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NEW ete” PHYSICS

B.H.Wiik
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany.

I. INTRODUCTION

In this talk I will review data obtained in e'e” collisions at
PETRA during the past year using four large detectors, MARK J, JADEL,
PLUTO and TASSO. Each experiment has collected a total luminosity of
about 5500 nb-l at c.m. energies betwe?n 12 GeV and 36.6 GeV with
the bulk of the luminosity (~ 4800 nb~1) at energies above 30 GeV.
This corresponds to some 2500 multihadron events per experiment. PCU-
TO was replaced by a new experiment CELLO early this year.
Several new results have been obtained during the past year;

The datal on various QED reactions agree with the theory up to g¢ =

1000 GeVZ and s = 1200 GeVe. Lepton universality is valid down to dis-
tances of 2 x 10~16 cm. The cross sections for these reactions have been
determined with a precision similar to the size of the effects ex-
pected frgm the electroweak interference terms. The experiments fur-
%her show“ that there is no new charged lepton with a mass less than

7 GeV. ‘

Hadrons produced at high energies in ete” annihilation appear in
two nearly collinear jets. The charged multiplicity gnd the charged
particle composition of the jets have been determined™ for momenta up
to 5-6 GeV/c and long range charge correlations4 among the fast par-
ticles in the two jets have been observed for the first time. The da-
ta? also show that the threshold for ti production where t is a quark
with charge 2/3e must be above 36.0 GeV. 5-9

The cutstanding experimental result has been the observation
of three jet events. Such events are evidence for hard gluon brems-
strahlung which is expected to occur in any field theory of strong
interactions. Using different methods each group4,10-12 has observed
on the order of 200 clear three jet events. An analysis of these events
shows that the gluon is most Tikely a vector particle and there are
first indications that quarks and gluons fragment differently. The
strength of the coupling between quarks and gluons has been determined.

A_wealth of newinformation on photon-photon collisions has been re-
ported}3 to the Conference. From the collisions of two real photons
there are, besides data on QED and resonance production, also resultsl?
on vy + p p°ldand on yy + hadrons. In the multihadron data there are
evidence for two jet production as expected if the photon has a point-
1ike component. Data on deep inelastic electron-photon scattering
have also been reported for the first time.

In this talk I'11 describe these results in more detail. A more
complete discussion can be found in the minirapporteur talks on PETRA
physics referenced above.

IT. ELECTROWEAK REACTIONS

The Feynmén graphs for Bhabha scattering, lepton pair production
and two photon annihilation are shown in Fig. 1., Effects caused by
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where F_ and F, are respectively the formfactors for spaceitike and
timelik& momenfum transfer squared. 17
;he reactign e'e - yy is modified by a form factor™ of the ty-
pe F(qg 1 vl +tq /Af. Exchange of a heavy electronlike lepton would
modifyi8 the cross section as
2

Fis) ~ 1+ (sé/20%) sine (3)
where A is the mass of the heavy lepton.
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A1l groups working at PETRA have data

2,19 on these

reactions and some typical results are shown in Figs. 2-5.
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Fig. 2 - The cross section

s-do/da for e'e sete
measured by TASSO
between 12.0 GeV and
35.2 GeV in c.m.

The cross section

s do/da(ete +e%e™) measured

by the TASSO Collaboration for
c.m. energies between 12 and
35.2 GeV is plotted in Fig.2
versus scattering angle 8. The
data scatter around the QED
prediction shown as the solid
curve, the dotted curve indi-
cates the Timits corresponding
to a cut off parameter

A = 100 GeV.

The total cross section for

e e - u*y” measured by JADE,
MARK J, PLUTO and TASSO is
plotted in Fig. 3 versus c.m.
energy. The data agree well
with the QED prediction shown
as the solid curve and they
are in general within the dot-
ted curves corresponding to

a cutoff parameter A of 100 GeV.
+ The total cross section for
e e -~ ttr~ measured by MARK J,
PLUTO and TASSO is plotted in
Fig. 4 versus c.m. energy.
This reaction has a very dis-
tinct signature at highenergies
and is easily separated from
multihadron reactions. Again
the data are in good agree-
ment with the QED prediction
shown as the solid curve.

The angular distribution for s do/dn (ete” -+ yy) measured by the
JADE and PLUTO Collaborations is plotted in Fig.5 for c.m. energies
between 12 and 31.6 GeV. The data are in good agreement with the QED
prediction, the deviation corresponding to a cutoff parameter A =

40 GeV is shown as the dotted curve.

The data are therefore in agreement with QED and the Timits on

A are summarized in Tabje 1.



10 :T T 7 T I T T TT 'I T T 1T 7 | T T T 1 :
; efe =" §
b v JADE A
L O MARK J -
L & PLUTO |
E o TASSC 3
= - 3
9 - ]
- - A=100GeV A
o L - B
- Y
ol | ctal RNV 4
SRR '*%\‘q;g
- RN
001 [T T S S U T T T (S U SO U B A N S T
0 10 20 30 40
Vs (GeV) 30477
[ T T T T [ 1 T T [i
L 4
efe™~ vy 0 E
3
100 = - 107 &
L. 7 ] r
o - vV 13k
i) | A =40 GeV 2" QED 4 o "
(D - ‘./ ‘V//// . [ o |
S Ly o E
~=1 - E
e _1+. - .
0 v JADE 1
E A PLUTO E 1o
L 12sVE =316 GeV ] 0
0 AR N S SR NN SN N B
0 05 1.0
cos O
30467
F1g. 5 do_
The cross section s G for

ete™ - yy measured by
JADE .and PLUTO plotted ver-

sus cos8.

Fig. 3
The total cross section for

ete”™ 5 u*1” measured by
JADE, MARK J, PLUTO and
TASSO plotted versus c.m.
energy.
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Table 1 - Limits on A

+

JADE MARK J PLUTO TASS0

ee »ee
Ay 112 91 80 150
i 106 142 234 136
+ - + -
ee -puy
Ay 137 123 116 80
A 96 142 101 118
+ - + -
ee 1T
A, - 76 74 115
A - 154 65 76
e’e” > vy F(qz) =1z q4/Ai
i - 44 46 -
A - 34 36 -
heavy electron X
A, 47 55 46 34
A 44 38 - 42

From this table we conclude the leptons are indeed pointlike down to
distances of about 2 x 10-16 cm. Furthermore there is no evidence for
a charged electronlike lepton up to a mass of 40 - 50 GeV.

11.2 ELECTROWEAK EFFECTS

The interference between the electromagnetic and the neutral weak
current?0 will change the normalized QED cross section for muon and
tau pair production by AR and lead to a forward backward asymmetry A
in the angular distribution of the leptons in the final state. At pre-
sent PETRA and PEP energies these effects can be written?l as:

2 2, 2 2,2
G es - gy X Ge o S (gV + 9p)

AR = { (4)
22w " (s/n5-1)  2/Zma | (s/mE-1)?
2 2
G S-m m, - s
_F~-B _3 F z 2 -4 7z 2
A = = g, =2.7 - 10 — g (5)
i F B ¢ v’er-'n'a s—m§ A S - ITIZ A

Here F and B denotes the number of negative muons (taus) in the for-

ward, respectively in the backward hemisphere. In the standard modelZ0
with sin@, = 0.23,m =89 GeV, g, = -1/2(1-4sin8, ) = -0.04 and 9 *
-1/2 where“g,, and g,“denote the vector and the axial vector

coupling, of ¥he neutral current to a pair of charged leptons. At s =

1000 GeVZ this leads to &R = 0.002 and A, = -0:076.



The change in &R cannot be observed at present energies whereas
a measurement of the asymmetry is within reach.

The asymmetry data obtained by the various PETRA groups are listed
in Table 2.

Table 2 - Forward-Backward asymmetry in efe” » u+u_
Group JADE MARK J PLUTO TASSO
A“U(%) -8 + 9 0+9 7 + 10 1+12

The systematic uncertainties are quite small and the data from the va-
rious groups can therefore be combined. The combined angular distri-
bution is plotted in Fig. 6 and it yields <A > = -(0.9 + 4.9)% ™ be
compared to the predicted value of -6% includ¥ng acceptance correc-
tions.
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The 95% upper confidence 1imit is|A l< 9% q.e. gi . gﬁ < 0.375 com-
pared to the theoretical value of 0"%5 in the standard model.

The relative deviation of the Bhabha c¢ross section due to weak
effects, is plotted22 in Fig. 7 versus scattering angle for various
values of m_. Also indicated are the deviations expected for a cut off
parameter 1Z0f 250 GeV. It is clear that weak effects in efe™ » efe”
cannot be parametrized in terms of A and they should be included in
the theoretical cross section before extracting a value for A.

The deviation of Bhabha scattering from the Towest order QED pre-
diction as measured by MARK J from c.m. energies between 29.9 and
35.8 GeV is plotted in Fig. 8 and compared to various predictions of
the standard model with sin%@,, = 0.25, 0.0l and 0.55 respectively. No-
te that they can only determine the cross section between 0% and 90% sin-
ce they do not determine the charge. The data favours sin8,, = 0.25
however, better,data at higher energies are needed to set stringent
limits on sin~8,, from this reaction. . - + - 4 - + -

Using the standard model the dataonee ~ree,ee —»yuun
has been used to extract values on sin QN.The resulits are listed in Table 3.



Table 3 - Results on sin29w
Group limits on s1'n213hI
lower upper sinzew
MARK J 0.07 0.42 0.24 + 0.11
JADE - 0.55 0.25 + 0.18
PLUTO - 0.57 0.23 + 0.17
TASSO - 0.52 -
L L
0.04 ete =ete” — .
5 = 1000 GeV? Fig. 7 o
- Relative deviation
of Bhabha cross
0.02 _ A=250Gev section from the QED
& T~ ' prediction plotted
b versus the scattering
2 0 angle for various va-
8 lues of m_. The
< dashed cufves show the
deviations expected
0.02 for a cut off para-
meter of 250 GeV.
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Fig. 8

The difference between the measured
cross section for ete” > ete” and
the QED prediction plotted versus
the scattering angle 8. Predictions
based on the standard model with
sinzew = 0.55, 0.01 and 0.25 are
shown in the dashed, the dashed-
dotted and the solid curve respec-
tively. The data are from MARK J.
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It is clear that the present data from e'e” interactions on neu-
tral currents do not yet compete with the values obtained in neutrino
interactions. However, they are the only data which test the theory at
high values of Q¢ and they are also the only data which yield infor-
mation on the neutral weak coupling to muons and taus.

It is possibled3 to construct gauge models which reproduce the
jow energy data but have a richer spectrum of vectgr bosons.In such mo-
dels 92V = 1/4 (1-4 sinzew)2 +4 Cand g, g, and gy remain unchanged.

JADE and MARK J have determined2’24’25the 1imits on C from mea-
surements of Bhabha scattering and muon pair production. They find with
95% confidence:

JADE -0.059 < C < 0.033
MARK J -0.097 < ¢ < 0.027 .

