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I.
INTRODUCTION

Electron-positron colliding rings were first proposed(l) in 1957 and
they have grown in the short time span of some 20 years from small

(2)

table top devices into large machines several kilometers in circum-—
ference. Indeed LEP - the proposed electron~positron colliding beam
machine at CERN with its circumference of 30.4 km -~ will cover more
real estate than any other accelerator in the world. This growth has
of course been fueled by the physics results obtained(B) at these ma-
chines and it might be useful. to revisit the recent past before re-

viewing the results obtained in the past few years.

, . . . + - ) ' .
_The motivation behind the first e e machines was the desire to
test QED in a clean environment free from strong interaction

effects. The first result, a measurement of the cross section for

(4)

Mbller scattering e e ¢-eme-, was published in 1966 by a Prince-—
ton—-Stanford Collaboration and it confirmed the QED theory down to
distances of about 10'1ﬁ cm. However, soon hadron production via

the one photon annihilation channel became of primary interst, Unlike
hadron-hadron collisions the annihilation channel leads to a well
.defined intermediate state with the quantum numbers of the photon

—~ 1i.e. the timelike photon couples directly to resonances with these
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quantum numbers. The storage rings at Orsay and Novosibirsk
found that the annihilation cross section up to 1 GeV is dominated by
the production of the p, w and ¢ vector mesons, A wealth of informa-

(5)

tion on various decay modes and coupling constants has come from this

work. The total cross section measurements were extended to higher

(6)

energies at Adone. They found a rather large cross section decreasing
as 1/s where s is the ¢.m. energy squared. These features could be un-—
derstood if the photon couples directly to the pointlike constituents
observed in deep inelastic electron—proton collisions. However, scat-
tered data points obtained at CEA(7) and at SPEAR(8) at still higher
energies showed a surprisingly weak energy dependence - in fact the da-
ta were consistent with a constant cross section.

The first step towards the solution of this problem was the discovery

at BNL(Q) and at SPEAR(lo) of the J/¢¥, a new narrow 1” state with a
mass of 3.1 GeV. Within a few months related 1  states were discovered(ll)
and the total cross section was found Eo exhibit a step with a complex
structure around 4 GeV. Related states with the quantum numbers different
from those of a photon were found at DORIS(IZ) dnd at SPEAR(IBD in the
radiative decays of the ¢'.

These observations could be explained by introducing a new heavy

(]4). T

quark Q and interpreting the new states as bound Qa states he most

natural choice for Q is to identify it with the charmed quark ¢, ori-
ginally proposed(ls) to achieve symmetry between leptons and quarks and
later to explain(]6) the absence of strangeness changing neutral cur-
rents. Verification of the charm model required the existence of states
with open charm i.e. cq (cq) states resulting from combining a charm
quark with a light quark. The Do(cﬁ) and D+(c3)states were found at
SPEAR(17) while DORIS(IS) has produced evidence for the F+(c§) state.

In 1975 a new generation of fermions was introduced by the discovery(lg)
at SPEAR of a new lepton, the t with a mass around 1.8 GeV. Like the
electron and the muon, the tau seems to have its own lépton number and
its own neutrino. A doublet of new quarks therefore was needed to re-
,sto£e the lepton quark symmetry. The first evidence for a new quark came
from FNAL. They observed(zo) narrow states — the T states — in the e+e—
mass spectrum produced in proton nucleus collisions. The DORIS energy.

was subsequently increased such that the two first T states could be
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(21) (22)

observed . These and further data showed that the new states

were | states made of a new quark b of charge /3 e. The total cross

(23) to higher energies at the Cornell sto-

section data were extended
rage ring CESR. They observed two additional T{l ) states and found the
heaviest of these states to be above bb threshold. Perhaps the most ex—
citing aspects of the T family is the opportunity it offers to study

the strong forces acting between two quarks. At present we believe the-
se forces to be mediated by gluons, the quanta of quantum chromodyna-
mics(za) (QCD). Indeed, the hadronic decays of the T observed at DO-

ris (%)

ted in QCD. The level spacing, the electronic widths of the cc and the

are consistent with the 3 gluon intermediate states as predic-

bb states can be reproduced(26) with the wave functions computed from

]

simple flavour independent potentials.

(27-30) in e+e_ annihilation proceeds in the naive

Hadron production
quark-parton model by quark pairproduction resulting in two collinear
jets of hadrons with small and maybe constant momentum transverse and
large and growing momenta along the jet axis. First evidence for a jet-—
like behaviour(3‘) was found at SPEAR and the jets are directly visible .
at PETRA energies.In any field theory of strong interactions including
QCD the produced quark will radiate gluons which are expected to mater-
ialize as a jet of hadrons in the final state. In a fraction of the
events the gluon will be radiated at an angle which is large compared
to the angular spread of the hadrons in a jet leading to planar events
with three well separated hadron jets. Such events have been observed(33—36)
at PETRA at a rate which is much above the rate expected from statisti-
cal. fluctuations of two jet events. Detailed measurements have shown
that the-properties of these events, including the spin one nature of the

gluon jet, are consistent with the QCD predictions.

/ 2.
ELECTROWEAK REACTIONS

The Feynman graphs for Bhabha scattering, lepton pair production and
two photon annihilation are shown in Fig. 1. Effects caused by the in-
terference of the weak and the electromagnetic currents start to become

visible at the highest energies now available at PETRA and we will re-
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turn to these effects after a brief discussion on the experimental
QED limits. '

ete w gte-

Fig. 1
e
I I Feynman graphs for
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2.1 Test of QED

3,84k

The QED predictions are based on the validity of the Maxwell equations
and on the assumption that leptons are pointlike objects without ex-
cited states. The reactions above make it possible to test these as-—
sumptions at very small distances in a clean enviromment with only
small corrections due to strong interactions.

The standard procedure used to compare data with the QED predictions
can be summarized as follows:
1) Weak effects are neglected.

(37)

2} The measured cross section dooldﬂ is corrected for radiative

effects GR and effects due to the hadronic vacuum polarization SH.

dcc doo
—_ = — (1 + g+ 8 )- (1)

an an H

3) The corrected cross section is compared to the QED predicted cross

(38)

section and deviations are parametrized in terms of form factors.
The formfactors used for Bhabha scattering and lepton pair production

can be written as?
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2 -
Fa) =1 g R =1 @

where FS and Ft are respectively the formfactors for spacelike and

timelike momentum transfer squared.

T (39)

The reaction e € -+ yy 1s modified by a form factor of the type
2
F(a?) ~ 1+ q'/at (3)
Exchange of a heavy electronlike lepton would modify(ao) the cross
sections as
2 4 . 2
F(s) ~ 1+ (s7/2A") sin"® (4)

where A is the mass of the heavy lepton.

(41,42)

All groups working at PETRA have data on these reactions and

some typical results are shown in Figs., 2 - 5,
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| 0W=3076eV D:I LINEL S S B ll]l:;15;|1rw
© W=35.2 Gev - ete - P+P— 3
3 - m
0’ ¢ R JADE ]
) C - A=%100 Gev r MARK J A
& - PLUTO
o - e 3
2 vt 4 £t =100 GeV -
c = j o Fr
3 a 1
3 - 1 ok
[Ta} - o -
0 E - L i
E E 001 Lt | I Y T N SN TR W N W A W O
% 1 o 10 20 30 «0
= - Vs (GeVY) 20471
\ 1 1 L ] y <8 ! )
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cos & G13557 The total cross section for
+ - + -
Fig. 2 e e +uu measured by JADE,

MARK J, PLUTO and TASSC plot-

ted versus c.m. energy.

The cross section s-do/dQ for
ete ve e measured by TASSO between

12.0 and 35.2 GeV in c.m.
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The cross section s dc/dQ(e+e- -+ e+e_) measured by the TASSO Colla-
boration 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 indicates the limits corres-
ponding to a cut off parameter A = 100 GeV,

The total cross section for e+e_ - p+u— 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 dotted curves corresponding to a cutoff parameter A

of 100 GeV.

L -1 T T I '[ T i T L] é
L e+e-,_,_'Y'Y 104 ] : ] l _
i _ - ete w1ty :
- 1 MARK J 1
100 - 3 A PLUTO
— - Y = 0" &= o TASSO
P AN R =
(t_lr; L A =40 Ge\% QED 4 2 r .
. = / ’l,// -1 — - -t
s [ LF 1 -
V= 2
o] 1 ,"ql i 10 mag =3
Sl E E
; o [ B
v 0 v JADE - 3
- A PLUTO A -
L 12=vE =316 GeV ] w0 : L .
[ 12=Vs =160 ] 0 10 20 30 40
9 4 . Vs (GeV) 30474
Pig. 4
0 [ NN R U NS S VUNE S | .
0 05 10 The total cross section for
cos O 0457 ete” » v r measured by MARK J,
PLUTO and TASSO plotted versus
Fig. b e.m. energy.

The cross section g do/dS for

ete” + vy measured by JADE and
PLUTO plotted versus cosé.

) + - + - '
The total cross section for e e -+ T t , measured by MARK J, PLUTO
and TASSO, is plotted in Fig.4 versus c.m. energy. This reaction has a
very distinct signature at high energies and is easily separated from

multihadron reactions. Again the data are in good agreement with the
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QED prediction shown as the solid curve.

The angular distribution for s do/dQ (e+e_ + yvy) 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.

All data are in agreement with QED and the limits on A
are summarized in Table 1.

From this table we conclude the leptons are indeed pointlike down

to distances of about 2 x 10-.]6 cm. Furthermore there is no evidence

for a charged electronlike lepton.
Table 1 =~ Limits on A, tn GeV

JADE MARK J PLUTO TASSO

A, 112 91 80 150
A 106 142 234 135
+ - + -
e ¢ +uy
A, 137 123 116 80
A_ 96 142 101 118
1 - + -
¢e e FTT
A - 76 74 115
+ .
A - 154 65 76
ete” vy F(a®) = 1 « <i4/f\f:
A - 44 46 -
+
A - 34 36 -

heavy electron A*
47 55 46 34
44 38 - 42

2.2 Electroweak effects

The interference between the electromagnetic and the neutral weak
current(43) 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-
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sent PETRA and PEP energies these effects can be written(aa) as:
G 2s - g2 G sz(g2 + gz)Z
AR = ( —— ) b () ? b L (5)
2eV/2 e, (s/mz—l) 2-V2 g (S/mZ -1
G s-m2 m2 - 8
F-B 3 F z 2 ' -4 2 2
A = =2 g, = 2.7 x 10 ——= g (6)
F
e B4 V2 -m s—mi A s - mz A

lere F and B denotes the number of negative muons (taus) in the for-
ward, respectively in the backward hemisphere. In the standard mo-

del(43) with sin29w = 0.23, m = 89 GeV, gy = —1/2(]—4sin29w)=—0.04

and By = -1/2 where 8y and &y denote the vector and the axial
ved tor coupling of the neutral current to a pair of charged leptons.
A« 5 o= 1000 GeV2 this leads to AR = (©.002 and Auu = -0.076.

the change in AR cannot be observed at present energies whereas a
- asurement of the asymmetry is within reach.
(41

The asymmetry data obtained by the various PETRA groups are

Listed below:

. Group JADE MARK J PLUTO TASSO

AUH(Z) -8 + 9 0+ 9 7 + 10 P+ 12

The systematic uncertainties are quite small and the data from the
various groups can therefore be combined. The combined angular distri-
bution is plotted in Fig. 6 and it yields <Auu> = =(0.9 + 4.9)7% to be
compared to the predicted value of -67 including acceptance corrections.

