITH ENERGY

The naive quark-parton model assumes that the transverse mo-
mentum of the hadrons with respect to the jet axis remains comstant
independent of energy. In QCD the transverse momentum squared will
grow proportional to-QZ'i-E. effects from QCD will become increa-—
singly prominent with energy. ‘

The normalized transverse momentum distribution (l/c)do‘/dp2 mea-

sured® by TASSO and evaluated wita respect to the sphericity
axis is plotted in Fig. 18 versus p,. The data at 13 GeV and 17 GeV
are identical within statistics and are averaged, similarly

ioz—v—r11||1[1|lll|]|i115
! 3 Fig. 18 2
- TASSO 3 1/c do/dp_ at 13 and 17 GeV
*. r.“. - combined and for c,m.
3 i0'e Ve - energies between 27.4 and
= = ¢Rﬂ\ 3 31.6 GeV combined
= = i‘\. . as a function of p_.
w L é%é‘\.Jr—qawfaquwﬂ i The curves are,qq fits to
2 oo AN | the datg for py < 1.0
2 7= R "~ 3 (GeV/c) incluging u, d, s,
— = R ~¢_ . ¢ and b quarks with o_ as
% " T ~ 'y ™
=< : N S~ a free parameter
e T o I3-17 GeVv \\<If :
ot = e 274-316 GeV A =
= _ _/\ } |
= qq{oq20.30 Gevre) ~ ‘I’ -
r ~ .
— ™~ —
i ~
!
.IO'23 F700 WU TS S0 N 0N S W N S S N VAW S S S S S
0 0.5 1O L5 20

P2 (Gevsc)?

the data between 27.4 and 31.6 GeV are combined, The dati'at both
energies are in resonable agreement for p2 < 0.2 (GeV/c)” but the
high,energy data are well above the low efiergy data for large values
of Pr ~ i.e. the average p. 1s clearly iEcreaging wiEh energy. The 2
data-at 13 - 17 GeV have been fit to efe =+ qq for p, < 1.0 (GeV/c)
with <o > as a variable. The results, shown as the dgshed line in
rig. 18% yield <o > = 300 MeV/c compared to <o, > " 250 MeV/c ex—
tracted from deepqinelastic lepton hadron data. To fit the higher
energy data <o _> must be increased to 450 MeV/c. A good fit to the
high energy da%a can also be obtained by using 50, = 300 MeV/c

and including gluon bremsstrahlung. Hence the p 9 distribution alone
cannot be used to discriminate between thé qq model with an energy
dependent value of Gq and the qqg model with a constant value for

g .
q
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C) PLANARITY OF THE EVENTS

Regardless of the value of <p.”
hadrons resulting from the fragmentation t«wf a quark must on the
average be uniformly distributed in azimuthal angle arcund the gquark
axis. Therefore, apart from statistical fluctuatioms, the two-jet
process ete” » qq will not+lgad to planar events whereas the ra-
diation of a hard gluon, e e —+ qgg, will result in an approximately
planar configuration of hadrons 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 gqg
jets shows in a model independent way that there must be a third
particle in the final state which might be identified with a gluon.

The shape of an event is conviniently evaluated by constructing

the second rank tensori®s17
Me = L p. P (@, =x,y,2) (9)
ap PIE L
where P:. and p., are momentum components along the o 'and 8 axis
for therth pargécle in the gvent. The sum is over all charged

particles in the event. Let n , n, ﬁ3 be the unit eigenvectors of
_this tensor associated with tﬂe normilized eigenvalues Q.,

=H+. 2 - a _71
Q %(Pj ni) / gpj, which are ordered such that Q, <'Q, E Q-

Note Jthat Q, + Q2 + Q, = 1. The principal jet axis is then n
direction, tﬁe event p{ane is spanned by n, and n,; and n, defines
the direction in which the sum of the squafe of tae momenkum com=-
ponents is minimized. 5

We first compare the distribution of <p_ > , the momentunm

T ouE £

co%ponent normal to the event plane squared,  wich that of
<PT>' , the momentum component in the event plane perpendicular to
tha Jet axis. 2 2

The data on the <p >, and Prout distribution at low and
high energies obtained “b¥ TASSOL’2 and “JADE’ are plotted in Figs.
22-24, All groups observe that <pT>out changes little with energy

in contrast to the distribution of <Pr>in which grows rapidly
with energy, in particular there,is a long® tdil of events not ob-
served at lower energies. The <p_> distributions at _both low

and high energies are described reggonably well with e e > gq -
i.e. the momenta transverse to the event plane is consistent with
the quarks ~fragmenting into hadrons with a constant transverse

- mogentum independent of energy. The same model also describes the
<pi>. distribution at low energies,. but it completely fail to re-
prod&%e the long tail observed in <p >.,.8t high energies. This
discrepancy cannot be removed by incfedsing the mean transverse
momentum of the jet. Fig. 22 shows g fit assuming o_ = 450 MeV/c
(which gave a good fit to 1/c do/dp_). The agreement is poor. We
therefore conclude that_the data inClude 2 number of planar events
not reproduced by the qq model independent of the average Pr agsuned.
Hogever, as shown in Figs. 23 and 24 the long tail of the

<Pr> in distribution can be accounted for in the qqg model.