There are various ways to realize such models. For example SU{2) x
U(l) x U'(1)26° will have only one charged but two neutral vector bosons.
In this case

MNP

¢ - cos’e, (mi/m? - 1) (1 - ni/mp) (6)
here m, is the mass of the 7% in SB(2) x U(1) and my and m, are the
massesZof two neutral bosons in the extended model.

It is also possible to construct a model with SU(2) x SU'(2) x
U{1)27 . Such a model will havg two charged and two neutral vector bo-
sons, and in this case the cos™8  factor is replaced by sintg, .

The Timit on C can therefoue be translated into limits Hn

and m, using the expressions given above. The results are plotted

?% Fig. g.
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Fig. 9 - Limits on the mass of neutral vector bosons.
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I1.3 HEAVY LEPTONS

It seems reasonable to expect that the charged lepton in a new
generation of elementary fermions is lighter than the quarks. Leptons
are pairproduced with a known cross section and decay either leptoni-
cally L » fvgy or semi]eptoni§g11y L - v, hadrons. All the groups wor-
king at PETRA "have searched?:¢% for new *eptons. No evidence was found,
and the 1imits set on the mass of a new lepton are summarized in Tabled.

Table 4 - Mass Timits on new leptons
Group PLUTO MARK J TASSO JADE
14.5 16.0 15.5 17

PLUTO and MARK J have searched by selecting events in which a
single high energy muon was recoiling against many hadrons. PLUTO de-
manded that the visible energy of the event should be greater than
3.0GeV and the missing momentum greater than 2.5 GeV/c. Furthermore
the thrust should be less than 0.95. MARK J required that the visible
energy should be greater than 10% but less than 50% of the c.m.energy.
The acoplanarity should be greater than 30°. The acoplanarity is de-
fined as the absolute value of (180° - 3§¢), where &¢ is the angle bet-
ween the muon momentum vector and the total energy flow vector (see
below) of the hadrons E projected on a plane perpendicular to the
beam line. The energy dgposited-in the outer calorimeter should be
0.1 E ... The event should contain more than two charged tracks and
the pxiér angle between the beam line and the energy flow vector
should be between 30° and 150°.

TASSO selected events in which a single isolated charged particle
with momentum greater than 1.5 GeV/c was separated by at least 90°
from any other charged track. The event should contain at least 5
charged tracks and the charged energy should be greater than 8.0 GeV
(9.3 GeV) at 30 GeV (35 GeV) in c.m. A similar search was also made
requiring the track. to be a lepton.

JADE considered events with a visible energy between 11 GeV and
32 GeY produced at 35 GeV in c.m. They searched for non coplanar events
as follows: They defined two planes, the first plane was defined by
the thrust of one of the "jets" and the e* direction, the second plane
by the momentum of the remaining particles. The opening angle between
the two planes should be greater than 459, and the angle between the
thrust axis and the et direction ghould be at least 45°.

In the present phenemenology 9 of supersymmetric 0 theories all
particles will have partners which differ in spin by half a unit.

Thus there will be scalar electrons (muons) which can be pairproduced
in e*e~ annihilation and which may decay into electrons (muons) and
undetectable particles (photinos, goidstinos) leading to acoplanar
two prong electron (muon) events. No evidenceZ,28 was found resulting
in the following Timits on the mass of a scalar lepton: PLUTO m, >

13 GeV, JADE m > 16 GeV, MARK J me > 16 GeV.
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1I1. HADRON PRODUCTION IN e*e™ ANNIHILATION

It has been con:?'_ectur‘edE’l_34 in the naive parton model that ha-
dron production in eTe” annthilation proceeds by gquark-antiquark
pair production as shown in Fig.10a, where the electromagnetic cur-
rent couples proportional to the charge of a pointlike quark. The
neutral weak current is expected to conEribute on the order of 1% to
the total cross section at s = 1000 GeV¢4 energies and is neglected.
The total cross section for hadron production in this approximation
should therefore be proportional ‘to the cross section for muon pair
production with the constant of proportionality

+ - e.
R - o{e e + hadrons) _ 5 T El )2 (7)

ole’e” » u'y)

i
Fig. 10
* * Some of the
a b c diagrams for

hadron produc-

tion in ete”
+ ' + annihilation up
to second order
d e f in o_.
g h K

3
31773
+  permutations

Here e. is the charge of the ith flavour and the sum is over all fia-
vours with masses < Eb . The hadrons should then appear in two
nearly collinear jets §¢Madrons with small and maybe constant momen-
ta transverse and large and growing momenta parallel to the Jet axis.
The single particle distribution should scale i.e.

do
>* I

with x = £ _/E should become independent of energy at large ener-
gies. The ghapagg particte multipiicity gguld be expected to increase
logarithmically with s = (2E)2. The data®> from SPEAR and DORIS at
Jower energies support the gross features of this picture. 36

This naive parton picture will be modified in any field theory
of strong interactions. In a field theory ete” annihilation proceeds
to lowest order by the Feynman graphs shown in Fig. 10 b, c¢. The
produced quark radiate fieid quanta (gluons) and the gluons are ex-
pected to materialize as hadron jets in the final stgge3

This has well defined experimental implications~®~ 8. The mean
transverse momentum of the hadrons with respect to the jet axis will
increase with energy. If the quark-gluon coupling constant is small
only one of the two original jets will broaden. A primordial qqg
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state is necessarily planar and the final hadron configuration should
retain the planarity. In a small fraction of the events the gluon may
be radiated at an angle which is large compared to the angular spread
of the hadron jet. Such events will be very striking with three vi-
sible jets of hadrons defining a plane. Higher order multiple gluon
emission diagrams (Fig. 10d-f)are expected to become more visible at
high energies since the angular spread of the hadrons resulting from
the non-perturbative fragmentation of a single quark or gluon de-
creases rapidly with energy, enabling one to pick out at higher ener-
gies jets from_gluons radiated at smaller angles relative to the pri-
mordial q and g directions. Such multijet events are of course not
planar in general and will lead to an increase of the momentum trans-
verse to the event plane. A field theory of the strong interactiens
will alse modify the value for R given above, the multiplicity will
grow faster §gan In s and the single particle distribution will no
longer scale?.

At present quantum chromodynamics (QCD)39 is the leading candi-
date for a theory of strong interactions. The coupling strength in
this theory depends on a characteristic strong interaction mass 2
and a typical momentum transfer g in the process. The functional form

15 given by:
' 2 127

a . {97) = g /4n = (8)
s ! (33-2N,) Tn q°/4°

where N. is the number of flavours with mass below threshold.
A]though the exact value of A is still a subject of some contro-
versy™ it is presumably rather small, on the order of one to a few
hundred MeV,
Here I will first discuss the gross properties of the final sta-
te, then summarize the evidence for gluon bremsstrahlung and finally
discuss the properties of the gluon in some detail.

IV GENERAL PROPERTIES OF THE FINAL STATE IN e'e™ + HADRONS

The basic diagrams (Fig. 10) governing ete” + qq(g) - hadrons
are very simple. The properties of the hadrons in the final state
can therefore be directly related to the properties of quarks and
gluons and their fragmentation into hadrons.

IV.1 THRUST AND SPHERICITY DISTRIBUTIONS 33

The energy dependences of the average iphericity <S> and
(1 - <T>), where <T> is the average thrust?!, are plotted versus
c.m. energy together with data obtained at Tower energies in Figs.
11 and 12. ‘

Both quantities decrease with increasing energies as expected
1f the jets become more collimated with increasing energies. The
Jet cone half opening angle, as indicated from the sphericity dis-
tribution, shrinks from about 310 at 4 GeV in c.m. to 17° near
36 GeV. However, this decrease is slower than that expected in a
pure ete™ - qg model. The observed decrease is in agreement with
computations including gluon bremsstrahlung. Note that the distri-
butions are smooth indicating the absence of thresholds in the
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energy range above the bb threshold.
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IV.2 THE TOTAL CROSS SECTION

The PETRA groups report” data on R for center of mass energies

between 12 GeV and 36.5 GeV. The data, corrected for radiative

effe

cts including the vacuum polarization and with the contribution

from t pair production removed, are plotted versus c.m42energy in

Fig.

This

13a together with data obtained at lower energies’™ .

In the parton model with u, d, s, C and b quarks Re3: et =11/3.

expression is modified

SRR e (1+ay/). (9)

in first order QCD to 1

(RTINS

[
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At s = 1000 GeV¢ /v is of the order of 5% yielding R ¥ 3.9, Higher
order terms43 depeﬁd on the renormalization scheme used but they are
smaller than the first order term. The QCD prediction, plotted in
Fig. 13a, is in agreement with the data.
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Fig. 13 -

a) The ratio R of the total ha-
dronic cross section normalized
to the muon pair cross section
is plotted as a function of
c.m. energy.

b) The value of R obtained by
averaging the data of all the
PETRA groups. The solid line
represents two QCD predictions
with A = 1.0 GeV (upper curve)
and A 0.1 GeV (Tower curve).

[H

IV.3 THE NEUTRAL ENERGY FRACTION

Are the GCD corrections needed
to fit the data ? Clearly not,
since the systematic errors are
believed to be of the order of
10%. However, note from Fig. 13a
that the data which were col-
lected using different trigger
conditions and analysed using
different cuts are in agreement
within the statistical errors.
This indicates that the syste-
matic errors may be smaller than
10% and indeed there are good
reasons to expect that R can
eventually be measured rather
weil in the PETRA energy range.

It is therefore tempting to
add the data from the various
groups and the resulting cross
section is plotted in Fig.13b.
The solid lines are QCD pre-
dictions corresponding to
A =1.0 GeV and 0.1 GeV res-
pectively. Averaging all the
data above 20 GeV in c.m.
yields R = 3.97 + 0.06. An
error of 0.16 was computed
from the fluctuations of the
individual measurements. Eirst
order QCD at s = 1000 GeV“ pre-
dicts R = 3.87 for A = 100MeV
or R = 3.94 for A = 500 Mev.

The JADE Collaboration has determined3 the fraction of the to-
tal energy converted into photons by a direct measurement of the
photon energy deposited in lead glass counters surrounding the de-
tector. They have also determined the total neutral energy fraction
by measuring the energy carried away by charged particles and sub-
tracting this from the known c.m. energy. The results, listed in
Table 5 show that the neutral energy fraction, which includes Kg
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and A's, increase with energy. Also the energy fraction carried off
by photons seems to increase. However, in this case the errors are
rather larger.

