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}. INTRODUCTION

These lectures review the experimental results up to the middle
of 1980 obtained with PETRA, the worlds highest energy electronm

positron colliding beam storage ring, at DESY in Hamburg, Germany.

Five experiments (CELLO, JADE, MARK-J, PLUTO and TASS0O) were
approved in 1976 and at the end of 1978 the first measurements were
taken. The machine has been rumning with beam energies ranging from
6 to 18 GeV. The general features and the performance of PETRA are
given in section 2. The experiments are discussed in sectiom 3,
starting with an overall view of the goals of the physics program
in section 3.1, a description of the principal components of the
detectors in section 3.2, Section 3 ends with a bfief discussion
of the Monte Carleo simulation programs in use for the various

processes and some aspects of the radiative correction calculatiens.

Tests of Quantum Electrodynamics (QED) and the universality
of the charged leptons are given in sections 4.1 and 4.2. The
measurements of the asymmetry in the production of muon pairs and
the first tests of models of the electro—weak interaction with one

or more neutral bosons ate presented in sections 4.2, 4.3 and 4.5,

PETRA offers for the first time the possibility to study the
two photon exchange reaction in a systematic way with events samples
comparable to the single photon amnihilation channel, and the

results obtained so far are described in section 5.

The general characteristics of hadron events such as the total
hadronic cross section,jet analysis, searches for the top quark in
hadronic events with and without a muon, the searches for new

particles other than quarks, multiplicity distributions, particle



spectra and particle yields are presented in section 6.

The tests of Quaﬁtum Chromedynamics and the detailed analysis
of an event topology by the JADE, MARK-J, PLUTO and TASSO
Collaborations which led to the discovery of three jet events
arising from the radiation of hard non-collinear gluons are re-

viewed 1In section 7.

Section 8 closes this review with a summary of the main results.

2. THE e e MACHINE PETRA ,
PETRA(i) (Positron Elektron Tandem Eingbeschleuniger Anlage)

began operation in the fall of 1978 as the world's highest energy
ee” colliding beam machine. Since it's commissioning, PETRA beams
have been available for physics runs 607 of the time, with the
remaining time being devoted to machine development and mainteﬁance

()

periods

The ring, with a circumference of 2.3 kilometers, has eight
long straight sections of which two are reserved for the RF accele~
rating cavities. At present only four of the experimental areas
are occupied. The remaining two experimental areas are reserved

for second generation experiments.

The original injection scheme utilized both of the existing
DESY facilities, DESY and DORIS. Electrons, inititally accelerated
in LINAC I (see Fig. 1) are injected into DESY (Deutsches
Elektronen §ynchrotron) where they are further accelerated to
6 CeV and injected into PETRA. Positrons follow a somewhat more
complicated path: after initital acceleration in LINAC II,
positrons are injected via DESY into DORIS (Doppel-Ring-Speicher),
where they are accumulated at an energy of 2.2 GeV. Stored
positron bunches in DORIS are then tranferred back to DESY for
furrher acceleration to 6 GeV, the minimum PETRA injection energy.

Wich the discovery of the upsilon (T) resonance in 1977 at

3 . , . . + -, . 4 .
FNAL( ) and the confirmation in e e Lnteractlons( ), the need to

i

k4



operate DORIS as a sﬁoruge ring independent of PETRA was realized.
Consequently, in the fall of 1977 the decision was made to construct
a Positron Intensity Accumulator (PIA)(S) to .free DORIS for physics
runs. In this new injection scheme, positrons are accumulated in
PIA after acceleration in LINAC II. Twenty successive LINAC
bunches are injected into PIA, compressed in phase space, and
cransferred to DESY for acceleration and injegtion into PETRA.

PIA was assembled }n'record time and since the summer of 1879 has

served as the injector for both DORIS and PETRA.

30 -2 .1
The average luminosity is 3 x 10 cm sec  at beam energles

of 17.5 GeV. The time~integrated luminosity per month obtained in
the intersection point of the S~W Hall with the MARK-J detector
since the beginning of 1979 is shown in Fig. 2. The months without
any luminosity are the periods of the major machine shut downs which
were used to install additional cavities and RF power to increase
the energy of the circulating eir beams. 1t is expected that the
luminosity will increase by a factor ~ 2 in the near future with

the installation of mini-beta quadrupoles in the four intersection

regions.

Recently the vertical polarization of the beams caused by the
synchrotron radiation has been observed by the PETRA—polarimeter(6).
Figure 3 shows the arrangement in the N-E Hall which is used to
measure the polarization of the electron beam by detecting a back-
scattered civcularly polarized photon beam. The detector measures
the difference in counting rates between the scattered left and

right handed photons as function of the converter position.

In Figure 4 the counting rate for 100% polarization is compared

with the measured asymmetry values V where,

N_ -} N - )
\]:1/ L _1/ ‘qR \“L
NN+ N 2| W, + N
L| z=a LR L] z=-a
-
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The two terms in brackets in the expression for V are measured at

1l

measured counting rate for right handed photons

measured counting rate for left handed photons.

the positions for the converter of Z=a and Z=-a, respectively.

At 15.3 GeV the polarization is essentially zero or very small
due to the influence of a nearby depolarizing machine resonance.
At 15.2 GeV, however, the electron beam is polarized up to about
(40 * 10)%. Sofar the polarization has been detected under certain
beam conditions when beam-beam interactions were not present. The
aim of the furure measuring program will be to investigate the
polarization as a function of those machine parameters which are

decisive for the effect.

To summarize this section one can say that in the first two
years of operation of PETRA the energy range has been from 12 to
36.6 GeV and that it has run reliably with very little failures.

The stability of the machine was the major reason why all the groups

at PETRA have been able to perform their experiments satisfactorily.

FIGURE CAPTIONS

Figure 1  Layout of the DESY site at Hamburg, W. Germany with the
PETRA e e Storage Ring showing the locations of the
detectors. The N-E Hall with PLUTO (now replaced by
CELLO), the S-E Hall with TASSO, the S-W Hall with
MARK-J and the N-W Hall with the JADE detectors
respectively.

Figure 2 The integrated luminosity per month obtained with the
MARK-J detector since the beginning of 1979 as function
of time.

Figure 3 Layout of the system to measure the polarization of the
PETRA beams.

Figure 4 Difference in counting rates between right and left
handed circularly polarized light (asymmetry) as a
function of the pcsition of the converter. The solid
line shows the expected asymmetry for 100% polarization.
The open circles sre the measurements for a beam energy
of 15.3 GeV and the black circles the ones at 15.2 GeV.
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3. THE PETRA EXPERIMENTS

3.1 Physics Objectives

Some of the prime physics goals of the experiments are:

{1} To study the various QED processes shown in Fig. 52 and b,
and to study the universality of the known charged leptons in their
electromagnetic interactions. At PETRA the maximum available c.m.
energy at the moment is /s = 36.6 GeV (q2 up to 1300 GeVz). Since
first order QED processes exhibit a 1/s cross section dependence
one can probe the validity of QED with an order of magnitude greater
sensitiviety than that previously available ip earlier colliding
beam experiments performed at storage rings at SLAC, DESY, ADONE
and CEA in the range of q < 50 GeV .

(2) To measure the charge asymmetry expected from the inter-—
ference of weak and electromagnetic interactiomns in the producﬁion
of u+u- pairs. As shown in Fig. 6, diagrams in which a virtual
photon is exchanged or in which a Zo vector boson is exchanged
both contribute to u+u' production. The interference can be
understood in terms of a variety of models based on the weak inter—
action Lagrangian

.= T s
Log = 1twY (gv = 8,Y }ou Z.-
Ig tge simple V-A model for example, one assumes By = 84 = B> where
g /M 7 = G/v2, and where G is the Fermi coupling comstant. In the

(73

now standard Glashow~Weinberg—Salam (GWS) model the couplings
are expressed in terms of the single paramerer 8w, the Weinberg
angle:
2
= 1 - = 1
gy /o g cosb (3 tan BW 1), and 8, /u g secB .
In order to distinguish between theoretical hypotheses, we can use

the forward—-backward charge asymmetry

- +

G -G

- +
c - C

A =



where O_ (o+) corresponds to the cross section for events which have
the u— (u+) appearing in the forward hemisghere. At ¥s = 30 GeV,
with a total time~integrated luminosity of lOaacmfz, one obtains
- IO“ events in a 47 detector, leading to a 10 standard deviation
asymmetry effect in the V-A model and a 5 standard deviation effect
in the GWS model.
One notes that before the direct observation of the Zo, the precise
determination of the charge asymmetry arising from weak-electro-
magnetic ianterference is the most important verification of the
idea of the unified electromagnetic and weak theory.

.{3) To test models of the electro-weak interactiom with the
QED processes shown in Fig. 5a. At the highest PETRA energies the
weak interactions effects become noticeable and limits on the vector
and axial vector coupling constants can be obtained in a model
independent way. Models of the weak interaction with a larger
symmetry group than the standard GWS model can be tested and the
two neutral boson masses which appear in those models can be
restricted.

(4) To study the photon-photon scattering process as shown

in Figure 7. The theoretical work on this subject started in the

(8) (9)

and early

(11)

nineteen thirties and it was revived in the sixties

(10}

and

(13)

seventies . The first events were gbserved at ADONE
later some measuremeﬁts were obtained at DORIS(lz) and SPEAR
Since the advent of PETRA the two-photon exchange channels
vy + hadrons can be studied in a systematic way with a number of
events which is compatible with the number obtained from the
single photon annihilarion.

(5) To measure the total hadronic cross section (Fig. 8) and

" thereby the structure ‘and energy dependence of the total cross
section, in order to search for new thresholds in the hadrounic
final state continuum, and to search directly for more J-like

particles which appear as sharp resonances.

(6) To search for new quark flavors by studying the shape



distributions of the hadronic events without and with inclusive
muons (Fig. 9a).

(7) Using the distributions of the pe, uh and hh final states
shown in Fig. 9b to search for the existence of new charged leptons =
heavier than the tau. _

(8) To study the topology of hadrenic events by measuring the
direction and energy of charged and neutral particles. In particular,
at PETRA energies, the fragmentation of hard gluons emitted in
assoclation with quark - antiquark pairs leads to the creation of
additional gluons and quarks, resulting in the production of multi-
jet events. Study of the properties of these jets enables one to

(14)

make a direct comparison with the predictions of QCD The rate
of 3-jet events relative to 2-jet events is a direct measure of the

strong interaction coupling constant o

3.2 The Detectors

The Collaborations who built the five large detectors for the
experiments at PETRA are:

CELLO : DESY-Karlsruhe-Miinchen~ORSAY-Paris—SACLAY.

JADE : DESY-Hamburg-Heidelberg~Lancaster—Manchester—
Rutherford-Tokyo.

MARK~-J : Aachen—-DESY-MIT-NIKHEF-Peking.

PLUTO : Aachen-DESY-Hamburg-Bergen-Maryland-Siegen-Wuppertal.

TASSO : Aachen-Boan-DESY-Hamburg-London-Oxford-Rutherford-
Weiszmann-Wisconsin.
Table I summarizes the main characteristics of the four track
detectors CELLO, JADE, PLUTQO, and TASSO. The radius of the -
cylindrical chambers with the magnetic fields of the solencids and
the various detection devices for the energy measurements of photons -
and electrons are given. The setting errors obtained for the charged
tracks are listed in the tast column (for detailed descriptions of
these detectors see reference (13).
The relation between the length L of a track in the central

chamber, the B-field in KGauss, the number of measurements N along



a charged track and the momentum resolution is given by: (when

Coulomb scattering can be neglected)

A = 2] a ' =1 1/2
Bk E (e e
where AN' is a constant (AN. = 750} and ¢ is the setting error.

The CELLO detecﬁor (Fig. 10) was moved into the beam in the
fall of 1979 replacing PLUTO. A thin superconducting coil (0.5
radiation lengths thick) provides a ~ 13 KG solenoidal magnetic
field. The inner detector measuring the trajectories of charged
partiéles consists of separate concentric cylindrical packages
containing a total of 12 layers of proportional and drift chambers.
The solid angle covered-by this part of the detector is 87Z of 4w,
The r and ¢ measurements of the cylindrical chambers is complemented
by r-z measurements along the charged tracks using the information
by cathode strips running at 90°and 300 relative to the beam direct-
ion. The coil is surrounded by a lead-liquid argon electromagnetic
calorimeter consisting of 16 modules and supplemented by two
symmetric end cap modules., Each of the 16 modules is a stack of
41 layers of ~ 20 radiation lengths thick. The information of
the shower development is obtained from 2 cm strips running at Oo,
900 and 450 to the beam direction. The resolution for electrons at
18 GeV is found to be 3%Z. The inner detectors are surrounded by
the iron return yoke followed by large drift chambers to identify

and measure muon tracks.

The JADE detector is shown in Fig. ll1. It has a conventional
coil producing a field of 5 KGauss. The cylindrical drift chamber
is pressurized to increase the track resolution and to measure the
energy loss, dE/dX, of a charged track in the gas. 48 dE/dX samples
along the track are measured and provide a means to identify par-
ticles in certain momentum regions. The coil is surrounded by

about 2700 lead glass blocks {12.5 radiation lengths thick) to



measure the electromagnetic showers., Time of flight counters inside '
the coil and outside, a Y detector array of loaded concrete inter=- . :
leaved with drift chambers complete the set-up. Figure 12 shows ‘
the visible energy as measured by the JADE detector as function of
the momentum imbalance. 1In Fig. 12b the visible energy 1is plotted. .
The two~photon annihilation events from the reaction ele > e e

+ hadrons cluster at low visible energy and are well separated from B

+ - PO .
the hadron events caused by the ¢ ¢ annihilation.

The PLUTO detector (Fig. 13) consists of a superconducting coil
which produces a magnetic field of 17 KGauss. A set of cylindrical
proportional chambers detects the tracks of charged particles. Out-
side the iron flux return yoke proportional tube chambers are used .
to identify muons. An additional iron absorber outside the magnet '
yoke provides additional absorption length for the separation of .
the hadrons from the muons. The solid angle covered for the muon
detection is 837 of 4m with a punch through and deca¥y probability

of less than three percent up to a muon momentum of 5 GeV.

To investigate the two-photon events, two forward spectro-—
meters enable electron detection in the angular region between 23
and 250 mrad. Each spectrometer contains a small angle tagger
(8AT) covering the angular range up to 68 mrad. Finely segmented
arrays of lead glass blocks and two sets of proportional chambers
complete this part of the set-up. The remaining part of the
forward angular range is covered by the large angle tagger (LAT)
which uses a lead scintillator sandwich preceeded by a laver of
proportional tubes. The r.m.S. energy resolution in the SAT and -
LAT is 8.4%/VE and 11%/V/E, respectively. Similar systems of forward
spectrometers have been installed by the CELLO, JADE and TASSO

groups.

The TASSO detector is shown in Fig. 4. The central detector
consists of a cylindrical drift chamber, time of £light system,

magnet, liquid argon shower counters and the top and bottom muon



chambers, The conventional coil provides a solenocidal field of

5 KCauss. 1Inside this field a large cylindrical drift chamber with
15 sense wire planes, 9 radial and 6 with a gtereo angle of =* 4°
is-placed, The single wire resolution is 220 microms which yields

a momentum resolution of Ap/p = 2%Z.p, {(p in GeV) for the muon tracks.
A 4-gap proportional chamber aids the pattern recognition and the

z-reconstruction.

Two spectrometer arms in the central region for detailed
particle identification with 5 different Cerenkov counter systems
followed by time of flight counters, shower counters, hadron ab-
sorbér and muon chambers complete the detector. A hadron event as
reconstructed by the TASSO pattern reéognition program is displayed
in Fig. 15. A total of 14 tracks are reconstructed for this
particular event. In Fig. 16 the distribution of the sum of the
momenta of the charged tracks for a sample of hadron events is
plotted. Below 10 GeV the events are due to two photon events. The
background from beam gas events in this region is small as is indi-
cated by the hatched part of the histogram. The solid 1line is a
Monte Carlo‘predictiqn for the momentum distribution of hadronic
events produced by the single photon annihilation process and as
can be seen the two photon and single photon events are readily

separated.

The MARK-J detector is shown in Figure 17. It is designed
to distinguish charged hadrons, electrons, muons, neutral hadrons
and photons and to measure their directions and enérgies. It

° to 168° (8 is the polar

covers a solid angle of ¢ = 27 and § = 12
and ¢ is the azimuthal angle). The detector, which consists of
five magnetized iron toroids built around a non-magnetic inner
detector complemented by end caps, was designed to be insensitive
to the effects of synchrotron radiation. The detector layer

structure is best understood be referring to Fig. 18.

The beam pipe is surrounded by a four layer inner track



detector composed of 992 drift tubes. The tubes; which are arranged
perpendicular to the beam line, reconstruct the position of the
event vertex along the beam line to an accuracy of two millimeters.
The distribution of event vertices obtained using the drift tubes

is shown in Fig. 19. The observed r.m.s. width of 1.27 cm is com—
patible with that expected from the known bunch length of the

machine.

Particles then pass through 18 radiation lengths of shower
counters used to identify and measure the energy of electrons,
photons, charged and neutral hadrons. This inner calorimeter is
divided into three layers of shower counters (labelled A, B, and C
in Fig. 17). Since every shower counter is viewed by one photo-
tube at each end, the longitudinal (z) position of particle tra-
jectories can be determined by comparing the relative pulse heights-
from each end of the counter. Timing information provides another

measure of the longitudinal position.

Twelve planes of drift chambers (labelled S and T) measure
the angles of pérticles penetrating the inner electromagnetic
calorimeter. The energy sampling elements of the calorimeter K,
shown in Fig, 17, are 192 scintillation counters arranged in four
layers. The main body of the calorimeter is composed of the
magnetized iron plates which are also used to momentum—analyze
mions . Hadrons penetrating the inner shower counter layers, and
secondary particles produced by hadronic showers initiated in the
inner layers, deposit most of their remaining energy in the calori-

meter K.

Muons are identified by their ability to penetrate the iromn
of the hadron calorimeter. The low—momentum cut-off is about
1.3 GeV/c at normal incidence. The initial muon trajectory 1s

measured in the § and T chambers and in the drift tubes.

The bend angle and position of muons exiting from the calori-

meter are mesured in 10 planes of drift chambers, labelled R and P



in Fig. 17. The total thickness of the iron is 87 c¢m and it has a
bending power of approximately 17 kG-meters. The typical bend angle

for a 15 GeV muon is 30 mrad.

An additionmal 2 layers of drift chambers (Q chambers) are
situated amidst the iron layers to measure the muon tracks in the
bending plane. Adjacent to these chambers are the 32 muon trigger
counters marked (9)'used to trigger on single and multiple muon

events and te reject Cosmic rays.

For hadronic events the r.m.s. resolution in the total obser-
ved energy is ~ 20Z as can be seen in Fig. 20a. From counter-
tracks the total missing energies in the directions parallel and
perpendicular to the beam, which are used in the event selection,
may be computed. The observed distributions of these quantities

are shown in Figures 20b and 20c¢ for high energy hadronic events.

3.3 Monte Carlo Simulation

A large part of the analysis effort of the experimental groups
is devoted to the development and use of Monte Carlo programs.