AR A B W B IR SR e e s e e
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In Fig. 19 <p2> measured by PLUTO and TASSO is pletted versus
c.m. energy. These data have not,been corrected for detector accep-
tances. Both groups find that <p[> is increasing with energy in
agreement with a QCD calculation*done by Hoyer et al??, A qq model
with constant ¢ 1is excluded, however, a good fit can also be ob-
tained in this Sodel if ¢ is allowed to vary. This is not excluded
cn general grounds.

. Fig. 19

a) The cobserved transverse
momentum squared of
charged particles with
respect to the jet axis .
defined by thrust. The
data were obtained by PLUTO.
They are not corrected for
acceptance. The

a) solid line is the pre-
diction for eTe™ -+ qq
with constant ¢_. The so-
1id line is a 3 QCD
prediction by Hoyer et
al,2?

b) Same as in a) except the
data were obtained by
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B) ONLY ONE JET BROADN

1f hard nonccllinear gluon emission is a rare process, as ex-
pected in QCD, then there should usually be only one gluon per
event. In fact the probability of emitting two gluons in one event
compared to single gluon emission is proporticnal to o . Only one
cf the jets should therefore broadn. s

To test this prediction the jets in an event are divided into
a narrow and a wide jet. In Fig. 20 and Fig.,21 the data obtained
by PLUTO® and TASSO" are shown. Plotted are <p_> versus z = p/p
at low and high energies for the wide and thé narrow jet sepa-—
rately. A large asymmetrie between the two jets is observed by both
experiments at high energy. At low energies the observed distribu-
tiogs are more symmetric and they are well reproduced by
e e - ¢q using the canonical value for <¢ _>. The observed narrow-
wide asymmetry is due to statistical fluctudtions. The model with
constant Gq fails to describe the data at high energies. Increasing
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<o_> to 450 MeV for TASSO and to 350 MeV for PLUTO improves the fit.
PL8to has also ccmputed the distributions for e‘e™ + qqg. The agree-
ment with: the data is good. Also the TASSO data are reproduced by

e e * qqz.
QCD explains naturally the 1arge asymmetry observed in the
transverse spread of the two jets in an event. A qq model with o
increasing with energy results in a worse fit, however such an
explanation cannot be completely excluded by the present data,.

Narrow Jet

T T T

13-17 GeV

— ~—ag
4030 Gevi)

Ftt ]

~N
°
Y
> F + (b) -
o 7.4- 3. v
3 [ 274-316 Gev T N
“{’\- e — qa i o
C T we0306ewa) T + + i
L --qq ‘ + PP
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Fig. 20

Data gbtained by TASSO

on <p > as a fuaction

of Z = p/p for

wide and beam Narrow
jets separately, for the
low energy (2) and the
high energy (b) data. The
curves_show the prediction
from qq with 0. = 0.30 '
(GevV/c) (solld} and g_=
0.45 GeV/e (dotted)

Fig. 21

Data thained by PLUTO
on <pT> as a function of
Z= Tp/p for wide
and narrow jets. The
solid and dashed lines
are the ggg and gqq pre-
dictions, respectively
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C) PLANARITY OF THE EVENTS

Regardless of the value of <p_>
hadrons resulting from the fragmentation wf a quark must on “the
average be uniformly distributed in azimuthal angle around the quark
axis. Therefore, apart from statistical fluctuations, the two-jet
process e'e -~ qq will not+1gad to planar events whereas the ra-
diation of a hard gluon, e e -+ qqg, will result in an approximately
planar configuration of hadrons 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 qq
jets shows in a model independent way that there must be a third
particle in the final state which might be identified with a gluon.

The shape of an event is conviniently evaluated by comstructing
the second rank tensori®,!7

Yog = §=1 Pjo " Pjg  (%B =%7,2) (9)

where P:y and p., are momentum components along the o and B axis
for thelfth par%%cle in the gvent. The sum is over all charged

. . - . p
particles 1n the event., Let n , 0, N4 be the unit eigenvectors of
this tensor associated with tﬁe normzlized eigenvalues Q.,

= > . 2 - 1
Q; g(pj ni) / ;Pj’ which are ordered such that Q] < QZ E Q3.