Table 5 - Energy fraction carried off by photons and by neutral

particles
/s Energy fraction carried off by
(GeV) Phgtons Neu;ra1 particies
12 21.3 + 7.0 31.2 + 4.1
30.4 26.1 + 5.9 37.5 + 3.7
34.9 30.7 + 6.0 43.8 + 4.1

IV.4 CHARGED MULTIPLICITIES
lhﬁ average charged multiplicity <n_p» observed at high ener-
44-86 5 plotted in Fig. 14 together with data obtained at lower

gies
15 T T T
- B i T T T T T T Fig. 14
- ADONE
< = SPEAR-MARK I Average charged
o — v DASP particles multip-
H I~ 4 TP’l;g;g licity versus the
- L [ ] .
2.10 B o ADE c.m. energy. Tne
- solid Tline is a
L] - combined fit to
8 - the low energy
% -~ data and the TASSO
O 5 data at high
=z - energies.
< -
LLJ
z — o
O i 1 L | Looa o d 1 ] l i
i 2 3 45 0 15 20 30 40
29 8480 W (GeV } 36535
energie547. The high energy data points from the various groups are

in reasonable agreement and are well above the multiplicities obtai-
ned by extrapolating the lower energy data according to a + b In s
as predicted by the naive quark-parton model. For comparison, the
multiplicities observed in pp”© and pp49 are alsc shown.

The average multiplicity in QCD may99-51 increase as n = n_+
a exp (b vIn s/a%, and the data can indeed be fitted over the
whole energy range using this form. The values of the parameters ob-
tained by fitting the TASSO and the PLUTO data are listed in Table 6.
The fit considers only the statistical errors and the resuits were
obtained assuming A = 0.5 GeV/c.
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Table 6. - Fits to the charged particle multiplicity

Group Ny a b

TASSO 2.92 + 0.04 2.85 + 0.07 0.0029 + 0.0005
PLUTO 2.38 + 0.09 1.92 + 0.07 0.04 +0.01

The asymptotic values1 of a = 2.4 in QCD. However, note that the
fragmentation of the gluon in three jet events is expected to in-
crease the average multiplicity by less than one unit at the highest
energy.

IV.5 INCLUSIVE PARTICLE SPECTRA
The scaled cross sections s go/dx for igE1usive charggg particle
production as determined by DASP#/, SLAC-LBL®¢ and TASS03:°3 for c.m.
energies between 5 GeV and 36.6 GeV are plotted in Fig. 15 versus x.
) The cross section for x > 0.2
: scales to within 30% between 5GeV

T T and 36.6 GeV. For x < 0.2 the
x5y o oask ] cross section increases dramati-
a1z oev ’ cally with energy and shows that
.z7mmﬁoeﬁ TASSO the observed increase in multipli-
4 35.0-368Gey city is due to slow part%g]es.

Gluon emission will Tead”® to a
depletion of particles at large x
and a corresponding increase in
the yield at small x, since the
energy is now shared between the
quark and the gluon. In QCD these
are rather small effects except
at very large or very small x.
In general the effects are only
0of the order of 10-20% at PETRA
energies sincE q< is very large
compared to A-.

During the past year the PETRA
experiments have succeeded in
identifying hadrons over a con-
siderable range in momentum. The

i0? e L4 available data> are summarized
3] 01 02 0.3 Ga 05 012 07 oe .
in Tabie 7.
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particle production.
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Table 7 - Experiments measuring particle separated cross section

Typelof Experiment Technigue Momen tum Remark
particle range(GeV/c)
= JADE dE/dx 2 < 0.7, 27 preliminary
TASSO ToF?* < 1.1
Cerenk0v3 < 5.0 preliminary
kK*  JADE de/dx 3 < 0.7 preliminary
TASSO ToF 24 < 1.1
L Cerenkov 3 < 5.0 preliminary
k% PLUTO KOs 3 all p prel iminary
TASSO Koora” 3 all p
0, P JADE dE/dx 2 < 0.9 oreliminary
TASSO ToF 9% < 2.2

Cerenkov 3 < 4,0

The scaled cross section s/g do/dx for charged plons is plotted in
Fig. 16 versus x. The TASSQ and the JADE data3d:>% are in agreement
and seem to fall below the DASP 5.2 GeV data® 350,55
The data™*" "’ for neutral
DASP 52Gev and charged kaons measured by TAS-
h 26ev| .1 s0 and PLUTO at high energies and
o wheT
‘# ,?;228 13%23{ by the MARK I Collaboration®® at
= JADE 300ev | prelim Tower energies are plotted versus
? x in Fig. 17. The data are in ge-
*o

WE—r—7 7T T T T

)
"! T T—T 1717
——
-
— e
1 ||1U_|J

neral agreement,and in particular
the cross sections tor charged and
neutral kaon production are simi-
lar. The average value for char-
ged pion production is shown as
the solid line. The kaon cross sec-
tion is a factor of 2 to 4 below
the pion cross section at low X
but seem to approach the pion da-
ta at large X. 3.54
The proton data”’”  are plotted
0 L4 o L i b oin Fig. 18 and compared to the
00 010 020 030 090 charged pion data represented by
Y= 2E/W the solid lines. Within the rather
e ®27  arge error bars the cross section
for kaon and proton production
Fig. 16 - The scaled cross are similar. The large p, p Cross
section s/p do/dx section seems surprising.
for charged pions.

T oToT
L llllllzl

(2) d9 ;b Gev 2t

5
g/ dx
T
—.—
—_——

— .
-

-

T
Loraaend

¥
L




f—)
~J

W11

* K°+KS-LBL W=5.8 - 76GeV
AK" LK™

o Ko K[ 1450 W=30Gev
-Koy R PLUIO

Fig. 17

The scaled cross section
s/8 do/dx for neutral and
charged kaons. The average
pion cross section is shown
as the solid curve.

T TTTIT
bl aaetl

1

=
T f!ll!l‘ T
%_

Laaanl

() Rwbow?
.
1

T lilll'l]
——mdf—

—

—

Lok

—+

Qo os] 020 030 040
29880 )(=2.EIW 3053
103: T [ T r T | T I:
. ] Fig. 18
- 1 The scaled cross section
- | sB do/dx for protons. The
3 E . D,QGQ?TASSO j average charged pion cross
) " w30 Gev ] section is shown as the
2 ++ 1 solid curve.
01>-c
oo o A
pry + ey
- 1k =
01 A ] 1 i 1 ) |
00 010 020 030 040

X = 2E/W
25,880 30530
The relative fractions of charged pions, kaons and protons ob-
served at 30 GeV in c.m. are plotted in Fig. 19 as a function of par-
ticle momentum. At Tow momenta nearly all the particles are pions,
nowever, the kaon and the proton yield rises rapidiy with momentum such
that at a momentum of 3.0 GeV/c the ratio of

n“to KF to pi is roughly 55 to 35 to 10.

An average event at a center of mass energy of 30 GeV consists of rough-
Ty 10 =, 1.4 K%K, 1.4 K*K™ and 0.4 pp i.e. about one out of 5 events
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W=306ev nt. = JACE e TASSO
preliminary K* o o Fig. 19
p‘f)i' '

10— g T T T T The relative frac-
5 ¢.*.+ A 4 tion of charged
z T + ? 1 pions, kaons and
% | * 1 protons observed
a | at 30 GeV in c.m.
o S0+ _
.
=
-~ -
8]
— -
x
g -

0

29830 P {Gevic] 30526
has an p, p pair in the final state.

IV.6 CHARGE CORRELATIONS

The back to back produced quarks have opposite charge. According
to the standard picture they will fragment into hadrons by a neutral
quark-gluon cascade thus conserving the initial charge. Therefore,
apart from fluctuations, the charge found in one jet should be corg,
related with the charge of the other jet. Furthermore one expectis this
long range correlation to be found among the fast particles and that
the slow particles should exhibit short range correlation only. The
TASSO group reports4 the first evidence for long range correlation.

To investigate the charge ﬁorrelations they evaiuate the function

Syay') = - Fiy“‘” s %k e.(y) e (y')> (10)

In this expression e.(y) is the charge of a particle 1 at rapidity y
in the interval ay and e (y') is the charge of a particie k at a ra-
pidity y' in the interva% Ay'. The rapidity is defined as

y o= oz n (dEd) (11)

where p, is the particle momentum along the jet axis. The function
s(y.y') is related to the probability that the particlesi and k have op-
posite sign charges minus the probability that the charges have the
same sign. Since the event as a whole is neutral the function g(y.y')
simply shows how the charge of particle 1 at a rapidity y is being
compensated. The normalization is choosen such that B(y,y' ydy'dy=1.
In Fig.20 the ratio $(y,y') = &{y.y' )/ f3(y.y')dy is"plotted versus y witn
the test particle in the rapidfty interval -0.75 < y' <0, i.e. a siow
particle. This distribution peaks at small negative values of ¥y and
shows that the charge of a slow particle is indeed compensated local-
1y as expected if only short range correlations are present. The ob-
served peak has an rms width of 1.3.

In Fig. 20 the same quantity is plotted as a function of y for
the test particle at -5 < y' < -2.5. Although the bulk of the charge
is compensated locally there is now a significant signal at the oppo-
site end of the rapidity plot. Integrating the distribution for y > 2.5

LR T T TR T I
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05 T T T t T T T T T 3 T
osb ¢ (vy) TASSO |
03 L ~073=y=00 ++++ (@) Fig. 20
02 F \ 4 The charge compensation
ol ¢ function ¢(y, y') with the
' . ‘e t $ ¢[crea-0011%0014 test particie
0!

5 o, 3 2 ;o 1203 4 5y a) at -0.75 < y' < 0 and
05 —r T T T T "7 Y T T ' b) at -5.0 f y' f ‘2.5.
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Q3__-5osy:-zs+ + {b) ]

L 02F +
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yields 0,101 + 0.033 compared to the 0,011 + 0.014 found
for the test particle at -0.75 < y' < 0. There s therefore a clear
signature for a long range correlation extending over some 7 units in
rapidity.
It is interesting to compare the charge correlation to the par-
ticle density distribution defined by:

1 1 N ;
aysy” < -1y L, %k le; () [le {y')1> (12)

The quantity P (y,y') = a(y,¥") /J dyp(y.y') withSfdy Sdy's(y,y' )=l

is the probability to find a charged particle with rapidity y if there
is another charged particle with rapidity y'. This particle density
function is plotted in Fig. 2la and b for the test particle at -0.75
<y' <0and at -5 < y* < -2.5. Comparing Figs. 20 and 21 shows that
the particle density function is wider than the charge correlation
function - i.e. unlike sign particles are on the average closer in ra-
pidity than like sign particles.

ply,y') =

03 T T T T T 1 T T T T T
piyy} *e TASS0
02f
07554500 4 % (@
01} o e 4
ollame® | L L1 .:. g g Fig. 21 icle d . f :
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03 T T T T T T T a) at -0.75 < y* < 0 and
02l Pvy) . TASSO o Y <
o S0=yE 25 qntee te, (b) b) at -5.0 < y' < -2.5,
5 I~ . ‘ - — -
®
O_Q/.l..[JI J 1 1 H Il XY

5 oebs 2 00 2 3 45 y--
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The particle density function with the test particles at -5 .y’
< -2.5 1s rather smooth with no sign of long range correlations

The correlation functions contain information on the primordiali
quarks and are more sensitive tests of the fragmentation process than
the single particle distributions.