This simulation of events preceeds in three steps.

l. Event Generation
2, Detector Simulation

3. Event Coding

The event generators produce simulated events for a wide
. + - . :
variety of e e reactions. The momenta, masses, charges, and the
gspatial distribution of the final state particles are generated

according to the physics hypothesis appropriate to each process.

. + = . .
Hadron production by e e annihilation

efe » hadrons, (N

is treated in the framework of quantum chromodynamics {QCD), where

the final state hadrons are viewed as composite particles made up



of quarks (and antiquarks) bound by a force mediated by gluons.
Process (1) proceeds through the production of a quark-antiquark
(qq) pair, accompanied by the possible final state radiation of
one or two gluons (denoted by g or gg) or in rare cases by the
production of an additional qq pair. The quarks and gluons then
fragment, meaning that they pull additional gqq pairs from the

sea with ligited Pt with respect to the quark ¢r gluon directions,
forming jets of hadrons. Reaction (1) thus includes the following

sub~processes:

- _ _
e e + qq + hadrons (la)
ee - qqg = hadrons (1b)

+ - —_—
e e * gqgg ~+ hadrons (1c)
+ -

e e > ggqqg ~ hadrons {1d)

As an example, Figure 21 shows a qqg final state, accompanied
by radiation of an initital state photon, which leads to multi-jets.
For the search for the existence of new heavy gquark flavors such

as the top quark t, the reaction

+ - _—
e e = tt - hadrons (1le)

is simulated as a special case of process (ta — 1d).
Pair production of the charged leptons and two-photon product=

ion, through the reactions

e+eﬂ > e+e- (25
e+ uh (3)
e+e_ -+ T+T— + hadrons and leptons (4)
e'e” YY (5)

is also simulated. The analysis of computer generated final states

for reactions {2) - (5) is a major part of the QED tests discussed

in Section 4.1. . Other processes simulated include the "two-
hoton processes” + - I
P P _ e e -eeee (6)
+ - I

e e +Feepy | _ (7)



and
+ - + -
e e *e e + hadrons (8)
Event types (la) - (ie) are generated in most cases using a
slightly modified version of the computer program recently imple-
mented by A. Ali, E. Pietarinemn, G. Kramer, and J. Willrodt(16),

which provides a detailed model of hadrom production by ete”
annihilation in the framework of QCD. In generhl, qq pairs are
produced in fractiﬁns proportional to the square of the quark
charges for flavors up, down, strange, charm, and bottom {denoted
u,d,s,c, and b respectively). The fragmentation procedure used to
transform quarks into hadrons is similar to that used by Feynman
and Field(l7).

2
(1 - z) for u,d, and s quarks and zD(2z) = constant for ¢ and b

The fragmentatlion functions used are zD(z) =

quarks, where z represents the fraction of the quark momentum

carried away by the hadron formed at each stage of the fragmentation
process (see Ref. 17). Heavy quarks {c and b) are allowed to decay
weakly according to the usual six quark model(ls), and the light
quarks produced in the decay sometimes fragment independently,
forming additional jets. Since gluon fragmentation functions are
unknown, gluons simply fragment to quark pairs which in tura frag-
ment according to the normal procedure. The qqg events in which
hard non—collinear gluons are radiated (see Fig. 21) are generated
according to the perturbative QCD matrix elements which includes the

(19)

effects of non—zero quark mass Events of this type are re-

quired to have a thrust (Section 6.3.1) less than 0.95 before frag-—

mentation in order to avoid the singularity for soft or collinear
(16)

gluon emission . Checks are made to insure the results do not

depend strongly on the value of this cut.

Events from the higher order QCD processes qqgg and qqqq are
treated in a similar way to those from qu. The principal differ=-
ence is that instead of applying the thrust cut, the requirement of

acoplanarity greater than 0.05 is imposed, where acoplaparity is



defined as .

ngf /T |E] |

-
and Ei 1s the vector energy and n

A =mi lE !

3 is chosen to minimize A. This |
implies that none of the four partons can be soft and that no two |
are collinear. It does, however, reject planar events which are

hot near a singularity in the matrix element. A te generator(lg), -
which proceeds in the same way as for other he;vy quarks, 1s used
to study the effects that will be useful in searching for the top
quark. All of the first four event generators use a (QED) radla—

(2 0)

tive correction generator '

Bhabha scattering, W pair production, T pair production and
YY events are currently generated according to lowest order distri-

butions and radiative corrections are applied externally for the : .

. . 2
first three processes using the programs of Berends et al. ( O) |
. -+ - + -
{see Section 4.). Two-photon event generation for e Te e e e e |
zn '

+ - + -+ . .
and e e >eep y is done using the program of Vermaseren

4
which 1s exact to order oo 1in the cross sectlon.

The output of the Monte Carlo generators is used by the
detector simulation programs. This latter program proceeds for the
MARK-J detector in the following way. Particles are tracked through
the detector and interacticon points with counter and chamber planes
are computed. The amount of energy in each hit counter is deter-
mined from tables that give the dependence on penetration depth,
angle, and particle energy. Energy resolution and longitudinal
shower fluctuations are also simulated using tabulated informatiom.
The above-mentioned tables were generated from the test beam data
taken with electrons and pions at energies from 0.5 to 10 GeV, from

(22) P

experimental calorimeter studies and from shower Monte Carlo

(23)

programs

Hits in the drift chamber and drift tubes are digitized. The

¢hamber performance is simularced in detail including background,



inefficiency, multiple hits, cross talk and S-rays. The full chamber
survey information is used as provided on an input file. The some-
what complicated drift distance versus drift time function is also

reproduced.

Finally the counter ADC and TDC information is digitized.
Pulse heights are corrected for attenuation in the scintillator and
times are corrected for particle flight time, gcintillation light
transit time and time slewing due to varying pulse height. Multiple

hits are also treated.

To summarize, the detector is simulated in detail so that
Monté Carlo events can be treated in the same way as actual data.
To complete this process, the information described above is then
coded into a form thatrresembles the raw data feormat. These events
are stored on tape or disk so they may be read by the various ana-
lysis programs. This is useful for many purposes such as calcula-
tion of acceptance for a process, computation of hackground, and
determination of detector effects on measured quantities. In parti-
cular, the MARK-J group uses Monte Carlo simulation, and the appro-
priate event generator, to produce expected distributions in variab-
les that can be compared to data. Similar methods have been used
by the other groups, taking into account the various components of

their detectors.

3.4 Radiative Corrections

The luminosity of PETRA in the intersections is monitored by
measuring the rate of Bhabha events in the central detectors and
the small angle luminosity monitors. We assume that a present
energies. and small q2 the absolute rate of the Bhabha scattering
process is well described by QED and it may thus be used as an
absolute monitor. The large q2 Bhabha scattering covered by the
central detectors as described in Section (3.2) is also well des-

cribed by QED and can be used as an independent monitor. Neverthe-
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less, care must be exercised to take proper account of radiative
corrections which may be as large as 207 for some final state con-

figurations in for example the MARK-J detector.

The measured rate for Bhabha scattering (reaction (2)) receives
contributions from all orders in the pertubation expansion of QED.
Furthermore, given the finite energy and position resclution of the

detector, some events in which a hard photon is radiated

+
ee +*ee Y (9
are also detected and attributed to Bhabha scattering.

It is therefore necessary to evaluate the contribution to the
total Bhabha scattering cross section to order as. Higher order
corrections are difficult to compute and have not yet been calcu-~
lated exactly. Fortunately, they are small since the result of the

a2 correction is already only a few percent.

The calculations described below were first carried out by

(20)

Berends and Gastmans , and the most recent version of their
computer program is used by several of the groups. The cross

section for Bhabha scattering can be written as
do/dQ = do /a2 (1 + 818, ¢})

=2
where do /dQ is the lowest order (u } cross section and & represents
the radlatlve correction to order a . Following the notation of

Berends, we write

were 6b is due to real bremsstrahlung and receives contributions
from the eight diagrams in Figure 22 and Gv is due to virtual
bremsstrahlung which is the contribution of the interference between
the lowest order diagrams and the diagrams in which one closed loop
occurs (due to virtual photoms, virtual electron-positron pairs,

+ - - .
nu or T pairs) shown in Figure 22

22



Renormalization removes the ultraviolet divergence of SV, and
one is left with an infrared divergence which is exactly cancelled

by the infrared divergence occuring in Gb; § is then finite.

A further correction which could have been included in év is
the hadron contribution to vacuum polarization. It can be thought
of as quark—-antiquark loops occuring in the photoun propagator and
is similar to lepton loops. Those contributions have beén calcu~

) (20)

lared by Berends and Komen using experimental knowledge of R,

. . + -
the ratioc of the cross section for e e -+ hadrons to the cross

. . . + - + =
section of the point~-like process e e ~+ u u .,

“at 90° with respect to the beam axis the contribution from
quark loops to § is of the order of +4% at /s = 17 GeV and slowly
increases with energy. The procedure followed by the MARK-J group
is described in some detail in the next paragraphs. The other
PETRA groups use similar calculations inldetermining the radiative

corrections.
i) Small Angle Radiative Corrections

The radiative corrections for the small angle Bhabha scatter-
ing require careful treatment since the differential cross section

(24)

is strongly peaked in this region. Ripken has overcome the
technical difficulties of numerical computation in the small angle
region by using Gaussian integration techniques, and he has applied
his program to the case of the MARK~J using a matrix element pro-
vided by Berends. At angles smaller than 5% with respect to the
beam axis, all electron muon and tau loop diagrams and the hadronic

contribution to vacuum polarization are small and neglected.

In the small angle luminosity monitoring stations of the MARK-J
detector pairs comprising one small scintillator and one opposite
large scintillator define the acceptance. The geometry of these
counters has been incorporated into the radiative corrections in
the following fashion. For the hard photon part of the cross

section electron~positron—photon triplets are generated where one



of the lepﬁons is within the acceptance of a small scintillator and
the other lepton 1s required to pass within the boundaries of the
large scintillator diametrically opposite. The soft photon part 1is
incorporated analytically. These corrections are very sensitive

to the relative position of the small scintillator with respect to
the larger one. The residual uncertainty in the positions of the
scintillators contributes a relative systematicierror in the cal~
culation of 6 of about 30%. Since the value of & is -8%, the
radiative corrections contribute an error of 2.5% to the total

luminosity measured in the small angle monitor.
ii) Large Angle Radiative Corrections

For large angle Bhabha scattering the phase space for real
bremsstrahlung can be experimentally characterized by two simple

boundaries:

Eth : an energy threshold for the outgoing electron and

positron,

a limit on the angle in space between the electron

Y

\ . . . 0 .
direction and the direction at 180 to the positron

direction (acollinearity cut).

Figure 23 shows § plotted as a function of O over the A counter

acceptance at Vs = 27.4 GeV for various combinations of the cuts.

With the knowledge of § one may integrate the differential
cross section over the detrector acceptance to find the Bhabha rate

expected in the central detector.

One finds that the luminosity measurement with the central
detector agrees within ~ 3% with the measurement made with the
small angle luminosity counters (see Fig. 24). As will be des-
cribed in Section 4.4, precise knowledge of the overall normaliza-
tion plays an important role in the gy and 3N determinations
because the weak interaction modifications of QED predictions are

small.

~
I~



An experimental check on the calculations of the radiative
corrections is the distribution of the measured angle £ compared
with the QED prediction. In Fig. 25 the acollinearity angle £
for the MARK-J data for the Bhabha events is shown. The agreement
between the measurements and the recent calculations by F.A.Berends
and R. Kleiss(24) is good. The JADE data for the same angular
distribution is shown in the next figure (Fig. 26), and also here
the agreement over a wide range of acollinearity angles {(up to

120°) between the data and the QED predictions are very good.

TABLE T

Main Characteristics of the Track Detectors.

radius length B~field Photon afr, &)
in in in in
meter meter KGauss detection microns
PLUTO 0.70 1.0 17.0 shower ~ 1000
counters
CELLO 0.75 3.5 13.0 | Ltauid 210
argon
JADE 1.00 3.6 5.0 lead glass 180
TASSO 1.35 4.5 5.0 | liauid argonj .,
plus shower
counters
FIGURE CAPTIONS
Fig. 5a) Electron, muon and tau pair production in lowest order.
b) Photon Photon production in lowest order.
Fig. 6 First order electromagnefigc and weak processes contri-

buting to the reaction e e =~ y U

Fig. The two-photon mechanism in an e e interaction.
Fig. 8 The reaction & e - hadrons in lowest order,

~3
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Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

9a)

b}

i0

12a)

b)

13
14
15

16

18

20

Diagram for production and decay of heavy quarks in e+e
amihilation, 4 -
Diagram for production and decay of heavy leptons in e e
annihilation.

The CELLO detector.
The JADE detector.

The visible energy (charged tracks and neutral electro-
magnetic energy as measured by the JADE detector plotted

as function of the momentum balance.

The distribution of the visible energy as measured by the
same detector. The solid lime represents the prediction
for photon-photon events of the process e e -~ e e_ hadrons.
The hatched area are the events of the process e e -+
hadrons.

Side view of the PLUTO detector.
End and top view of the TASSO detector.

A hadronic event at 35.8 GeV c¢.m. energy as seen by the
central cylindrical chambers of the TASSO detector.  The
black points represent the wires which fired, the solid
lines are the track reconstructions by the pattern re-
cognition program. Also indicated are the time of flight
counters which were hit.

Distribution of the total visible momentum of charged
tracks from hadron events as measured by the TASSO detector.
Beam gas events are indicated by the hatched part of the
histogram. The solid line is a Monte Carlo prediction

for hadron production through one-photon annihilation in
the qq model. '

The MARK-J detector in end view. Beam pipe (1), drift
tubes (DT), shower counters (A,B,C), inner drift chambers
(S,T), calorimeter counters (K), outer drift chambers
(Q,P,R), and magnetized iron (2).

The layer structure of the MARK-J detector as seen by a
particle emerging from the interaction point at a righe
angle to the beam axis.

Distribution of event vertices along the beam direction
reconstructed using the drift tube tracks of the MARK-J
detector.

Energy measurement at vs = 30 GeV. The solid lines are

predictions of Monte Carlo computations.

a) Visible energy spectrum for hadronic events.

b) Energy imbalance E; in the direction transverse to the
beam.

¢) Energy imbalance E// in the beam direction.
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Fig,
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Fig,
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21

22
23

24

25

26

27
Gluon bremsstrahlung from the final state of ele”
annihilation. into quark-antiquark pairs.

- ' + - + -
Radiative diagrams for the process e e + e e .

Radiative corrections ¢ as a function of the scattering
angle 6 for different acceptance cuts for the central
part of the MARK-J detector.

Luminosity measured with the central MARK-J detector
(L ) and with the luminosity monitor (LG) during energy
scans. '

Acollinearity distribution for Bhabha scattering events
observed in the central detector of the MARK-J. The data
are compared to the predictions of QED as com?EE?d from
the recent work of F.A. Berends and R. Kleiss -

Acollinearity distribution for Bhabha scattering events
observed in the JADE detector. The data are compared to
the predictions of QED,
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4, _TESTS OF QUANTUM ELECTRODYNAMICS, UNIVERSALITY FOR CHARGED
LEPTONS AND MODELS QF THE ELECTRO-WEAX INTERACTION

4.1 Introduction

Theré have been many experiments testing quantum-electrodyna-

mics (QED) with electrons, muons and photons at electron—positron

(25)

storage rings. Notable experiments were done by Alles—Borelli

et al., Newman et al., Avgustin et al., O'Neilll et al. TFor a com-

prehensive review of QED work, see Brodsky and Dre11(26). Mich

has been learned about the properties of the heavy lepton tau since

. + -
the original search began at ADONE on e + e = e + .....(27).

The discovery of the tau lepton at SLAC(28)

(29)

and it's subsequent

confirmation at DESY has inspired further studies. We know it

(30)

is a spin 1/2 particle which decays weakly and whose properties

are very similar to the muon.

With the PETRA experiments the rections e+ e > 2% for all
the known charged leptons (= e,U,T) are studied by measuring the
dependence of the cross section on center of mass energy of scatter-
ing angle over a wide range of PETRA energies. These measurements
enable one to compare the data with prediétions of quantum electro~
dynamics, to test the universality of these leptons at very small
distances, and to set a limit om the charge radius of these particles.

Up to present time the reactions:

+ - + - ;
e e Tee {Bhabha scattering) {2)
- R -
ee *uu (3)
- - .
ee >TT (4)
have been measured at the center of mass energies range of Vs = |2

to 36.6 GeV.

In particular by combining results from the MARK~J at PETRA
. + - +_ - . .
on Bhabha scattering, W U and T T production with recent world
data from neutrino-electron scattering experiments, unique values

for the leptonic weak neutral coupling constants 8y and gA in the



o~
[§%]

framework of electroweak models containing a single z° ‘can be deter-
mined. In contrast to previous analysis, data from purely leptonic
interactions are used, and therefore one avoids the inherent un-
certainties resulting from the use of hadronic targets. In the
context of the standarf SU(2) x U(l) model of Glashow, Weinberg

. and Salam a value for sin26w is obtained.

Furthermore, the data are also compared with extended gauge
models containing more than one neutral weak boson. Stringent

lower limits can be placed on the masses of such bosons.

The results described in this section were also presented by

A. B8hm at the High Energy Physics (Wisconsin) Conference(Bl).

4.2  Test of Quantum Electrodynamics and of Universality of Leptons

The momentum, energy and angular resolution for the QED pfo—

cesses
e+e— > e+e_ \ (2)
ete - ' (3)
ete” » T (4)
efe” > vy 5

are shown in Table II for the various experiments.

(a) The first order QED photon propagator produces an s
dependence in the e+e_ - e+e— cross section. Thus when radiative
corrections have been taken into account in the data, the quantity

s d9_
dsi
should be independent of s. This distribution is plotted for the
TASSO data at v's = 12, 30.7 and 35.2 GeV in Figure 27. Preliminary
data for the Bhabha events at v's = 36.5 GeV from the CELLO group are

shown in Figure 28. Excellent agreement with the QED predictions

is seen in both figures.

To express this agreement analytically, the data are compared

7
with the QED cross section in the following form(B”):



do R o2 q'“.‘.sz 2 Zq'ﬂ # q”-i+q‘-i 2
dQ s q* lFsI _+ q3s Re(FsFT o+ 52 IFT| 1+C(0)} (&)

Fo=1val /(a -2, 7)

is the form factor of the space like photon,

Fo=1%s/ (s=1%) | 8)

is the form of the timelike photomn, q2 = -5 cosz(8/2), q'2 =5 sin
(8/2), A is the cut~off parameter in the modified photon-propagator
modé1(33) and C(8) is the radiative correction term as a functiomn
of 8. The lower limits of A at 95Z confidence level for the Bhabha
events are shown in Table III for various PETRA groups(34). One
can conclude from this table that QED is valid for the reaction (2)

down to small distances.

(b) The two photon annihilation e+e- + vy (Figure 29) is well
suited for testing the validity of quantum electrodynamics at high
energies since the contributions from electro-weak interference
effects are expected to be absent in first order perturbation

theory(as). Two possible modifications of the standard QED cross

section can be used:

(36)

(i) A verﬁex modification which modifies the

differential cross section as follows:

Kl

22 =‘Qi ﬂii 2y]z2 q2 'a
W -3 | IF@M® r ElFQ 2|1+ c® (9)
where
F(q2) = 1 % q%/A%, F(q'2) =1 & q'*/A®

and q2 and q'2 are defined as above. The C(9) is the radiative

correction as function of the scatter angle 8.