Note Jthat Q, + Q2 1 Q, = 1. The principai jet a§is is then n
direction, tée evént piane is spanned by n, and n,; and n, defines
the direction in which the sum of the squafFe of t%e mbmenkum com-
ponents is minimized. 2 '
We first compare the distribution of <pT>ou , the momentum
coiponent normal to the event plane squared, WlEh that of
<p->. , the momentum component in the event plane perpendicular to
the }et axis, 2 9
The data on the NI and Prout distribution at low and
high energies obtained by TASSO", afd JADE’ are plotted in Figs.
22-24. All groups observe that Pr”out changes little with energy

in contrast to the distribution of «p > which grows rapidly
with energy, in particular there,is a long tail of events not ob=-
served at lower energies. The <p_ > distributions at_both low

aad high energies are described rea%onably well with e e =+ qq -
i.e. the momenta transverse to the event plane is consistent with
the quarks fragmenting into hadrons with a constant transverse
mogentum independent of energy. The same mcdel also describes the
<p.>. distribution at low energies, but it completely fail to re-
prodiice the long tail observed in <p_>. at high energies. This
discrepancy cannot be removed by incre%ging the mean transverse
momentun of the jet. Fig. 22 shows 3 fit assuming o = 450 MeV/c
(which gave a good fit to 1/o d¢/dp]). The agreement is poor. We
therefore conclude that_the data influde a number of plapar events
not reproduced by the qq model independent of the average Py agsumed.
However, as shown in Figs. 23 and 24 the long tail _of the

<Pr> in distribution can be accounted for in the qqg model.



CmenERe b

=4
T

- 24 -

13 — 17 GeV

T YT T

T T 7T F 17T 7

out

r— =

— 0,0 =0.30Gev/c

(/N dNigp?  (Gevic) ™
=]

-

e ;

| T N T | U Y SN 0 W NI Y S N N N S S N )

T T T 1 T T T T T T T T T ™ 7T L. L. T

274 - N6GeV
; 1t
Pour Wi,
-.-9G,0q =0456eVic 1
i W —qUaq=030Gevic -
N

Ly
S

H. ;

atk {F 8
\ f
- \‘ T
Ay
0.0+ 1F ' .
. -
LY
. A
Ay
PR 3 rl i A i L A i i A F'l Kl 0L A I 1
0 2 & 0 2 4 K 8B 10 12 14 156
(p2y  (GeVic)?
o by Al I {c] 13-17 Ge¥
13-170e¥ ﬁ 27-326e¥ rhit
ul )
% "]‘ "
n B i
§ 13 15
40 "
% |r‘. —Lnig [N i [
z £ 11
gl Sl 412732 ba¥
E §] s 1 '-'
€ . L TAIL
5 :e-: n] EE
i
|
1 | 1 1
A i A ‘\‘
[ 2N ¥4 0 bt 8) ) ==
<plp (Gevic) * o bewt
Lo n

CE R T Ie

[H] u(hb’ djiw”,l.l

R

Fig. 22

Distributions of mean
transver se momentum
squared per event forx
charged particles, nor-
mal to (<pT>°ut) and in

(<p§>in) the event plane

measured by the TASSO
Collaboration at low and
high energies. The pre-
diction for a qq final
state with 0 = 300 MeV/c
and 0 = ASOquV/c are
shownd as the solid and
the dotted curve res-
pectively

Fig. 23

Similar data as in

Fig. 22 obtained by the
PLUTO Collaboration.
Solid and_dashed lines
are the qqg and qq
predictions respecti-
vely
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Fig. 24

Similar data as in Figs.

22 and 23 measured by the
JADE Collaboration. The
dotted and the solid_lines
are fits to qq and qqg res-
pectively
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The different energy dependence of <p_>. and <p_> is

shown strikingly in Fig. 25 uging data®
directiog, is an ellipsoid with

Each event, viewed along the

the small and the large axis given by <p >

T 3y tained” BYrasso.

and <p_>. respective-

ly. Fig. 26 shows the computer made over?a%%tof all ghége ellip-
soids for c.m. energiﬁs of 13 GeV, I'7 GeV and 27.4 to 31,6 GeV,

The slow growth of <p >o c
energy are seen ratheg ciearly .
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and the rapid growth of <Pr”in with

Fig., 25
Events viewed along the
jet direction in momen~
tum space. Each event is
represented gs an ellip-
soid with <p_> and

T out

<pi>in as the minor and

major axis. Shown are the
sum of all TASSO events
at various c.,m. energies
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Fig. 26 - The distribution 1/N dN/d0 as a function of oblateness
for W = 17 GeV and for W between 27.4 GeV and 31.6 GeV.
The solid curves are predictions based on .+ete -+ qqg,
the dotted curve shows the prediction for e e + qq with
a mean transverse momentum of 325 MeV/c. The dashed-
dotted curve is the qq model prediction with an average
transverse momentum of 425 MeV.