V. EVENT TOPOLOGY AND THE FINAL STATE ANALYSIS

The topology of the hadrons in ete™ annihilation can be used to
identify the production mechanism
a) Pair production of light quarks with only collinear gluon brems-
strahlung will manifest itself as two collinear jJets of hadrons.
b) Single wide angle gluon bremsstrahlung ete” =+ qqg leads to planar
events with large and growing momenta in the plane and small and 14-
mited momenta transverse to the plane. Multiple gluon bremsstrahlung
will lead to more isotropic events.
¢) Pair production of heavy qguarks will yield nearly spherical events
close to threshold.

In the next paragraphs we briefly describe the ingredients used
in the Monte Carlo simulations and the methods used to determine the
topology of the hadrons in the final state.

y.1 INPUTS TO THE MONTE CARLO SIMULATION

A11 groups have made extensive Monte Carlo computations to con-
front the various production mechanismns with the data. The inputs to
these calculation are summarized below: 2
a) Quark pairs are pair-produced proportional to e.._Light quark pairs
are created from the vacuum in the ratio uu : dd :'ss =2 : 2 : 1.

b) The basic gluon bremsstrahlung process (Fig. 10) is treated to farst
order in the strong coupling constant «_ by Hoyer et al.98 whereas

the computation by Alil et al.59 include? all second order diagrams ex-
cept those with internal gluon Tines (Fig. 10 h, k).

The formalism of Field and Feynman5 or the one set up by the Lund
group61 is then used to compute the fragmentation of the constituents,
c) The fragmentation of the quarks is described by 3 parameters in the
Field-Feynman model: _

i) ap: The quark fragments ¢ -~ 8' + k according to a distribution func-
tionT fM(z) = 1 - aq+ 3ag (1-2)% with z = (py + Edn/(Py + Eiq » 3 15
the same for u, d aﬁd $ Eugrks and is determined ~experimentally. For
the heavy quarks ¢ and b; f'(z) = constant.

ii) o_: The primordial transverse momen tum distribu&ion of the quarks
with qrespect to the jet axis is given by exp(—pz/o ).

i11) P/(P+Y): Only pseudoscalar {7, K ...) and vlctgr mesons (p, K ...}
are produced;P/V is the ratio of pseudoscalar to vector mesons pro-
duced in the primordial cascage.

Field and Feynman found®V that deep inelastic lepton-hadron re-
actions and also hadron-hadron interactions can be simultaneously
described by the following values of parameters:

ap = 0.77, 0 = 0.30 GeV/c and P/(P+V) = 0.5.
d} The fragmentation of gluons is treated as a two-step process 1n
which the gluon first fragments into a qg pair which subsequently

fragments into hadrons as outlined above. In the Hoyer et al. programS8



21

the gluon imparts all its energy to one of the quarks - i.e. in this
mode]l quark and gluon fragmentation are 1'dent1‘ca]2 Ali et %1.59 des-
cribe 9 > qq by the splitting function®? f(z) = z¢ + {1-2}° where
z =L /E .

9 g
V.2 EVENT TOPOLOGY

. The production mechanism can be delineated from the event shape.

There are by now several methods used to determine the shape and the
topology of an event. These methods are briefly discussed below.

The shape of an eggngsis conveniently evaluated by constructing
the second rank tensor<<:

fs * E P Py (0 8 =
where p. and p.. are momentum components along the ecand 8 axes for
the jthJBarticlésig the event. The sum is over all charged particles
in the event. Let Nys Moy N be the unit eigenvectors of this ten or
associated with the nor a]i%ed eigenvalues Q., where Q. = z(p:n.)%/cps.
These eigenvalues are ordered such that Q 51Q < Q ald are Hotmali-J
zed with Q) + Q, + 0y = 1. The principal Jet afij 1% thep the T, di-
rection. The &vent”plane is spanned by R, and n.; and A defiﬁes

the direction in which the sum of the squa;e of tﬁe momentum component
is minimized. Every event can be represented in a two dimensional plot
of aplanarity A = (3/2) Q, (i.e. normalized momentum squared out of
the event plane) versus spﬁericity S =(3/2)(Q, + Q,). In such a plot
two jet events will cluster at small values &f A gnd S, planar events
have small values of A whereas both A and S will be large for spheri-
cal events. This is borne out by the Monte Carlo results shown in

Fig. 22. This method has been used by TASSO® and JADE®.

MARK J/*"* uses a linear method based on_ energy flow where the
coordinate system is defined as follows: the e, axis coincides with
the thrust axis which is defined as the direct}on of maximum energy
flow. They next investigate the energy flow in a plane perpendicular
to the thrust axis. The direction of maximum energy flow in that plane
defines a direction e, with a normalized energy flow
Vis (14)
where £ . = Zr51[.Thethird axis &, is orthogonal to both the thrust
and thevlﬁajor axis 8,, and it is ery close to the minimum of the
momentum projection aTong any axis i.e.

major = I I3 - Ezl / E
i

minor = ¢ |§' - 35] / By (15)
i

The PLUTO group64 has developed a two step cluster method to de-
termine the event topology. The first stage associates all particles
into preclusters irrespective of their momenta. Particles belong to
the same precluster if the angles between any two tracks are less
than a limiting angle «. The momentum of a precluster is the sum of
the momenta of all the particles assigned to that precluster. The
preclusters are then combined to clusters if the angle between the
momentum vectors is Tess than a given value B. The number of clusters



F‘ i e B e S H

2014 Events
DATA

Fig. 22
a) The event distribution in’

aplanarity and sphericity ob-
served by the TASSO Collabo-
ration between 27 .4 GeV

and 36.6 GeV in c.m.

— 04 gg-qdgme . ”K\yav Monte Carlo created events 1in
7 (udsch) S Ne aplanarity and sphericity
= R at 30 GeV in c¢c.m. for
Qe B0 - % - e
, \ b} e e - agg with
s -)\1
0 N q=t, d, s, ¢, b.
et im e R S el i R aiant et | + - - -
el i ‘ T /JJ I c)ee = tt with
Day a9 me N T Soy - 15 GeV d
[t},Mt =15 DeV s ‘_- .. ,)\” 1Y J‘ m - e an a C.n.
1 ST eﬁergy of 35 GeV.
02 P kL .?), l
. //',/l'- 7'_2" . E\ S
U ey o R
R DMy R A
04 0z [WFR Ge 18 5
Sphericity

n is defined as the minimum number of clusters which fulfii the in-
egualities;
n
o 19
where £ . is the cluster energy and e a small number. If the energy
of a clidter, defined as the sum of the energies of all particies
assigned to the cluster, exceeds a threshold energy E_, then the clus-
ter is called aojet. Typical values for the various pgpameters are
a =300, 8 =457, e =0.1and £, =2.0 GeV.

V.3 EVIDENCE AGAINST NEW QUARKS 0

The distribution of events in the A, S plane observed™ by TASSO
at c.m. energies between 27.4 and 36.6 GeV 1is shown in Fig. 22a. The
data cluster at small values of S and A with a long tail of planar
events as expected for 1light quark production including gluon brems-
strahiung as shown in Fig. 2z0.

In the data at 35.0 < W < 36.6 GeV there are 2 events with A >
0.15 whereas we expect for a heavy quark a total of 57 events for
charge 2/3e and 1% events for a charge 1/3e. Combining these data
with similar dataZ from JADE and MARK J excludes a charge 2/3e
heavy quark with a mass between the b guark and 18 GeV oy some 12
standard deviations. The existence of a charge 1/3e quark is also
rather unlikely.

Scanning the cross section has also failed to find any evidence
for narrow states. The limit is r__ - Bh < 0.4 keV for c.m. energies
between 35.0 and 35.6 GeV. For a Eﬁarge 2/3e quark or a 1/3e quark
we expect to find respectively Tee = 5 keV or 1.3 keV.

ci 7 Eyys (B 7®)

(RS, LT T T S
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VI. GLUONS

At present QCD is the only theory of strong interactions avai-
lablesand it is obviously crucial to carry out clean experiments which
either support or refute this theory. The first step is to demonstrate
that field quanta, gluons, indeed do exist. However, this is not suf-
ficient since presumably any field theory of strong interactions con-
tains gluons. To "prove® QCD one must demonstrate that the gluon is
a flavour neutral, coloured vector particle with gauge coupliings.

VI.1 THE EVIDENCE FOR GLUONS _ _

Gluon bremsstrahlung e'e - qgqg ({see Fig. 10) has well defined
experimental signatures.
A) The average transverse momentum of the hadrons with respect to
the jet axis will grow with energy. Normalized transverse momentum
distributions, measured by TASSO and evaluated with respect to the
sphericity axis are plotted in Fig. 23 versus p2 for different c.m.
energies. The observed p2 distribution clearly Ercadens with energy.
In QCD the growth is expTained as hard non-collinear gluon emission.
Fits based on this mechanism are shown in Fig.23. However, it is
also possible to fit the data up to moderate values of p% by in-
creasing o as a function of c.m. energy.

g ' . B) If hard non-collinear gluon

T T T 1 Y
MC DATA

107§ {a) b)) w-neew 3 o €Mission is a rare process as
—emuswangoevd 3 expected in QCD, then there
TorBe=w=kscev 1 should usually be only one wide-
0 L 4 1 angle gluon per event: In fact
2 X 1 3§ the probability of emitting
o 1 1 two gluons in one event compa-
5 . | red to single gluon emission
0 E . % .3 1 fis proportional to a_. Hence
o o2 04 06 o8 1w 1 only one of the jetSSShOUId
P? (Gewic)? 1 broaden.

e % 3 To test this prediction the

1 Jets in an event are divided
4 into a narrow and a wide jgt.
The data obtained by PLUTO® are
shown in Fig. 24. Piotted are
<p2> versus z = p/p at Tow
ang high energies fB?amthe wide

ttio,,} do/dP? (Gev/e)?