(ii) To test exchange of a hypothetical heavy electron
(37}

the differential cross section can be written as
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4 a
Oe* - _i q|z . qz . 282 = 4q2q'2
d% 2s Q2  q'2 ~  AYF

+

L+ C(8) (10}

The value of Ae* can be interpreted as the mass of a heavy
+
electron assuming itg  coupling strength is the same as that of the

electron (see Figure 29).

Figure 30 shows the differential cross section for e+e_ - YY
obtained by JADE and PLUTO in the energy range 12 </ < 31.6 GeV.
The solid curve is the QED prediction and the dashed curves the
prediction including a cut-off parameter effect of A = 40 GeV.
The integrated cross section over the measured angular range of
the PLUTO detector is shown in Figure 31 as function of the c.m.

in order to check the 1/s behaviour of the e+e- > YY

energy ECM
reaction. The agreement between the data and the QED predictions
is good.

The data of the MARK—J(31) and PLUTO(BI)’(Sg) groups were

fitted to the differential cross section of expression (9) and (10)

(31, (39) 1), (4
T ”(3", and TASSO< b, 40 groups to

and the data of the JADE
expression (10). The results of these fits for the cut-off para-
meters obtained by the groups are collected in Table III. 1In both
parametrizations the lower limits for the cut—off parameters are
about 40 GeV (95% CL). At the highest PETRA energies the lower
bounds are raised by a factor 4 to 5 over the values obtained with

(41)

+ - ‘s .
the lower energy e e colliding beam machines

(c) Muon and Tau Pair Production E ts of the
Universality of the Leptons (§?§( 3?
The PETRA detectors are able to distinguish muons from
electrons and hadrons and to eliminate cosmic ray muons as a

source of background for the back-to—back muon pairs.

I will describe in detail the criteria used by the MARK-J
collaboration for the muen and tau pair production identification.

Single muons are identified as particles which:



=
i

(i) are reconstructed in the inner drift chambers to come
from the interaction region;
© (ii) leave minimum ionizing pulse ﬁeights in the seven
layers of counters of the calorimeter;
(1ii) leave a track in the outer drift chambers (P) and

thus fall into an angular range 45° < BU < 135°,

In addition back-to-back muon pairs from réaction (3) are dis-

tinguished from cosmic rays by the requirement that:

(i) the D counter timing signals are coincident with one
another (and not relatively off time as in the case for cosmic rays
travérsing the detector),

(ii) the muons should be collinear and coplanar, and they

should pass through the intersection region.

A Monte Carlo study shows that u+uh acceptance, which is domin-
ated by the geometrical acceptance of the outer drift chambers, is
41% + 3% independent of beam energy. Tau leptons from reaction (4)
are identified by detecting w—hadron and p-electron final states.
The cross section- is determined using the known branching ratio of
T > u w (16%) and T = (e, hadron or multihadrons) + v (SAZ)(3O).
The measured muon momentum and hadron energy for the 1717 candidates
is in agreement with calculations based on the known decay proper-

ties of .the T lepton.

The acceptance 1s calculated using a Monte Carlo method to
generate e production from reaction (4) including radiative
corrections. A detection efficiency of -~ 107 for T pairs at
various energies, when requiring one decay muon to be detected in
association with a single electron, or one or more hadrons, is

obtained with the MARK~J detector.

The selection criteria for the tau leptons for the PLUTO(43)

A
and TASSG(44) groups are different from the ones mentioned above.
PLUTO identifies one charged particle and neutrals for the decay

of the tau, and TASSO requires at least three charged and neutral



particles, recoiling against one charged particle.

The resultant efe - u+u“ and T T cross sections as a function
of s are plotted in Figures 32 and 33. We see that from q2 = 5=
169 to q2 = 1225 GeV2 the data agree well with the predictions of
QED for the production of a pair of point-like particles. In
particular, Figure 33 represents the evidence that the T lepton is
a point-like particle over a large range of qz, and demonstrates
that it belongs in the same family as the electron and mucn. To
parametrize the maximum permissible size (radius) of the particles,

one uses the form factor:

F(s) =15 s/ (s - %)

By comparing the data with the cross sections including this
form factor,lower limits on the cut-cff parameters, at the 95%

confidence level are calculated and they are summarized in Table TII.

Thus, from Heisenberg's Uncertainty Principle, all the known
charged leptons are point-like particles in their electromagnetic

. . . .. .. =16
interactions, with characteristic radii £ |0 cm.

X . + - .
4.3 Measurements of the Asymmetry in the Production of u u Palirs

Weak interaction effects within the standard GWS model are
. . . . + -
small. The change in cross section for lepton production in e e

interactions at PETRA energies is in first order
~ 2
AC -
&y

where gvz = (1-4 sinzew)2 is the vector coupling constant squared.
For the value of sinzew = 0.23 one finds that Ac/0o = 0.5%, an

effect that is experimentally not unoticeable at PETRA. However,

by testing the shape of the angular distributions information on

the axial coupling constant of the weak interaction can be extracted.
Figure 34 shows the angular distribution for muon pair preduction

as measured.by the PETRA groups.



Defining © as the angle between the incident e and the out-
going muon in the forward hemisphere, the asymmetry is:
N _ N_ - N+
ue  N_ + N
where N_(N+) is the corrected number of events with the negatively
(positively) charged muon in the forward hemisphere, integrated

over the accessable angular range. The measured values for ALlu are

summarized in Table IV. In first order Auu is directly related to

g4 according to
~ 22
AUH ~ ﬁgAx (il
where 5
S0, =15 2
X2 = g % and g = chsﬂaJE = 4.49 10 GeV
z .

s is the total energy squared and m, the mass of the neutral boson

in the standard GWS model (~ 90 GeV). The emergies at PETRA are such
that one can work in the low energy approximation which makes X
independent of mzz. Thus (11) can be written as:

. 2
A I -6
i 88y s

The combined data of the PETRA groups gives a value of the asymmetry:

-

(-0.09 = 4.M)%

while the expected value is =-5.7%.

4.4 Tests of Electroweak Interaction Models with one Neutral
Boson

Since the first experimental observation of the weak neutral

(45) -

inv +e +v + e several neutrino-

(46)

current interactiomn
electron scattering experiments have obtained important
constraints on the structure of the weak neutral currents. A
unique determination of the leptonic coupling constants gy and g4
however, was only possible in a more general framework incorporat-

ing lepton~lepton and lepton- quark neutral current interactions,

47
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47 . (48)

or Ly Hung and Sakurai . The analysis

(49)

as defined by Sehgal

involved the use of data from neutrino-nucleon scattering and

(50

the scattering of polarized electrons on deuterium , as well as

the neutrino-electron scattering. results, and depended on factori-
. . 48 i

zation relatlons( ) to relate the lepton-quark to the purely

leptonic couplings.

By combining the recent results on e'e” elastic scattering,
u+u_ and T+T_ production obtained by the MARK-J experimeht over the
center of mass energy range 12 < Vs € 36 GeV with the neutrino-
electron scattering data, one is able to determine By and 8y unique=-
ly without the complications which arise from the use of hadronic
targets. In the general framework of SU(2) x U(l), with a single
z° mediating the weak neutral current the sole assumptions required

for this determination are:

(1) e, U, T universality,
(2) an effective interaction Hamiltonian which is a sum of
products of vector and axial-vector currents, and

(3) the point-like nature of leptons.

The MARK~J data which is used to test electroweak theories
"consists of measurements of the angular distribution of Bhabha
scattering, of the muon pair and tau pair production cross section
as a function of ¥s , and of the u+u— forward-backward asymmetry(SI).
The details of the apparatus and event selection procedures are

discussed in section 3.2 and reference 52,

. + - +,= .
In comparing the dataonee > %4 2 (&=e, U, 7} with the
predictions of electroweak theories, the order a3 radiative correct-

jons as well as the contribution from hadronic vacuum polarization
. 5 . . .

are subtracted( 3). The resulting crxoss sections are defined as

) ex .

o*P and 40 p/dQ' Both weak—electromagnetic interference and pure

weak effects are included by using the Hamiltonian(as)’(pa):



H
t

H

2

- A Cp |- . "z g A o
=.—4ae'\!)\e2.‘\]1 2 - 27§ e’YA(gv"'gAYS)e';nz_— Q'Y (gv+ng )2’
and for £ = u,T

2
- 1 A 2GF - My - A
= H + 4710:2\(;\9:1—2 ey & + 75 {Ryl(gv+gAYs)e m;-qz ey (gv*'BAYs)Q}

for & =

In the above formula, and g, are the Coupllng constants of

g
v 2

the weak neutral current to leptons and GF = 1,02 x 107 /

The cross section for e+e_ - e+e‘ has been calculated to second
ordér in the weak interaction coupling strengths by Budny(ss).‘ The
modification of the Bhabha scattering angle angular distribution by
weak effects is not immediately apparent in the distributions of
do(e+e- - e+e-)/dQ commonly used in tests of pure QED. This is
shown in Figure 35, where the measured and corrected distributions
sdGEXP (e+e“ > e+e—)/d(cosﬁ) are compared to the predictions of
lowest order QED (gA=gv=0) at vs = 12, 30 and 35 GeV. The sensiti-
vity to weak effects is, however, demonstrated in Figure 36, which
shows the deviation & of the combined 30 and 35 Geg g?ta from the

lowest order QED predictions as a function of cos® , where

QED

§(cos8) = (do"FE/dn - ac®P/a0)/ (a0 an)

Also shown in Figure 36 are the predictions of the standard
SU(2) x U(l) electroweak theory(T), where 8y T -1/2 and By = 1/2
(1 - 4sin’e ), wich sin6, = 0.25, 0.49, 0.55. While the deviation
from QED for sin 8 2 1/4 depends only on the axial coupling, and
amounts to < 2%, effects as large as 5% are expected for sin 8 =
0.55 (gv = 0.60). The latter case can be excluded by the data at
the 95% confidence level so that Bhabha scattering data alone
imposes stringent limits om the vector coupling constant of the

electron,

. EXP + - + - + - + -
The cross sectlions © for ee »yu and e e =+ T T are
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shown in Figure 37 for 12 < /s < 36 GeV. As in the case of Bhabha
scattering, the data have been corrected for order a3 QED effects
and hadronic vacuum polarization. Curves representing the pre-
dictions af lowest order QED and of the standard electroweak theory

. .2 .
with sin Gw = 0.55 are shown for comparison.

As mentioned before in Section 4.3 the forward-backward
. + - + = . P .
asymmetry Auu in ee ~ uu provides the principal constraint on

By- The measured values for A are:

- 0.03 £ 0.10
+ 0.08 = 0,16

4

i}

CA(/s = 30 GeV)
A(/s = 35 GeV)

53

The corresponding predictions of the standard model are
A=~ 0.053 at Vs = 30 GeV and A = ~ 0.076 at /s = 35 GeV.

Stringent overall constraints om By and 8y from the data are

(57}

obtained by fitting the e+e_, u+u_, and Tt data shown in
Figures 35-37, along with the u+u- asymmetry. Including the 37
luminosity error in the fit, one finds sin28w = 0,24 * 0.11, or
0.07 = sinzew < Q.42 at the 95% confidence level.
Also fitted are gV2 and gA2 in the more general context of

single z° models, and the result is gvz = ~-0,10 £ 0.11 and gAZ =
.11 £ 0,29 with x2=26 for 31 degrees of freedom. These results
including correlations can be converted into an allowed region in
the gy-g, plane. Since the predicted effects do not depend on the
sign of gy and I the allowed region is four fold symmetric, as
shown in Figure 38 for the 957 confidence level contour (which
corresponds to an increase in xz of 6 from the minimum value).

This contour corresponds to the choice m, =% which of all possible
m, values, gives the weakest overall constraints in the gy 8, plane.
Also shown in Figure 38 are the standard deviation limits deduced

(58)

from the purely leptonic processes
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Neutrino electron scattering data alone limits the possible
values of By and g, to two regions in the By T 8y plane around
(gv=0, 8y = ~1/2) and (gv = ~1/2, gA=O), Combining these data with
the results on purely leptonic interactions obtained in the MARK-J
experiment rules out the second solution with more than 957 con-
fidence. This confirms the conclusion drawn on the basis of deep
inelastic neutrino nucleon scattering and polarized electron
deuterium scattering data, without recourse to models of hadron

production by the weak neutral current.

The leptonic vector and axial vector coupling constants of
the weak neutral current are thus determined to be in agreement

with the predictions of the standard SU(2) x U(l) theory.

4.5 Tests of Models of the Electro~Weak Interactions with more
than one Neutral Boson

(59

There has been the suggestion , that the standard model can
be naturally extended to models based on an enlarged symmetry group
SU(2) x U(l) ¥ G, where G stands for a general symmetry group,
without changing any of the predictions which have been made for
the low q2 range covered by lepton-nucleon scattering data. The
generalized models differ from the SU(2} x U{l) model in the high
q2 region because they have more than one neutral weak boson. The
lowest mass neutral boson in these models has a mass smaller than

the z° mass in the standard model.

To first order in s/m22 the deviation of the multiple z°
models from the standard model can be described by an additicnal

texm C jem2 to the effective Hamiltonian of the standard model.

The effective Hamiltonian contains three parameters<48) hVV’ th
and hAA’ where the parameter € ounly modifies hVV'

8} = /4 () - 431n2ﬂ 52 + 4 C C=0

VvV i ’ -

=
|
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while the terms containing the axial vector current remain the same

as in the standard model,

o, 2 _
hAA =g, = 1/4 '

where 8y and g, are the vector and axial vector coupling constants

in the standard model respectively. In the case where C vanishes, .

h
vV
appears not only in the gauge models of the type of SU(2) x U(1) x G

reduces to gV2 as expected in the standard podel. This term

but also in the general electroweak mixing schemes proposed by

(59)

Bjorken The parameter C can therefore pe used as a universal

quantity independent of the details of the models. Since this term .
is proportional to the electro-magnetic currents which couple to |
charge and is parity conserving, it coatributes neither to the

neutrino scattering processes, nor to polarized e-D scattering. On

the other hand the reactions e+e- > 27" {2 = e, U, T) at present

PETRA energies Vs = 35 GeV begin to be sensitive to the effects of

an additional Z° with a mass below that of the standard model z°

and provide an opportunity to set stringent limits on C. The

- [s} . .
corrections due to the Z~ propagator are incorporated in the cal-

culation of the cross sections.

From the limit of C, limits on the masses of 2°'s in specific

models can be obtained. As an illustration, we consider the case

of two 2°'s with masses m, and m, . In models based on SU(2) x
U(1) x B(1), with one doublet of charged and two neutral gauge
bosons, we have the relation(eo)
™~ <
m2 m2 .
= 5 -2 _ -2
c cos ew m? ] ] m%

while the models based on SU(2)} x U{1) x SU{(2), with two doublets

1
of charged and neutral gauge bosons, we have(6 ),

m2 m;\
Z

C = sin“9 Z ] {1 - =
W E) 2
™ m3



-

With sinZBw = 0.23, for the same mass ™, and m, C in the SU(1)
x U(1) x U(]) model is about eleven times greater than the C in SU
(2) x U(}) x SU(2) model. These two models thus represent approxi-
mately the. extreme cases of the strength of coupling constants of
these type of models. In comparing the data on e+e- > 2% (L=e,u1,T)
with the predictions of electroweak theories, the radiative'correct—

(53)

ions are subtracted. The weak-electromagnetic interference and

pure weak effects are included.

The cross sections for e+e‘ N (2=e,u,T) have been calcu~
lated in terms of sinzew and the parameter C. Using the measured
values of sinzew = 0.23, the MARK~J group makes a one parameter fit
to all of the ee, W, and TT data while the normalization is allow-
ed to vary within #37 due to the uncertainty in the 1uminosity(3]).
They find -0.04 < C < 0.027, at the 95% confidence level. A similar
result was obtained by the JADE Collaboration and their value of C

was found to be C £ 0.033 at 957 confidence leve1(62).

The upper limit on C can be converted in a limit in the ml?m2
plane for the two models, as shown in Fig. 39. In all these models
there is a comnstraint that m, < m, < m, . Therefore, the two lines
m, =, and m, =m_ are the natural boundaries of the allowed region.
The data put severe limits on the SU(2) x U(}) x U(1) model, con-
straining the masses of the two Z's in a small region. The limits

on the SU(2) x U(l) x SU(2) are less stringent but significant.

TABLE CAPTIONS

Table II  Resolution and detector type employed by the experiments
for wvarious QED processes,

Table III Lower limits of cut-off parameters A (in GeV) at 957
confidence limit for various QED processes.

Table IV  The measured and predicted values of A‘u'
Y



TABLE

Il

Resolution and Detector Type employed by the
Experiment for various QED Processes

- — o - - 4 -
ee >*ee, &e T*YY e e - B u
SHOWER-DETECTOR
| :
Gp/p| AE/E | Lp | MATERIAL | A6/8 || Ap/p|MAGNET |{ABSORBER
’ : . t
JaDE || 607 | 3.87 |12.5 | Pb-glass | 0.6°| s0z|SCienotd feonerere
0.5T L, =6
MARK~] - 102 18 | Pb/scint. 3° || 267 Fe-toroid| Fe(magn)
z 87cm
10.6 lenoid F
PLUTO || 90% | 5-9% | - | Pb/scint. | 1-1.4°|| 452|° 507 | Fe
8.6 1.77 105cm
. o solenoid Fe
TASSO [ 30% |14~18%] 9 | Pb/scine. | ~ 157 1302177 Scr 1 oo g7em
RESOLUTION AT E = 15 GeV.

beam
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TABLE 1II1

Lower Limits of Cut-Off Parameters A (in GeV)
at 957 Confidence Limit for Various QED Processes

ee + ge F(s) = 1= (Ag = A7) -
s = A2 _
-+
JADE MARKJ PLUTD TASSO |
A, 112 106 80 150
A 106 193 234 136
ee + uu
}.+ 137 192 116 80
A _ 96 129 101 118
eg <+ 17
L - 100 74 115
+
A .- 127 65 76
I
ge + yy F (qz) = li'ql‘//\:
A 48 44 46 34
+ .
A_ 45 34 36 42
heavy electron e 22 (") = (M 2/4)
F 3
A, (&%) \ 45 55 46 34
A (e™) 38 38 |- 42
- o !




TABLE 1V

The Measuréd and Predicted Values of Auu.

JADE MARK J PLUTO . TASSO
Aup in % -89 09 7110 -1*12
expected -6 -5 -5.8 ~6

FIGURE CAPTIONS

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

27

28

29

30

31

32

The differential cross section s do/dcosé for e+e- - e e
at ¥s = 12, 30.7, and 35.2 GeV obtained by the TASSO
collaboration. .

The differential cross section do/dfl for e+e_ > e+e at
Vs = 36.5 GeV obtained by the CELLO collaboration,

. + - . s
Diagram for the process e e =+ yy. The e* indicates the
diagtam for the exchange of a heavy eléctron.

The_differential cross section $.d0/ 42 of the reaction
e e + vy in the energy range 12 £ /s < 31.6 GeV, The
solid curve is the QED prediction, the dashed curves

include the effect of a cut—off parameter of A = 40 GeV.