The planarity of the events is also observed® by the MARK J
group using a different technique. They define a coordinate system
as follows: the e, axis coincide with the thrust axis which is de-
fined as the direction of maximum energy flow measured in their seg-
mented calorimeter. They next investigate the energy flow in a plane
perpendicular to the thrust axis. The direction of maximum energy
flow in that plane defines a direction e, with a normalized energy
flow ) | i
sajer = 23 1 1 5y,

i (10)
where E ., = Z;l. The third axis e, is orthogonal to both the thrust
i . . . Lo .
and the ‘i major axis e,, amd it is very close to the mini-
mum of the momentum projection along any axis i.e.
. i -
LY .
minor §|p e3] l'Eio . (an

1

They then define the quantity oblatness O = major-minor as a
measure of the planarity. This quantity, apart from statistical
fluctuations, will be zero for phase space and two jet events and
finite for three jet final states, The normalized event distribution
is plotted versus oblatness in Fig. 26 for the 17 GeV data and data
between 27.4 GgV_and 31.6 GeV separately and compared with pre~
dictions for e e - qq (dashed curve) and e e ~+ qqg (solid line).

D0 R O R IIF I 'Y 5 M8 M R0 PR B TR0 et G e m e
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At 17 GeV acceptable fits are obtained with both models, although
the data prefer the fit including gluon bremsstrahlung. At high
energies a good fit can be obtained with a qqg final state but not
with a pure qq state, regardless of the value assumed for the
average transverse momentum,

The normalized eigenvalues Q, Q and Q, defined above might
be used in a more detailed study of the event shape. The data can
be expressed in terms of two variables, aplanarity A and spheri-
city §

2
<p

A = 3Q % Tout (12)
<p >

g = %.(QX + QZ) = %.<p§>/ <p2> (13)

All the events are then inside the triangle shown in Fig. 27.
Collinear 2 jet events lie in the left hand corner (A, § small),
uniform disk shaped events in the upper corner (A small, S large),
and spherical events in the lower right hand corner (A, S large),
while coplanar events will occupy a band along the larger of the
two small sides of the triangle in Fig. 27.

Fig., 27
T T T - . .
L % _ Distribution of events as
_ouf o a function of aplanarity
R [
5 N\ 2, and sphericity S.
: < events 3Dy Regions in A and S popu-
o .
2ozl i o, - lated by two-jet, planar
G \O‘p .
¢ and spherical events.
- - Spherical 2
l;"l& e events
00 I | " ] " i 1 i
00 0.2 04 06 08 10
SPHERICITY

The distributions in A and S resulting from:

a) ete” + qq with u, d, s, ¢ and b quarks
10 GeV

+ - -
b) e e = tt with m, =

¢) e+e- + qqg with q = u, d, s, ¢ and b quarks

are shown in Fig. 28 for a c.m. energy of 30 GeV,
The qq model with light quarks indeed populate the region of
small A and S with very few events either 1n the spherical or the

planar region.

The tt model with m

= 10 GeV, leads to events with medium
values of A and S. Assuming a heavier quark mass will increase va-
lues. Note_that there are very few planar events in the plot.

The qqg model also tends to populate low $ and A values but
there is a band of planar events resulting from wide angle gluon
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Fig. 28
Monte Carlo created events
in aplanarity and sphericity
at 30 GeV in c.m, for:
a) e + qq with q
= u,d,s,c and b
quarks
b) e+e- + tt
withm_ = 10 GeV
.- ot
c) ee -~ qqg
with q = u,d,s,c
and b quarks

Fig. 29

The event distribution in
aplanarity and sphericity
observed by the TASS0
Ccllaboration at

a) 13 -~ 17 Gev

b) at 29.4-31.6 GeV.
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. Fig. 30
u—\ a) Similar data as in
b o a6 e Fig. 29 obtained by
bl 157 evens the JADE Collabora-
Ity % ’y tion
Y ‘ / %@

o ’
I

g Jin]
0y - 03

n

First, in agreement with the findings discussed above, the
data shows no evidence for a heavy quark. Examining the region of
large A and 5, indicated by the dotted line, both groups put
stringent limits on the production of new quarks. These limits are
listed in table III and IV.

Table IIT -~ The number of events with § > 0.55 and Q, < 0.0753
expected in the JADE experiment from px:oéuction of
a quark with charge 2/3 e

Number of mt(GeV) W (GeV)
events 22 27.7 30 3.6
expected 8 4 3 2
11 15 22 4
14 25 5
observed - 0 1 1 1

Table IV ~ Limits set by the TASSO-Collaboration on the production
of a heavy quark Q with charge 2/3e and 1/3e obtained
from the observed number of events with A > 0.18

Number of events

W(GeV) ob- predicted mQ = 10 GeV mQ = B GeV
served  qqg 2/3¢  1/3e 2/3e  1/3e

29,9~ 80e8

31.6 10 8.2+1.0 0+ 20+2 45+3 Hi+1

30.9- 5 2.6+0.4 2541.5 6+0.6 1441 3 2

e 640, 4. +0. + .5+0.
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The production of a heavy quark with charge 2/3e in the energy
range of PETRA is clearly excluded. The production of a quark with
charge 1/3 e seems unlikely.