‘ B . e . . ]_l
Auu| < 9% i.e. g, + g, < 0.375

compared to the standard model value of 0.25.
(45)

The 957 upper confidence limit is

The relative deviation of the Bhabha cross section due to weak

effects, is plotted in Fig. 7 versus scattering angle for various va-

les of m, . Also indicated are the deviations expected for a cut off

. ] + +
parameter A of 250 GeV. It is clear that weak effects ine e > e e
cannot be parametrized in terms of A and they should be included in the

theoretical cross section before extracting a value for A.
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1%
_— ] + - + - Fig. &
o ee——
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—

plotted versus the

AdcldobED

seattering angle for
various values of m.

The dashed curves show

the deviations expected

for a cut off parame-—
cos © SLAUT top oFf 250 GeV.

The deviation of Bhabha scattering from the lowest order QED pre-—

(46)

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%ﬁ = 0,25, 0.01 and 0.55 respectively. Only the

W
. 0 a . . .
cross section between O and 90  is measured since they do not determine

charge. The data favours sinzew = 0.25, however, better data at
higher energies are needed to set stringent limits on sinz(-)W from this
reaction.

. + - + + = + -
Using the standard model the data one e =+ ee , ee -y pu have

been used to extract values on sinzew. The results are listed in Table 2.
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T T T T
(5 ete- —ete- - Fig. 8
§ DATA The difference between the
of  29.9 </s < 35.8Gev 1 moasured cross section for
e +e'e and the QED pre~
diction plotted versus the
scattering angle 6. Pre-
dictions based on the stan-—
dard model with sinzeﬁ =
0.55, 0.01 and 0.25 are
shown in the dashed, the

J dashed-dotted and the solid
) eurve respectively. The data

are from MARK J.

5 1%)]

) i L I
o 02 04 086 08 10

cos & 31835
Table 2 — Results on sinzew
Group Limits on sin29w
lower upper sin26w
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

It is clear that the present data from e+e- interactions on neutral
currents do not yet compete with the values obtained in neutrino in-
teractions. However, they are the only data which test the theory at
high values of Q2 and they are also the only data which yield infor-
mation on the neutral weak coupling to muons and taus.
1t is possible(47’48)t0 construct gauge models which reproduce the
low energy data but have a richer spectrum of vector bosons. In such

nodels gé = 1/4 (i-4 sinzew)2 +4 C and gy°8, and gi remain unchanged.
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JADE and MARK J have determined(41’46’49) the limits on C from mea-

surements of Bhabha scattering and muon pair production. They find with
957 confidence:!

JADE -0.059 < C < 0.033

MARK J -0.097 < C < 0Q.027 .

There are various ways to realize such models. For example SU(2) x
U(1) x U,(])(SO) will have only one charged but two neutral vector bo-—
sons. In this case

C = cos46w (mi/m? -1 (- mi/m%) (7
here m is the mass of the z° in SU(2) x U(1) and m and m, are the mas-
ses of two neutral bosons in the extended model.

It is also possible to construct a model with SU(2) x SU'(2) x
U(l)(sl). Such a model will have two charged and two neutral vector bo-
sons, and in this case the c0346w factor is replaced by sin ew.

The limit on C can therefore be translated into limits on m, and'm2

using the expressions given above. The results are plotted in Fig. 9.

200 )
1 mym, limits ; ! Fig. 9
from JADE dat N
180: éobTARK I dgtg ‘(‘é:g'g;";]‘ i ! Limits on the mass of
160 4 Baraer P! deGroot 1 neutral vector bosons.
o B et ‘J’ etal _....%
L 140 G=sUT2)f | !
& i 3
~ 120- &S por §
& . _,.-“',-" G=UTt )f
100‘ ,--"-"'-"l"' *___‘__‘,_..»/‘.
80 T T T T T Y T T T
0O 10 20 30 40 50 60 70 8C 90
m,  (GeV/c?)
31780
/ 3.

THE TAU AND SEARCH FOR NEW LEPTONS

3.1 The tau

Leptons are pair produced with the point crosssection

2 2
6 = zHTSa 8(3 . g ) , B = PL/E (8)
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and decay either leptonically L -+ v sz or semihadronically

L - v hadrons. This leads to rather distinect final states like:

+ - + * . .
a) e e - e’ y + neutrinos. The muon and the electron are in general

acollinear and the total energy visible in the event is much less than

the available c.m. energy.

b) e+e_ > e; (uI) + (hadrons)t + neutrinos. In this final state the
electron (muon) is recoiling against a low multiplicity hadron jet.The
electron (muon) and the jet axis are in general acollinear and some of
the available energy is carried off by neutrinos.

The first evidence for a new lepton, presented by M.Perl and his

(193 + +

Collaborators , Was based on the observation of e e -+ e*y” + nothing.

This discovery was confirmed by many groups, in particular the DASP Col-

(52)

laboration observed t-production below charm threshold excluding

charm as the source for the v signal.

(

threshold is shown in Fig. 10. Plotted is

+ - + -
A recent measurement >3) by the DELCO group of e @ - T t near

+ - %
g(e'e +~e + x* + > 0 photons)

R2P(all) = =
i uu

as a function of energy in the threshold region together with the theo-
retical cross section for point particles with J = 1/2, 1 and 3/2. Only

J = 1/2 curve fits the data, i.e. a lepton is defined by the production
cross section - the rapid rise near threshold is characteristic for pair-
production of a fermion, the 1/s dependence of the cross section at high
energies shows that the particle is pointlike and the magnitude of the

cross section si proportional to the charge squared.The rapid rise of the

LI AN St S S B P
015 + Spinl .7
Charm .
— Threshold .
gy . Fig. 10
S 010 1 Spin1/2 1 e
s The ratio R = =
s _ olete + e*xF, 2 £ e )/«;fm_I
(l05 _--—-""T_’q+ as measuved by the DELCO Col-
Spin0 laboration.

36 38 40 42 44
Ecm(GEV)
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cross scetion near threshold can be used to determine the mass ot thoe .

The must precise determination, based on the data shown in Fig. 10
3
4
The lepton gpectrumin the leptonic decays of the T can be used to

) + A . .
yield mT = 1782 _; MeV/c¢™ in agreement with earlier data from DORIS.
determine the space time structure of the current, If only vector (V)
and axialvector (A) type couplings are considered, then the Hamiltonian
for 7 v, e;e is of the form(SA)
G, _ _ -

I, = —- - - o + - - g
et 3 W v (v ) (bog v (Bryg) + gy (I=vg) © ¥vo) (9)
where g (¢_) are the coupling strengths for y+A (V-A) coupling. In the
1 rest system the shape of the lepton spectrum can be expressed in terms

of the lepton momentum p and energy E and the maximum energy Emax as:

z 2
dgié) ~vo27{ 09 (1-2) + 2p (4z - 3)} {(10)
with z = E/qux' Radiative corrections and terms of order me/m'r have been

neglected. The shape of the spectrum is then determined by the Michel

parameter p defined as: 2

3
P=F ™2 3 (o

The electron momentum spectrum for 1 > vTe Vg measured by the DELCO

(55

group ) is plotted in Fig. 11. The dotted curve represents a V+A spec-

trum, the V-A spectrum is shown by the solidcurve, A fit to the data as-

80 T T 7 1 ©T T 1
5 —V-A Fig. 11
s —-——V+A Electron momentum spectrumn
60 - from © > v_ e;e in
o 8 e 17 candidate eventic
uzJ L0+ as measured by the DELCO
L,>_, Collaboration. The solid and

dashed curves represent the
spectra expected for V-A and

V+é couprlings at the v_T

0 PR SRS TR S WU NN T T v verter,
9] 0.2 0. 08 08 0O
2=E/Eq

2.12.80 32064
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suming a massless neutrino gave p = 0.72 + 0,10 compared to p = 0.75
for V-A and p = O for V+A. Pure vector or axial vector coupling gives
p = 3/8. A V+A interaction is thus excluded and a pure A or V inter-
action is rather unlikely. An upper limit of moo < 250 MeV is obtained

from a V-A fit to the spectrum.

The tau decay modes are shown schematically in Fig. 12a and b. The
theoretical branching ratios(56) and data are listed in Table 3 for

some selected decay modes.

T Fig. 12
o= e L a,b) The graphs for leptonic
\ Vo, 9, and semihadronic decays
Vi _ of a heavy sequential
R S w :  lepton
"(\\ a 5 ¢,d) The relationship between
a s n'Guu and T -+ GTw-.

~c0s8, ~sin@,

1- *//ﬂ; "
C il LTI RV O C it o e PP

9 afy.cos e,

w w"
o ————ey

Afy-Cos e, g [Ty

The leptonic decay modes of the T can, within the standard model,
be uvnambigously predicted 2 5
GF . mT

(12)
192 o2

Pe(r - v, eve) = 0.973 Fp(r -+ v, Y ) =

with G, = 10“5/m§(c_;evz).
In the conventional theory, semihadronic decays will yield final sta-

tes of low multiplicity and a small ratio of strange to non strange par-—

ticles. Some of the decay widths can be predicted with little ambiguity.