. . + -
The cross section for reaction e e =+ Yy for |cos8|< 0.75.
The curve is the QED prediction including the effects of

radiation and angular resolution.
. . + - + -
Observed cross section for the reaction e e —+ U U com-

pared to the predictions of QED (solid curve). The
dotted curves are the QED cross sections modified by
cut—-off parameter A = 100 GeV.
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Fig. 33 Observed cross section VYui the reaction e e + T T com~

pared to the predictions of QED (solid curve).

Fig. 34 . Tge_diffﬁrgntial'cross section s.do/dQ for the reaction
ee - uu . The solid curve is the QED prediction.

Fig. 35 "The_differential cross section 5.d0%*P/dcos6 for e'e -
e e at ¥s of 12, 30 and 35 GeV obtained by the MARK-J
group.

Fig. 36  The deviation & of the combined 30 and 35 GeV data from
the lowest order QED predictions is plotted as a functiom
of cosB. The solid, dashed-dotted and dashed curves
represent the predictions of the standard electroweak
theory with sin aw = 0.25, 0.49 and 0.55 respectively.

Fig. 37 The experimenta] cross sections _as a function of /s for
the reactions e e -y u and ee ~ T T compared to
the predictions of QED (solid curves).

Fig. 38 Results obtained from neutrinc experiments and the MARK-J
experiment expressed in terms of limits on g, and g,. The
regions in between the concentric ellipses correspond to
16 limits from the neutrino-electron scattering experiments.
The two black areas indicate the two allowed regions for
8y and g, from the combined neutrino data. The shaded
area represents the 957 confidence limit contour from the
MARK~J experiment. The solid line indicated with "A only"
give the contour when the asymmetry measurement is uSed
alone in the fit.

Fig. 39 The 95% confidence level contours for fits to the two
gauge boson models of de Groot et al. and Barger et al.
by the MARK-J and JADE Collaborationms.
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3. TWO PHOTCN RESULTS FROM PETRA

5.1 Introduction

A high energy e+e- storage ring like PETRA offers the
possibility to study the two photon exchange reactions in a

detailed and systematic way. The reaction under study is:

ee -+ ee X (12)
where X can be a lepton—antilepton pair gr hadroms.

Several of the PETRA detectors have built measuring devices in
the forward direction to determine the angle and energy of the
scattered electron or positron emerging at small angles from reac-—
tion (12). One of these tagging systems,the one belonging to the

PLUTO detector, has been described in some detail in Sectiom 3.2.

When the system X of reaction (12) is a lepton—antilepton pair
tests of QED can bé performed. In the case that system X consists
of hadrons several interesting studies on resonance production in
the two—photon exchange reaction have been carried out. Total cross
section measurements have been performed and results on comparisons .
between a qq production model with the Vector Dominance Model (VDM)

for events with high transverse momentum jets have been made.

A structure function for the photon has been extracted by the
PLUTO collaboration from the deep inelastic electron-photon

scattering events.

(64)

and W. Wagner

(63)

Review talks by C.L. Berger of the

PLUTO collaboration and by E. Hilger of the TASS0 collaboration(65}

cover the topics of the two-photon physics in detail,

Figure 40 shows a schematic view of a two—photon exchange
reaction producing hadrons in the final state. Defining (E, k) as
the four momentum of the incoming electron and (E', k') as the
four momentum of the outgoing electron the momentum transfer

squared to the virtual photon Y, is given by



—q2={ (E-E', K-Xk") }ZEQ?
When both the outgoing electron and positron are detected in
the tagging systems one Speaks of a double tagged event, These
events are rare owing to the very limited solid angle and no
results have been obtained so far for this type of-configuration.
In the case that only the electron or positron %s detected (a
single tagged event) one of the virtual photons will have a very
small Q2. Events of this type can be pictured as the scattering
of an electron on a quasi real photon. For the no-tag events only
lepton—antilepton pairs or hadrons are measured in the central

detectors and none of the scattered electrons and positrons.

A common feature of all the two—photon events is the limited
energy for the lepton—antilepton pairs or the hadronic system. The
total visible energy in the central detectors is small because of
the small amount of energy transferred to the virtual photons from
the incoming electron and positron beams. The separation of the
two-photon exchange events and the one-photon annihilation events
is therefore straightforward and can be readily made by cuts on the
visible energy and the sum of the transverse momenta of the particles

in the central detector.

5.2 Tests of Quantum Electrodynamics in Two-Photon Processes

The relevant diagrams for tests of QED in the two~photon
exchange channels are shown in Figure 4la. The following reactions

are studied:
e e - e e e e (13)

e e + e e U (14)

Higher order corrections in the single photeon annihilation
channel due to the conversion of a radiated photon in a lepton-—
antilepton pair (shown in Fig. 41b) give rise to the same final

states as processes (13) and (14).
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The results obtained by the JADE collaboration for e+e_ - e+e—

+ - . . . .
U L are shown in Figure 42. The comparison with QED was performed

by using a Monte Carlo program written by J. Vermaseren(66).

The
prediction of QED includes an exact calculation of the diagrams of
Fig. 4la plus their interference with the bremsstrahlung terms of

Fig. 41b. The agreement between data and predictions is good.

The calculated cross section in the MARK-J detector for

reaction{(14), when the observed particles are: -

(a) two p's only,
(b) only one p and one e,

(¢) two u's and one e,
are shown in Fig. 43.

The cross sections for each of these configurations were
computed by using the same Monte Carlo program as above. The

measured cross sections, also shown in Fig. 43 agree well with the

calcularions in all cases.

5.3 The Exclusive Reactions yy > £% and Yy - OODO

5.3.1 The Reaction vy — £°

The PLUTO and TASSO collaborations have measured the final
state

+ - + - .
e e ~ee + two charged particles

without tagging the forward electron and positron. By studying
only those events with low visible energy in the central detector
and demanding that the two tracks reconstruct the crossing point

.. + - + - + = + = + -
of the colliding beams, the processes e e > e eece ,ee —ee

u+u— and e+e- - e+e-ﬂ+ﬁ_ are selected with little background frem
beam gas interactions. The background is reduced even further by
selecting the events for which the two charged tracks are coplanar
but aceollinear, The dominant part of the final event sample

contains lepton-—antilepton pairs from reactions(i3} and (l14). The
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(67)

+ -
Yy -~ ®™ nm final state was calculated to contribute . 167 to the

events.

The invariant mass distribution of the two prong events for
average beam energies of 15.5 GeV obtained in the PLUTO detector(és)
is shown in Fig. 44. The agreement with the QED calculation below
I GeV and above 1.5 GeV is good, however, a clear excess of events
is seen in the region between | and 1.5 GeV. The insert in Fig. 44
shows the difference between the data and the QED precition: a
resonant behaviour is seen at the mass of the f° resonance. In order
to extract the decéy width of £° = YY a helicity amplitude of Xk = 2
is assumed and a value for the width F(fo -~ vyY) = 2.3 # 0.5 KeV with

an additional systematic error of * 157 is obtained.

The distribution of the difference between the measured inva-
riant mass of the two charged particles and the QED background of
the TASSO collaboration(ﬁs) is shown in Fig. 45. A very clear £°
signal is observed. The curve shown in the figure is the result for

(67}

the £° contribution using the model of reference A preliminary
0 . . .
value for‘P(f - YY) = 4.1 £ 0.4 KeV with a systematic uncertainty

of 15% has been derived.

The results for the width I‘(f0 + ¥y} of the two. groups is
compared with the theoretical predictions in Fig. 46. The calcu-
lations with the non-relativistic quark model are in reasonable
agreement with the data, the predictions of the other models,

(69)

however, clearly disagree

5.3.2 The Reaction Yy = OODO

The first obserxvation of the reaction

vy = p%° (15)
(70)

has been reported bv the TASSO collaboration Events with two
negative and two positive tracks in the central detector originat-

ing from the interaction point are the candidates for reaction(l3).



Additional requirements are that the energy of the two photon system

is in the region 1.5 £W__ £ 2.3 GeV and that the PT’ defined as the

, YY
sum of the transverse momenta of the four charged particles is
smaller than 0.15 GeV/c. Applying the above criteria leave an
event sample of 89 events for further study. Assuming these events

to be

o
-+ -

+ - + - o+ =
e MTTHETT

e e +e
the invariant mass distribution of the W' m combination can be
calculated. Fig. 47a shows the two—dimensional mass distributien
of one such a combination versus the opposite ome for 1.5 € W <
2.0 GeV. The pronounced enhancement when both mass values are near
the 0 mass is evidence for the pooo final state. Fig. 47b gives

. . + - .
the projection onto the T 7T mass axis.

The curves in Fig. 47b are the results of a fit including
photon flux calculations and contributions from non-interfering

o + - . .
+ non~resonant T T production and contribut~

Q_0 -

p p  production, p
ions from phase space. The result of this fit indicates that the
four charged pion state results mainly from the production of

o o
at low W .
0P Y

The cross sections for p°p° production are determined using
the results of the above mentioned fit by calculating the accept-
ance for the events. The results are shown in Fig. 48 together
with the prediction of a VDM model calculation. At large WYY this
model could be correct but the disagreement for W » < 2 GeV
indicates the presence of a threshold enhancement in the process

00
Yy *p 0.

5.4 Total Cross Section Measurements for Multi-Hadron Production

The total cross section for the two-photon exchange reactions
producing hadrons
Y¥ - hadrons (16)

(71) (65)

has been measured by the PLUTO and TASSO Collaborations



using the single tagged events.

The measurement is a difficult one because several assumptions
and approximations have to be made in order to extract from the data
the relevaht quantities.

I will describe the procedure followed by the TASSO group(65)

in some detail. The luminosity for the photon-photon collisions
is calculated by this group using the functions of Field(72).
According to the TASSQO group the photon-photon luminosity at low
total photon—photon energy WYY is co?si?erably higher7§?an the one
obtained when using the Weizsidcker-Williams approach + To derive
values for the Yy cross section for real photons the measurements

at finite le values are extrapolated to Q2 = 0. The functional
form for this extrapolation is in the spirit of the Vector Dominance
Model (VDM). Form factors for the virtual photons are included and

the cross section is written as:

2 2 B ] 1

o W,..Q,, Q) = A+ = (17
2 2
™o ™

where A and B are parameters to be determined and the last two ex-—
pressions in brackets are the form factors. The other assumptions

put into a model to describe the hadron events are:

(a) The hadronic system is generated according to a phase-
space model with limited transverse momentum with respect to the
photon—photon axis.

YY o -
< PT > Cc
(b} The ratio between charged to neutral particles is 2:1.
(c) The mean charged multiplicity is a function of &n Wyy’

< nch >=D+E in WYY

The Monte Carlo events thus generated are compared to the data.

The measured distribucions of Q% , the charged multiplicity, and



the visible energy in the central detector are used to fit the five

parameters A to E. The results of .the fit are:

< PTYY > 0.298 GeV/c

< nch > = 2.1 + 1.5 &n WYY

= 80 520/W b
and (380 + / YY)n

vy + hadr

Figure 49 shows the result of the total cross section measure-

ments of the TASSO-group.

The above expression for O corresponds to the

YY -+ hadrons
central line in the figure. An overall systematic error of ~ 257

has to be taken into account.

The c¢ross section for wVY 2 3 GeV are, as far as the shape is
concerned in agreement with the VDM prediction, the absolute scale
disagrees with the measurements. This effect, however, can only
be resclved if the systematic errors become less than the 25% at
present.

(71}

The PLUTO results are shown in Figure 50, Figure 50a)

2 . .. . . .
and b} show the @  behaviour for two visible invariant mass bins

wvis' The solid lines in these graphs are the prediction from a
¢ meson dominance model calculation.

To extract the total cross section an additional term is
introduced in expression(17) and the ansatz for the fit to the

data is:

VDM 2
g W AC W + B/W 18
tot ¥..) W )+ B (18)

where
VDM
J

=
A —
1§

(260 + 270/W,  )nb

The best fit to the invariant mass distribution is achieved
>
for A = 0.97 £ 0.16 and B = 2250 = 500nbGeV™. The result is shown

in Fig. 50c. The dramatic rise at low WYY can only be described
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by the fit if a B/WYYZ term is introduced. This term is expected
if there are contributions of quark—antiquark productiocn in the

two—photon exchange channel.

The discrepancy between the results at low WYY between the
PLUTO and TASSO groups is unresolved at the moment. The PLUTO group
notes in reference (71)that one should take into account the follow—
ing:

(1) The triggering efficiency of an hadronic event 1is about
25%, quite in contxast to the events from single photon annihilation,

where the efficiency is 80 teo 90Z.

{2) Due to the limited solid angle in the central regions the
visible invariant mass is always smaller than WYY due to losses of
particles. The correction ins + WYY is done in both cases by un—

folding procudures.

(3) There are two major differences in the analysis of the two
experiments, a) PLUTO uses single tagged events ounly but TASSO in-
cludes the double tagged events, and b) TASSO uses the charged par-~
ticles only but PLUTO includes the neutrals, leading to a smaller

correction W . -~ W__,
v1is YY

Preliminary results were reported on hard scattefing processes
and deep inelastic ey scattering, they can be found in references
(63) and (64).

FIGURE CAPTIONS

Fig. 40 Schemati¢ view of a two—photon annihilation event
ee - ee + hadrons.

Fig. 41 Feynman diagrams for pair production via the two-photon
exchange process (a) and the bremsstrablungsprocess (v)
(27 =e", 1.

Fig. 42 The dist;iéutiog of Ehg u+u" effective mass from the

events e e * e e UM as measured by the JADE
detector. The solid line is the QED prediction.
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Fig.

Fig.
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44

45
46
47

48

49
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The observed cross secticon of e e =+ e e 1 i 1in the
MARK~-J detector as functions of v's when the observed
particles are: (a) two u's, (b) one Y and one e,
(c) two i's and one e, The solid lines are Monte Carlo
calculations of the yield from two-photon diagrams and
the points are the measurement.

The effective mass spectrum og the tgo_cpposite charged
particles from the reaction e e =+ e e + 2 charged
particles at Vs = 31 GeV for events where the outgoing
e and e go undetected. The solid_durve is phe ex-— '
pectation for the QED processes e e > e e e e and
ee »ee UU. The insert shows the difference
between the measured histograms and the solid curve.

The £° signal of the(gé§80 collaboration together with
the fit of the model .

Data and predictions for the radiative width I‘(fo - YY),

Mass distributions of T 7 pairs for events with

1.5 €W, =£2.0 GeV., (a) Two—dimensional mass distribut~
ion of &' w'm combination versus the opposite one, and
(b} distf%8¥tion of the 7 7 . The curves are the result
of a fit .

Cross section for the reaction Y¥0§ popo. The curve 1is
the prediction of the VDM model .

The hadronic cross section for scattering of two real
photons vs. the c.m. energy of the two—photon system as
obtained from the £it to the data under the assumption
stated in the text. The hatched area indicates the
range of the statistical error.

The total cross section O + &0, as function of Q2 for
W . <3.5GeV (a) and for W_._ 2 3.5 GeV (b).

vis vis

The solid line is the prediction from p meson dominance.
{c) Zhe total photon—photon c¢ross section extrapolated
to §° = 0 versus the true invariant mass W. The hatched
band represents the 10 limits as obtained from the £it.
The VDM prediction is given by the dashed line.
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6. GENERAL CHARACTERISTICS OF HADRON EVENTS

6.1 Hadron Identification

The final selection of the hadronic events from the single

photon annihilation process

e e -+ hadrons

is made by scanning the events on an intevactive graphics display
system after a preselection which includes cuts in the charged
multiplicity, visible energy and momentum balance cuts. Beam gas
events not coming from the interaction region are recognized by

reconstructing the event vertex(74).

The energy spectrum measured with the MARK-J detector at
/s = 30 GeV is shown in Figure 51. The energy cut employed by this
group for the analysis of hadronic final states used for the
determination of the total hadronic cross section, most of the
thrust (section 6.3) analysis and the study of inclusive muons in
hadron events (section 6.4) is EVis > 0.5 V/s. Tor reasons discussed
in section 7.3 an even more restrictive cut 1s used by the MARK-J
group of E . 2 0.7 Ys for 3jet events and the determination of the
strong coupling constant o Both of these cuts are indicated by

arrows in Figure 51.

6.2 Total Hadronic Cross Section (74, 75, 76, 77)

The total cross section for e+e— ~+ hadrons was measured over
a wide range of center of mass energies from 12 to 36.6 GeV,
including results obtained by extended periods of running at a
fixed beam energy and by fine energy scans covering the ranges of
29.92 to 31.46 GeV and 33.00 to 35.56 GeV. The results are

expressed in terms of R:

R = G(e+e— + hadrons)/ 0(e+e" - u+u_)

In the naive quark—-parton model, the cross section for the
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hadron production process is simply given by the sum over flavours
of the point—like qq pair cross sections. Using this picture with

spin 1/2 massless quarks, and with three colours gives

- 2 .
R0 = 3L eq | o | (19)

where eq is the charge of the quark with flavour q. Considering the
five known quarks (u,d,s,c, and b), and correctihg the naive model
for gluon emission as predicted by QCD, one expects R - 4, over the
entire PETRA energy range, with only a slight decrease in R with

increasing beam energy.

The experimental R-values have to be corrected for initial-
state radiative corrections, for contamination of the sample by
hadronic events produced by the two-photon process e+e- > ete 4
hadrons, and for the coutribution of e+e” - T+T“ + hadrons + leptons.
In addition to the statistical errors, there is an additional
systematic uncertainty due to the model dependence of the acceptance
calculations of 10%Z for the four groups. The measurements of R(74),
from the four groups are averaged and plotted in Figure 52. Inclu-
ding the region below v's = 20 GeV one sees that there is a large
range up to 36 GeV where the R-values vary only very little. The
error weighted average of the combined data above Vs = 20 GeV yields
a value R = 4.03 £ 0.06. The two solid lines in the figure are the
predictions of QCD with the five known quark flavours for two
different values of @ s the running coupling constant of the strong
interaction related to A, a free parameter in QCD, in the following

way:
127

S £33~ Wi gt/A )

2
where Nf is rhe number of quark flavours and q  1is put equal to s,

the square of the C.M. energy. The prediction of R by QCD to first

order is than:

R =R (1 + as/?)
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where RO is defined in expression (19). The error in the average
value of R = 4.03 * 0.06 is not small ernough to measure A or O

with any precision, the value varies only 2.67 between the limits

of A of 0.2 to 1.0 GeV. The combined data of course also excludes
the production of a new quark with charge 2/3, however, a 1/3 charged
quark cannct be excluded by these measurements. The AR in the

latter case would only be G.26 and the systematic errors do not

allow to draw a negative conclusion.

In addition to the tt contribution to the hadromic continuum,
the toponium system'should form one or more bound states, with the
number of such states depending on the shape of the binding potenti-
a1(77). Interpretation of the vector mesons p, w, ¢, J, v', T, T,
and T, as non-relativistic qq bound states, or"quarkonia' leads to
the prediction that the gap between the lowest bound state and the

continuum is probably ~ | GeV, and very likely < 2 GeV.