The production of collinear 2-~jet events is seen to dominate
at all energies. However, the data at high energy show a band of
planar events with small values of A in agreement with a qqg final
state.

The TASSO data at high energies consist of a total of 949 events
(including the data observed during the scan). In a band defined by
A < 0.05 and § > 0.25_there are 62 planar events compared to 49
events predicted by qqg and 11 events predicted by qq.

The JADE Collaboration®® finds 23 events in band defined by
(Qq f_Qz)/¢§'< 0.35 and Q, < 0.07 compared to 22 events predicted
for qqg and 6 events for qq.

The PLUTO Collaboration® observe 35 events with_§ > 0.25 and
Q < 0.03. The qqg model predict 30 events and the qq model 12
events, in the same strip.

The data discussed above proves conclusively that planar events,
which cannot result from quark pair production with a GauBian dis-
tribgtion of transverse momentum’ around the jet axis are produced
in e e annihilation. Wide angle gluon bremsstrahlung'® e e -+ qqg
would naturally result in planar events. The observed rate for
such events is consistent with the QCD predictions. Besides this
origin, however, there are two ad hoc possibilities; a flat phase
space of unknown origin or that the transverse momentum distribu-
tion of the quark fragmentation has a long non GauBian tail, The
first possibility can be excluded by observing events with 3 axes,
the second by excluding that the 3 axes are not defined by 2 jets
and a single high momentum particle at a large angle with respect
to the jet axis.

D) PROPERTIES OF PLANAR EVENTS

The PLUTO Collaboration has searched for three-jet events®
using a generalization®® of thrugt. In this method the final state
hadrons with momenta p,, Py --- Py are grouped into three classes
(Fig. 3la) Cl’ 82 and &3 with momenta P(CN) = E[pi| where the sum
is over all particles assigned to the class i Cy+ A new quan-
tity, triplicity T3, is then defined as

1 T 3 3
T, hﬂ'p:\' Max [B(C)| + [P(c)| + |G| (14)

T, is 1 for a perfect 3-jet event and 3(/3/8) = 0.65 for a gpheri-
cal event, The momenta of the three jets are given by P, = P((C,),
?2 = B(C,) and §3(C ) (Fig.31b) and the angles between ' these
véctors 8., 6, and 3 are the angles between the three jets. The
angles are Ordered” such that § < 92 < 63 and 91 + 92 + 93 =
360 since by momentum conservation

the three vectors P,, P, and P, define a plane. All the events can
thus be located in éhe ﬁatched triangle in Fig. 31b. A totally
symmetric 3-jet event (9l = 62 = 93 = 120} would be located in the
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corner A. To select the candidates for a three-jet event they

make a scatter

will have large tr1p11c1%y and small thrust. In the region Ty > 0.9

plot of T, versus T (Fig. 31 d). A three-jet event

and T < 0.8 they find 48 events at c.m. between 27.4 GeV and

31.6 GeV. With

o = 250 MeV/c a qq model predicts 11 events and a

qqg model 43 evertts. The ‘angular Dalitz plot for the high energy
data is shown in Fig., 3le. The candidates for three-jet events

(T3 > 0.9, T <

Events with a three jet structure have large values of ©
is large, whereas the black dots representing
At high energies

mich less than

two jet candidates tend to have small values for @

0.8) are shown as large circles, the others as dots.

i.e.

180° and 8

Fig. 31 - a,b)
c)

d)

they find 52 events with 8 < 150°. The qqg model predlcts 51 and qq pre-
dlcts 19.
2
(a) oy (b)
=3 9,
/*
AN g s /9 TR
P;
T T ]
3 | R :
= . - .'.0. * -. “"‘#‘" 4 b
UBT-~Tf~r-—L—rergsn”-————*
L T ne B
L * .
- . - | -
ﬂ.ﬁz" : -1
r . | 1
[ | ]
7L ! 3
T [N IS I ol I | !.
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0.9 T 10

Momentum configuration of hadrons and jets
Definition of the angular Dalitz plot with

93 > 92 > 0l

Data obtained by the PLUTO Collaboration at 27.6,
30 and 31.6 GeV shown in a scatter plot of trip-
licity versus thrust

Same data as above in the angular Dalitz plot:
events with T < 0.8 and I, > 0.9 are shown as
open circles.
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The TASSO Collaboration used a generallzatlon of spher1c1ty“°
to define three-jet events. In this method the tracks are projected
on to the event plane defined by n, and n (see above)., The projec-
tions are divided into three groups and tae sphericity for each group
Sl’ S, and S, determined., The three axes and the particle assignment
to theé three groups are defined by mlnumlzxng the sum of S and
S,« This defines the direction of the three jets and ass1gns t%e
particles to these jet directions.