The decay t v tests the axial current and is directly rela-

ted to © » ;uu as shown in Fig.l2c, d. Similarily 7 > vTK is directly

related to K »—;uu. The decay T - va tests the vector current and is
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related to c+e_ > uo using CVC. Indeed this hypothesis relates all e
cay modes 1 + v (nx} to ete o+ ny where 0 is an aeven number, The bran-
ching ratio of some of these modes are listed in Table 3 and compared
to the predicted values. The agreement is very good.
In the conventional model rhe decay into final states containing

strange particles should be supressed. The DASP group found(sy) the

ratio
+ - + - R '
glee » 710 +»e” K + >0 photons)
= 0.07 + 0.06
4~ + - [ -
ofe ¢ o~ e w o+ 20 photons

consistent with this prediction. The MARK 11 Collaboration has measurcd
. . . . x .

this suppression factor directly by comparing 1 -+ vTK (890) with

T va. According to the standard model

B(T > v k* (890))

2
= 0.93 tg 6 = 0.05
B{t - v p) '
where 0.93 is a small phase space correction factor and ec the Cabbibo
angle.
(58)
Data on T - v_ p have been reported by the DASP group ' and by

-+
the MARK II(SQ) Collaboration. The = u° invariant mass spectrum mea-

+ - - . ;
sured by the MARK II Collaboration ine e —+ © 1" candidate events is
shown in Fig. 13. This yield B(1 - va) = 21.6 + 1.8 + 3.27 consistent

with the old DASP value B(t ~ va) = 24 + 97%.

The MARK II Collaboration has measured(60) T+ vLK*(SQO) using the

T - + - - < o] ¥ .
decay sequence e e -+ T v +e {(y ) + (KS +7 F) + neutrinos, where the

MARK I

(zé SRS U IS B BP0 S0 B8 0 B0 1 B B B B0 w2 0 Fig, 13
Eg é E The w x°mass spectrwn in
gg 60 E g '™ + 11 candidate everto
o L0 f:'_ _*: measwred by the MARK I7
a% - E Collaboration.
E2F 3
L - 3
ﬁj (14 oo ety ]
0 05 10 15 20

Mintn®) Gev/cZ
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Kz state is reconstructed from Kz - n+w—. The K:nt mass spectrum from

the candidate events plotted in Fig. 14 shows a clear peak at the mass

of the K¥(890). The branching ratio after corrections is B(r1 +.vTKx(890))
= 1.7 + 0.77. This yields

B(T + v_K (890))
- T, = 0,085 + 0.038

B(T =+ vt o)

in agreement with the predicted wvalue of 0.05.
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Table 3 =~ Seleeted decay modes
Decay mode Theoretical B.R. Experimental(6l)B.R._
Z Z

vote +v 17.6 (17.5 + 1.2)
Vo +_u + vp 17.2 (17.1 + 1.2)
v 10.5 (9.1 +1.1)
v K 0.66 < 1.6
Vo P 21.5 (21.6 + 1.8 + 3.2)
v K*(890) 1,46 ( 1.7 +0.7)
va ' 8.7 (10.4 % 0.03)

The t lifetime in the standard model is given by:

t =B ( ®u Y o1 o= (2.8 +0.2) x 10013 ¢ . (13)
T e’ m- u -

T
The TASS0 Collaboration(GZ) has extracted an upper limit on the T life-
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time from a limit on the t decay length. The find TS 14 x 10_13 s
with 957 confidence. The weak interaction responsible for 1 decays is
at least 467% of full strength.

So far we have treated the tau as a new sequential lepton arranged
in a weak doublet with its own neutrino like the electron and the muon.
Indeed the data are all consistent with this assumption. Xf the T has
the same lepton number as the e’ or the u+ then the branching ratios
for the leptonic decays of the tau into electrons or muons would differ
by a factor of two. This is excluded experimentally. It has been found(63)
that the (\;u - T} coupling strength is_less than 0.025 of the (vu - u)
coupling strength excluding that the Tt has the lepton number of the

4 . It remains to be shown that the 1 has not the ¢ lepton number.

3.2 Search for new leptons

It seems reasonable to expect that the charged lepton in a new genera-
tion of elementary fermions is lighter than the quarks. Leptons are
pairproduced with a known cross section and decay either leptonically

or semihadronically L + v_ hadrons. All the groups working

(41,64)

L2 L
for new leptons. No evidence was found,

2 VL
at PETRA have searched

and the resulting mass limits are summarized in Table 4.

Table 4 - Mass limits on new leptons in GeV

Group PLUTO MARK J TASSO JADE
Sequential 14.5 16.0 15.5 17.0
lepton

Scalar 13.0 16.0 - 16.0
lepton

PLUTO and MARK J have searched by selecting events in which a single
high energy muon was recoiling against many hadrons. PLUTO demanded that
the visible energy of the event should be greater than 3.0 GeV 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 107 but less than 50% of the c.m. energy. The acoplanarity
should be greater than 30°. The acoplanarity is defined as the absolute
value of (1800 - §¢), where 8¢ 1is the angle between the muon momentum
vector and the total energy flow vector (see below) of the hadrons ﬁH

projected on a plane perpendicular to the beam line. The energy de-
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posited in the outer calorimeter should be 0.2 Evis' The event should
contain more than two charged tracks and the polar 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 char-
ged tracks and the charged energy should be greater than 8.0 GeV
(9.3 GeVy at 30 GeV (35 GeV) in c¢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 GeV 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 450,'and the angle between the
thrust axis and the e  direction should be at least 45°,

In SU(5) the charged lepton and the charge 1/3 quark within the same
generation are degenerate in mass at the unification energy of 1015 GeV.
This has been used(65) to compute the mass of the s quark from the muon
mass and to predict the mass of the b quark from the tau mass. If the
same relationship is also valid for the next generation then, frqm the

present limit on a new lepton, the charge 1/3 quark must have a mass

greater than 50 GeV.

(66) (67)

In the present phenemenology of supersymmetric 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 un-
detectable particles (photinos, goldstinos) leading to acoplanar two

(41,64)

prong electron (muon) events. No evidence was found resulting

in the limits on the mass of a scalar lepton listed above in Table 4.

4.
QUARKONTA

A Qa system of heavy quarks bound in a steeply rising potential will

lead to the level scheme shown in Fig. 15. The levels are labeled by
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JP AW (GeV)
Flg. 18
. The level scheme of two
[t — - NS .
- . S heavy quarks @Q bound in
o 1= . T a steeply rising potential.
1+ i++_-"
—_— o+t
-
0 -
1 3 1 3 1 3
So 3 P, Pao D2 D321
?5.11.80 31987
JPC with P = (-l)L+1 and C = (—l)L+S. For each wvalue of L there are two

bands of radial excitations with opposite charge conjugation depending
25+]

whether § = 0 or 1. The spectroscopic notation n LJ, where n-1 is
the number of radial modes, is used to label the levels. The P levels
will split into one lP1 level with odd and three states 3P2 1.0 with

even charge conjugation. In a pure coulombic potential the first set

of P levels will be degenerate with the 23S] level. The addition of a

confining potential pushes the mass of the |P levels below the mass of
the 2381 level.

The D levels will split into one state 2D1 with even and three

. . . 3
states with odd charge conjugation. The ! D1 state has the

P3,2,1
quantum number of a photon. The wave function of this state may acquire
a finite value at the origin by mixing with the nearby 2381 state and
can be produced directly in e'e” collision.

The number and quantum numbers of the predicted levels are mainly
a reflection of the spin 1/2 nature of the quark. The level spacing
and the level widths on the other hand are strongly model dependent and
can be used to test the theory.

The 381 state decays to lowest order into hadrons via a 3 gluon in-
termediate state (one gluon forbidden because of colour, twe gluons

because of charge conjugation). The hadronic width is given(ss) by
3
S.(0)
3
I'( S1 + ggg -+ hadrons) = l%%—(wz -9 az ——li—* (14)

M
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M 1s the mass of the quark, jS!(O) the wave function at the origin.
The strong interaction constant .= IZﬂ/(SB—er)ln(quhz), whore N

is the number of flavours and A the characteristic strong interaction

mass. The width for the decay into a pair of leptons given(bg) by
5 ;
- I7s, <0 |
P(3S > e e ) = l6ﬁa2 e2 - (15)
1 q M2

A richer level structure than the one predicted by a simple QQ mo-
del might of course exist. Quark pairs may bind to form quark molecu-

(70)

les (cq ¢q) with a complex level scheme. The gluon field in a heavy

(71

Qa system may have vibrational excitations which may couple weakly to

photons. So far there is no evidence for such states.

4.1 cc - states

JOm1L72) L -

The parameters of the cc¢ vector states observe in e e anni-

hilation between 3.0 GeV and 4.5 GeV in c.m. are; listed in Table 5. The

(73)

Novosibirsk group reports a very precise value of the J/¢ and the

$' mass by using a spin depolarizing machine resonance to calibrate the
beam energy. The J/¢, ¢' and ¢" can be identified with the I3S, 233,
and 13D] levels respectively and there is general agreement on the
resonance parameters of these states. The situation above the ", how-
ever, is still not settled. There are indications of a step in the cross
section around 3.85 GeV, the DASP group observe tﬁo separate states
at 4.04 GeV and 4.16 GeV whereas there is general agfeement on the
existence of a state near 4.41 GeV,

New preliminary data on the total cross section between 3.6 GeV
and 4.5 GeV in c.m. by the Crystal Ball Collaboration are shown in
Fig. 16. Plotted is the total annihilation cross section normalized to
the point cross section. The data are corrected for t-production but
not for radiative effecﬁs. The radiative correction will enhance the
peak structure. The data confirm the existence of-the states around
4.03 GeV and 4.16 GeV and indicate -structure in the cross section be-

low 4.0 GeV.
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table 5 - Resonance parameters of cc vector states
State Mass
(MeV) (MeV) (MeV)
Il 3096.93 + 0.09 0.063 + 0.009 4.8 + 0.6
v 3686.00 + 0.15 0.215 + 0.040 0.19 + 0.2
P 3768 + 5 26 + 5 0.27 + 0.06
$(4.030) 4030  + 5 52 + 10 0.75 + 0.10
W(4160) 4159  + 20 78 + 20 0.78 + 0.31
W(4415) 4415 + 6 43 + 20 0.43 + 0.13

Several C = +| states have been observed in the decays J/¢ or ¢
(12,13)

into final states of y + anything. The states found at 3.41 GeV,
3.51 GeV and 3.55 GeV can be associated rather naturally with the

£
3P , 3P1 and the 3P2‘1evels whereas the states seen at 2.82 Gev(7'),

3.45 GeV(75) and 3.59(76) were not easily fit into the Q0 scheme.

The Crystal Ball detector, designed to measure photons with a geod
energy resolution in a large solid angle, has produced a wealth of new
data on the C = +1 states. Their main findings are summarized below.
a) They find no evidence(77) for the states at 2.82 GeV, 3.45 GeV and
3.59 GeV with a sensitivity much higher than the sensitivity reached

in the original experiments.

b) They have observed(77) the decays ¢' - YBP -+ vy J/¢ with much
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higher statistics than previous experiments.
The inclusive photon spectrum observed in the ¥' decays is plotted

in Fig. 17. The spectrum is rich and the connection between the ob-

7000 T 1717 T T T T 1T T 1] .
Fig. 17
6000 V The inclusive photon
e spectrum observed
5 5000 - 1.
3 ~in ¢’ decays by the
< 4000 b - Crystal Ball group.
huld
% X{3551)
3 3000 I X(3503 -
O
2000
7, candidate
1000 [ 0 1 U 000 U I A
50 100 200 500 1000
E, (MeV)

served spectrum and the level scheme is shown in the insert. Evidence
for the cascade decay ¥' -+ vy 3P + vy J/¢ are clearly seen. A more de-
tailed study identifying the J/¢ via its leptonic decay mode
Jiy -+ ete” (p+u") has yielded the data summarized in Table 6.