3 J l 1 L L L 1 | 1
© 0 2 4 6 8 0 and the narrow jet separately.
5 > A large asymmetry between the
Pr {Gevic) two jets is observed at high
1390 80 »: energies. Unlike the asymmetry
5 observed at low energy the
Fig. 23 - 1/0 do/dp, at 12 GeV, PLUTO group find that this
27.4-31.6 GeV and cannot be expltained by fluctu-
33.0-36.6 _GeV as a func- ations in the two jet events.

tion of pé. The curves are c) Planarity. Regardless of the

QCD fits {o the data with value of o (or the mean p),
o = 320 MeV/c. hadrons resulting from the frag-
q mentation of a quark must on the
average be uniformly distributed
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Fig. 24 - Dat% obtained by PLUTO
on <p%- as a function of
Z = p/p for wide and
narrow 88%@. The solid and
the dashed curves are the
gqg and qq predictions,
respectively.

with energy in contrast to the distribution of
rapidly with energy, in particular there is a long taii

in azimuthal angle around the
quark axis. Therefore, apart fruw
statistical fluctuations, the Lwo
jet process efe - qq will not
lead to planar events whereas the
radiation of a hard gluon, ete
qgqg will result in an approximctiely
planar configuration of hadrons
with large transverse momentum 1o
the plane and smaii transverse
momentum with respect to the plane.
Thus the observation of such pla-
nar events, at a rate signififantly
above the rate expected from sta-
tistical fluctuations of the qy
jets, shows in a model independent
way that there must be a third
confined particle in the final
state. The third particle is not

a quark since it has baryon num-
ber zero and cannot have 1/2 in-
teger spin.

We first compare the distribu-
tion of <p%> ut? the momentum Coti-
ponent normaT¥ “to the evEnt plane
squared, with that of <p%>. . the
momentum component in th ent
ptane perpendicular to the jet
axis.

The data obtained by the TASSU
group are plotted in Fig. 25 and
Fig. 26 for c.m. energies between
12 GeV and 36.6 GeV. The distri-
bution of <p2> hanges 1ittle

T out E L .
<pI>. which grows
it oF events not

observed at lower energies. Fits to the data assuming ete” -+ qq and

og = 300 MeV/c (solid curves) or o
also shown. The <p%>0

= 450 MeV/c (dotted curves) are

distributidn at high energies is not fit by

o_ = 300 MeV/c, hogevgg by increasing o, to 450 MeV/c a good fit can

b8 obtained. The gq mode
long tail observed in <p$>.
not be removed by 1ncreagiﬁﬂ
Fig. 25 shows a fit ass%ming o
to 1/o dc/dp% and to <p%>

).
conclude that the data Tn8$5de

however, completely fails to reproduce the
at nigh energies. This discrepancy can-
the mean transverse momentum of the jet.
= 450 MeV/c (which gives
The agreement is poor. We
a number of planar events

a good fit
therefore
not reproduced

by the qg model independent of the average p assumed,

Gluon bremsstrahlung offers a natural mechanism 1o
observed planarity of the events. Fig. 26 shows a second

expiain the
order QCD fit

to the data using the Monte Carlo method outliined above. The fit as~

sumed a constant value of oy = 320 MeV and ag = 0.17 (see beiow). The
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Distributions of mean trans-
verse momentum squared er
event for chagged particles,
normgal to (<p£> .} and in

< g>. ) the Teegﬁt plane

(<P$>.
1 mealutBd by the TASSO Colla-

boration at low and high
energies. The curves are the
predictions for a gq final
state with ¢ = 300 MeV/c
(solid ]inesq) and ¢ =

450 MeV/c (dashed 1ifles).
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{ manner are in full agreement
1 with the findings of the TASSO

A p
.ong tail in <pI>.
duced in this mgdéT.
the growth in <pg-

1S repro-
Note that
is ex-

OFEnce at

1 Jet events which, in general,
1 are not planar.

The data from PLUTO® and
analyzed in a similar

group.
The planarity_of tE? events
is also observed/»10, by the

MARK J group using a different
technique. They divided each
event into two hemispheres
using the plane defined by the
major and the minor axis (see
above) and analyzed the energy
distribution in each hemis-
phere as if it were a single
e : Jet. The jet with the smaliest
g1§;1:23 g1t2 gﬁo MeV/c transverse momentum with res-
) q ’ pect to the thrust axis is de-
fined as the narrow jet. the other as the broad jet. The oblateness
defined as 0 = Major - Minor is a measure of the planarity of the event
and is zero for phase space and two jet events and finite for three
jet final states. The normalized event distribution measured for c.m.
energies between 27 and 37 GeV is plotted versus oblateness in Fig. 27
for the narrow. and_the wide jet separately and compared to the predic-
tions for ete” - qq (dashed curve) and ete~ - qqg (solid line). A good
fit is obtained with the qgg final state whereas the qq final state do

{0 OO USRI N SO U0 N A R

0 02 04 0B 08 10 12 14
<Pl

1%

0?

0 02 04 08

<R, (Gevice) (Gevic)?

26 - Same plot as above.
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nqt fit the oblateness distribution for the broad jet.
T 71 T 1 1 — 71 T T 1 T T 1

10+ ¢ DATA 0 - & DATA .
~ 27 <VS<37GeV 27 < VS < 37 GeV

MARK J MARK J

z o
Z|lo 4l
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01 o1 —
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0.0 ] | 1 ] ! ] 1 | J | |
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30489
On Og

Fig. 27 - The distribution 1/N dN/dO determined by the MARK J Colla-
boration as a function of oblateness 0 for the narrow and
the wide jet separately. The solid curves are predictions
based on e*e” -+ qqg, the dashed curve shows the prediction
for ete™ > qq.

The data discussed above prove conclusively that the observed
planar events cannot result from the fluctuations in quark pair pro-
duction with a Gaussian distribution in transverse momentum around the
jet axis of the hadrons. Each PETRA group had now pbserved on the order
of 200 planar events with an estimated background from fluctuations of
two jet events of about 20%. Wide angle gluon bremsstrahlung ete™ -
qqg would naturally result in planar events. The observed rate for
such events is consistent with the QCD predictions. Besides this sour-
ce there are two ad hoc possibilities; a flat phase space of unknown
origin, or that the transverse momentum distribution of the quark frag-
mentation has a long non-Gaussian tail. The first possibility can be
excluded by observing events with 3 axes, the second by excluding the
possibility that the 3 axes are defined by 2 multiparticle jets and
a single high momentum particle at a large angle with respect to the
jet axes.

D) Propergies of planar events. The TASSO Collaboration use a genera-
lization®® of sphericity to define three-jet events. In thjs methgd

the tracks are projected on to the event plane defined by n, and Ny
(see above). The projections are divided into three groups gnd the
sphericity for each group S, 52 and S, determined. The three axes and
the particle assignment to {he three aroups are defined by minimizing
the sum of S,, S, and S,. This defines the direction of the three jets
and assigns %he Eartic]gs to these jet directions.
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In Fig.28 the TASSO events are plotted versus tri-jettiness J3

defined as .
: fa 1 2.2
J3 = <pT}in /| ?~(3OO MeV/c™)7).

. , T Here <p2>. is evaluated for
(b} all chargé tracks in an event
—— MC for e*e= qdg with respect to their assigned
- MC;?ff;?E?@ms axis. Thus for three jet events
5 b o i 4 with a mean transverse momentum
A<008 of 300 MeV with respect to the
jet axis we expect to find the
events clustered around J.=1, com-
4 Pared with a wide distribltion in
J n case of a flat phase space
d%str1bution. The data agree with
the expectations for ete”+qqq,
shown as thg solid Tine. The fit
result in yx“/degree of freedom
of 2.3/5. The data disagree strong-
~ ]ﬁ with a Ehase space calculation
R snown ag the dashed line. This fit
{1~[l7; fi- s has a Xé/degree of freedom of
) 233/5. Thus the data are not con-
30186 sistent with a phase space dis-
tribution.
The TASSO group has also
evaluated the transverse momen-
. tum of charged particles from
Fig. 28 ; 21%n%%)i;:2§3ré3 g Oés:’ three jet events with respect
TASSO Collaboration and plot- t0 the Jet axes to which they
were assigned, This distribu-

ted versus the tri-jettiness ; oh
The Monte Carlo predictionst10n 1/N dN/dpy is plotted as

Js. ; ! :
fér ete™ & q4g (solid) and for the so}1d points in Fig. 29

i daversug ps. It is compared to
ee"+hacrons(phasespace dashe ;the p§ dIstribution found with

respect to the jet axis in two jet events shgwn as the open points.
The agreement is very good and demonstrates that <o _> can be taken to
be constant independent of energy, when the events “are analyzed as
three jet events.

The MARK J group observes a three jet structure in their energy
flow analysis. To enhance effects resulting from gluon emission they
select events with low thrust T < 0.8 and Targe oblateness 0 > 0.1.
Fig. 30 shows the energy distribution of these events in the plane
defined by e, and é,. Plotted is the energy deposited ir 50 binc as
a function o% angle. A clear three peak structure is seen. Plotted are
the predictions from QCD, phase space + q§ with o_ = 300 MeV/c and qJ
only with o_ = 500 MeV. Normalized to the total eVent sample, only the
gluon bremsgtrah]ungGhypothesis fits the data.

The JADE_group” uses an independent method suggested by Ellis
and Karliner6/ to demonstrate the existence of three jet events. From
the data taken at c.m. energies around 30 GeV they select planar
events which satisfy the condition Q2 - > 0.1 and determine the
thrust axis for each event. The event ™ig tﬁen divided into two jets
by a plane normal to the thrust axis and the p,. for each jet computed
separately; the jet with the smallest Py ig cglled the slim jet, the

3

Number of fveris
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0.01

o 2-jets 12GeV
® 3-lets 274-316 GeV
— MC 30 Gev

{a)

Fig. 29

The transverse momentu%
distribution 1/N dN/dps of
the hadrons in the p}alar
events with respect to the
three axes found by the
generalized sphericity
method is shown as the full
points. The open points re-
present the transverse mo-
mentum distribution with
respect to the jet axis in

) 2 jet events at lower
energies. The solid curve
- represents the Mo:te Carlo
calculation of e'e” + qqg
4 at 30 GeV.The daia were
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Fig. 30 - A plot of the energy distribution in the plane defined

by the thrust and the major axes for all events with
thrust < 0.8 and oblateness > 0.1. The measurements were
done by the MARK J group. The QCD fit is shown by the so-
1id 1ine, a mixed phase space and qq model 1s shown as
the dotted line, a pure gq model with g_ = 500 MeV is given
by the dashed Tine. q

1 obtained by the TASSD group.
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other the broad jet. The particles in the broad jet are then trans-
formed into.its own rest system. If the broad jet consists of two iets
they will now appear as two back to back jets along the new thrust
axis T*. The distribution of T® in this system is plotted in Fig.31
together with the thrust distribution of two jet events measured a*

12 GeV. The two distributions are in excellent agreement. Also otner

quantities like the invariant mass,

evaluated for the broad jet in its own res

mean pr and charged multipiicity

system are in agreement

with the same guantities evaluated for a two jet event at 12 GeV. The
data therefore exhibit a three jet structure as expected for gluon

bremsstrahlung.

f T*broad jet Vs =30 GeV,Q,-Q)> 0
% T Vs =12 GeV all events

60 T l T r
i
20 |- E } ]
0 Al i | f i
05 06 07 08 09 10
T* 31786

Fig. 31 - Distribution of thrust
for the broad jet of
planar events at 30 GeV
compared with the thrust
distribution at 12 GeV.
The data were obtained
by the JADE Collaboration.