In order to check for the existence of tt bound states lying
below 36.6 GeV, the energy scans mentioned earlier were performed
in 20 MeV center of mass energy steps (matching the r.m.s. energy
spread of PETRA), with an average of ~ 25 ab”! to 50 nb-1 per
point and per experiment. The combined results of the scans are
shown in Figure 53. The figure shows that the data are entirely
consistent with the predictions of QCD for u,d,s,c, and b quarks,
that is, with constant values of R over the regions of the scans.
There is no indication of an upward slope with increasing energy
signaling the onset of a new contribution to the continuum. The
value of R averaged over the emergy ranges of the scans of .

3.96 = 0.28 and 4.17 £ 0.44 respectively.

In order to set a quantitative upper bound on the possible
production of a narrow resomnance, the data in Figure 53 were
fitted by a constant plus a gaussian. Using the relation between
the resonance strength, the width into e+e— (Fee), the hadronic
width (Fh), the total width (I') and the hadronic branching ratio

(Bh E-Ph/?) one obtains as an upper limit for
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T < 0. 2 C.L.
Bh ce 0.6 KeV (90Z C.L.)

This upper limit excludes the production of a vector particle
consisting. of a qE bound state where the quark has charge 2/3. This
fact is also 1llustrated by the Gaussian curve drawn in Fig. 53b,
where the curve is the expectation for the production of a tt bound
state. On the basis of the experimental fact that Fee/eqz is
approximately constant for the vector meson ground states p, w, ¢,
J, and T, as is predicted by duality arguments(77), one expects

T . <~ 5 KeV for the lowest mass meson in the toponium family.

Ef fects due to radiative corrections and the energy spread of the

machine which influence the shape of the cross section have been

taken into account in this analysis.

6.3 Jet Analysis

6.3.1. Thrust and Sphericity Distributions
(78)

Data at lower energies from SPEAR have shown that the

final state hadrons from the process e+e‘ -+ hadrons are predominant-
ly collimated inte two back-to-back "jets" in agreement with the
expectations of simple models in which the time-like photon
materializes imititally into a quark-antiquark pair. It is thus
necessary to develop kinematic quantities which describe the jet-

like nature of the hadronic events.

A jet analysis has been devised using the spatial distribution
of the measured momenta of charged and neutral particles for the
track detectors and the distribution of the deposited energy in the
case of a calorimetric detector. A schematic view of a two jet
event 1is drawn in Figure 54. The vectors drawn stand for either
the measured momenta P; of individual particles or the vector
energy flow Ei for one or more particles emitted closely together.
The aim of the jet analysis is to determine the jet-axis and the
related quantities like momentum Pp OF rransverse energy flow ET

and the longitudinal momentum P,y oF longitudinal energy flow E/,.
/



Other parameters describing the general shape of the individual

events are the sphericity (S) and thrust (T) defined(79) as:

2 .2
s = 3/2 minzéT /Tpt

i ] . .
where Py 1is the transverse component of pl along a given axis and
the minimum is found by varying the direction of this axis. The
resultant direction is thus the direction along which the p 2 is

T
minimized. The parameter thrust (T) is defined(so) as

T =max ( Ip, " / glpt] )
for the track detectors and

T = max ( EE//l / Z|El| )

(81}

for the MARK-J detector . The resultant direction found in this
case is the direction along which the sum of the longitudinal momenta
or projected energy flow is maximized. Both quantities S and T
simultaneously define the jet axis and it has been found that by
applying these two methods to the same event sample the axis coin-

cides within a few degrees for both methods.

The cosf distribution of the MARK~J data shown in Fig. 55,
where 6 is the angle between the beam and jet axis, is compared
with the expectation from QCD. The agreement with the essentially
i+ cosZG distribution multiplied by the angular acceptance of the
detector is very good, supporting the idea of the underlying e+e_
annihilation process proceeds wvia the production of two spin 1/2
particles, the quark and antiquark. Spin O particles would give a

sin28 &istribution, which is clearly excluded by the data.

The mean longitudinal <p//> and transverse momentum <p.> of

charged particles with respect to the thrust axis (measured by the

(81)

PLUTO and TASSO dectectors is shown in Figure 56 as functioun of

the c.m. energy. Both the increase of <p//> and the constancy of
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T> indicate that the jet structure is getting more and more

pronounced, most of the particles are emitted in narrower back to

<p

back cones as expected in the naive quark model. The behaviour of
<pT2>, a higher moment of the P distribution is, however, in dis-
agreement with the expectations of this model. The <pT2> rises
with increasing energy by almost a factor two over the energy range

while the quark model predicts a constant energy dependence.

For events in which the spatial momentum or emergy distribution
is isotropic, S and T are expected to apprcach | and 0.5 respect~-
ively. This would be the situation if, for example, the virtual
photon matererializes into two very heavy quarks, each with a
mass close to the beam energy. Such quarks would be produced almost
at rest. On the other hand, pairs of light quarks would move at high
speed and the Lorenz boost of their hadronic fragmentation products
would result in the hadrons being produced in narrow jets collimated
around the initial quark directions. Higher beam energies would
result in narrower jets, so that S and T should approach the value
0 and | respectively, Thus, sphericity and thrust measurements can
be used as sensitive methods to detect the presence of a new
threshold due to new heavy quarks. Production of 2z new heavy quark
would also result in raising respectively lowering the average $

respectively T as the energy is raised and the threshold is passed.

The normalized thrust distributions of the MARK-J group
1/N (dN/4T) for 13, 17, 22, and the combination of 27.4 and 27.7
GeV data (labelled 27 GeV combined) are shown in Figﬁres 57a=-d)
along with the Monte Carlo predictions of a quark-parton model with

{(82)

u,d,s,c, and b quarks and no gluon emission .

As expected for production of final states with two jets of
particles, the distributions become narrower and shift towards

high thrust with increasing energy.

Figure 58 shows the normalized thrust distribuctions (MARK-J}

for combined data 27 < vs < 33 GeV and 33 < /5 < 37 GeV. The



curves show the Monte Carlo predictions with inclusion of gluons

and also calculations which include charge 2/3 and 1/3 quarks

produced as described previously. The QCD model without top quark

describe the data very well. One can also conclude that there 1s ’
no evidence for production of a new heavy quark with charge

q = 2/3 e. ' .

Figure 59 shows the average thrust <T> plotted at nine PETRA
energies. The solid curves are from Monte Carlo calculations which
include u,d,s,c, and b quarks with gluon emission. The energy
dependence of the data is smooth and shows none of the steps which
would have appeared at new quark thresholds. The sphericity measure~
ments of the TASSO Collaboration in the energy range /s = 13-31.2
GeV are shown in Figure 60. A top quark contribution (dashed-dotted
curve in the figure) is clearly ruled out and the data are well
described by thw quark model with u,d,s,c, and b quarks plus gluon
corrections. The average sphericity <8> measured at DORIS and |
PETRA by PLUTO and at PETRA .by the JADE and TASSO groups is shown |
in Figure 61 as function of V5. The quantity S is related with
the jet cone half opening angle § by S = 3/2 <52>. The solid line
is the expectation from the naive model with five quarks. The
dotted curve shows the expected threshold behaviour after the
appearance of the tT continuum and the data clearly once again

rules out their production.

At the highest PETRA energies the combined thrust distributiouns
of the JADE, MARK-J and TASSO groups give evidence against the
existence of a t—quark with mass of 17.5 GeV and charge 2/3 of -
126 at Vs = 35-35.8 GeV and 50 atv/s=36.5 GeV for the events with
thrust < 0.8. The existence of a quark with charge I/3 is unlikely .
at the highest emergy but cannot be excluded with absolute

(76}

certainty
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6.3.2. Inclusive Muons in Hadronic Events

In the framework of the sizx quark model . for the weak decays
of heavy quarks, {c,b and t) copious muon production is expected

C(IS),(19). The onset of the

from the cascade decays t - b =«
production of a new heavy lepton would also lead to an increase in
muon production. Thus, in addition to indications based on thrust
and R measurements, a measurement of inclusive muon production in
hadronic final states should provide a clear indication of the
formation of top quarks or neﬁ leptons., All the hadron data for
Vs from 12 to 36.5 GeV have therefore been analyzed and scanned in

a search for muons.

The main sources of muons in the hadron sample are decay
products of bottom and charm quarks. Background contributions to
the muon signal, arising from hadron punch through and decays in
flight of pions and kaons have been calculated using the Monte
Carlo simulation to be ~ 27 at these energies. The contribution
of T'T events to the | + hadron sample becomes negligible when
the total energy cuts and energy balance cuts are applied. Figure
62 summarizes the results from the JADE, MARK-J and PLUTO groups
for the relative production rate of hadronic events containing
~muons as a functionm of the c;m. energy(76). The figure demonstrates
once again the absence of new heavy mesons containing t—quarks up to
36.5 GeV. The observed rate agrees with the Monte Carlo predictiomns
for five quark flavours but is approximately 5 standard deviations
away from the prediction which includes the top quark. Figure 63
shows the thrust distribution of the hadronic events containing
muons compared with all the hadromic events from the MARK-J group.
The scarcity of events at low thrust in the figure alsc rules out
the existence of the top quark. The agreement between the data and

the Monte Carlo containing five quarks is good.



6.3.3 Searches for New Particlesg
(i) Heavy Lept0ng(76)’(83)

(27)

Following the initial searches

(28)

for the T-lepton, the

discovery (29),(30)'

and the further study of its properties
there has been great interest in searching for a new heavy lepton,
which would extend the series e, p, T. Analogous to the T-lepton

one assumes that a new heavy lepton HL couples yniversally to leptons
and quarks according to the standard V—-A weak interaction theory and

has the following decay modes: (in %), T WV (9.2), u_ VoV (10.6),
_ T HL W HL (84)
e vevHL {10.6) and hadrons + vHL (69.6). The branching ratios * ,

which are mass dependent, are given here for a heavy lepton mass of
14 GeV. Owing to their large mass and low veloeity, the decay
products would be expected to have large angles with respect to
the HL line of flight. This contrasts to the decay products of the

T at PETRA energies which are tightly collimated.

Heavy lepton production is recognized in the MARK-J detector
for events in which one lepton decays into a muon and neutrinos
and the other lepton decays into hadrons and neutrinos. Hadrons
(83)

are detected by thelr energy deposit, Evis’ in the calorimeter

Heavy lepton candidates with masses greater than 6 GeV are

selected by applying the following criteria:

Ho0.2 Ebeam < Evis < Ebeam’

. o
2) Acoplanarity > 30,

3) EK > 0.1 Evis’

4) Charged multiplicity of events > 2,
5) 30° < 8, < 150°,

. o
The "acoplanarity" is defined as the absolute value of 1180
- d¢§, where 8¢ is the angle between the muon momentum vector and

the total energy flow of the hadrons EH projected cn a plane

perpendicular to the beamline. EKis the energy deposited in the

iron plate which form the outer part of the calorimeter and SH is
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the pdlar angle between EH and the beamline. Cut 1 reduces the

background from ete hadron, cut 2 suppresses the contribution
from ete » T+T—, and cut 3 helps to select‘hadronic as opposed to

electromagnetic showers. Cuts 1-5 are also effective in eliminating

+ - T
background from the "2-photon' process, e e + e e yu , and from

efe - U+U—Y where a high energy photon is radiated at large angles.

No event was observed in the data with 33 < Vs < 36.7 GeV,
corresponding to a time integrated luminosity of 6.9 pb‘]. The
number of events predicted by a Monte Carlo calculation as a function
of the heavy lepton mass MHL is shown in Figure 64 along with the
95% confidence level upper limit from the data. Figure 64 demon-
strates that the existence of a sequential heavy lepton with a mass

between 6 and 16 GeV is excluded.

Heavy leptons with MHL < 6 GeV would decay into final states
similar in appearance to those from T decay, and would tend to be
iﬁcluded in the sample of ete” » 11" events. The inset in Fig.64
shows the Monte Carlo prediction for the total number of events in
the T sample from_e+e— - T+T_ (Sz)and from heavy lepton production,
as a function of MﬁL' The insetr demonstrates that the predicted
number of heavy lepton events exceeds by more than 20 the number of
observed T events. Therefore, with more than 957 confidence they
exclude the existence of the heavy lepton with mass MHL < 6 GeV.
One is thus able to rule out the existence of a new heavy lepton

for a MHL < 16 GeV,

The criteria employed by the PLUTO group for finding heavy
leptons is very similar to the ones mentioned above and they find
a limit for MHL of 14.5 GeV, The TASSO group searches for a single
charged particle recoiling agalinst many hadrons and obtains as a
limit MHL < 15.5 GeV. The JADE group concentrates on the possible
hadronic decays of the heavy leptons. They calculate the thrust
of the two hadron jets and demand that the jets are very acoplanar,

excluding by such criteria the events produced by quark-antiquark



pairs which give rise to two back-to-back jets. They expect f[or a

(76)

17 GeV heavy lepton ~ 10 events, and they find none

(ii) Scalar Electrons and Muons

(85)

In the framework of supersymmetric theories , spin zero
partners of the electron and the muon are expected to decay only

according to the reactions

s +~e (i) + photino (goldstino) (20}
t +e (u ) + antiphotino (antigoldstino) (21)

where s and t are the spin zero partners of the electron (muon)
associated with the left and right handed parts of the electron (muon)
field respectively, and the photino and goldstino are the spin 1/2
partners of the photon and the goldstone boson. Since s and t'carry.
unit electric charge they may be produced in pairs in e'e” annihilac-

ion according to’ the cross sectiom:

+ - - + -+ 2.3 .2
d(e e s s or t t ) _ 73 sin € | 8 |- (3)2
d(cos§) hs ? }
which is characteristic of spin zero particle production. m 1is the

mass of s or t, E is the beam energy, and 8 is the scattering angle.

Because of the uniqueness of the decay reactions (20) and (21},
the extremely short lifetime of s and t and the prediction that the
interaction cross section of photino and goldstino are expected to
be very small(SS), only electron and muon pairs are observed in the
final state. Near threshold production of s and t, the two residual
electrons or muons would be produced isotropicélly in space. Data

(86) on the mass of s and ¢.

from SPEAR place a lower limit of 3.5 GeV
Thus, over the PETRA energy range of 12 and 36.7 GeV an increase in
the production of acoplanar electron—positron or muon pairs should

be observed 1f a new threshold is passed.

The event selection criteria used by the PLUTO and JADE
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(76)

groups to obtain an upper limit for the production of these
particles are based on the considerations mentioned above. The
electron-positron pair must have an energy gfeater than 207 (307)
and the acgplanarity angle must be greater than 15° (IOO) for the
PLUTO (JADE) group. No events are observed and the 957 confidence
upper limit is found at 13 and 16 GeV by the PLUTO and JADE groups

respectively,

A set of criteria for selection of muon pairs from reactions
(20) and (21) has been established by the MARK—J(SB) group which

eliminates events from the processes:

+ - + - + -
ee * UK, BUY
+ - + - ¢+ -
ee > TT1T, TTY

+ - +

+_ -
e e > e ey
which are the main, sources of background. To reject this back-

ground they select events with the following criteria:
1) acoplanarity 2 200,

1 <
2) electromagnetic energy < 20% EBeam’

1) muon momenta = 207 E
Beam

No event was observed in the energy range 33 GeV £ Vs < 36.7 GeV,

Figure 65 shows the expected number of events predicted by a
Monte Carlo calculation for the production of s or t pairs. Also
indicated are the number of events corresponding to the 95%

confidence level.

Thus, the MARK—J data show that no s or t rype particle is
produced with a mass between 3 GeV and 15 GeV. If s and ¢
particles have the same mass and are both produced, the number
of expected events is twice as large. In this case they can

both be excluded with more than 997% confidence.



iii) Searches for Free Quarks and Heavy Long Living Particles{ST)

(34)

The JADE group, using their jet chamber , a cylindrical
drift chamber filled with an argon, methane, isobuthane mixture at
a pressure of 4 arm., is able to identify particles by a
simultaneous measurement of the mean energy loss dE/dX and the
apparent momentum p/Q. Two cases are studied: 1) the exclusive
production of quark—antiquark pairs, giving rise to two nearly
collineray tracks and 2) the inclusive production of quarks, in

which case a quark within a hadron jet is searched for.

In case 1) the sample of events contains mainly Bhabha events
+ = . . .
and U u pairs. The mean energy loss of the tracks is investigated
for a candidate with charge q = 2/3. None of such tracks were

found.

Case 2) is studied by plotting (Figure 66) the energy loss of
positive and negative tracks of the multi-hadron events as a
function of the apparent momentum p/Q. The 65 tracks which were
found to be more than 2.5C away from the known stable particles
{solid lines in the fi@ure) were examined in detail. They could
be explained by deuterons and tritium produced by secondary inter-
actions in the beam pipe, by overlapping tracks giving an apparent
dE/dX of twice the minimum, and by statistical fluctuatioms. The

conclusion of this search was also negative,

From the observartion (Fig. 66) that no heavy long living
meson of 5 GeV has been detected within the 80 cm of the jet
chamber an upper limit for the life time of such a meson containing
a b—quark can be derived. Assuming an exponential momentum

Jdistribution, an upper limit of 2 . 10—9 sec has been obtained
which 1is a factor 25 less than the previous limit. This upper

(88)

limit could even be improved by searching for secondary decay
vertices with more than 3 outgoing charged particles at least 5 cm
away from the interaction point. Decays with protons, identified

by the dE/dX measurements, and vertices in the beam pipe or other

90



layers of material were rejected. The 907 confidence limits on the

life time with this method was found to be T < lo-losec for an ex-

.- . . . =11
ponential momentum distribution and TBAS 3.10 sec for a constant
one.

6.4 Multiplicity Distributions, Inclusive Particle Spectra
and Particle Yields

6.4.1. Multiplicity Distributions(75)’(89)

At low energy the charged multiplicity distributions for the

. . + -, .
hadronic events produced in e e interactions have been measured

at ADONE(QO), SPEAR(gl) and DORIS(gz). The mean charged multipli-

¢ity was found to behave in agreement with the Feynman scaling

(93)

hypothesis and increase logarithmically according to:

i}

<n . > a+blns (22)

ch
in the energy range 1.4 GeV = Vs € 7 GeV,

(94) indicated that the

The first evidence from the TASSO group
quantity <nch> was rising much faster in the PETRA energy range
than expression (22) could describe. An increase of . 4 charged
particles more than the extrapolation of the low energy fit to the
data with expression (22) could account for was observed. The
drastic change could not be due to bb production above threshold,
a change of only ~ 0.2 is expected from the additional production

of these quarks.