Table 6 ~ Parameters for the chayrmonium P states

State Mass B(yp' + yP) B(y'+yP) -B(P>vJ/¢)
MeV A z

2"t 3553.9 + 0.5 + 7.02 + 2.3 1.26 + 0.09 + 0.2

N 3508.4 + 0.4 + 7.1 + 2.0 2.38 + 0.12 + 0.38

o** 2413+ 5 7.2 + 2.0 0.059 + 0.015 + 0.004

(3)

These Crystal Ball results are in excellent agreement with the earlier
data. From the angular correlations in the cascade decays the Crystal
Ball Collaboration finds that the Pc/x(3.51) state has spin | and
the x(3.55) state has spin 2 in agreement with earlier assignment.

An interesting byproduct of this measurement is the observation(77)
of the isospin forbidden decay ' ~+ n° J/¢. The find
B(yp' > w0 J/¢)
B(p' » w0 J/9)

{(0.G9 + 0.02 + 0.013Z% consistent with the value

]

{(0.15 + 0.00)7 obtained(Tg) in an earlier measurement

il
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by the MARK IT Collaboration. The electromagnetic interaction predicts
a rare which is more than an order of magnitude smaller than the ob-
served rate and therefore appears to be excluded. The decay might arise
from an isospin breaking amplitude as in the decay n -+ 3m.

¢) They find evidence(79) for a new state below the J/y mass both in
the inclusive photonspectrum of J/¢ and ¢' decay and in exclusive
channels. The state has a mass of 2978 + 9 MeV and a total width less
than 20 MeV.

The photon spectrum, plotted in Fig. 18a,b, clearly shows mono-

COUNTS /1% bins)

Crystat Bell
2750 T T 12000 T Y. 18 a, by
. | {b] _ .
2500 - (@b g A 1000 1= S/ s Inclusive photon
10000 1+ ~

wor _. s000 b egpectrum ¢' > yx
2000 |- -4 % :

2 8000 |- - and J/¢ + vy ao
1750 |- S

% ro00 k- - _
1500 i 1 i 6000 lewd—L & 1 2 b e dalalal measured by the
200 ER 4 Crystal Ball Col-

[=]

100 ° 200t + +H laboration showr
0 0 t - with and without «a
-100 b~ -200 + -
00 1 Sockground Subtrocied | Baekgs ound smu:;am* smooth background
-200 1 1 -400 b b b s lalaled .
500 600 00 800 60 80 100 120 160 200 subtraciion.
EY MeV

chromatic photon lines leading to a state slightly below the J/y mass.
It is natural to identify this state with the missing l]SO (cc) pseudo-
scalar partner to the J/¢. Additional evidence comes from the cbser-
vation of inclusive decay modes by the Crystal Ball Collaboration(yg)
and the MARK TII group(BO). The MARK II group reports an enhancement for
¥' » v X candidate events in the ﬂiK;KZ final state at 2980 + 8 MeV.

The photon energy spectrum (Fig. 19) for candidate events J/¢ = v n a
measured by the Crystall Ball group has a clear peak at EY = 120 MeV.

The combined data are listed in Table 7.
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Table 7 - n, decays
Decay mode Branching ratio (%)
I/ > yng v
'+ Y0, 0.43 + 0.08 + 0.18
= +7
n, > Kkn T
+ —
n, *nwm 3
+, - 1.5
n. 2n 2w 1.3 _ 0
n won KK 0.9 tl.5
- +0.2
n. -+ pp 0.2 -0. 1
n, - 7 7 pp < 1.1 (90% C.L.)

4.2 bg states

The propexties of the T and the T' have been investigated first at
DORIS(ZI’22) (23)

the states are longlived - i.e. they are presumably the 1 bb states of a

and later at CESR . The DORIS data demonstrated that

new quark b, Quigg,Rosner and Thacker(Sl) have evaluated the electronic

widths for T and T' in a wide varity of Qa models and the results are
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shown 1n Fig. 20.
3.0 B LI AN B

! v 1 rig. 20
- : g : The predicted Zeptomic_width jor
L 20+ v . T(15) and T(20) in a G4 model.
Ei : E 1 The solid lines show the lower
‘o +?1azzzaazzzzzz- Limit for a charge 1/3 quark,
s g . ..
- 10} | 1  the dotted line the lower limit
:: ] R for a charge 2/3 quark. The

F j average value of the DOKIS

0',‘,1,41_1,.1‘.“ data (e) and the average value

0 0.5 1.0 1.6 of the CESR data (8) are shouwn.

F{Y'=e*e”), keV

2511.80 318592
The solid lines indicate the lower limit of the quark charge eq = 2/3,
the dotted lines the lower limits for eq = 1/3. The average values ob-
tained by the DORIS experiments and by the CESR experiments are shown.
Both values favour eq = 1/3, Furthermore the value of the total cross
section measured by the PETRA groups above bb threshold are consistent
with eq = 1/3 and excludes eq = 2/3 as discussed later. (23.82)

The data have been extended to higher energies by the CUSB i
and the CLE0(23’83) Collaborations at CESR and their total cross sec-
tion results are plotted in Fig. 21 and in Fig. 22 respectively. Both
experiments find clear evidence for two new resonances T and T'''.
The T" like the T and T', has a width consistent with the energy spread
of the beams whereas the T'' is much wider. It is natural to assume
that the threshold for bb production is located between the T" and 7'''
resonance.

The resonance parameters for the four T-states observed so far are

listed in Table 8.



26

ete” COLLIDING REAM EXPERIMENTS

L T T T
o =TT 1 T T T T .
oL CUSB (Feb-Mar 1980) | 9+ 2
SL o Thrust T'< 85 _ The total hadronic cross
= section measured by the
c B —
e CUSB Collaboration for
v S -
L L - e.m. energies between
> 4 —
§ ; 10.3 GeV and 10.8 GeV.
iy & (s ¢¢ 5]
. Taaraad A .
3 S S T PO N N TS UMY SR O
10.30 10.34 10.46 1050 1054 10.58
M (GeV)
251180 31984
) T 1
CLEO )
7 e* ¢” — hadrons T Fig. 22
The total hadronic
6 .
erogs section
o 5 measured by the
in Nb
. CLEC Collabora-
tion.
3
2
l = -
°03 04 o oT:
W in GeV
Table 8 - Resonance parameters for the states
State  Mass Excitation energy r - Ref.
MeV MeV ee i
(keV)
T 9462+10 - 1.29 + 0.09 + 0.13 84
9433+28 - 1.02 + 0.07 + 0.15 23
T - 553+ 10 0.58 + 0.08 + 0.26 84
560 + 3 0.46 + 0,03 + 0.04 23
™ 889 + 4 0.33 + 0.03 + 0.03 23
e 1114 + 5 0.24 + 0.02 + 0.03 23
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+.—
The first evidence for the cascade T - w n T has been presented by the

(82) and the CLEO(83) groups. Ba-

LENA group(ss) at DORIS and by the CUSB
sed on a few events they find a branching ratio on the order of 10Z-30%Z. The
branching ratio for T » xT can also be cobtained from a comparison of

the inclusive spectra measured at the T' and the T resonance. The spec—

(83) by CLEO is shown in Fig.23 and the excess at small momen—

tra measured
ta observed in the T' spectrum is presumably due to T' -+ xT decay. A
Fit yields 21.6 + 3.5Z. The LENA group obtained 8 ’a branching ratio of

27 + 9% from a similar measurement.

T T T T 1 T 1 I

x  Ti{25) 894 events
o TI(IS) 3682 events

. — Fit to T{25) with
e Bl—v*a-TI=216%

% spectrum of charged

Fig. 23

PR )

Inclusive momentuwn

particles from the

T and T" with the
continuum subtracted.
The data were ob-
tatned by the CLEO

Collaboration.

1 i ! H i i L |

Qi 0.2 0.3
= Iphodroni / E peam

4.3 Comparison to theory

The observed cc and bb states identified by the spectroscopic notation

+1 . . \ . .
nZS LJ are plotted in Fig. 24 as a function of excitation energy. The
level ordering is in agreement with the spectrum shown in Fig. 15 for
two non-relativistic fermions bound in a steeply rising potential.

. . b .
The excitation energy E- measured with respect to the

1381 state and the ratio Ree = Fee(l__) / Fee(lBSl) of the leptonic

widths are listed in Table 9. By considering ratios of leptonic widths

it is hoped that some of the uncertainties caused by higher oxder QCD

radiative effects will cancel and that the data can be compared to first

order calculations. Analogous to positronium decays such corrections

may reduce the first order calculations by a factor(86) (1 - l6aS/3ﬂ).
Two different approaches are in use to extract detailed information

on the strong forces from the spectroscopic data.
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pable 9 — Properties of the ce and the bb system
Measured Emp.Potential(SB) QCD Potentialggo)
* * " .
State E"(MeV) Ree E"(MeV) Ree E7(MeV) Ree
! 589.1 + 0.1 0.44 + 0.06 589 0.35 589 0.45
" 671 + 2 ‘ 705 715
3
P2,l,0 426 + 4 425 425
(25) 553 + 10 0.45+40.06+0.02 560 0.43 500 0.45
560 * 0.45+0.03+0.04
(38) 889 + 0.32+40.03+0.03 890 0.28 890 0.32
(48) 114+ 0.24+0.02+0.03 1120 0.20 1160 - 0.26
87

One approach is to directly derive( the potential from the ob-
served levels using the inverse scattering formalism. It has also be
shown(ss) that a rather simple potential of the form V(r} = A + B r”
with the parameters determined by the lowest levels can fit both the
¢c and the bb states using identical parameter values.

In a complementary approach one tries to derive a potential from

(89)

first principles. Richardson has obtained a QCD potential of the
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forms:

127 1 |

33 - 2N, q2 In{l + q2/A2

2 4
Vig) = - 3 (16}
written in momentum space. The potential has only one parameter A which
may be identified with the characteristic strong interaction mass. The
Fourier transform results in a potential which is proportional to 1/r

at small distances as expected for the confining term. The potential,

(90)

L SR RARRS | T T v [ T °vTYY T

2 F <r>jjq;

with second order QCD corrections included, is plotted in Fig. 25

Fig., 26
The modified Richard-

son potential versus r.