The PLUTO group has ana]yzedll’64
their data using the cluster mathod
discribed above. The distribution of
the observed number of jets per
event are listed in Table 8 and
compared to the predictions based
on qq, 949 + 4q9 (o, = 0.15) and
phase space. The m3dels are all
normalized to the number of ob-
served events. The data cleariy
favour a clustering of the par-
ticles around 3 axes.

The remaining question is
then to decide whether the third
Jet is defined by a single particle
or a group of particles. This can
be done by examining the events.
Figs. 32 a and b show typical can-
didates for three jet events ob-
served by JADE and TASSO. Note that
several tracks cluster around each
axis.

In Fig. 33 the multiplicity dis-
tribution of the three jets deter-
mined by the TASSO group is shown.
The jets are ordered according to
E1 > E, > E,. The energies of the

The eneraies of the jets were
computed from the observed opening
angles between the jets neglecting
parton masses. Furthermore only
events for which the acceptance of
the drift chamber is nearly com-
plete were considered. It is clear
that each jet in general consists

of several charged particles and that the multiplicity distribution
is reproduced by the QCD calculation. . -

In conclusion: all the properties observed in e e  + hadrons can
be naturally explained by gluon bremsstrahlung. No other alternative

mechanism

is known which explains all the data. However, to prove

that the gluon observed is the QCD gluon we have to show that the
gluon is a coloured, flavour neutral vector particle with gauge coup-

Tings. There are hints40

from upsilon decays and from charm and beauty
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Table 8 - Number of clusters
n 1 2 3 4 5 6 7
Data 2 551 249 53 3 1
qq 3 680 152 23 1
qG+qqg 3 567 247 46 2
phase
space 30 154 306 268 86 14
Y msso
Eem= 35 Gev

Mtk =101 GeV

Fig. 32 - Example of three jet events observed by

a) JADE and b) TASSO
E,>E,>E,4
T T T T T T
10 Jet 1 + Jot 2+ Jet 3
g ]
j=
[}
>
w!
T 5F -+ o <
&
0
&
=3
=
Ol 1 nl 1 1 1
o % 1 0 5 10 0 5 ©

Observed Charged Multiplicity

Fig. 33

The charged particle multip-
Ticity distribution observed
by TASSQ in each of the
three jets in a planar event
with the jets ordered ac-
cording to energy.

30182
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spectroscopy that the gluon might indeed be coloured and flavour neu-
tral. Determinations of the gluon spin from three jet events will be
discussed next.

VI.2 THE SPIN OF THE GLUON

[t is obviously crucial to determine the spin of the gluon from
a sample_of clean three jet events resulting from gluon bremsstrahlung.
ete”™ » gqg. This process can conveniently be described in a Dalitz plot
using the variables X; = E./E_ where the energy carried off by the
quark or the gluon E. is méasfred in units of the beam energy Eb._The
variables are ordered such that x, < X, < Xy. The thrust of the“qqg
event is then given by x;, and x; + x,"+ Xy"= 2. .
The distribution of the QVents as fun@%ion of x,, averaged over pwo-
- duction angles relative to the incident e‘e” di}ections, can be writ-

ten as ) )
1 ( do Yy = Zas (-xl "t + cyclic permutations of 1,2,3) (17)
5, Hxlaxz vV  3r (1-x1)(1-x2)

for the vector case and as 2

1 do % X3 . :
EE.( B?;Hig)s =5 ( (l-xl)(l—xz) + cyclic permutations of 1,2?3) (18)

for the scalar case.

The TASSO group68 has determined the spin us&yg the variable
cos¥ = (x,-x5)/x%, suggested by E11is and Karliner® . § is the angle
between'tﬁe Sart n 1 and the axis of the parton 2 and 3 system boosted
to its own rest frame. To ensure that the spin analysis is not affected
by higher order terms one should avoid x, close to 1. Futhermore, for
X, close to 1 the distributions are vary}ng rapidly so that smearing
e%fects caused by the non-perturbative fragmentation of gluons and
quarks are important. For these reasons only events with 1 - Xy >
0.1 are used in the analysis.

A total of 248 events remained after this cut, with an estimated
two jet event background of 17% and 18% for scalar and vector gluons
respectively.

The distribution of the events as a function of cos§ is piotted
in Fig. 34 and compared with the distributions predicted for vector
(solid) and scalar (dgéted) gluons. The prediction was made using the
model of Hoyer at al.°S. Note that the distributions are normalized
to the number of events in the plot i.e. the scalar and vector cases
are discriminated using the shape only.

The data clearly favour tEe vector case. A fit to the dat% gives
for three degrees of freedom x* = 1 for the vector gluon and x¢ =
14.9 for the scalar gluon - i.e. scalar gluons are disfavoured by
3.1 standard deviations.

One way to avoid binning effects is to evaluate the mean
value of the 8. The experimental value of <cosd> = 0.349+0.013
can be compared to the values <cosd>, = 0.341+ 05864 and
<cosl>. = 0.298+0.003 for vector and scalar gluons respectively. The
experiaental value differs from the vector gluon prediction by 0.6
standard deviations and by 3.8 standard deviations for the scalar case.
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\\\\l 1-%,>01 Observed distribution of tie
B 4 data observed by TASSO in the
w L1 '—Th\r | | region 1 - x, > 0.10, as a
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This conclusion is remarkably insensitive both to the exact value
of o and the details of the fragmentation. Varying the coupling con-
stants by + 20%.changes the computed vaiue of <cosB> by about +1%.
Evaluating <cos@> in the elementary model without fragmentation leave
the scalar prediction unchanged and increases the predicted value for
a vector gluon by aboEf %%- :

Another analysis® "' of the gluon spin has been made by the
PLUTO Collaboration. They investigate the x, distribution - i.e. the
distribution of the most energetic jet in p%ree jet events. This dis-
tribution is plotted in Fig. 35 with the gq contribution subtracted.
The prediction for the vector and the scalar case normalized to the
number of events is shown as the solid and the dotted curve respec-
tively. The vector curve fits the data nicely whereas the scalar cur-
ve is clearly disfavoured. However, note that PLUTO consider events
with {1-x,) > 0.05. Removing the last bin would reduce the signifi-
cance of %his fit.

Both the TASSO and the PLUTO conclusions are based on a first
order calculation in %y

V1.3 DETERMINATION OF THE STRONG COUPLING CONSTANT ag

The strong coupling constant a_(s) is directly related to the
number of three jet events. After choosing a minimum angle between
any pair of partons (q, g or g) the QCD cross section (Eq.l17) can
be integrated and normalized to the total e*e” annihilation cross
section. This ratio depends only on a_ and can be compared directly
to the experimental ratio of three je% events to the total number of
hadronic events. In practice the analysis must consider several ef-
fects:
1) The overlap between jets due to the hadronization process and to
fluctuations which might cause a two-jet event to be classified as
a three jet event. These effects are not crucial as long as the mi-
nimum angle between any two partons is large compared to the opening

DA e IR IERL 110 VL VR IR e IR IR E [

LR TR TR E ]
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Fig. 35 - The thrust distribution

They found that o

mentati

of acand P/(P+V) with o

values

observed by PLUTO in three
jet events. The solid line
represents the spin 1 case
and the spin 0 case is
shown_by the dotted Tine.
The qq contribution has
been subtracted.

angle of the jet.

2) The omission of neutrals
in some experiments.

3) Apparent multijet contri-
butions resulting from b-de-
cays.

4) Corrections from higher
order processes in g .
5) QED correctionsb8; in par-
ticular hard photon emission
in the initial state.

These and other effects,
have been taken into account
using the elaborate Monte
Cario routines discussed above.

A first attempt to deter-
mine o_ at PETRA energies was
made by the MARK J group°9
using data taken around 30GeV.
They found, using the Ali et
al. program , o_ = 0.23 +
0.02 + 0.04 wheré + 0.02 1is
the statistical error and
+ 0.04 the systematic uncer-
tainty. A recent analysisi0
based on further data and
which also includes the hard
photon correction omitted in
the first analysis yields
as a preliminary value
ag = 0.19 + 0.02 + 0.04.

The TASSO group deter-
mined’0 o_ from the event dis-
tribution®in the A, S plane.

can be determined almost independentiy of the frag-

on parametérs using events with S > 0.25. In this kinematical
region three jet events dominate and non-perturbative effects are not
important. The events with S > 0.25 were fitted for all allowed values

and o_

as free parameters. This fit gave o
between 0.14 and 0.17 #ith a mean value of (0.16. Therefore

S

ag = 0.16 + 0.04 1is independent of the fragmentation parameters.

The fragmentation parameters were then determined in a further
analysis using events with Tow sphericity S < 0.25. This region
is dominated by two jet events and is insensitive to o« .

Simulganeous fits were made to: 1) The x distribution (x = p /Eb).
ii) The PP out distribution. iii) The charged multiplicity distr?-

bution.

The fits yielded a

P/(P+V)

= 0.57 +0.20, ¢ +
= 0.56 + 0.15 iﬁ agreement with tHe values found®

= 0.32 + 0.04 GeV/c and

eariier

in lepton-hadron and hadron-hadron interactions. The quality of the
fits is shown in Fig.36. Using these parameter values as an input
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S >0.25 resulted in
g = 0.17 + 0.02 + 0.03.
Repeating Ege fit using the model of
Hoyer et al.”", gave

= 0.19 + 0.02.

This is expected since this model only con-
siders two and three jet events whereas the
second order model®9 also considers four jet
events. The effective value of o, in the
first order model must thus be about 10% lar-
gei. However, remember that diagrams W}}h in-
ternal gluon lines have been neglected

The JADE group basically used the proce-
dure 8ut11ned above to determine «_. They
findl % + 0.03 + 0.03 con§1stent
with an 3ar11er determination based on the
planarity distribution.

The PLUTO group used the cluster methodll’64
described above to classify the events as
two, three or four jet events. The value of

to fit the events with

a
S

s. was then determined from the observed jet
distribution. They find o, = 0.15 + 0.03
0.02.

It is clear that tne values for «_ deter-
mined from the three jet events by various
methods are in good agreement with a mean
value o 0.17.

The §a1ue of a_ is related to &, the
strong 1nteract1oﬁ mass scale (see £q.3).

It is still an opgn question

T

MONTE CARLO events $»0.25

T what to use for g¢ in Eq. 82
Maybe the best choice is g
where p“ is the guark-gluon
effective mass squared. The p2
distributions for the TASSO
events with S > 0.25 are plotted
in Fig. 37. Inserting the mean
value <p¢> = 140 Ge¥® into the
expression for as(q ) yields

= (95%52)MeV for o
= 0,17 + 0.02.

~ Including the systematic error

0

100

200

quark- gluon invariant mass} (GeVz}

yields A < 290 MeV.

From deep inelastic lepton
hadron interactions values
A between 100 and 500 MeV are
found.