> at the lower energies combined with the

h
measurements of the JADE, PLUTO and TASSO(BQ)

Figure 67. Included in the data points are the charged pions from

The data for <nc

groups is shown in

KSO decay, a contribution of -~ 0.7 units in <nch>' A possible

explanation for the fast rise are the gluon effects which are

observed at the highest PETRA energies (see section 7). In QCD

(95)

the multiplicity 1s expected to behave as

<nch> = a + b exp (c\/lnS/.’\z )
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A fit to all the data (solid line in the figure) with A=0.5 GeV
yields: a = 2.3820.09;" b = 0.04%0.01; and c = 1.92%0.07. Due to
relatively large error bars other simple functions like a(lns)2 or
an exponential asb fit the trend of the data equally well(ys). The
question which sort of particles, of low or intermediate momentum,
cause the rise in average multiplicity will be answered in the next

paragraph. |

6.4.2 Single Particle Spectra and Particle Yields(sg)

The TASSO Collaboration investigated the energy behaviour of
the scaling cross section s . do/dx as function of the Feymman
variable x = P/pbeam’ where p is the momentum of the produced
hadron. If scale invariance holds s . do/dx should be independent
of the c.m. energy. The data measured at 12, 27.4 - 31.6 and 35.0
-~ 36.6 GeV by this group is shown in Figure 68. TFor x 2 0.2 the data
are the same within errors and agree with those measured at low
energy by DASP(96) and SLAC - LBL(97) within 30%Z. However, at low
x values a dramatic rise for increasing c.m. energy is seen. As
the only energy dependent quantity in the integrated function
I s. do/dx is the quantity <nch> , this rise is related to the
one seen in® the average multiplicity. This scale breaking when
interpreted in terms of QCD can be explained by the emission of
gluons, namely the primary momentum is now shared at low x values.
This effect should become more pronounced as the eﬁergy becomes

(98)

10%Z higher than at 5 GeV. At x = 0.7 the data should be 207 lower

larger and at 30 GeV one expects for x = 0.2 the data to be
compared with the low energy data. The data at present are not

precise enough to test these predictioms.

With the JADE and TASSO detectors ome is able to distinguish
ﬁt from Ki, proton and antiprotons. The x-spectra for the diiferent
particle typeshave been measured over a wide x-range. In Figure 69
a,b, and ¢ the preliminary scaling cross sections (s/3). do/dx are

shown, where x = 2E/W, for ﬂt, K" and {p, p). .The pion and kaon



data are compared to low energy data. For x =z 0.2 the 5.2 GeV pion
spectra are above the high energy ones by I 30%Z which is the ex-
pected outcome from scale breaking. The_statistical error for the
high energy data however, is still large so this conclusion is only
tentative. In Figure 69b, the kaon spectra are shown. The solid
line represents the high energy ﬁ+ + T data. The yield of kaons
is a factor 2 to 4 lower than the n yield, at higher x values,

however, the difference becomes smaller.

The particle fraction is shown in Figure 70 as function of the
particle momentum p. The data from JADE and TASSO are combined in
this graph. Results in the momentum range where the dE/dX measure-
ments of JADE are in the "relativistic rise' region are shown
around 3-5 GeV. The latest results from the TASSO Cerenkov counters
are also included. At low momentum, below ! GeV the pions completely
dominate, however, at around 3 to 5 GeV the pions are reduced to

~ 50%, the kaons are ~ 35% and (p, p) are ~ 15%. The solid line is

the prediction of QCD from the Monte Carlo program by Ali et al.(ls)'
An average event of v's = 30 GeV has approximately 11 ﬁ:, 1.4 KO,EO,

1.4 K and 0.4 p,p in the final state,

FIGURE CAPTIONS

Fig. 51 Energy distribution of hadron events as measured by the
MARK-J detector.

Fig. 52 The total relative hadromic cross section R as function
of W the ¢.m. energy. The lines indicate the prediction
by QCD for two values of the parameter e (see text).

Fig. 53a) Average R values as measured by the PETRA experiments
during the energy scan between 29.90-31.46 GeV.
b) As a) for energy scan between 35.00-35.8 GeV.

Fig. 54 Schematic drawing of a 2—jet event.
Fig. 53 Angular distribution of the jet axis. The angle € is

defined as the angle between the beam axis and the jet
axis. The solid curve is the expectation from QCD
multiplied by the angular dependent acceptance of the
MARK-J detector. '
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The mean transverse and Jlengitudinal momentum components
<p,» and <p/ > and <p for charged particles produced
in hadronic eéents plotged as function of the c.m. energy
W.

Ihrust distribution observed by the MARK-J group at

Vs = a) 13, b) 17, ¢) 22, d) 27 GeV (see text). The solid
line is the quark model prediction for u,d,s,c and b
quarks with no gluon emission.

The thrust distriburions with a 70Z energy cut for
/s ~ 30 GeV and ¥s < 35 GeV. The curves are predictions
for various models as described in the text.

Average value of thrust as a function of Vs together with
the QCD prediction (solid line). The values expected from
a QCD model with a top ‘quark are also shown.

Sphericity distributions for the energies Vs = 13 to 31.2
GeV. The solid line is the prediction of the QCD model
with u,d,s,c,b quarks. The dashed-dotted curve includes
a heavy charge 2/3 quark.

Average sphericity <8> as function of the total c.m.
energy W. The dashed line shows the expected <S> behaviour
when the threshold for the production of heavy t—quarks

is passed.

Relative production rate of hadronic events containing
muons as a function of the c.m. energy E . . The hatched
areas are the predictions or models containing five and
six quarks.

Thrust distributions of inclusive muon events compared with
all hadronic events from MARK-J,

Number of events expected for the production of a new
(sequential) heavy lepton as a function of mass. The
inset shows the number of events expected in the T sample
from tau and heavy lepton production. A total of 52 T
events is observed. The dashed line corresponds to the
457 confidence upper limits for T events.

Number of events expected for the production of a spin
zero partner §_ or t. of the muon as a function of mass.
The upper limif of elfents (95% confidence) and the mass
range excluded is also indicated.

Energy loss of positive and negative tracks in multi-
hadron events as a function of apparent momentum p/Q.
The solid lines are the expectations for the particles
e, 7, K, p, d, t. The dashed line is the expectacrion
for a heavy particle (M = 5 GeV) with charge q = 2/3.

Measurements of the mean charged multiplicity <a h> as
. —
a function of the c.m. energy vs. ¢

e
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Fig. 68 The sdo/dx distribution as function of x = p/p for
~ . . beam
charged particles in the c.m. energy range of
5 to 36.6 GeV,

Fig. 69a) The (s/B) do/dx distribution as function of x = 2E/W for
the pion data at several c.m. energy values.

b) As a) but for charged and neutral kaons. The solid line
is the trend of the charged pion data.

¢) As a) but for protons and antiprotons.

+ + —
Fig. 70 The particle fraction at /5 = 30 GeV fbr 7, K and p + p
as function of particle momentum. The solid line is the
prediction by QCD.
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7. TEST OF QUANTUM CHROMODYNAMICS

7.1 Introduction

In the framework of QCD, the proceés e+eﬂ + hadrons proceeds
through the production of a quark-antiquark pair, which is some-

times accompanied by one or more gluons.

. . . + - .
The consequencesof gluon radiation in e e physics were seen
before the advent of PETRA by the experiments at DORIS(gg) which
observed the decay of the upsilon. In particular the PLUTO colla-

(loo)

boration demonstrated that a variety of topological features

of the events were in excellent agreement with Monte Carlo model
predictions based on the direct decay of the upsilon via three
gluons into three broad jets. In Figures 7! a and b the tripliecity
(see section 7.2.3) and the angular distribution between two of the
three broad jets are plotted and compared with model predictions of
a phase-space like, a quark-antiquark and a three—gluon decay of the
upsilon. 'The three-gluon decay is clearly the one which is the most
favoured of the three alternatives. The jet axis angular distribu-

tions (Fig, 71¢) indicates that the gluons are vector particles.

This analysis, however was not able to prove unambiguously the
existence of gluon jets. The upsilon mass is not high enough to
produce three well-collimated jets which can be clearly distinguished
from other resonant decay channels, so that a statistical model in-

cluding clusters or resonances could not be ruled out.

The PETRA results on tests of QCD with data obtained up to the
summer of 1980 will be reviewed in the next sections for each of
the groups. In reference (lol) a brief sketch of the chronological
sequence of mounting evidence leading to the establishment of gluon

. + . .
effects in e ¢ interactions can be found.

Some of the main features established by the summer of 1979 can
be summarized as follows: The naive two-jet picture at the then

highest PETRA energy of /s * 30 GeV could no longer be maintained as
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is demonstrated in the pT2 distribution of the TASSO group in
Fig. 72. The low energy data V& = 17 GeV can be described by the
two—jet model with an average Py of the produced hadrons with re-
spect to the jet axis of ~ 300 MeV. The 30 GeV data, however can-
not be described in this way and the “Pp” has to be raised to

450 MeV to get agreement with the measured distributiom. To study
the structure of the events, each event can be divided into two
hemispheres using the plane perpendicular to the thrust axis. Each
hemisphere can then be separately analyzed, as if it were a single'
jet., The jet having the smaller Pr with respect to the thrust axis
is defined as the 'nmarrow' or 'slim' jet and the other as a 'broad’
or 'fat' jet. Fig. 73 shows the data from the PLUTO group for the
<pg> of 2 'slim' and 'fat' jet as a function of x = pi/pbeam for
the low and high energy data. For both energies the 'slim' jet can
be described by a normal quark jer, the 'fat' jet, however is too
broad and can be described by either an increase in <pp> on the fat

side alone or by QCD.

Tt was also noted that the above mentioned effects were due to
an excess of so—called planar or oblate events and that some of
these showed a three—jet structure. An example of such an event
is given in Fig. 74 which shows an event from the JADE group pro-

jected onto the event plane.

The first statistically relevant results, establishing the 3-
jet pattern from qag of a sample of hadronic events are shown in
Fig. 75 of the MARK~J group in which a sample of the events with
low thrust and high oblateness, where the gluon-emission effect is
expected to be relatively large, is selected for detailed examina-
tion. The key feature of this figure is that it consists of the
superposition of an entire event sample, and thus displays the
average behavior of the energy flow for planar events at high energy.
The event sample is composed of 40 events with T < 0.8 and Ob > 0,1

out of 446 hadronic events.
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The calculated Monte Carlo predictions based on QCD in both
the rate and shape of three—jet events in the figure were compatible
with the data with 2 = 67 for 70 degrees of freedom. The accumu—
lated energy distribution in the lower part of the figure, showing
the view in the plane perpendicular to the event plane, exhibits

a flat distribution consistent with the model predictionms.

These results can be contrasted to those obtained with a
simple phasé space model. Using a x° f£it of the phase~space energy
distribution to the data one found that x® = 222 for 70 degrees of
freedom. Therefore, phase-space is inconsistent with the data.
From the oblateness or flatness distribution it could be established

that the qq contribution is negligible.

7.2 QCD Tests with the MARK-J Detector

7.2.1 Energy Flow Method

In this section the detailed topological analysis is reviewed
which was used by the MARK-J to test QCD and to isolate the 3~jet

(lo2)

events arising from the emission of hard non—collinear gluons ..

In order to exclude events where leading particles have esca-
ped down the beam pipe, or where part of a broad jet is missed,
only those events are selected for which the visibly energy,

Evis 2 5.7 ¥Ys. This cut also eliminates two-photon events and
events where a hard photon is emitted in the initial state. The
drift tubes surrounding the beamrpipe enables this group to sepa—
rate more distinctly the distributiom of charged particles from
neutrals. Since neutral particles carry away a large portion of
the total energy, they will not only affect the axes of the jets,
but will also affect the identification of individual jets. The
characteristic features of hard non—collinear gluon emission in

+ - . - - =
e e -+ qqg are illustrazed in Fig. 76. Because of momentum con-—

servation the momenta of the-three particles have to be coplanar.
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For events where the gluon is sulficiently energetic, and at large
angles with respect to-both the quark and antiquark, the observed
hadron jets also tend to be in a recognizable plane. This is shown
in the upper part of the figure where a view down onto the event
plane shows three distinct jets; distinct because the fragmenta-
tion products of the quark and gluons have limited Pt with respect
to the original directions of the partoms. The lower part of the
figure shows a view looking towards the edge of%the event plane,
which results in an apparent 2-jet structure. Fig. 76 thus de-
monstrated that hard non~collinear gluon emission is characterized
by planar events which may be used to reveal a 3-jet structure once

the event plane is determined.

The spatial energy distribution is described in terms of three
orthogonal axes called thrust, major and minor axes. The axes and

the projected energy flow along each axis T and

thrust’ Fmajor
F . are determinted as follows:
minor
-
(1) The thrust axis, e is defined as the direction along
which the projected enexgy flow is maximized. The thrust, Tthrust

and gl are given by

Tthrust =

o
where E* is the energy flow detected by a counter as described

above and Zil El[ is the total visible energy of the event (Evis)'

(2) To investigate the energy distribution in the plane per-
pendicular to the thrust axis, a second direction, e,, is defined

perpendicular to e It is the direction along which the projected

;e

energy flow in that plane is maximized. The quantity Fmajor and
- .
e .
, are given by o
B . ezi -, >
major max E_. » S L %

Vv1is



(3) The third axis, 33 is orthogonal to both the thrust and

the major axes. It is found that the absolute sum of the projected

energy flow along this direction, called F , 18 very close to

minor
the minimum of the projected energy flow along any axis, i.e.,

>i - >l -
z. {E e ] I, |E"-e
F = 2 3 min —
minor E . - E .
vlis vis

If hadrons were produced according to phase-space or a qa
two—jet distribution, then the energy distribution in the plane as
defined by the major and minor axes would be isotropic, and the
difference between Fmajor and Fminor would be small. Alternatively,
if hadrons were produced via three~body intermediate states such
as qqg, and if each of the three bodies fragments into a jet of
particles with <Pt> ~ 325 MeV, the energy distribution of these
events would be oblate(Pt refers to the quarks). Following the

suggestion of H, Georgi, the quantity oblateness, 0, is defined as

= major Fminor'
The oblateness is -~ 2 Ptgluon//g-for three-jet final states

and is approximately zero for final states coming from a two-jet

distribution.

As mentioned in section 7.1 for the study of the detailed
structure of the events each event is divided into two hemispheres
using the plane defined by the major and minor axes, and separa—
tely analyzed the energy distribution in each hemisphere as if it
were a single jet. The jet having the smaller Pt with respect to
the thrust axis is defined as the 'narrow' jet (n) and the other
as a 'broad' jet (b). In each hemisphere we calculate the oblate-
ness, 0_ = 2(F" n ), and 0, = 2(F° e Y,

major minor b major minor

and thrusts T and T, .
n b



One approach to analyze the flat events for a possible 3-jet
structure is illustrated by Fig. 77. The figure shows the energy
flow diagram for each of two high energy hadronic events, viewed in
the event _plane determined by the major and thrust axes. The energy
flow diagram is a polar coordinate plot in which the energy vectors
Ei are summed in 10° intervals. Each point in the plot represents
the summed energy in an angular interval, with Fhe radius given by
the magnitude, and the azimuth given by the cen%er of the angular
interval in the event plane., The two events in the figure both

show an apparent 3-jet structure,

However, the examination of individual event appearances can-—
not be used to establish the underlying 3~jet structure characte-
ristic of qag final states. This is demonstrated by Fig. 78, which
shows two low thrust, planar events at 12 GeV center of mass energy.
The events also show a distinct multi-jet structure. It should be
noted that all the measured distributions at low energies (thrust,
oblateness, etc.) are well described by a simple qq model (see Fig.
79), so that the suggestive event appearances are unrelated to gluon
emission, but are dominated by fluctuations in the quark fragmenta-
tion process. The views of the events in the minor-thrust plane
(looking at the edge of the event plane in Fig. 78), also show that
the events are planar.

In the analysis discussed below, the Monte Carlo of Ali et al,
(16) yas adopted. As discussed in Section 3.3, this model incor-
porates higher order QCD effects, the q2 evolution of the quark and

gluon fragmentation functions and the weak decays of heavy quarks.

Figs. 80a and 80b show the event distribution as a functien of
0n and Ob’ compared to the predictions of the QCD model and of two
quark-parton models with quark <Pt> = 300 MeV and 500 MeV, respecti-~
vely. Fig. 80a shows that the narrow jet distributicn agrees with
the various models indicating that it comes from a single quark

jet. Fig. 80b, however, shows that the quark-parton models severely
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underestimate the number of events with O 2 0.3 while the QCD

b
model correctly predicts the observed distribution.

The Tn and Tb thrust distributions of the flat events in the

region 0, = 0.3 are shown in Figs. 80c and 80d along with the QCD

and higtht qa models. The observed distribution is also compared
to the 'flattened' qq medel in which the quarks have <P > = 500 MeV
in the thrust-major plane and <P._> = 300 MeV in the thrust-minor
plane. The Tn distribution in Fig. 80c is in good agreement with
the QCD model predictions and has the same general shape as the

. . . . + - . .
thrust distribution for high energy e e - gq reactions shown in

Fig., 57 and 58. As expected the T, distribution, however, is much

broader than that of Tn and agreesbonly with the QCD predictions.
The distributions in Figs. 80c and 80d demomnstrate that the

relative yield of flat events, and the shape of these events as

measured by T and Tb’ can only be explained by the QCD model.

The distributions T, and Tb further exclude phase-space (which peaks

at lower thrust values) as well as qq models as possible explana-

tions of the energy flow plots.

The development of the 3—jet structure with decreasing thrust
(1e3)

and increasing oblateness, as predicted by QCD , 1s shown in a

series of energy flow diagrams in Fig. 8la - c¢.

As seen in Fig. 8la the events at high thrust values are do-
minated by a 2-jet structure characteristic of ete » q E. in Fig.
81b, where the thrust is lower, we begin to see the appearance of
the gluon jet; and in Fig. 8lc the 3-jet events are predominant.

It is important to note that in all three cases the data agree with
the QCD model prediction, showing the increased incidence of hard
non~¢ollinear gluon emission with decreasing thrust and increasing
oblateness. The energy flow in the minor-thrust plane comntains
only two nearly identical lobes similar to the narrow jet in Fig.
8la, in good agreement with QCD predictions. In Fig. 82 we unfold

the energy flow diagram of Fig. 8lc¢ to see more clearly the compa-



rison of the data with the predictions of QCD, q5(<Pt> = 500 MeV),
and a 'mixed model' consisting of a combination of qq and phase-
space contributions, All models in Fig. 82 are normalized to have
the same areas (as the data) before the individual cuts are imﬁosed.
The normalization for the mixed model was determined by adjusting
the qa(<Pt> = 300 MeV) and phase-space contributions to agree with
the measured thrust distribution. As seen in Fig. 82, only QCD can

describe the observed 3-jet structure,

Including the highest PETRA data the same picture emerges as
the one described ‘above. The event sample consists of 3600 hadronic

events over the range 12 S /s £ 36.6 GeV.

Fig. 83 shows the event distribution as a function of the
broad jet oblateness Ob, compared to the predicticns of the QCD
model and of a quark-parton qq model without gluon emission.The
data agree with the QCD predictions, but the aq model severely un-—
derestimates the rate of production of flat events, particularly
for 0b

mainly of events containing a photon radiated at large angles from

2 0.3, The small contribution of qq above 0y Z 0.3 consists

the initial state.

In Fig. 84a the energy flow pattern of the planar event samples
with O Z 0.3 in the high energy (Vs 2 27.4 GeV) and the low emergy
(Vs 2 22 GeV) regions is compared to the predictions of QCD, and to
the predictions for the simple production of hadrons according to
phase space. The pattern shown by the high energy data agrees with
the QCD predictiong but is quite distinct from the pattern given by
phase space. The low energy data, on the other hand, gives a pattern

much closer to phase space, as the jets at lower emergy indicates.

To study the properties of the individual jets, the event plane
is divided into three subregions bounded by the angles corresponding
to the minima in the energy flow diagram. The thrusts distribution
of the individual jets shown in Fig. 84a are in excellent agreement

with the QCD predictioms, corresponding to the appearance of well
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collimated jets. The phase space model predicts distributions which

are much broader in all three regionms.