The distribution of the TASSO events above 27 4 GeV in the an-
gular .palitz p10t+1s shown in Fig. 32c. Th results of a Monte Carlo
calculation for e e - qq (Fig. 32a) and e e - qqg (Fig. 32b) are
also shown. The data clearly favours the qqg mechanismn. The TASSO
observe 50 events with 8, < 160° compared to 47 events predicted for
qqg and 20 events for qq.

In Fig. 33 the TASSO events are plotted versus tri-jettiness J

The tri-jettiness is defined as

3y = <pe>; / (1/2 (300 Mev/e)?) (15)

3

9 . Flg. 32

| Events displayed in an an-
gular Dalitz plot with the
axis determined by the ge-

(0..) e -""'«'}A-Z‘!T-*\ Ms» -.- 1‘3 180°

00°  8° 60 e0° 200 . neralized sphericity method,
, 120° a) Dlstributlons expected
=
MC. -t for e e -+qq
W =30 Gev
e*e =qdyg

Cs b) Distrjbution_expected
! for e e *+ qqg

g=ud.s.cb

b) =«

¢) Data obtained by the
TASSO Collaboration for
c.m, energies between
120° 27.4 GeV and 31.6 GeV

DATA
W=274-316 Ge¥

(¢)
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where <p2>i is computed for all charged tracks with respect to their
assigned axis, Thus for three-jet events with a mean transverse mo-
mentum of 300 MeV with respect to the jet axis we expect to find the
events clustered around J, = 1, compared with a wide distribution in
J, in case of a flat phaseé space distribution., The data agree with

t%e expectations for e e - qqg, shown as the solid line. The fit re-
sult in ¥ /degree of freedom of 2.3/5. The data disagree strongly
with g phase space calculation'! shown as the dashed line. This fit
has x /degree of freedom of 223/5. Thus the data are not consistent
with a phase space distribution.

Fig. 33
— MC for e"e'~q4g ) Planar events
-u= MU for phose space (S 2 0.25, A < 0.05)
Data for 27 4 - 316 Gev measured by the TASS0O Col-
w0 Spnenicity = 025 laboration plotted versus

Aplananty < 005 the tri-jettiness J,. The

M,C. predictions fof

e.e_ > qqg (solid) and for
e e - hadrons according
to phase space.

Mumber of Events

The MARK J group observe® a three-jet structure in their energy
flow analysis. "o extract this structure from the data they divide
the energy distribution of each event into two hemisspheres by the
plane containing the major and the minor axis. The narrow jet is con-
tained in the forward hemisphere. The major, the minor and the obla-
teness are calculated separately for each hemisphere. To enhance
effects resulting from gluon emission they select events with low
thrust T < 0.8 and large oblateness 0>0.!. The accumulated energy
distribution in the plane defined hy the thrust and the major axis
shown in Fig. 34a has a three—jet structure. The two small jets
have been oriented according to size. The calculated energy distri-
bution 1s in agreement with predictions based on e e - qqg and is
shown as the solid line. In Fig. 34b the accumulated energy distri-
bution in the thrust-minor plane is shown. The flat distribution is
consistent with the qqg predictions.

The remaining question is then to decide if the third jet is
defined by a single particle or by a group of particles. This can
be done simply by examining the events. Figs. 35 and 36 show typi-
cal candidates for three-jet events observed by the TASSO Collabo-
ration and by the PLUTO Collaboration. For comparison also a two-
jet event is shown. The main inserts shows the events viewed along

the o, direction, i.e, down onto the event plane. The three axes are
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Fig. 34
a) A polar plot of the
energy distribution in
the plane defined by the
thrust and the major axes
for all events with thrust
< 0.8 and oblateness

180° > 0.1, The measurements
were done by the MARK J
group at c.m. energies
of 27.4, 30 and 31.6 GeV.
The energy value is pro-
portional to the radial
distance. The superim-
posed dashed line is the
distribution calculated
using qgg model.
b) The measured and cal-
culated energy distribu-
tien in the plane defined

Thrust by the thrust and the

0oL 180° minor axes.
.

270°
30° Minor

(b)
270°

indicated by the dotted lines in the TASSO picture and by the fat
bars at the border of the picture in the PLUTO event. The TASSO
events contain only charged tracks, the direction of neutral tracks
in the PLUTO event is indicated by dotted lines. In both events we
see a clear 3~jet structure and each jet contains many tracks. In
the two small insertions the events are viewed in the event plane
along and transverse to the n, direction. Viewed along the ng di-
rection there is a striking difference between two-jet

events and three-jet events.