V(GeV)

a4 aaa 1 1 'R B e | 1

002 005 01 02 05 10 20

r{fermis)
25.11.80 319493

versus r. The average r values for the J/¢ and the T are indicated. It
is clear that both the c¢c and-the bb family are mainly sensitive to the
intermediate part of the potential between the Coulombic and the linear
part. A fit to the observed spectrum gives Aﬁ§ = 0.508 GeV which is con-
sistent but larger than the value of o determined in other processes.
The results are also listed in Table 9.

The observed data are reproduced rather well by the QCD model but
also the simple ad hoc potential gives an adequate representation. Both
the cc and the bb spectra can be fit using the sape values cof the para-
meters(88’90) and this shows that the strong force does not depend on the

quark flavour.

4.4 Upsilon decays

1 states in QCD decays dominantly via a 3 gluon intermediate state.

The energy distribution of the gluons can be written as:
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1dT xz(l-x )2 + xz(l-x.)2 + xz(l—x )2
N - 6 1 1 2 2 3 3 (17)
' dx,d: 2--9 2 2 %2

X1 1(2 i xl xz X3

where x, = Ei/Eb is the scaled energy.

This should lead to flat events defined by the three gluons frag-
menting into three jets of hadrons. However, T decays yield in general
two energetic gluon jets plus one low energy gluon jet. The symmetric

case x, = X, = X, = 2/3 is rather unlikely and even in this case each

1 2 3
jet will on the average have an energy of only 3 GeV. The data on

+ - . .
e e - hadrons do not show a clear jet structure at 6 GeV in c.m.

(25)

PLUTO has analyzed the hadron data from T decays using tripli-

(91)

city , a generalization of thrust to three axis. In this method the
final state hadrons with momenta ;l’ 32 ....gﬁ are grouped into three
classes C], C2 and 03 with momenta ;(CN) = E];il where the sum is over

all particles assigned to class C_. Triplicity T,, is then defined as:

N 3?
1 > - N ,
T3 =3 Py max {[p(C}| + [p(C| + [p(C ]} (18)
i
'I‘3 is 1 for a perfect 3~jet event and 3 (¥3/8) = 0.65 for a spherical
event.

and ;3 = ;(03) and the angles between these vectors 9], 82, and 6

The momenta of the three jets are given by 31 = ;(CI), ;2 = ;(02)

3

are the angles between the three jets. The triplicity and the thrust

distribution for events on the T are plotted in Fig. 26 and Fig. 27

respectively. The data include both neutral and charged tracks and they

;L‘i‘ngract data ,‘ all particles I
5 Fig. 26
The triplicity distribution
Phose Spoce on the T(89.46) resonance.
6 | wMC. 4
5 t/ A\
Sal } i
= t /, {
ql:ﬂcg
2 | i
S—— 2 jet MC *
o) L ]
o7 Y] 0.9 1O

Triplicity T3
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PLUTO ' ' T
§ T direct data, oll particles
s | | Fig. 27
The thrust distribution on
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have been corrected for the continuum contribution efe + qa and for
the vacuum polarisation..The triplicity and thrust distributions for
the following decay modes have been evaluated:

i) e'e > T hadrons, where the hadrons are distributed according to
phase space. .

ii) et > T » qq. Such a distribution might be expected if the T de-
cays via a one gluon intermediate state. Also ete” -+ T + gg would lead
to a similar topology.

iii) e+e__+ T + pgg. This is the lowest order diagram in QCD.

The results are also plotted in Fig. 26 and Fig. 27 and it is clear
that the 3 gluon distribution agrees well with the data whereas neither
phase space nor twobody qgq (gg) decays fit the observed distributions.
The thrust distribution for events collected in the continuum adjacent
to the T peak is plotted in Fig. 28. This distribution is peaked at lar-
ge values of thrust and is well fit b{g%;e— -+ qa but not by e+e— > gEg.

With a colourless gluon T could decay via one gluon emission pro-
ducing a final state with two collinear hadron jets as observed in the
continuum and resulting in a similar thrust distribution on and off re-
sonance. The marked difference in event topology observed on and off
the resonance is strong indirect evidence that the gluon has colour.
The angular distribution of the thrust axis for T events is plotted
in Fig. 29. The dotted and the solid lines show the predictiqns(93) for
vector and scalar gluons respectively. The data clearly favour a vec-—

tor gluon.
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Data on the distribution of

30 T the thrust axis observed in

T (9 48) decay with respect
to the beam amis. The theo—
retical distribution for

scalar and vector gluons are

also shown.

cos &

Since the data agree with the QCD predictions they can be used to
‘determine the quark gluon coupling constant . Combining Eq. 15 and
Eq. 16 yields:

) .
—-1—9(—-:-—9—)-'33P (19)

g8 gmz s ee

= ‘ - - - - = - 20
rggg ot ~ Tee I'uu L Rruu rtot : (3+R)ree (20)

where the term RI' is the contribution from the vacuum polarisation.
The average over all DORIS data yield(sz‘):

Fye = 1.29 3 0.09 0,13 and B =B = (3 +0.8)% (25,26)
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This yields

3 _ B +20
(1 Sl) = Fee/Bee = (43 -IO) keV

r
tot
which is the first direct measurement of the T width. Inserting these

values into Eq. 19 leads to:
o, = 0.17 + 0.02 at the T.

Using the same method to evaluate @, at the J/Y yields:
a, = 0.19 + 0.02.

These values are in good agreement with the values of oy determined from

quark gluon bremsstrahlung asdiscussed below.

4.5 Direct photon decays of the J/¢

Replacing one of the gluons in the decay 3S + ggz by a photon results

in a final state which consists of one photén and two gluons. The photon
spectrum is predicted to be nearly proportional to x = kY/E such that
the favoured topelogy is a high energy photon recoiling against two
nearly collinear gluons. The leading order QCD calculatioﬁ(gh) based on

the Feymman graph shown in Fig. 30, predicts for the ratio of the decay

widths: .
36 o Q .2
r iy = =2 (= — i
vor | Toag 5 () (3 @1
' a
Fig. 30
SJ Feynman graph for
6 —l)— | g 1_‘+Y+gg

Ag
The MARK II Collaboration hias observe

in J/y decays. The difference between the data and the estimated back-

d(95) the single photon spectrum

ground from 70 and n decay is plotted in Pig. 31 versus x. This differ-
ence is ascribed to the direct decay J/¢ + y + X. The leading order QCD
calculation smeared by the resolution is shown as the solid curve in
Fig. 31.

The theoretical spectrum is harder than the observed, but including
QCD radiative effects and the mass of the final state hadrons may sof-

ten the predicted spectrum.Measured and predicted rates are in good agree~
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ment. Integrating the spectrum for x > 0,6 results in an inclusive
branching ratio of (4.1 + 0.8)% compared to 57 predicted by the first
order QCD calculation. The MARK IX Collaﬂoration has also investigated
the properties of the hadronic system recoiling against the photon. They
fiud{96) the charged multiplicities and the K fractions to be similar

. + - P . .
tu those observed in e ¢ annihilation at the corresponding c.m. energy.
4.6 Search for the gluonium

Two or more gluons are expected(97) to form gluonium states, bound co-
lourless particles with a massspectrum starting may be around 1-1.5 GeV.
The direct photon decay J/y -+ ygg - vy hadrons is a good place to search
for these states. Also radiative decays(S) J/Yp + vy n (n*f) seem to pro-
ceed mainly by diagrams similar to the one shown in Fig. 30.

The inclusive photon spectrum J/¢ - vX mﬂasured(ga> by the Crystal
Ball group is plotted in Fig. 3Z. In addition to the well known trap-
sitions J/¢¥ + yn and J/x + yn' a new state is observed which they ten-—
tatively identify with the E(1420). The MARK II Collaboratéon,sees evi~
dence(gs) for the same state in the channel J/§ -+ vy (KsKiﬁ+). The KSKiw;
mass distribution for candidate events, plotted in Fig. 33a and b, shows
a peak centered at 1440 MeV. From a fit to the 5C distribution in Fig.33a
they find M = 1440j;g_Mev, r = sofgg 4
B(J/y » yE) ° B(E » KKm) = (3.6 %+ 1.4) * 10
J/¢ > YyE has lead the experimentators to suggest that the E might be a

3. The large branching ratio

gluonium state.
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Fig. 32

- The inclusive photon spectrum

J/V + yX observed by the

- Crystal Ball Collaboration.

Fig. 33

The KSKin: mass spectrum for

/N >y KéKin+ candidate events

which satisfy

a) a 5C fit to this hypothesis

b) a 2C fit (observation of the
photon not requirved).

Events in the shaded region have

mep < 1.05 GeV. The data were ob-

tained by the MARK II Collabo—

ration.
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Recently Dionisl et

al. determined

(99) the spin parity of the E me-

E
son to be JP = 17 from an analysis of the E - KK decay mode. The

MARK I Collaboration, however, found no evidence for this decay mode,
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but rather observed the &m to be a prominent decay mode. If the axial
vector assignment is confirmed for the resonance observed in the radi-
ative decays then it becomes natural to include it with the P(1285),

A and QA in the same nonet. In this case there is no evidence for

i
gluonium state in radiative J/y decays.

5.
STATES WITH OPEN CHARM
fe) +
5.1 The D~ and D~ states

Possible transitions between the corresponding Q-values are summarized

in Fig. 34 for the known D states.

2010 Fig. 34
‘ Q-values for p* > D

o~ 2005 ) transitions.

(¥

%

Z 1870

[¥2]

2

< 1865

1860 .

25080 g

The ¥ decays to a good approximation only into DD
final states. The production cross sections for these mesons at the P

resonance were determined(loo) by the MARK II Collaboration to:

G(DO)
0(D+)

(8.0 1.0 }.2) nb
(6.0 + 0.7 + 0.1) nb

t+
I+

For comparison, the cross section predicted for ete” > 2° 5 cc is on
the order of 4 nb. An additional advantage is that the D's are produced
almost at rest and the favourable kinematics allow a precise determina-
tion of the mass M = VEZ - pZ where E is the beam energy and p the D
momentum. These nice features have been exploited by the groups working

(1mon

at SPEAR and have lead to a wealth of data on the D states.
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Mass—-spectra for Kiw:, Kow:wt and Kiﬂ;ﬁi measured at the ¢'* by the
MARK II (Zo11.'=1bcu:at.‘f.on(10 )are shown in Fig. 35. From such data groups
working at SPEAR found w0 = (1864.3 + 0.9 MeV) and my + = (1§68.4 +
0.9 MeV). ‘

120 T T T T T
00 b Kie? ' + (a)
_ - Fig. 35

80 + g oo

60 - } - Mass spectra for y" - DD

“r ‘ - candidate events with

20 - 0 ] + ¥

0 |—tutane® sntuattseamat’ | ‘atua, al D>k m
- N B F o+
g 2 KIn*n* } (b} b) D~ K; ":‘:“ _
g?ﬁ— + e) D+K -n-+-n-i
o2 E : - )
F sl + * The data were obtained by the
= .
2 L 4t ++ ++ + H H* ++ 4, MARK II Collaboration.
ootk ¢+

00 b KinFnFnt + {(c)

80 + .
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Wt . 4 -
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A complete list of D branching ratios can be found in Ref. 10l. Below
we want to discuss a measurement of the lifetimes and a determination

of the GIM mixing angles.