In Fig. 84b we unfold the energy flow diagram of Fig. 84a to
see more clearly the comparison between the high energy planar
events and the predictions of the QCD, qa, and phase space models,
All models in the figure are normalized to have equal area. Fig. 84b
demonstrates that at high energy, only QCD can explain the shape of

the energy flow pattern of plamar events.

Fig. 84c shows the two dimensional distributicn dzc/d912d823
for the planar events at high energy where 612 is the angle between
the first and second jet and 8,, is the angle between the second
and the third jets. The three jets in this analysis are ordered
according to the energy projected along the major axis. The data
are compared to the expectations of the QCD model, absolutely nor-—
malized. This figure demonstrates that the three jet kinematics
seen in the data (which would be completely determined by 6!2 and

if the jets originated from massless constituents) agrees well
The pla-

%23
with QCD predictions over the full range of 812 and 623.
nar events in this sample show three well defined jets with

<823> » 700 and < 812> = 1459, From Fig. 84a we find more than
90 7 of the energy of each jet is within * 200. Therefore, all the

jets are well separated,

The structure of three jet events viewed on edge to the event
plane is shown in Fig. 85. The energy flow pattern of events with
0b 2 0.3 viewed in the thrust-minor plane is given in Fig. 85a,
compared to the QCD and qq predictions. The individual jets, two
of which overlap in this view, are shown separately. As seen in the
figure, all three jets have approximately the same thickness, in-
dicating that the Pt distributions relative to the axis of each jet
are similar. This is seen more clearly in Fig. 85b, where the
energy flow diagram of Fig. 85a 1s unfolded, and where the data

are compared to the three afore-mentioned models., Fig. 85b demon-
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strates that the individual jets are thinner than the expectations
of the phase space model, and thicker than the qa model would pre-

diect. The data agrees well in all cases with the QCD predictions,

In Fig. 85¢ the distribution is shown of the fraction of the
visible energy projected along the minor axis for the entire event
(defined as Fminor)’ compared to the model predictions. Fig. 85c
shows that if the source of low thrust oblate events were simply
phase space production of hadrons, then the events would be thicker,
The figure also shows that if the underlying process were qa pro-
duction, then the events would be even flatter than what is actuaily
observed. In this case the main contribution would be the result
of hard non—collinear photon emission (see Fig. 84b) where the pho-

ton contribution to F is ~ 0. Therefore, qa can at most be

minor
a small fraction of the three jet sample. The QCD model once again

provides an excellent description.

Thus, the MARK-J group used an analysis of energy flow to show
that the planar hadronic events produced at high energies consists
of three jet events where the individual jets are strongly colli-
mated arcound the jer axis and are separated by large angles. These
general topological features are not model-dependent. The rate of
production and the detailed shape of the events agree with the pre-
dictions of QCD.

7.2.2 Determination of the Strong Coupling Constant us(102)

Recent experiments on scaling violations in lepton inelastic

{(lo4)

scattering , on high P_ events in dilepton production by hadrons

.. . + - iy s . L
and multi-jet events in e e annihilations all indicate that the re-
sults are explained naturally in the Quantum Chromodynamics {(QCD)
. ; - . 14
theory of the strong interactions of quarks and gluons( ). The

strong coupling constant as(qz) between quarks and gluons has been

(103)

measured indirectly in quarkonium bound states , and in deep

inelastic experiments(loa). At PETRA, where the q2 is much lareer,
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computations are expected to be more reliable., In additiom, high

+ - ey - . . .
energy e e annihilations offer a more direct way of measuring o
and testing perturbative QCD because it is expected to give rise to

multi-jets which can be systematically identified,

The 3-jet events discussed in the previous section, which con-
sist of qag fragmentation products with relatively small backgrounds
from fluctuations of phase-space-~like processes,or quark—antiquark
intermediate states, allows one to make further comparisons of the
event properties with the predictions of QCD. 1In particular the
relative yield of 3—-jet events and the shape distribution gives a

way to measure directly @ .

Several methods were used by the MARK-J group in determining

the strong coupling constant oy including

(1) the average oblateness <Ob>,'
(2) the fraction of events with Ob z 0.3,
{3) the relative yield of events with 0, - 0n 2 0.3

where On is constrained to be greater than zero.

For each quantity a. was allowed to vary in the QCD model,

and then the range of oy values for which the QCD model predictioms
agree with the data within errors was determined. In particular,
the samples obtained using c¢riteria (2) and (3) consist predomi-
nantly of 3-jet events from efe” =+ qag, in which the gluon emitted
is both very energetic and at a large angle with respect to both
the quark and antiquark. This leads to an event sample where the
number of events in the sample is a quasi-linear function of s
and in which the influence of non-perturbative effects which are
not calculable in QCD is minimal. For criterion (2), for example,
a value of a = 0.19 = 0.02 was obtained matching the QCD model.

The predominance of qag in a sample with O % 0.3 is maintained

b
even 1if <Pt> is allowed to vary from 200 MeV to 400 MeV in the

model.
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The methods described above yield a self-consistent set of .
values, as illustrated in Fig. 86. On the basis of the results of

the three methods they obtained

a, = 0.19 £ 0.02 (statistical error)

0.04 (systematic error)

The large systematic error was mostly due to uncertainties
in QCD calculations(]6). For method (2) the range of o, due to va-
riation in <Pt> from 200 to 400 MeV is * 0.0! and the change in o
due to different cuts in OB from 0b 20.3 to Ob 2 0.2 or cuts in 0n
from_no cuts to |On[5(3.l, is ~0.0!. For method (2), changing the
fragmentation function 2D(z) to 1-z for u, d, and s quarks and zD(z)

to z for ¢ and b quarks does not change the a, value noticeably,

7.2.3 Triplicity Analysis

The triplicity method has been used by the PLUTO Collabora-
(106)

tion analvzing the hadron events from the decay of the T as
already mentioned in section 7.1. This method has been specially
derived for the treatment of 3~jet events and has been adapted to
the particular MARK-J requirements. The energy flow is split for
each event into three continuous non—-overlapping subregions,
adding up to 4m. In each subregion a unit vector ;i (1 =1,3) is
constructed in the direction of the energy flow vector sum Ezi,
giving the jet direction. The split into regions is then varied

until the 3—jet analog to thrust, the triplicity T3 is maximized

T, = (t

3 Ty vty /By

1 is

+ >
where t, is the thrust in subregion j, t. = Z,e,  * n,.
j R R T "

After this procedure, the total energies and directions of

2> - - . - 3
the three jets E. and n. (i. = 1,3) are submitted to a kinematical



fit balancing the four momenta such that energy momentum conservation
is respected under the assumption that all jets are massless. Monte
Carlo studies show that the jet momenta reconstructed by this method
reproduce the momenta of partons with good accuracy when fragmen—
tation is described by the Feynman & Field model. In the following
analysis the jets will be ordered according to their energy, jet

1 being the most energetic and jet 3 the least energetic one.

For events in which the jets are well separated from each
other, the energy flow inside jets can be studied. This condition
is fulfilled for jet ! in all events at energies above 12 GeV,
while jet 2 and 3 can only be reliably separated in clear 3-jet

events (OB Z 03.) at high energies (Vs 2 27 GeV, see below).
dE.

Fig. 87 shows the longitudinal energy flow l/Ej E—EB%E

the jet | and 3 at Ys © 30 and 35 GeV, where ¢ denotes the angle with
respect to the corresponding jet axis Kj' At these high energies
even the least energetic third jets (<E3> = 6.4, 7.1 GeV, respecti-
vely) show an exponentially falling distribution indicating their
high degree of collimation around the jet axis. The longitudinal
energy flow of jet 3 in the flat events at 30 GeV is compared to
that of jet | of all the events at 12 GeV S /5 = 17 GeV, which
hag the same average energy. The two distributions agree with each
other within errors, indicating that the fragmentation of gluomns,
forming ~ 40 % of the least energetic jets at high energies, is not

substantially different from that of quarks.

The data in Fig. 87 shows that about 90 % of the jet energy
is contained inside a cone of halfangle ~ 209 for a high energy jet
and ~ 40° for a low energy jet. For a reliable separation of jet 2
and 3 in the high energy data it is necessary therefore that they
be more than about 609 apart. This requirement is naturally met by
selecting events with high oblateness in the 'broad' hemisphere,

0, % 0.3. Fig. 88 shows the double differential distribution
N_]dzN/dXBdCB for the whole hadron sample at high energies

< . . . .
27 2 V5 = 37 GeV, which is dominated by Z2—-jet events up to an
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energy fraction x., = E3//§ %25 7 contained in the third 'jet'.

3
Cousequently, since the split up of ome jet into 'jet 2' and 'jet 3'

is artificial, the average opening angle between these 'jets',

D93

- o] ~
at Xq = 0 to 559 at x3 =

events (OB 2 0.3, Fig. 87b) show an opposite behaviour. While

> decreases with increasing energy fraction Xqs frem about 65°

10 Z. In contrast to this, genuine 3-jet

events with low X, OF 023 are cut out (OB z 2x3 51n613), the
average opening angle <623> increases with increasing Xq being
~ 70° at Xy = 10 2 and ~ 90° at Xy = 3¢ %, The 3~-jet events with

> . .
OB ~ 0.3 thus represent a sample where the two less energetic jJets

can be reliably separated and their properties can be studied,

Also shown jin Fig. 88 as solid curves are the double differen-
tial distributions obtained from the QCD model, in remarkable agree-~

ment with the data especially for the 3-jet sample in Fig. 88b.

As a further consistency check, the methods of dividing up
each event according to the energy flow diagram and triplicity have
been compared, particularly the determination of the inter-jet
angles @12 and @23 for events with Ob z 0.3, and the results are
in good agreement.

The definition of broad jet oblateness Obis such that for
events with the second and third jet well separated, Oy = 2Ptgluon
/v s, where Ptgluon is the gluon transverse momentum with respect

to the thrust axis. In the context of the triplicity analyis, an

analogous quantity

0 = 2x3 sinl&)]3 o 2Ptg1uon/ /s
has also been used to select a clean sample of three~jet events.
The distribution of O is shown in Fig. 89 for the high energy
data. The solid curve is the QCD prediction and the dashed and
dashed—-dotted curves are the contributions of the different parton
processes composing the solid curve. By making a cut C z .25, the

strong coupling constant o was determined and .as for the case in



which OB was used (seétion 7.2.2Y a value of o = 0.19 with a

statistical error of 0.02 was found.

The conclusions obtained by the MARK~J Collaboration from

their tests of quantum chromodynamics can be summarized as follows:

a) The rate and the shape of the three jet events can
only be explained by QCD and not by any of the other models they
have tried.

k) No deviations from QCD have been seen.

¢) Correlations of the energy fractions Xys %oy Ko and
the angles between the jets have been studied and found to be in
agreement with QCD,

d) The strong coupling constant is determined to be
a = 0.19 = 0.02 (stat.), # 0.04 (syst.).

e) Parton energies and directions can be reconstructed using
a triplicity method and a kinematic fitting procedure,.

7.3 Tests of QCD by the PLUTO Collaboration''®”

The PLUTO Collaboration has analyzed their hadronic events

obtained at DORIS and PETRA in the c.m. energy range 9.4 2 Vs 2 31.05

GeV with three different methods. QCD predictions for hard gluon
emission and soft gluon-quark cascades, the so called QCD leading

{(108)

log approximation , denoted in the following paragraphs as
QCD-~LLA are tested and values for the strong coupling constant @
are derived using various methods. Two of these methods, transverse
momenta in jets and a cluster analysis of the hadron events will

be discussed.

7.3.1 Transverse Jet Momentum

The aim of this analysis is to find a quantity which is less
sensitive to the hadronization effects of the produced quarks than
the single particle transverse momentum. The group has chosen the

supmed transverse momentum K, for the jets as the quantity to
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study the effect of hard gluon bremsstrahlumng. For every hadron

event the thrust axis is determined using the neutral and charged

particles. The transverse jet momentum is defined as
(23)

where ?li is the transverse momentum of a particle with respect to
the thrust axis. The summation in (23) includes only particles on
one side of an arbitrary plane through the thrust axis. This plane
is varied randomly and the quantity K, is determined for every
pesition of the plane. The final value for K, is the average KT

obtained from the various random plane positions in order to reduce

fluctuations.

The K| distribution at Vs = 9.4, 12.0 and 17.0 GeV are shown
in Fig., 90, The data are well desribed by the QCP-LLA calcula-

(109), a model which is essentially a qa model, with the addi-

tions
tion of the emission of low energetic gluons. The average P, in
this model is able to rise slowly with increasing c.m. energy in
contrast with the naive quark model., At higher energy, /s = 17 GeV,
there is some evidence that hard glucn emission is necessary to

account for the high %l part of the spectrum.

The Kl distributions of the high energy data are shown in
Fig. 91. Above 2.5 GeV in K, the tail has become very pronounced
and this part of the distribution can only be described by first
order QCD(!4)
low energy part which is very well described by QCP-Lla, with the

, that is hard-gluon bremsstrahlung. By comparing the

high energyv part of the distributions the rate of the events where
hard gluon effects occur can be determined., The fraction of those
events can be related directly to the value of the strong coupling
constant a_. This method enables the PLUTO grcup to determine o
without recourse to Monte Carleo caleculations involving fragmenta-
0.19 £ 0.02
30 GeV.

tion parameters or by counting jets. A value for o

(stat, error) = 0.04 (syst. error) is obtained at /s



The systematic error is caused by the cut defining the onset of
hard gluon effects in the SL distribution.

7.3.2 (Cluster Analysis of Hadronic Events(107)

At the higher PETRA energies the hadron events are characte-
rized by jets, a stream of collimated particles, and the PLUTO
group has developed a-pattern recognition program to identify in
their detector clusters of particles. Particles within an angle
of 30° are collected into clusters. Two clusters are merged into
one if they are wihtin 30° of each other. When the energy, the sum
of the energies of the individual particles contributing to a cluster,
exceeds 2 GeV, it is called a jet., The experimental number of jets
can then be determined for every hadronic event. The experimen-—
tally obtained jet frequency distribution can be compared with
model calculations. Fig, 92 shows the jet frequency distributions
for some of these models where the underlying parton processes are
qa, qag, and a phase space like production of hadrons. The qa
model predicts a cluster distribution with a peak at two. The qig
model shows a slightly wider distribution peaking at three and the
phase space calculation shows a wide distribution quite distinct

from the others.

The data for the frequency distribution can be well described
by a mixture of the gq and qag distributions, as is shown in
Fig. 93, From the class of 2-jet events the transverse momentum

of the quarks is determined to be

Pt = (290 £ 30) MeV

The fraction of three—jet events is a measure of the strong
coupling constant and determined by this method to be @y = 0.15x0.03

{stat, errer) * 0.03 (syst. error).

By identifying the jet with one of the underlying partons one



can reconstruct the energy and direction of the quark or gluon.
The parton thrust distribution can then be formed and that distri-
bution after subtraction of the qa background is displayed in

Fig. 94. The solid curve is the abolute predictioen from first or-
der QCD(ilO)

prediction normalized to the number of events. The spin—one solu-

for a vector gluon. The dashed curve is the spin = O

tion is clearly favoured.

7.4 Tests of QCD by the TASSO Collaboration(lll)

7.4.1 Determination of the strong coupling constant ag

The TASSO Collaboration uses in the analysis of their hadronic

events the sphericity tensor(llz)

T = P. =
Tag = Tifidtip o B= Xy,
and i =1, ..., N particles.
The summation is over the charged particles, which have their
momenta measured with the central dectector., The tensor TaB has

. -3 -> -+ . N
eigen-vectors Ny, o, n3 and the normalized eigen—-values

P.om )2
o - 2, (Pormy)
£ 2%,
i
‘. 3 < < <
which satisfy Q +Q* Q=1 and 0= Q7 Q" Qs

The quantity sphericity S .and aplanarity A can be ex-
pressed in the eigenvalues

s = 3/2 (Ql + Qz)
A= 3/2 Q1

and a third quantity Y is defined as
Y = /372 (Q, - Q).

-
The event plane is defined by the eigen—vectors =n, and ;3,

- [} . 3 - -+ * . -
the sphericity axis is given by n - As discussed in section 3.3



(16)

the QCD meodel of Ali et al. has several parameters to describe

the fragmentation of the quarks into hadroms. They are

i) The average transverse momentum of the quarks, Pt

The distribution for the transverse momentum .k| is assumed to be
exponential and of the form exp(-k? /2Pt2).

ii) The ratio of the pseudoscalar (P) to vector mesons (V)
produced in the fragmentation process P/(P + V).

iii) The function D{z) describing the fragmentation of a quark
into a hadron in the Feynman—Field model for u,d, and s quarks de-
pends on a parameter aF according to

D(z) =1 - ap + SaF (1 - 2)2

where z =(E+ P )h/ (E+ P )q.

The data at vs = 30 GeV was used by the TASSO group for the
determination of a_. The background from hard photon bremsstrah-
lung was removed with an angular cut. The angle between ;l and
the beam direction, ON’ was required to be smaller than 80°. A
total number of 777 hadronic events remained which are plotted in
the triangular plot of Fig. 95 with axes S and A. The events
populating the corner with small S and small A are the 2-jet
events, the planar events are spread out in the region of large S
and small A. The region qf s 2 0.25 was used to determine acs 3
region dominated by the planar events due to the effects of hard
gluon bremsstrahlung. The parameters ag and Pt were fitted for

various values of the parameters P/P + V and a It was found

P
that the e value is relatively independent of the fragmentation
parameters. The average result for a, = 0.16 = 0.04. All the
hadronic events were then fitted using this a value obtained in
thr restricted area of S = 0.25 in order to determine the fragmen-—
tation parameters in a way which includes the two-jet events.

The single particle distriburion is most sensitive to the ars the
Pt of the quarks is most sensitive to the average squared momentum

out of the event plane and the multiplicity distribution is sensi-
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tive to P/P + V., The parameters obtained in this way are:

ap = 0.57 £ 0.20, P_=0.32 % 0,04 GeV/c and P/(P + V) = 0.56£0.15.
A more precise value of a was then obtained by using the above va-

lues and fit %, again in the region of S 2 0.25.

As a final result they obtain o, = 0.17 * 0.02 with a syste~

matic error of 0.03 due to uncertanties of the QCD model.

7.4.2 Comparion of the Data with QCD

Having obtained the fragmentation parameters the gross fea-
tures of the data at ¥s = 12 and 30 GeV can be compared with the
QCD model predictions. The value of as at Vs = 12 GeV is given by:

_ 12
5 (33 - 28,) an® /A2

[+

where Nf is the number of flavours taken to be five and A is
calculated with the o value obtained at‘/; = 30 GeV, Fig. 96a-c
display the sphericity, aplanarity and x = P/Pbeam distribution

at Vs = 12 GeV and Fig. 96d-f the data at /s = 30 GeV. The agree-
ment between the measurements and the QCD calculations is in all

cases excelient.