The TASSu group has also evaluated the transverse momentum of
charged particles from three-jet events with respect to the jet
axes to which they were assigned by thE generalized sphericity
method*®, This distribution, 1/N d§/de, is plotted versus p2 in
Fig. 37. It is compared to the pZ distribution found with res-
pect to the jet axis in two-jet evéents at lower energies shown as
the solid line, The agreement is very good and demonstrates that
<0 _> can be taken to be constant independent of energy, when the
evénts at high energy are analyzed as three-jet events.
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n

EVENT 2592
RUN 21310

L.
Lo

Mamentum Companent (Ge¥/c)

Fig. 35

Momentum space repyesentation

of a 2-jet event (a,c) and a

3-jet event (d-f) in each of

Ehree+projections (a,d) =

L, — I, plane; (b,e) =

+2 > -+

n,-n, plane; (c,f) = n,-n
plane. The events were

measured by the TASSC Col-

laboration and the dotted

line shows the fitted jet

axis.

Fig. 36

Momentum vectors of an high
triplicity low thrust event,
measured by the PLUTO Col-
laboration at 31.6 GeV in
c,m, The event is shown pro-
jected onto the triplicity
plane (top left), onto a
plane normal to the fastest
jet (top right) and onto a
plane containing the di-
rection of the fastest jet
{bottom), Solid and dotted
lines correspond to charged
and neutral particles, res-

axes are shown as the fat bars.
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Fig. 37

10 TASSO ] The transverse momentum dis-
A ) tribution 1/N dN/dpZ of
274-31.6 GeV the hadrons in the planar
events with respect to the
three axes found by the ge-
neralized sphericity method.
The solid line shows the
transverse momentum distri-
bution with respect to the
jet axis found in 2~jet
events at lower energies.
The data are from the TASSO
Collaboration,

001~

0 0.5 1
DE (Gev/c)?

7180 29523

) CONCLUSION

The naive quark-parton model does not describe the data at high
energies. The data show a clear three-jet structure, which result
from an initial state of three basic particles. All the properties
of these events are comsistent with those expected for gluon brems-—
strahlung e e - qqg in QCD.

5. SEARCH FOR FRACTIONALLY CHARGED OR HEAVY STABLE PARTICLES

ete - qq is an ideal place to look for free quarks. The JADE
Collaboration’ has searched for quarks and heavy stable particles
using the dE/dx information from the drift chamber. The drift cham-
ber measures dE/dx at 48 points along the track. To reduce the fluc-
tuations from the Landzy tail of the ionization loss the highest
20% of the measurements are ignored and the mean of the remaining
80% used. This results in a dE/dx resolution of + 6% determined from
a measurement of Bhabha scattering.

The dE/dx for each track in multihadron events are plotted in
Fig. 38 versus momentum. To be accepted, the ilonization must have
been measured at least 30 times. Note that the threshold for an
ionization measurement is set to 1/7 of the energy loss of a minimum
ionizing particle emitted at 90° to the beam.
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Multihadron events

T T

cT ]

| S Q=% M=5GeV
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S 100!
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0.1 03 10 30 10 300
Apparent momentum GeV/c

Fig. 38 ~ dE/dx versus apparent momentum measured in multihadron
events by the JADE Collaboration. The energy loss ex-—
pected for m, K, p are shown as the solid lines, The
energy loss expected for fractionally charged or heavy
stable particles is shown as the dotted lines.

The energy lcoss curves predicted for pions, kaons and protons
are plotted as solid lines in Fig. 38. The energy loss curves for
1/3 e, 2/3 e particles and a stable particle of mass 5 GeV and unit
charge are plotted as dotted lines. The points accumulate along the
energy loss curves of the ordinary particles with no accumulation
of points along the quarks or the heavy stable particle lines. The
upper limits on the production cross section in the corresponding
momentum ranges are listed in table V.
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Table V - Upper limits AR on the production of fractionally charged
particles and heavy particles with unit charge

Charg= Mass {(GeV) Range of true momenta upper limit
GCeV/c AR
1/3 3 1.5<p< 2 , 0.1
2 <p<3 0.1
10 1 <p<7 0.1
2/3 3 p <! p > 3.5 0.1
5 < 2 p >4 0.1
10 P < 4.5 p > 10 0.1
] 3 p< 2 0.08
p< 6 0.08
10 p < 10 0.08

The JADE Collaboration use the absence of heavy particles to
set an upper limit on the lifetime T of the B, Assuming a mass of
5 GeV, a BR production cross section of AR = 1/9 agd a flat momentum
distribution of the B mesons they find T < 3 x 10 ~ sec.

6. TWO PHOTON REACTIONS

Electron—-positron collisions are a source,of photon-photon
collisions“? as shown in Fig. 39. The mass {—q") of the virtual
photon is determined by the kinematics of the outgoing lepton.
Photon-photon collisions therefore offer a unique opportunity to
vary the mass of both the target and projectile over a wide range.