5.2 Lifetime of charmed mesons

Possible Cabibbo favoured decay modes of charmed mesons into light ha-
drons are shown in Fig. 36. An assumption often made was that the
charmed quark would decay according to ¢ + -s5in® - d + cos® - s with
the secc.d quark merely acting as a spectator. This'ﬁechanism, shown
in Fig. 363, ¢ and d predicts that all charmed mesons should have the

(103)

same lifetime. It has been pointed out by Pais and Trelman that
F(D -+ R-vc X) =r(@° + 2 vc X) since |AI = 0] for the Cablbbo aliowed
decay ¢ -+ £ v, S- The semileptoniec branching ratios can therefore be

used to determine the ratios of the lifetimes:
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B(D -~ 2 Ve X) ctot(D - X) (D)
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. g a g w d
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(c) W d decay modes of charmed me-—
LS A - sons into light hadroms.
d_, d
DY = hadrons
(d) u (e)
d .
W c i u
L > W
5 . - 5 3 d
F — hadrons ™
5.11.80 31982
Both the DELCO(104) and the MARK 11(102) collaborations report results
on this ratio. DELCC finds(lOA)
+
@ 7 rd®) > 4.3 and B, (D) = 22 *3°% 7.

The results were extracted from a sample of DD events in which one or

both of the charmed mesons decayed semileptonically.
. The MARK II Collaboration determined(loz) the branching ratios from
an inclusive measurement of charmed meson production. The events were
tagged by identifying either a charged or a neutral D meson and measu-
ring the decay products of its partner. In this way the semileptonic

branching ratios are determined directly and they find:

@) / %) = 3.1 f?‘g and B (D) = 18.6 * 6.4.
The lifetime of charmed particles has been determined directly using
emulsionsclos’ 106). Although the data still have rather limited sta-

tistics they show that the p° indeed may have a shorter lifetime than
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the D'. Niu et al.(IOG) reports the following lifetimes in units
of 10713 ¢

+2.8
-1.0

+0.43 +
] R (D) = 10.3

+10.5
- 4.1

1(0%) and t(F') = 2.2
The D lifetime combined with the average branching

. + + . . . .
ratio for D > e Vo X results in a semileptonic width:

o' >’y N = 2D x 10'! see”’.

(107)

Cabbibo, Maiani and Corbo have evaluated the semileptonic width

in the gpectator model and they find:

25

Gch . Zas . ,
Tgp = 5 gle) (1 - 3o f (&) (23)

192w

with & = ms/mc. Here g(e) is a phase space correction due to the finite
mass of the s quark and the terms in the bracket is a QCD strong inter-
action correction. With m, = 1.75 Gevlcz they find TSL =1 x 1011 sec-]
consistent with the experimental results. This indicate that the p°
must have additional decay modes.

Additional decay modes resulting from W' annihilation are indeed Ca-
bibbo allowed both for D° and 7 decays whereas they are Cabibbo for-
bidden for D' decays. These decay modes, shown in Fig. 36 d and e may

account for a factor of 5 in the lifetime ratio T(Do)/T(D+).

5.3 The G I M mechanism
(16}

The GIM mechanism predicts that the charmed quarks decay predomi-

nantly into a strange quarks according to:
c -+ sinBB - d + cosQB 8 (24)

B is 'identified with the familiar Cabibbo angle GA

which is found to be 13o from strange particle decays. Both angles BA

The mixing angle®

and GB can be determined from a measurement of the two—body decay modes

p° kK% , k¥ , Daaqg

as shown in Fig. 37.
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These decays yield
2 r° + K K) 2 0.93 + /(D° > 7 1)

tg OA = 1.08 and tg GB =

I‘(D0 > K—v+) I‘(Do > K_w+)
Invoking SU(3) invariance and the GIM mechanism yields

= thBB < tg%e = 0.05.

2
tg ® Cabibbo
d(108)

A
The MARK II Collaboration has determine

king use of the fact that at the " D°'s are pairproduced with a unique

these decay modes ma-—

momentum of 288 MeV/c. The invariant mass spectra obtained for the two-
body decay modes are shown in Fig. 38. The peak occurs at the p° mass
if the two particles are identified correctly and shifted by about

+ 120 MeV/c2 if one of the particles is misidentified. Both a x'w and

a KK signal is observed yielding:

o, it
@ _»KK) . 5,113 + 0.0%0.

o - +
IR 21 1) - 0.033 4 0.015 and et
T(p" K 7)) ' »Kn)

The data show that Cabibbo forbidden decays occur at roughly the level
predicted. The two standard deviation effects observed in the KK rate

may imply that SU(3) is violated either in the strong or in the weak
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interaction. lmproved data are needed to settle this question.

5.4 Bvidence lur the F meson
(18)

. + + +
they attribute to F -+ n 7 . A scatter plot of the nw mass versus

The DASF Collaboration observe "a signal at 4.42 GeV in c.m. which
the fitted recoil mass assuming ete” » FF* is shown in Fig. 39 for
events at 4.42 GeV and events outside the region. At 4.42 GeV there
is a cluster of 6 events, whereas at other energies the events have a
smooth mass distribution. Of the 6 events observed at 4.42 GeV less
than 0.2 events can be ascribed to the background. This was esti-
mated from the measured luminosity and the number of events observed
outside of 4.42‘GeV in the same mass region with the conservative as-
sumption that all these events are background evants; The cluster at
4.42 GeV gives,

m, = 2.03 + 0.06 GeV/c® and mx = 2.14 + 0.06 GeV/c?

including systematic uncertainties.
The DASP data also indicate, with large errors, a structure

in the n inclusive eross section which they ascribe to F production.
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vacent data(log) by the Crystal Ball Collaboration do not confirm this

slyructure,

Supporting evidence for the F has come from a photoproduction ex~

periment in the Q' spectrometer at the SPS and from emulsion ¢xposures.

The WA4 Collaboration at the SPS observe

(110)

a signal in the decay

modes F -+ nm, n3m and n'3n. The results are shown in Fig. 40 and sum-

marized 1n Table 9.

Table 10 -

Decay mode

nT
n 3w
n' 3

The best estimate of the mass

Evidence for F-photoproduction

Width (MeV) Mass B - o

predicted observed {MeaV) {nb)

75 108 i'31 2047 + 25 12 +3

50 38 + 24 2021 ¥ 15 60 + 15

40 48 + 34 2008 + 20 20 + 8
gives m, = (2020 + 0.010) GeV/cz.
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Fig. 40

Mass spectra of photoproduced
n + nw final states measured
by the WA4 Collaboration at

CERN,

EVENTS

Q 1 1 L S 1
1.6 18 20 2.2 2.4
MASS (GeV)

(106)

Three F candidate events are found in the emulsion data . The ob-

served decay modes and mass values in MeV/c2 are:
a0 (2026 + 56)
+ = + 0

Kmm K" (2089 + 121) and

mintw nC (2017 + 25).

+

The mass values observed in the new experiments are consistent with the

values reported by the DASP Collaboration.

6.

STATES WITH OBEN BEAUTY

The large width of the T(4S)compared to the width of the adjacent T{35)
state shows that lightest B meson must have a mass 5.18 GeV < ny <
5.28 GeV using the DORIS energy scale. A search(sz)by the CUSB Coliabora-

tion for monochromatic photon lines which may occur in the decay
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B* + yB lead to a negative result. It is therefore likely that the.
T(4S) cannot decay into 8 3% or BB*.This fact and the observed width of
the T(4S)leads to an estimated(zé)mass mB=5.27 + 0.01 GeV.

(111) model the b quark is the part-

In the standard Kobayashi-Maskawa
ner of a charge 2/3 quark in a weak doublet. In this model the b
quark is expected to decay semileptonically with a branching ratio
B(b + g ;e hadrons) = B(b + u;u hadrons) = {7Z. Furthermore tﬁe b quark
decays via a flavour cascade b + ¢ » s leading to a strong increase in
the kaon yield above bg threshold.

This model predicts that on the average (2.4 + 0.5 + 0.5) kaons (char-
ged and neutral) are produced per B decay.

The production of a new quark with a flavour respected by the strong
and the electromagnetic interaction will lead to step in the cross sec~
tion for mixed lepton hadron events at bb threshold. The CUSB(BZ) and
the CLEO(Bs) Collaborations have measured fhe yield of mixed electron

liidron events in the vicinity of the T(4S) resonance. The data are plot-

tvii in Figs. 41 and 42 and as a function of c.my energy. Both jexperiments

ca Ly acceﬁt electrons with momenta above 1 GeV/c. This cut strongly
reduces the number of events resulting from charm production whereas
2/3 of the B decays survive. Both experiments show a strong increase in
the inclusive electron yield at the T(4S) state. CUSB finds that the ob-
served rate is_consisFent With_grhzénﬂhinzﬁfaxigﬁ§£3 + ev_X) between

cuse

Fig. 41
{ The observed cross

_____ o (gte- — hodroms)
it arbitrary units

40
{ section for
ete” e v, hadrons
ﬁ measured by the
2t :i CUSB Collaboration
fa plotted versus c.m.
AN i { L Nee - energy. The total

o . . . ; eross section in
- 100 0.2 (e X3 0.6

w, Gav
arbitrary units is shown as the dotted curve.

arbitrary units is
shoum as the dotted
curve.
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Fig. 42a

The observed cross section for
e¥e” » e + hadrons plotted
versus c.m. energy. The data
were obtained by the CLEQ
Collaboration.

i and 20%Z.CLEQ finds B(R ~ e Ve Xy =(13 + 3 + 3)%.The CLEO Collabora-

tion has also measured the yield of mixed muon hadron events. The re-

sults plotted in Fig.42b versus energy show a strong peak of the T(48)

corresponding to B{(B -+ pvuX) = 9.4 + 3.6.

60

50

40

Tyis {Pb).
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L i 1 d
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Fig. 42b

The observed cross section
for e+e— +> ui + hadrons plot-
ted versus c.m. energy.