300
for

square of the quark-
gluon mass as compuated for events with large sphericity.
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VI.4 SOFT GLUON EMISSION

So far we have primarily considered effects due to the emission
of a single hard gluon at Targe angles. However, in the quark-gluon
cascade leading to the final hadron jet most gluons are soft and emit-
ted at small angles. The coupling constant o_ will thus be of order
unity and many diagrams must be summed. It hds been proposed’ < to
relate the parton angular distribution within the cascade to two par-
ticle differential cross section:

3
do _ . 1
Ucaﬂqigfdzafdzb Za "5

d o

. Zb.
where a and b are any two particles emitted in the event with nordfa-
lized momenta z_, z_ (z = p/p m) and an oggning angle of =»-8.

The PLUTO Eo]]gboration RS? determined’< the two particle dif-
ferential cross section for c.m. energies between 9.4 GeV and 31.6GeV.
The data at 9.4 GeV and 31.6 GeV are plotted in Fig. 38 versus 9 for
smail angles - i.e. the particles belong to opposite jets. The dashed

_ (19)

a §

9.4 Gev - 276~ 316 GeV Fig, 38
; ki ] 1/odo/ds measured by PLUTG
OF e 7" plotted versus 8. The dashed
¥ }9;; R and solid curves re t
® * AN i presen
P ; o theoretical fits to the data.
ho S
o
- o1k i B
{a) (b)
0 ;O' (;0' 0* 3IO' 610'
o o 30540
74

curve represents a theoretical fit

The fit

to the data without hadronization.
is based on the QCD leading logarithmic approximation which

is used to evaluate the fragmentation function for a parton a to pro-
duce a parton b. The parameters were determined from the 9.4 GeVY data
and used to predict the cross section at 30 GeV. The trend of the data
1s reproduced by this fit, however, the fit was much improved by
including the hadronization of the partons shown as the solid line.

VI.5 DO QUARKS AND GLUONS FRAGMENT DIFFERENTLY ?
A gluon may fluctuate into pairs of quarks and gluons. Further-
more the ggg coupling is 9/4 times stronger than the qgg coupling
such that gluon emission is expected to be more freguent for gluons
than for quarks. This leads us to expect that a gluon and a quark will
fragment into hadrens differently - the hadron spectrum from a gluon
fragmentation will be softer with a correspondingly higher multipli-
city. 75

Anderson, Gustafson and collaborators have suggested’ ™ studying
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the yields of low-energy particles emitted at iarge angies with respect
to the jet axis. The JADE group has carried out this analysis using
charged and neutral particles. Planar events with 4, - > 0.10 were
divided into a slim jet and a broad jet by the p]ang nor%al to the
thrust axis. The broad jet is then boosted into its own rest systoem
and the particles assigned to the two subjets. The softest jet is
called the gluon jet. Monte Carlo calculations imply that this is true
about 70% of the time and it simply reflects the softness of a
bremsstrahlung spectrum. All the particles are then projected on to
the plane defined by T, thrust axis of the event and T* the thrust
axis of the boosted two jet system. They then plot the particle densi-
ties between the gluon jet and the slim jet and the quark jet and the
s1im jet in terms of normalized angles 6./8 . where 0 is the
opening angle between the gluon jet and the™@fim jet or™fle quark jet
and the slim jet respectively. The data plotted in Fig. 39 show that
the density of tracks is larger by a factor of 2 between the slim jet

———r and the quark jet. The result of a
e Data 30,35GeV Agn@e Cario comput§t1on basgd on
simitar fragmentation functions

5.0 F JADE 4  for quarks and gluons fails to re-

. produce the dip observed in the
particle density distribution bet-
ween the quark and the slim jet,
as shown by the dotted histogram
in Fig. 39. The data, however, can
be reproduced by assuming that the
quark has a narder fragmentation
function than the gluon jet, as
shown by the solid histogram. This
may be a first experimental indi-
cation that quarks and gluons
fragment differently.

070 [ IO N TV WP S S —

Fig. 39 - Angular distribution
of charged particles
between the slim jet
and the gluon jet and
between the slim jet
and the quark jet as
a function of the nor-
malized angles Q/Gmax.
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VII. TWO PHOTON INTERACTIONS
E]ect;gn-positron collisions are also a source of photon-photon
collisions’/® as shown in Fig. 40, where the mass and the energy of the
€ e Fig. 40
Hadron production in
+ - + -
ee »ee X

Hadrons

+ +
€ e 31778

spacelike photon is determined from a measurement of the scattered
tepton. These processes offer a unique opportunity to vary the mass
of the target and the projectile over a wide range from collisions
of two nearly real photons via deep inelastic electron scattering
on a photon target to collisions of two heavy photons.

Experimentally, two photon events are separated from annihilation
events by a cut on the observed energy. The c.m. energy of the yy
system is in general much lower than the available energy, reflecting
the product of two bremsstrahlungsspectra. The background from beam-
gas events is rather low as determined from the number of events which
satisfy the selection criteria but originates outside of the inter-
action point.

VII.1 RESONANCE PRODUCTION

All hadrons with even charge conjugation and spin different from
one can be produced’/ in real vy collisions. - .

+ The MARK II Collaboration at SPEAR has pub]ished78 data on e'e

~ e € n. . They found a clean n' signal in the channel n' + gy which
gave IN' = (5.8 + 1.1) keV with a systematic uncertainty of 20%. With
the meddured branching ratio of BR(n' ~ yy) = (2.0 + 0.3)% this yields
a total width riot = (293 + 76 + 59 gkeV 1n good agreement with the
value of (280 +"100) keV determined’” by D.M.Binnie et al. from the
reaction m p - n'n near threshold.

Events of the type ete™ + ete"t"t™ have been selected by PLUTO
and TASSO at PETRA and by MARK II and the San Diego group at SPEAR
to search for yy production of resonances decaying into pairs of char-
ged hadrons. The effective mass distgabution of untagged two prong
events determined by the PLUTO group®” is plotted in Fig. 41 assuming
the particles to be pions. The data show a broad maximum near 1.2GeV
decreasing steeply towards higher masses. The bulk of the two prong
events results from QED reactions ete” + e'e- (e’e” + uty } with an
amplitude proportional to e%, (In addition there is a small contri—81
bution from ntx~ Born events). This contribution has been evaiuated



and is shown as the solid line in Fig. 41.
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Fig. 41 - Untagged two prong events

Events per 005GV

from PLUTO plotted versus

the pair mass. The solid line
shows the QED contribution.
The difference between the
measured two prong yield and
the QED contribution is shown
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l
50 -

7780 invariant mass (Gev) 1031

It describes all the data
except for an excess near
1.25 GeY. The difference
between the observed dis-
tribution and the QED pre-
diction is a peak near
1.25 GeV as shown in the
insert. It is natural
to associate this peak wath
£0 production since the f°
has a mass of 1.27 GeV and
decays into a 7w pair
33% of the time. A fit to
the data assuming the fO°
to be produced with a he-
11c1t¥ amplitude A = 2 ga-
ve rf (2.3 + 0.5 + 0.35)
keV YYther‘e the first error
is statistical and the se-
cond systematic.

The two prong mT§38915ﬂ
tribution obtained
TASSO with the QED contri-
bution subtracted is plotted
in Fig. 42. The data show
a clear peak at 1.25 GeV
which yie1$8 a preliminary
value of T (4.1 + 0.4
+ 0.6) keVWfor p = 2, barely
consistent with the PLUTO
vajue.

Fig. 42

Untagged two prong events
from TASSO plotted ver-
sus the pair mass with
the QED background sub-
tracted. The data are pre-
iiminary.
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Preliminary data83 from MARK II are shown in Fig. 43 where the
number of untagged two prong events is plotted versus the the pair
mass. The QED contribution has been subtracted. Again a clear
enhancement 1s seen at a mass around 1.2 GeV. However, the enhance-
ment is not well fit by a single Breit-Wigner resonance and hence no
value is quoted for the radiative width.

Fig. 43
T T T ' T T T T T Untagged two prong
' MARK I Background Subtracted . events from
F Preliminary . ee—~ee+ 2 prongs - MARK II Collabo-
L } S (980) } 101270) = ration at SPEAR
2 S0 - QED Fit —  plotted versyg
i C™ Region J  the pair mass
X _ + \* 4 with the QED back-
5 + Hﬁ | ground subtracted.
$ H + ﬂ{ +ff\ & | The data are pre-
n . o }ﬁ ﬁt ]iminary.
= 0 fH** } # :ﬁfﬂiﬁfﬁ. &
c { -
-50 I 1 ! [ 1 1 1 i [ L ]
0.7 1.0 15

Man  (GeV) 30486

The San Diego group84 using tagged events found 21 events above
the QED background centered around the f mass. Assigning these events
to ete” > ete™ fO yields rf° = 9.5 + 3.9 + 2.4 keV assuming 2 = 2.

+-—YY+-00

VII.Z OBSERVATION OF ee - f e g P

The TASSO group reports!4:85 results on v v + 0%°. The ¢%° cross
section was extracted from the data by selecting neutral, four prong
events with the sum of the transverse momentum with respect to the
beam axis Tess than 0.15 GeV. The invariant Yy mass was required to be
between 1.5 and 2.3 GeV. This results in 89 events, with a negligibie
background from beam gas events. They estimate one event from one
photon annihilation and 15 events from events containing additional
unobserved particles.