7.4.3 Study of Details of Three-Jet events

The 77 eventswith S = 0.25 and A = 0.08, the so called planar
events, are studied in detail with regard to their shape in order
to investigate the detailed properties of the individual jets.,

(113)

The method of generalized sphericity was used to analyze the
3-jet structure. Instead of maximizing the triplicity as discussed
in section 7.2,3, an optimal separation on an event by event basis
is obtained by minimizing the sum of the sphericities of the indi-
vidual jets (S1 + 5, * 53). Having assigned with this method

every charged particle to one of three jets the average momentum



gsquared, Ptz, with respect to the individual jet axis can be cal-
culated. The Pt2 distribution of the 3 x 77 jets at high energy
is compared with the distribution obtained for the 2-jet events

at low emergy. At Ys = 12 GeV the Pt2 is calculated with respect
to the two axes found for these events, The behaviour of the P%
is found to be the same in both cases and also the QCD meodel for
/s = 30 GeV compares well with the data as can be seen in Fig. 97.
The shape of the three jet events is ex$res§ed by the TASSCO group
NERE!

in a quantity called the 'trijettiness defined as:

q2
L

2
P,

i
I3 * {3

t~

-
Hi

where Pc’ the average quark transverse momentum was taken to be

0.33 GeV/c and where q\i is the transverse momentum in the event
plane with respect to associated jet axis. For a genuine 3-jet
event, J, is expected to peak near | while for a disk like distri-
bution 33 is larger than !, The 33 distribution for the planar
3~jet events is shown in Fig. 97b. The QCD model is in good agree-
ment with the data, but the disk like model (dashed curve) is un-
able to explain the distribution. The multiplicity distributions
for the individual jets is shown in Fig. 97c¢c. The jets are ordered
by their energies (E.l i E2 z E3) and the data compare again well

with the QCD predictions.

The energies ©of the jets were calculated from the angles bet-
ween the jets, assuming the underlying partons to have zero mass.
The minimum and maximum opening angles between the jets are plot-
ted in Fig. 974 (Bm. and © } for the total hadron sample at

in max
Ys = 30 GeV. The & i distribution is small for 2-jet events and

i

larger for the 3-jet events. Both distributions are well dascribed

by the QCD medel.

From the detailed comparisons made by the TASSO group of

thelr dara with che QCD model the conclusions are that



1) a, = 0.17 £ 0.02 {statistical error), * 0,03 (systematic
errors). 2) The shape and the detailed properties like Ptz’ multi-
plicity and angular distributions of the 3-jet events are well des-
cribed by.QCD.

(114)

7.4.4 Evidence for a Spin 1 Gluon in Three Jet Events

As discussed in the previocus section the TASSO group deter-
mineés the axes of the three-jet events in the event plane with
the generalized sphericity methed. Having obtained the angle
between the jets and knowing the total c.m. energy, the energy of
the individual jets can be easily calculated. The fractional
energy for each jet is defined as x, = Ei/Eb where Ei is the energy
of jet i, and Eb is the beam energy. The jet can now be equated
with the primordial parton, the quark or gluon. The energies of
the partons is ordered such that x 2 X 2 x, and the relation

3 1

Xy * Xy F Ry S 2 follows from the defin%tion of Xy In additien,

the quantity X is equal to the thrust of the qag system. When
the masses of the quarks and gluons are neglected the x; are deter-

mined by the angles @i

2 sin®;

X, = T n T
+
1 51n61 + s1n92 31n®3

(see Fig. 98a).

(113) have suggested‘the angle © to test

Ellis and Karlinar
the vector gluon hypothesis against the scalar gluon possibility.
This angle is obtained by boosting the 3~parton system in such a
way that parton 2 and 3 are in their rest frame (see Fig. 98b).
Neglecting the masses of quarks and gluons cosé can be written as

- Xy = Xq sin@, - sin®

cosg = = 2 - 3
su.ne1

The double differential distributions for vector and scalar



gluons can be expressed in terms of Xy and X, as follows:

20 x.2 + x.*
VECTOR: ] do = . 2 + eyel., perm. of
0’0 dxldxz 3 (]—xl)(l_xz) 1’2’3
- 2
o X
1 do s 3
SCALAR: = e ~ — + ... ¢ycl., perm, of
a9 dx] dx2 3r (1 x])(l xz) 12,3

In order to avoid the infrared divergencies from perturbative
QCD which are expressed by the (l- xi) terms in the denominatbrs,
the events used for the determination of the spin have a thrust

x, < 0.90. The number of 2-jet events are reduced by this cut to

about 18 7.

The cosf-distribution for events with 1 - x,> 0.10 are

shown in Fig. 99. The predictions for the vector goluon {solid cur-
ve) and scalar gluon (dashed curve) are drawn normalized to the
number of events. The spin | case describes the data very good,
with a CL of 79 % and the spin O case has only a CL of 0.2 Z.
Various other checks have made like higher moments of the cosd
distribution and testing the thrust distribution itself agains£
the two possibilities. In all these cases the spin | hypothesis

was favoured.
The rtesults of the TASSO group can be summarized as follows:

i) The fragmentation paramerers of the Feynman-Field model
are determined to be ag = 0.57 * 0.20, Pt = 0.32 £ 0,04 GeV/c and
P/P + V = 0.56 * 0.15. '

ii) a = 0.17 £ 0.02 (stat.), = 0.03 (syst.).
iii) A good description of the data at Vs = 12 and Vs = 30 GeV
is obtained by using these fragmentation parameters and R

iv) The 3-jet data at /; = 30 GeV is consistent with the QCD

model of vector gluons and exclude a scalar gluon with a confi-

dence of about 10_4.



130
7.5 QCD Tests with the JADE Detector

7.5.1 Three Jet Events(ll7)

The JADE group has used a model independent way to test the
shape of the three jet events. By forming the sphericity tensor
(discussed in gection 7.4.1) in a similar way as the TASSO group,
they are selecting planar events by making a cut in the quantity
planarity Q2 - Q‘<:O.l where Ql and Q2 are two Jf the three eigen-—
values of the tensor. The planar events are divied by a plane
normal to the thrust axis into a narrow and broad jet (see sec-
tion 7.2.1). The charged and neutral particles contained in the
broad jet are boosted to their combined rest system and the details
of the shape are then investigated using the boosted four vectors
of the particles to calculate the quantities thrust (T“), average
transverse momentum <PT*> and charge multiplicity nch*. If the
broad jet consists of two jets, these jets will appear in the
boosted system well separated and they will be collinear. Fig. 100
shows the T —distribution of the broad jet in its own rest system.
This distribution peaks at high thrust, which is indicative for a
two jet structure. For comparison the thrust distribution of all
the hadron events at v¥s = 12 GeV are also plotted. The low energy
as has been discussed in section 6.3.1 can be completely under—
stood as the production of quarks—antiquark pairs and as a conse-~
quence is completely dominated by two jet events. The similaricy
of the two distributions means that the broad jet has a two jet
structure, In Fig. 101 the guantities <PT*> and the multiplicity

n X of the boosted broad jet are compared with the /s = 12 GeV

ch
data. Also here the similarity is striking. In conclusion the
data show in a medel independent way thar the planar events at
/s = 30 GeV exhibit a three jet structure expected from hard gluon

bremsstrahlung.
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7.5.2 Determination of aS(SB)

The JADE group followed essentially the same procedure to ob-
tain o  as the TASSO group (section 7.4.1) and they find
a, = 0.18 £ 0.03 * 0,03, The fragmentation parameters are déter-—

mined from the x, the sphericity, the planarity, and

i~ pi/pbeam’
the <PT2>Out distribution. This last distribution, the average
transverse momentum squared out of the event pllane, is shown in
Fig. 102 together with the QCD prediction.

The fragmentation parameters as defined in section 7.4.1 are found
to be ap = 0.5 * 0.1, Pt = 0.34 % 0.03 and P/(P + V) = 0.5 + 0.}

in good agreement with the wvalues found by the TASSO collaboration.
The observed charge multiplicity distribution is also well repro-

duced by the above mentioned parameters.

The JADE group has in addition investigated whether the jets
from the fragmentation of a quark are different from a gluon.
Their preliminary result was presented at the Wisconsin Conferen—
ce(ss) and they found some indication that the gluon jet producés
higher yield of low energy particles emitted at large angles to the
jet axls in agreement with a prediction ¢f Andersson, Gustafson

and c0“workers(118).

7.6 Summary QCD Tests

From the studies of the four PETRA groups the following pic-
ture emerges:
I. The rate and the shape of the three jet events can only
be explained by QCD and not by any other model tried sofar.
2. The running coupling constant of the strong interaction
ranges from .15 te 0.1%., The wvalues reported by the groups
are shown in Fig. 103. It has to be noted that in these
determinations the QCD correction to the 2-jet graph is
not included. The systematic error reported by the

groups is 0.03 to 0.04,.



3. Parton energies and directions can be reconstructed.
4. The PLUTO and TASSO groups have reported evidence for
the vector nature of the gluon using the reconstructed

directions and energies of the partoms.



Fig. 71
Fig. 72
Fig. 73
Fig., 74

FIGURE CAPTIONS

Experimental distribution as measured by PLUTO of
(a) triplicity T3 (see section 7.2.3) and (b) recon-—

structed angle O, between jets compared to Monte Carlo

calculations basei on various models. (c) The jet axis
angular distribution as measured by PLUTO and the
theorectical curves for scalar (dashed) and vector
(solid) gluons.

The PTZ distribution for hadron events at vs = 13-17 GeV
and v¥s = 27,4-31.6 GeV. The dashed lines are predictions
for the quark-antiquark model with the average PT(oq)
for the quarks 0.30 GeV/c and cq = 0.45 GeV/c.

The average PTZ plotted as function of the normalized
momentum X for the hadrons at low c.m. energy (Vs =
13-17 GeV) and at high energy (Vs = 27-32 GeV) as ob-
tained by the PLUTO group. The solid curves are the

QCD predictions. The dashed and dashed—dotted curves
are qa model calculations with different ¢ for the
quarks. !

A flat hadronic event in the JADE detector. The solid
lines itndicate the trajectories of the charged tracks.

The dotted lines from the intersection point are the

detected neutral particle directions.

Fig. 75 (a) Energy distribution in the event plane for all events

Fig. 7%

of the MARK-J group with T = 0.8 and 0, = 0.1 at

vs = 27.4, 30 and 31.6 GeV. The radial distance of the
data points is proportional to the energy deposited in
a 109 bin. The superimposed dashed line represents the

distribution predicted by QCD.

{b) Measured and predicted energy distribution 1a the

plane perpendicular to the event plane, which shows

only 2-jets.

. . . . + - .
A schematic view of the process e e —= gqgz, and the
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Fig. 77

134

1

three resulting hadron jets showing the axes used to
describe the event.

Energy flow diagrams for two high energy hadronic events

- viewed in the major—thrust plane.

Fig. 78

Fig, 79

Fig. 80(a)

(b)

(e)

(d)

Fig. 8i(a)

(b)

Energy flow diagram. Two events measured at Vs = 12 GeV
with the lines showing the direction and magnitude of
energy deposited in the calorimeter displayed in two
projections. The events appear to have a multi~jet
structure in the thrust-major plane. The view in the
thrust-minor plane shows the events are flat.

The broad jet oblateness distribution /N dN/dOb for
all hadron events at /s = 12 GeV. The dotted curve is
the prediction of the two—quark—antiquark model with
<Pt> = 350 MeV.

The narrow jet oblateness distribution I/N - dN/dON

for all hadron events with measured energy Evis 20.7/s.
The data are compared to the predictions of the QCD
model and to two quark—antiquark models with <P >= 300
MeV and 500 MeV, respectively.

The broad jet oblateness distribution 1/N * dN/dOb
under the same condition as (a).

The thrust distribution of the narrow jets for events
with Ob 2 0.3. Also shown are the various model pre-
dictions including a flattened qq (500, 300) discussed
in the text. Note that the narrow jet thrust distribu-—
tion is consistent with thrust distribution of all the
hadron event labelled '"ALL DATA'.

The thrust distribution of the broad jets for events with
0y 2 0.3. The curves are discussed in the text,

Energy fiow diagram in the thrust-major plame for high
energy data (27-31.6 GeV) with T 2 0.9. The solid

line is the prediction of QCD.

< <
The same as (a) for events with 0.8 - T - 0.9 and broad

m . om



Fig., 82

Fig. 83

Fig. 84

Fig, 85

Fig. 86

(e)

(a)

(b)

{(c)

(a)

(b)

(e)

-3
jet oblateness Ob - 0,1

Same as (a) for events with T < 0.8 and O, > 0.1

The unfolded energy flow diagram of Fig., glc as com-
pared to QCD, the quark model (<Pt >= 500 MeV) and

a mixed gqq and phase space model (see text).

The broad jet oblateness distribution 1/N dN/dOB. The
data are compared to the predictionsiof the QCD and qq
models. The cut at Oy = 0.3 is also indicated.

Energy flow diagram in the thrust-major plane for
events with O z 0.3, for the high energy data (Vs =
27.4-36.6 GeV) and the low energy data (/g = 12-22 GeV),
compared to the predictions of QCD at high\energy and
of the phase space model. The thrust distribution /N
dN/dT for each individual jet is shown beside the corres-
ponding jet in the energy flow diagram.

The unfolded energy flow diagram of Fig. 84a compared
with the QCD and qa models.,

The two—dimensional distribution in the opening angles’

between the jets 915 and 623, compared with QCD pre-

-

dictions.
The energy flow diagram in the thrust-minor plane for
the high energy events (27.4~36.6 GeV) with O, Z 0.3,
compared with the predictions of the QCD, qq and phase
space models.

The unfolded energy flow diagram of Fig. 85a. Here the
third jet is shown above the second jet at ~ 1807,

The minor distribution 1/NW dN/dFminor where F

minor
is definad for the entire event (see text).

The left graph: the average value of oblateness <Ob>
for all events with Evis 20.7 /5 as a funetion of &
in the QCD model. The right graph: the fraction of

. > .
hadronic events Ob - 0.3 (03j) as a function of o com—
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Fig., 87(a)

Fig. 88
Fig, 89
Fig. 90
Fig. 9N

puted by varying a in the QCD model.

The quantity 1/E dE/dcose is plotted vs. cose for jetl
and jet3, ¢ is the angle between the measured energy
flow element and the jet axis. The lowest energy jet
from the 30 GeV data is compared to the highest energy
jet from the 12 GeV data (histrogram). The solid line is

the QCD predietion,

(b) The highest and lowest energy jets from the = 35 GeV

data sample are compared to QCD (solid lines).
The observed double differential cross section for three
jets after kinematic fitting is plotted Zor
(a) all events and
(b) for events with broad jet oblateness greater
than 0.3. Since two variables are sufficient
to describe three body kinematic with total me-
mentum and energy constrained, this gives a com-
plete description of the events in terms of three
jets. The two variables chosen here are 623,
the angle between the second and third jets,

-and x.,, the normalized momentum of the third jet.

s
The dita (solid points) agree with the predictions
of QCD (solid curves). -

The parton oblateness distribution for the hadronic

events at high energy. The solid curve is the QCD pre-

diction. The dashed and dashed-dotted curves are the
parton processes as indicated.

The distribution I/N - dN/dKi' (dP/dKl) at the c.m, |

energies, /s = 9.4,12,0,17.0 GeV. The dashed curves are

the predictions from the QCD~LLA calculations. The cur-
ves are the predictions of the QCD~LLA plus the first
order QCD corrections.

The dP/dK| distributions at the c.m. energles /s = 27.5,
—+
30.0, 31.05 GeV. The curves are as in Fig. 90.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

92

84

95

96

97(a)

(b)

{e)

The jet frequency distributions for various model cal-
culations as indicated in the figure.

The measured frequency distributioh {closed circles) and
the prediction for this distribution of a QCD medel with
a mixture of qq and qqg events {open circles).

The parton thrust distribution for the events with three
jets. The solid curve is the absolute prediction for
the spin=! vector gluon, the dashed éurve the pre=—
diction for spin=0.

Distribution of the observed events as a function of
sphericity S and aplanarity A for the data at c.m.
energy W = 30 GeV. -The events with $§ 2 0.25 are pro—
jected onto the S and A axes as histograms. The curve

is the result of fitting the QCD model to ali the events
(see text).

Comparison of the QCD model (curves at W = 12 GeV for

a) sphericity, b) aplanarity, c) the single charged
particle inclusive x-distriubtion; and at W = 30 GeV

for 4) S, e) A, and £} x.

Observed transverse momentum distribution of the

hadrons from the planar region S 2 0.25 and A < 0.08
with respect to three axes at W = 30 GeV and the same
quantity for all hadron events at W = 12 GeV (open
circles) with respect to two axes. The curve is the pre-
diction of the QCD model.

Comparison of the trijettiness distributon for the
planar events at W = 30 GeV with the distribution of
disk~like events (dashed curve) and the QCD model (solid
curve). The curves are normalized to the number of ob-
served events.,

Observed charged multiplicity distributions for the jets
of highest (E]), medium (EE)’ and lowest (EB) energy

for the events in the planar region at W = 30 GeV.
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Fig. 97(d) Distribution of the smallest and largest angle between
any of the three jets for all hadron events at W = 30
CeV, The curves are the results of the QCD model.

Fig. 98(a) Momenta and angles of a q&g final state in the center-
of-momentum frame.

(b) The qag final state t;ansformed to the rest frame of
particles 2 and 3.

Fig. 99 Observed distribution of the data in the region
1 - xli.O.IO, as a function of the cosé angle. The
solid line is the prediction for a vector gluon, the
dashed line the prediction for the scalar gluon. Both
curves are normalized to the number of events in the
histogram.

Fig. 100 The observed distribution of T" as defined in the text
for the broad jet of planar events compared with the
two—jet thrust distribution at Vs = 12 GevV,

Fig. 101 The observed <P.> and n

T charged
jet at Ys = 30 GeV in its rest system compared with the

distribution of the broad

two-jet events at /s = 12 GeV.
Fig. 102 The measured distribution of the <PT2> out of the
event plane, the histogram is the QCD calculation,

Fig. 103 The @ values obtained by the four groups.
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8.

CONCLUSIONS

After two years of experimentation the main physics results

obtained at PETRA can be summarized as f£ollows:

D

2)

3)

4)

5)

6)

7)
8)

9)

10)

Quantum Electro Dynamics is valid to a distance < 10“16 ch.

Electrons, muons and tau leptons are point like with sizes
smaller than 10_16 cm.,

The leptonic vector and axial vector coupling constants of

the weak neutral current are determined to be in agreement
with the predictions of the standard SU(2) x U(1) theory

using purely leptonic interactions for the first time.

Using models containing two neutral bosons the masses of

the two Z's can be tightly restricted.

The first results on the measurements of the total cross
section of the two photon exchange raction producing hadrons
have been reported.

The relative cross sections for the single photon annihila-
tion reaction producing hadrons and the event distributions
show that there is no new charge 2/3 gquark pair production up
to /s = 36,6 GeV.

No evidence has been found for the production of heavy leptons,
spin zero partners of the electron and muon expected in super—
symmetric theories, free quarks and heavy long living par-~
ticles.

An average hadronic event at /s = 30 GeV contains approxima—
tely 1117t , 1.4 Ko, K°, 1.4 Ki and 0.4 p,S in the final state.
Tests of Quantum Chromodynamics (QCD) have been performed

and no deviations from this model have been observed.

Three jet events have been discovered and the rate and the
shape of these events can only be explained by the hard non-
collinear gluon bremsstrahlung expected in QCD.

The running coupling constant o, has been measured and eviden-

ce has been reported for the vector nature of the gluomn.



159

A1l these results have been made possible by the good perfor-

mance of PETRA since its beginning.
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