The data were obtained by

the CLEO Collaboration,

The inclusive lepton~hadron data show conclusively that the T(4S)

state is indeed decaying mainly into hadrons with a new flavour.
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The K/t ratio for momenta between 0.6 GeV and 1.0 GeV/c has been
measured(83) by the CLEO Collaboration for c.m. energies in the vici-
nity of the T(48) state. The data, plotted in Fig. 43 show a clear 4
standard deviation peak for energies at the resonance. A total of
0.40 + 0.09 + 0.02 charged kaons per event is observed in the peak com-
pared to 0.06 + 0.01 + 0.01 kaons per event observed in the continuum.
The peak value should be compared to 0.22 + 0.08 charged kaons per
event predicted assuming b + Wc and 0.06 + 0.01 charged kaons per event

predicted for b - Wu..

cLeo ‘ ' ’

K/=» Raotio F’I:g. 43

0.6 < p <1.0Gev/c
25| 1 The K/v ratio as measured by

the CLEO Collaboration plot—
2 F _+_ 1 ted versus 8 c.m. energy.
KLY -
bt
ost .
Lf;" Toa ' 63 ' 166
W, Gev

The data available on the decay of the B mesons favour the conven~
tional model and rule out most of non standard model. It is indeed very

likely that the t quark does exist.

7.
HADRON PRODUCTION IN e+e_ ANNIHILATION AT
HIGH ENERGIES .

It has been cohjectured(ZT_BO) in the naive parton model that hadron

. + - ey . - . .
production in e e annihilation proceeds by quark-antigquark pair pro-
duction as shown in Fig. 44, where the electromagnetic cuxrrent couples

Directly to the charge of a pointlike quark. The neutral weak cur-

rent is expected to contribute on the order of 1Z to the total cross



47

e e COLLIDING BEAM EXPERIMENTS

+ +
Fig, 44
a : b C Some of the dia-
grams for hadron
* + production in
d e f e'e amnihilation
up to second or-
t + der in a.
g h k
+ permutations a7

section at s = 1000 GeV” 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
vuustant of proportionality

R = 3zef . (25)
nore e is the charge of the ith flavour and the sum is over all fla-
~ours with masses less then the beam energy. The hadrons.should
.ppear in two nearly collinear jets with small and maybe constant
momenta transverse and large and growing momenta parallel to the

jet axes. The single particle distribution should scale 1i.e.

s do/dx with x = Eh/Ebeam should become independent of energy at large
energies. The charged particle multiplicity would be expected to increa-
se logarithmically with s = (2E)2. The data(jl) from SPEAR and DORIS

at lower energies support the gross features of this picture.

This naive parton picture will be modified in any field theory(32)
of strong interactions. In a field theory e'e annihilation proceeds to
lowest order by the Feynman graphs shown in Fig. 44b, c. The produced
quark radiate field quanta (gluons) and the gluons are expected to ma-
terialize as hadron jets in the final state.

This has well defined experimental implications(Bz’llz): The mean
transverse momentum of the hadrons with respect to the jet axis will in-
crease with energy. If the quark—gluon coupling constant is small only
one of the two original jets will breaden. A primordial qqg state is ne-
cessarily planar and the final hadron configuration should retain the

planarity. In a small fraction of the events the gluon may be radiated
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at an angle which is large compared tc the angular spread of the hadron
jet. Such events will be very striking with three visible jets of ha-
drons defining a plane. Higher order multiple gluon emission diagrams
(Fig. 44 d~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 decreases rapidly with energy,
enabling one to pick out at higher energies jets from gluons radiated
at smaller angles rela;ive to the primordial q and q directions. Such
multijet events are of course not planar in general and will lead to an
increase of the momentum transverse to the event plane. A field theory
of the strong interactions will also modify the value for R given above,

the multiplicity will grow faster than In s and the single particle dis-
(32) '

2(24)

tribution will no longer scale
At present quantum chromodynamics {(QCD is the leading candidate

for a theory of strong interactions. The coupling strength in this theo~

ry depends on a characteristic strong interaction mass A and a typical

momentum transfer q in the process. The functiohal form is given by:

127
(33-2N5) 1n(.q2/ A?')

a () = g°/4n = (26)

where Nf.is the number of flavours with mass below threshold.
Although the exact value of A is still a subject of some controversy

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 state,

then summarize the evidence for gluon bremsstrahlung and finally discuss

the properties of the gluon in some detail,

8.

GENERAL PROPERTIES OF THE FINAL STATE IN e’e” -+ HADRONS

. . + - .
The basic diagrams (Fig. 44) governing e e - 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.
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8.1 Thrust and sphericity distributions

. . . - 1
Two methods to determine the jet axis, sPher1c1ty(29) and thrust( 13)
are in general use: '
i 2
Z(py)
Sphericity S is defined as: S = é-min S (27)
2 1,2
I(p™)
i

Here pl is the momentum and pé the transverse momentum of a track with
respect to a given axis. The jet axis is defined as the axis which mini-
mizes transverse momentum squared., Sphericity measures the square of &,
the jet cone opening angle. 8 = 3/2 <62> and is O for a perfect jet and

I for a spherical event.

Thrust T is defined as: T = max

(28)

Here p1 is the momentum of a track and pt its projection along a given
axis. The jet axis is defined as the axis whicl maximizes the directed
momentuni. Expressed in terms of §, T N (I—<6>2)1/2 and it will approach
I for . perfect jet event and 1/2 for an isotropic event.

The deviation between the true jet axis and the axis found by either
the sphericity or the thrust method has been determined from a Monte
Carlo calculation. This calculation shows that the jet axis is determi-
ned to 5° or hetter ﬁearly independent of method for c.m. energies
above 20 GeV in c.m.

The energy.dependences of the average sphericity <8> and (! - <T>),
where <T> is the average thrust are plotted versus c.m. energy together
with data obtained at lower energies in Figs. 45 and 46.

Both quantities decrease with increasing energies as expected if the
jets become more collimated with increasing energies. The jet cone half
opening angle, as indicated from the sphericity distribution, shrinks
from about 31° at 4 GeV in c.m. to 17° near 36 GeV. However, this de-
crease is slower than that expected in a pure e+e_ > qa model. The ob-
served decrease is in agreement with computations including glu?n brems-—
strahlung. Note that the distributions are smooth indicating the absence

of thresholds in the energy range above the bb threshold.

.
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8.2 The total cross section

‘ . + - iy s . . . .
R, the total hadronic e e annihilation cross section in units of the

(114)

point cross section can be written in the first order QCD as:

R =33 eg (1 +a/m , (29)

where o is the running coupling constant defined in Eg. 26.

(

The PETRA groups report 41) data on R for center of mass energies
between 12 GeV and 36.5 GeV. The data, corrected for radiative effects

including the vacuum polarization,and with the contribution from 1 pair
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production removed, are plotted versus c.m., energy in Fig. 47

together with data obtained at lower energies(]ls).
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a) The ratio R of the total hadronic cross section normalized
to the muon pair cross section is plotted as a function of
e.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 (lower curve).
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d(116)

The MARK I Collaboration has measure R for c.m. energies bet-

ween 5.5 GeV and 7.5 GeV with good statistics and an estimaed systema-

(17 of these daﬁéi with

tic uncertainty of 10%. A careful comparison
QCD shows that the experimental values are on the average 167 above the
theoretical QCD prediction,

In some respects a measurement of the total cross section is easier
at high than at low energies. A comparison between data and theory might
therefore be more significant at high energies although the effects are
smaller. .

At s = 1000 GeV2, aS/ﬂ is of the order of 5% yielding R & 3.9. Higher
order terms(llh) depend on the renormalization scheme used but they are
smaller than the first order term. The QCD prediction, plotted in Fig.
47b, is in agreement with the data.

Are the QCD corrections needed to fit the data ? Clearly not, since
the systematic errors are believed to be of the order of 10%2. However,
not.: from Fig. 47 that the data which were collected using different
i+ pper conditions and analysed using differenf cuts are in agreement
.1hin the statistical errors. This indicates that the systematic errors
mdy be smaller than 102 and indeed there are good reasons to expect that
R can eventually be measured rather well 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. 47. The solid lines are
QCD predictions corresponding to A = 1.0 GeV and 0.1 GeV respectively.
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

neasurements. First order QCD at s = 1000 GeV2 predicts R = 3.87 for
£ = 100 MeV or R = 3.94 for A = 500 MeV.

8.3 The neutral energy fraction

d(lls) the fraction of the total

The JADE Collaboration has determine
energy converted into photons by a direct measurement of the photon
energy deposited in lead glass counters surrounding the detector. They
have also determined the total neutral energy fraction by measuring the
energy carried away by charged particles and subtracting this from the
known c.m. energy. The results, listed in Table 11, show thét the neutral

-, , . o) . .
energy fraction, which includes Ks and A's, increases with energy.
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Also the energy fraction carried off by photons seems to increase.

However, in this case the errors are rather larger.

Table 11 - Energy fraction carried off by photons and by neutral
particles

Vs Energy fraction carried off by

{GeV) Photons Neutral particles

pA %

12 21.3 + 7.0 31.2 + 4.1

30.4 26.1 + 5.8 37.5 + 3.7

34.9 30.7 * + 4.1

6.0 43.8

8.4 Charged multiplicities

The average charged multiplicity np> observed at high energies(ngﬁlzl)

is plotted in Fig. 48 together with data obtained at lower energles(lzz).
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The high energy data points from the various groups are in reascnable
agreement and are well above the multiplicities obtained by extrapola-
ting the lower emergy data according to a + b In s as predicted by the

naive quark-parton model. For comparison, the multiplicities observed

in PP(IZB) and pEUZA} are also shown.
y(125,126)

The averapge multiplicity in QCPD ma increase as n = n o+

a exp (b Vln s/Az, and the data can indeed he fitted over the whole
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energy range using this form. The values of the parameters obtained by
fitting the TASSO and the PLUTO data are listed in Table 12. The fit
considers only the statistical errors and the results were obtained as-

suming A = 0.5 GeV/c.

Table 12 - Fits to the charged particle multiplicity

Group , n, 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 + 0.0l
{126)

The asymptotic value of a = 2.4 in QCD. However, note that the
fragmentation of the gluon in three jet events is expected to increase

the average multiplicity by less than one unit at the highest energy.