The cross section for yy + p%:° is plotted in Fig. 44 versus the
c.m. energy of the yy-system. The cross section peaks strongly near
threshold and drops rapidly with energy in disagreement with a simple
V.D.M. asymptotic prediction. However close to threshold nonasymptotic
effects are expected to be important

VII.3 HADRON PRODUCTION WITH REAL PHOTONS

The ampé%tﬂde for yy = hadrons wé}] presumably contain both the
hadronlike™” piece and the pointlike piece shown in Fig. 45. In the
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x Tne hadronlike and the point-
< 1ike contribution to
vy = hadrons
VDM
S
G EEEEE LS [ L hadronic piece the photons convert
13 20 25  into vector mesons which subseguent-

Wyy  (Gev) 30402 ly interact producting a final
: _ - state similar to that produced in
Fig. 44 +CEOSS iegtgog for hadron hadron collisions, where
ee »E&E€Dp P the secondary hadrons tend to be
measured by TASSO. produced with lTow transverse mo-
iy - menta with respect to the beam
g;eggztégitéz ??22” axis. In addition, however, the
' photon has a pointlike piece where
the photon couples directly to a quark pair initiating a hard scat-
tering process. In this case the secondary hadrons will appear in
two jets of hadrons distributed roughly as 1/pT with respect to the
beam axis.
The total cross section for yy - hadrons can be estimated from
the imaginary part of the elastic scattering amplitude to

An asymptotic VDM

7.
G(YY > hadrons) = 240 nb + 270 nb GeV n C anGeV (20)
W W

The first term results from Pomgeron exchange and was estimated from
factorization o o= (g _)°. The second term involves f and A2
exchange and ledds toPR cros¥Psection which decreases as 1/W where
W is the energyof the hadronic systﬁm. The pointlike contribution 1is
expected to decrease roughly as 1/W™. 13

The total hadronic cross section has been measured™™ both by
the PLUTO and the TASSO Collaboration. Both groups collected data
by detecting only cne of the electrons leaving the other untagged.
The total energy W of the produced hadron system was estimated from
energy W . observed in the detector. Only charged particlies were
observed”1R TASSQ whereas PLUTO also Qeasured photons. The observed
cross sections were extrapolated to Q° = 0 using the p-propagator:
(W) (QZ) | mg - (21)
T =g W, . —_—
YY l mg N QZ J

Note that this simple Ansatz violates sca%ing andzis not valid
in electroproduction at large values of Q°. The Q" dependence of
the total cross section is shown in Fig. 46 together with the
p-propagator fit.
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The cross sections extrapolated to Q2 = 0 are plotted versus W
in Fig. 47. The VDM contribution is also shown as the dotted line.
Note that the TASSO data are preliminary.
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In addition to the statis-
tical errors indicated by the
bands, there are systematic
errors of 15% and 25% for the

PLUTO and the TASSO data res-

pectively.
Fig. 47 - The total cross section
H for ¥y + hadrons plot-
ted versus the mass of the
produced hadron system.
Note that the TASSO data
are preliminary and that
N only statistical errors
are shown, '
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The data from the two groups are marginally consistent within
the errors. However, the PLUTO cross section clearly decreases
Steeper with enerqy than the TASSO cross section does:

A best fit to the PLUTO data gives:

2
o= A (240 np + 270 nb GeV, B nb GeV

YY : W HZ

(22)

A=0.97 +0.16 and B = 2250 + 500
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whereas the TASSO data are fit by

g = 380 nb +
YY

520 nb -

GeV

W

Although, the PLUTO data might suggest the presence of
a pointlike term they clearly do not yet prove it. The pointiike con-

tribution might show up more clear

(23)

1y in the transverse momentum dis-

tribution of the hadrons at large values of p; were the hadron-1like

contribution has disappeared.
The transverse momentum distribution measure

ted in Fig. 48 versus pg

d by PLUTO is plot-

. The spectrum drops rapidly at small values
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Fig. 48 - Number of 31702

tracks plotted versus
the square of the
transverse momentum
with respect to the
beam axis. The solid
curve is a prediction
based on yy -~ qq ~
hadrons with q =u,d,
s, ¢ quarks.

Fig. 49 - Candidate for
vy + gq - hadrons ob-
served by PLUTO.

of p

and flattens at large values of

pl where indeed the slope is consistent
thh 1/p4 as expected for the hard com-

ponent.
contribution

he solid line represents the
from the pointlike diagram.

A candidate for a hard scattering
event obtained by PLUTO is shown in
Fig. 49. When viewed along the beam
direction the event appears as two

collinear jet of hadrons. When viewed
transverse to the beam direction the
event is seen to have a unbalanced lon-
gitudinal momenta as expected for a

vy event.

The PLUTO group has determined the
two jet axes in such an event by maxi-
mizing the thrust of the event using
two independent axes. It is interesting
to note 88 that the mean py of the ha-
drons computed with respect to these

axes is 300 Mev.
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The properties of these events are strongly suggestive of a
pointlike production mechanism . However, it should be remembered
that ordinary one photon annihilation events with radiation in the
initial state could Tead to events with the same topology. This me-
chanism , however, can be excluded if the electron is tagged on the
same side as the direction of the longitudinal momentum vector of
the jets. The PLUTO group finds the expected number of 2-jet events
with the tagged electron on the same side as the momentum vector,
appearantly excluding this background source.

VII.4 ELECTRON SCATTERING ON A PHOTON TARGET

The PLUTO Collaboration reportsl3 the first data on deep inglastic
electron-photon scattering. These data were collected by tagging one
electron at scattering angles between 70 ?rad and 250 mrag corres-
ponding to values of Q2 between 1 (GeV/c)“ and 15 {GeV/c¢)® with a
mean value of 5 (GeV/c)“. The second electron was not detected yiel-
ding a nearly real target photon. A total of 120 multihadron events
with this electron topology were observed.

Deep inelastic electron-photon scatterin989 as shown in Fig.50
can bezparametrized in terms of three structure functions.

Fo(x,Q%) and F (xin) corresponds to the longitudinal and to the

t ansversezpolgrisation vector of the virtual photon respectively

and F,(x,Q07) to the transverse polgris ti%p vector of the target pho-
ton ih the scattering p%ane. x-= Q% (Q<+i¢) and W is the mass of the
hadronic system. F,(x,Q¢) will average to zego since the scattering
plane was not dete?gined. Furthermore Fp(x,Q°) is expected to be
smaller than F,(x,Q°) and the PLUTO group therefore analyze their
data in terms of Fz(x,Qz) only.

Both the hadronléke part and the pointlike part of the photon
contributes to F2£x30 ) as indicated in Fig. 50b,c. In the hadron-
like part the photon transforms into a vector meson and the virtual
photon interacts with the quarks in the vector meson. This contri-
bution cannot be calculated from first principles but it will have

< an x dependence similar to
e o that observed in the struc-
ture functign of the pion
ppones i.e, Fo(x,Q )VDM v (1-x)Crtep

In(1n 62) and ! M;just 1ike
lepton-hadron interactiong,

{a)
. ; only its evolution with Q
:::;;;é;;;; ) is predicted in QCD. The
y 4 +-- pointlike piece (50c) can be
" y v ® calculated to all orders in
glu") g
() ) (d)

a perturbation theory. The
Towest order calculation gi-
Fig. 50 - Diagrams contributing ves:

to ey - e'hadrons.

(¢

Fz(x,Qz)point - & : e? x(Z + (1-x)2) - 1n Q%/a2.  (28)
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The pointlike contribution leads to a structure function which peaks
at large values of x, whereas the VDM piece leads to a structure
function which is large at small x and disappears at large x. The
lowest order pointlike contribution is indeed proportional to the QED
process ete”™ » ete” ptu~. ,

Higher order QCD corrections (Fig. 50d), including the emission
of soft gluons, will soften the Born spectrum by depleting the densi-
ty of fast quarks and enchancing the density of slow quarks.

The values for (1/a)F,(x), extracted from the hadron data, are
plotted in Fig. 5la versus x and compared to the formfactor observed
in the QED process e*e™ - ete” (e*e™ + u'u") (Fig. 51b). Both struc-
ture functions peak at large x demonstrating the existence of the
pointlike piece. The Born prediction, shown as the solid curve, fol-
lows the general trend of the data quite well. 2

The evoluation of the formfactor with increasing Q will
make it possible to determine A with good precision in a high sta-
tistics experiment. The simplicity of the target, with no finite mass
effects and no higher twist effects caused by a premordial p; dis-
tribution, makes it possible to determine A without the systgmatic
uncertainties which have beset the determination in deep inelastic
lepton=hadron processes. In particular it mayzbezpossible to use data
in a Q¢ range such that the variation in In Q5/A° are still quite lar-

ge.
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DISCUSSIONS

Q.E.L.Berger (Argonne)

Do you have any information on the energy dependence of the very
interesting back-to-back charge correlation which you showed ? )
Is it growing or falling with Q27 It could be an inverse power 1/0Q
higher twist effect.

A. At present only the high energy data have sufficient statistics to
establish the charge correlation effect.

Q. B.Barnett (John Hopkins Univ.) _
In your charge correlation data, have you taken into account the
fact that once you have chosen a positive particle there is an extra
_negative particle somewhere due to charge conservation. This effect
will give an apparent correlation about the size you see, and, there-
fore your claim of seeing a positive effect is probably premature.

A. May be I didn't make myself clear. What we do is to pick a charge at
a certain y. The remaining event is then of course oppositly charged
and the question which we try to answer is how this compensating
charge is distributed as a function of rapidity. If you pick the test
particle at y ~ 0, then also the compensating charge is centered

at y = 0. If the test particle has a large value of y then a signifi-
cant part of the charge compensation is done by particles far removed
in rapidity - i.e. they belong to the opposite jet.

Q. D.S.Narayan (Tata Institute, India)

1) Comment on oblateness events: At 12 GeV, Monte Carlo produces
planar events in agreement with expectations. These planar events
in Monte-Carlo are planar due to fluctuations. The fluctuations
depend on the input parameters in the Monte Carlo. At 30 GeV, the
Monte Carlo does not give adequate number of events. Does this show
the existence of the gluon ? Or may be the inputs on the Monte Carlo
are unrealistic.
2) Comment on charge correlation. Charge correlation (+, -) of the
fastest particles on the opposite sides is partly kinematical
since that charge = 0. An more appropriate thing to do is to look to
the charge correlations of the fastest and next to fastest particles
on the same side. In deep inelastic scattering, the uncorrelated
Monte Carlo explains the data well but the parametrization of Feyn-
man and Field give the wrong trend.

A.j)Indeed the data at low energeis can be well fit in terms of

e'e” - qq and this can be used to determine the parameters for the
quark fragmentation. This is not possible at high energies. The qq
model cannot reproduce the observed final state for any

values of the parameters in the Monte Carlo program. However, the
data are very naturally explained as gluon bremsstrahlung with only
a single new parameter o the strength of the coupling between a
guark and a gluon.

2) See the answer given to Prof. Barnett.
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Q. N.K.Yamdagni (Univ. of Stockholm, Sweden)

In view of fact the fraction of energy going to charged partic-
les is varying significantly, perhaps the average charged multipli-
city should be given as a function of the fraction of energy going
in the charged mode.

Q. V.LUth (SLAC)

How do you separate the untagged 2 jet events from 2y inter-
action from background due to initial state radiation. How big is
this background ? How do you measure the contribution ?

A. This is indeed one of the problems since radiation_in the initial
state will lead to the same topology as ete”™ - ete”™ qq events. How-
ever this contribution can be computed and subtracted and the PLYTO
group claim it is a small contribution. A collinear

two jet events where an electron 1is tagged on the same side as the
direction of the momentum vector of the two jets cannot result from
radiation in the initial state. PLUTO claim to find the correct num-
ber of such events.

Q. A.Roussarie (SLAC)

About the yy production of mm resonances. We are not gquoting
a 1imit on the partial width TfO+yy because as you have shown the
7 mass spectrum is not compatible with only f production. We think
that we subtract the continuum in a better way than in PETRA because
our spectrum begins at 0.6 GeV of mass and the PETRA spectrum due to
the trigger begins only at 1 GeV. They may have acceptance problems.

A. Being able to measure down to 0.6 GeV 1is clearly an advantage.
However, the DESY group do have a few points below the f mass and
these observed cross sections can be explained by QED production

only.
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