Fig. 39

Feymman graph for

+ - + -

ee +eeX
Hadrons

One might investigate the whole kinematic region from collisions
of two nearly real photons (hadron-hadron interaction) via deep
inelastic electron-photon interactions to the collisions of two
heavy photons. Unlike the annihilation process the two photon pro-
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cesses will lead to a final state with two leptons, in general
with high energies and at forward angles,plus hadrons
with a visible energy much less than the c.m, energy. The two pro-
cesses can therefore readily be separated. '

The PLUTO Collaboration has reported the first results on
e e - e'e” hadrons at high energies. The number of observed events,
with the beam-gas contribution subtracted, are plotted in Fig., 40
as a function of visible energy. The distribution has two peaks,

200F T T T 3 Fig- 40
Ecy =276 GeV Distribution of the measured energy
Eppam® 138 GV per event (charged + neutral)

] measured by the PLUTO Collaboration
at 27.6 GeV. The hatched area shows
the energy distribution of events
with a single tag in the forward de-
tector.

12
Evis/ ECH

one coerresponding to events with a large visible energy, resulting
from annihilation events, the second peak to events with low vi-
sible energy. The second peak with a very steep drop towards large
visible energies is naturally explained by two photon reaction
where the sharp drop is caused by the falling bremsstrahl spectrum
of the interacting photons, This interpretation is reinforced by
the distribution of events with a lepton in one of the forward
spectrometers, which covers angles between 23 and 70 mrad.

This distribution, shown as the hatched area in Fig. 41,
only lead to events with small observed energy. Thus the annihi-
lation and the two-photon reaction are well separated by demanding
an electron in the forward detector and a cut on visible energy.

30 | eeeceeter ! Fig. 41
- e e PWIO A . . . . :
ee Distribution of the invariant mass
Epeom =13.8 GeV of two prong evernts in the central
22k . part of the PLUTO detector with a
s tag in the forward detector. The
“ ol i QQD prediction is shown by the so-
lid line.
] ; 2 ) r

3 [4
W spong [GEY)
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+ . The PLUTO group’? first selected events of the type

- + - » 2 *

ee +ee + 2 charged prongs. Thls+class of eyents wlll mainly be
populated by the two QED reactions e e - ete e’ e and

ete™ » ete™ u*u”. The number of two prong events at 27.6 GeV in
c.m. are plotted versus the invariant two prong mass in Fig. 41,
The distribution peaks at a low invariant mass is in excellent
agreement with the QED prediction shown as the solid line,

The hadronic events are also selected from the single tag class
by demanding either three or more tracks in the central detector
or two tracks in the central detector plus ong neutral particle.

In these events the tagged photgn had <Q“> =z 0.1 Gev? for beam
energies of 6.5 GeV (8.5 GeV) and <Q™> = 0.4 GeV"~ for a beam energy
of about 15 GeV. The virtual photon from the untagged electron will
be almost real.

The PLUTO Collaboration therefore analyze their data in terms
of electron-photon scattering. The cross section for this process
can be written“? as

dg = FT{UT + g OL) di’ dE° N(Ey) dEY' (186)
I'', and € are respectively the flux factor and the polarization of
tge tagged photon. ¢, and O, are the total cross section for hadron
production by virtua? trans%erse and longitudinal photons.
N(E_) dE_ is the spectrum of untagged photons. The values of
Op i EGLYextracted from the data are plotted in Fig. 42 as a function

Gr+ET
[nb) T T L T L] T L
PLUTD .
1500 | <Qf> = 01GeV Fig. 42
Total hadronic cross section
000 - ,—+“““_ 3 for two photons initiated events
measured by PLUTO for
oo Ty - > 4
s L a) @~ v 0.1 (GeV/c)” and
e ) N . : 2 2
2z 3 4 5 & 7 N 0.4
Vo, GEV b) Q 0.4 (GeV/e)
o;+e0y [nb)

T T T T T
PLUTO <0220k Gev?
00+ | <E>=i5GeY |

S0+ 1
2501+ __+_,,_+_ !
T4
1 ) 1 £ 1 I 1
1 2 ¥ +« 5 € 7 8
ins{GeV:‘

of the vis%ble energy W . at <Q2> = O.I(GeV/c)2 and <Q2> =
0.4(GeV/c)” The range of*frue c.m. energies which contribute to

wvis is indicated by the length of the dashed horizomtal bars.
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Besides the statistical error there is an overall systematic uncer-
tainty of + 257,

The predicted!’ cross section assuming a pure Regge behaviour
of the vy scattering extrapolated to low energies using duality ar-
guments and factorization is shown by the solid line in Fig, 42,

The estimated contribution from a point-like coupling of the photons
to the quark is indicated by the dashed line. Adding the two contri-
butions describes the energy dependence of the cross section qua-
litatively. '

I thank A.Bdcker, R.Felst, D.Like, H.L.Lynch, T.Meyer, S.0rito, P.S&ding,
U.Timm, S.C,C.Ting, G.Wolf, S.L.Wu, G.Zobernig for data and many stimulating
discussions.
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