8.5 Inclusive particle spectra

The scaled cross sections s da/dx for inclusive charged particle pro-
duction as determined by DASP(lzz), SLAC—LBL(}zy) and TASSO(1]8’128)
for ¢.m. energies between 5 GeV and 36.6 GeV ate plotted in éig. 49
versus x.
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The cross section for x » 0.2 scales to within 307 between 5 GeV and
36.6 GeV. For x < 0.2 the cross section increases dramatically with
energy and shows that the observed increase in multiplicity is due to

slow particles. Gluon emission will lead(32)

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 ge-
neral the effects are only of the order of 10 — 207 at PETRA energies

. 2 . 2
since g 1s very large compared to A™.

During the past year the PETRA experiments have succeeded in iden~

tifying hadrons over a considerable range in momentum. The available

data(lls) are summarized in Table 13.
Table 13 - Experiments measuring particle separated cross section
Ty?:izfe Experiment Technique Modtentum Remark
pa range {(GeV/c)
- JADE dE/dx (118) < 0.7, g-7 prelininary
TASSO TOF(IZQ) < I.1
(118) -
Cerenkov < 5.0 preliminary
K JADE dE/dx (118) < 0,7 preliminary
TASSQ TOF([ZQ) < 1.1
(118) . .
Cerenkov < 5,0 preliminary
Ko,ie' PLUTO K:#ﬂﬁw_(lla) all p ' preliminary
TASS0 Rty (B 1 g
s
Py P JADE dE/dx (118) < 0.9 preliminary
' TASSO Tor¢129) < 2.2
Cerenkov(lls) < 4.0

The scaled cross section s/B do/dx for charged_pioﬁs is plotted in
Fig. 50 versus x. The TASS0 and the JADE data(lia’ 129) are in agree-
ment and seem to fall below the DASP 5.2 GeV data(116’ 129).

(118,129,130)

The data for neutral and charged kaons measured by

TASSO and PLUTO at high energies and by the MARK I Collaboration(]3l)

at lower energies are plotted versus x in Fig. 51. The data are in
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general agreement, and in particular the cross sections for charged and

neutral kaon production are similar. The average value for charged pion
production is shown as the solid line. The kaon croés section is a fac-
tor of 2 to 4 below the pion cross section at low x but seem to approach
the pion data at large x.

(118,129) e plotted in Fig. 52 and compared to the

The proton data
charged pion data represented by the solid lines. Within the rather lar-

ge error bars the cross section for kaon and proton production are si-
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milar. The large p, p cross section seems surprising.
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the relative fractions of charged pions, kaons and protons bbserved

50 GeV in c.m. are plotted in Fig. 53 as a function of particle mo-
wentum, At low momenta nearly all the particles are pions, however, the
kaon and the protom yield rises rapidly with momentum such that at a

monentum of 3.0 GeV/c the ratio of

* + + .
m to X top is roughly 55 to 35 to 10.

An average event at a center of mass energy of 30 GeV consists of rough-

+ _ . -
ly 10%~, 1.4 k°k® and 0.4 pp l.e. about one ocut of 5 events has a p, p

pair in the final state.
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8.6 Charge correlations

The back to back produced quarks have opposite charge. According to the
standard picture they will fragment intc hadrons by a neutral quark-
gluon cascade conserving the initial charge. Therefore, apart from fluc-

al132) _oon

tuations, the charge found in one jet should be correlate
the charge of the other jet. Furthermore one expects this long range
correlation to be found among the fast particles and that the slow par-
ticles should exhibit short range correlation only. The TASSO group
reports(]33) the first evidence for long range correlation.

To investigate the charge correlations they evaluate the function

n
® ty o - 1 1

In this expression ei(y) is the charge of a particle i at rapidity y in

the jaterval Ay and ek(y') is the charge of a particle k at a rapidity

v' 1v the interval Ay'. The rapidity isAdefined as
1 (E + py)

where p, is the particle momentum aleng the jet axis. The function
$(y,y"') is related to the probability that the particles i and k have
opposite sign charges minus the probability that the charges have the
same sign. Since the event as a whole is neutral the function E(y,y')
simply shows how the charge of particle i at a rapidity y is being com-
pensated. The normalization is choesen such that ur a(y,y‘)dy' = 1. In
Fig.54a,the ratio 4¢(y,y') = $(y,y')/ $(y,y‘)dy is plotted versus y with
the test particle in the rapidity interval - 0.75 < y'<0, i.e. a slow
particle. This distribution peaks at small negative values of y and
shows that the charge of a slow particle is indeed compensated locally
as expected if only short range correlations are present. The observed
peak has an rms width of 1.3,

In Fig.54b the same gquantity 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 opposite
end of the rapidity plot. Integrating the distribution for y > 2.5
yields 0.101 + 0.033 compared to the 0.011 * 0.014 found for the test
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Fig. 64

The charge compensation function
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a) at -0.75 < y' < 0 and
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< 0. There is therefore a clear signatutre for a

long range correlation extending over some seven units in rapidity.

It is interesting to compare the charge correlation to the particle

density distribution defined by:

l s}
a1y
k=1

- ]
' —3
p(y,y') AyAy’

The quantity p(y,y') = p(¥,¥") /JE(

Z
itk

le; N e, "2 )5 (32)

1

v,y") dy with Jf p(y,y') dydy’

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. 555 and b for the test particle at -0.75

_y'" _0and at -5 _ y°

the particle density function is wider

_ —2.5, Comparing Figs. 54 and 55 shows that

than the charge correlation

function - i.e. unlike sign particles are on the average closer in ra-

Fig. 88

The particle density func—
tion p with the test pariicle
a) at -0.75 < y' < 0 and

b) at =5.0 < y' < -a.5.
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pidity than like sign particles.

The particle density function with the test particles at -5 ¢ y*
< ~2.5 is rather smooth with no sign of long range correlations.

The correlation functions contain information on the primordial
-gquarks and are more sensitive tests of the fragmentation process than

the single particle distributions.

g.
EVENT TOPOLOGY AND THE FINAL STATE ANALYSIS

The topology of the hadrons in e'e” annihilation can be used to iden-
tify the production mechanism
a) Pair production of light quarks with only collinear gluon brems-—
strahlung will manifest itself as two coliinear jets 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 1li-
mited momenta transverse to the plane. Multiple gluon bremsstrahlung
will lead to more isotropic events. .
¢} Pair production of heavy quarks will yvield nearly spherical events
close to threshold. _

In the next paragraphs we briefly describe the Monte Carlo simula-
tions and the methods used to dgtermine the topology of the hadrons in

the final state.
9.1 Inputs to the Monte Carlo simulation

All groups have made extensive Monte Carlo computations to confront
the various production mechanisms with the data. The inputs to these
galculation are summarized below:

a) Quark pairs are pair-produced proportional to e?. Light quark pairs

are created from the vacuum in the ratio wa : dd & ss = 2 : 2 3 1,

b) The basic gluon bremsstrahlung process (Fig. 44) is treated to first
(134)

order in the strong coupling constant a_ by Hoyer et al. whereas

the computation by Ali et al.(l35) includes all second order diagrams

except those with internal gluon lines (Fig. 44h, k).

The formalism of Field and Feynman(l36) or the one set up by the

(137)

Lund group is then used to compute the fragmentation of the consti-

tuents.
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¢) The fragmentation of the quarks is described by 3 parameters in the

Field-Feynman model:

1) a.:

F

The quark fragments q - q' + k according to a distribution func-
. h '
tion £ (z2) =1 - a

2 . .
- = + .
r Y BaF(l z)  with z (p E)h/(p + E)q ay is the
same for u, d and s quarks and is determined experimentally. For the

heavy quarks c¢ and b; fh(z) = constant.

i1) oq: The primordial transverse momentum distribution of the quarks

with respect to the jet axis is given by exp(—p;/ci).

iii) P/(P+V): Only pseudoscalar (v, K ...) and vector mesons {(p, K ...)
are produced; P/V is the ratio of pseudoscalar to vector mesons produced
in the primordial cascade.

Field and Feynman found(136) that deep-inelastic lepton-hadron reac-—
tions and also hadron-hadron interactions can be simultaneously descri-

bed by the following values of parameters:

ag = 0.77, oq = 0.30 GeV/c and P/(P+V) = 0.5,

d) The fragmentatioﬁ of gluons is treated as a cwo-step procéss in which
the gluon first fragments into a qa pair which subsequently fragments
into hadrons as outlined above. In the Hoyer et al. program(134) the
gluon imparts all its energy to one of the quarks - i.e. in this model
guark and gluon fragmentation are identical. Ali et al.(lss) describe

g > qa by the splitting function(!37) f(z) = 22 + (]-—z)2 where z = Eg/Eq'

9.2 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. Some of these methods are briefly discussed below.

The shape of an event is conveniently evaluated by constructing the

second rank tensor(zg’Bl)

5a " Pip (a, B =X, ¥, 2) (33)

MGB = I Py

i=1

where Piy and Pig are momentum components along the o and B axes for
the jth particle in the event. The sum is over all charged particles in
be the unit eigenvectors of this tensor asso-

3
ciated with the normalized eigenvalues Qi’ vhere Qi = Z(;j.Ki)z/zE?'

-+ - -+
the event. Let n], n,, n
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These eigenvalues are ordered such that Ql < Q2 < Q3 and are normalized
with QI + Q2 + Q3 = }]. The principal jet axis is then the 33 d%rection.
The event plane is spanned by 32 and ;3; and El defines the divection

in which the sum of the square of the momentum component is minimized.
Every event can be represented in a two dimensional plot of aplanarity
A= (3/2) Ql (i.e. normalized momentum squared out of the event plane)
versus sphericity S = (3/2)(Q1 + Q2>' In such a plot two jet events will
cluster at small values of A and S, planar events have small values of
A whereas both A and 5 will be large for spherical events. This is borne
out by the Monte Carlo results shown in Fig. 56 b and c¢. This method has
been used by TASSO(SB) and JADE(36).

MARK J(34’139) uses a linear method based on energy flow where the
coordinate system is defined as follows: the Zl axis coincides with the
thrust axis which is defined as the direction of maximum energy flow.
They next investigate the energy flowin a plane perpendicular to the
thrust axis. The direction of maximum energy flow in that plane defines

a direction 32 with a normalized energy flow

major = X I;l . gé] / E

is? (34)
1

vhere E . = £|3-]. The third e, is orthogonal to both the thrust and

the major axis 32, and it is veiy close to the minimum of the momentum
projectioﬁ along any axis i.e,
minor = I Jp - &5] / E_, . ’ (35)

The PLUTO group(lt0> has developed a two step cluster method to de-
termine the event topology. The first stage associates all particles in-
to ‘preclusters irrespective of their momenta., Particles belong to the
same precluster if the angles between any two tracks are less than a li-
miting 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
less than a given value B. The number of clusters n is defined as the
minimum number of clusters which fulfil the inequalities:

n B
§=I Eci > Evis {1 ~ ¢) | (36)
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where Eci is the cluster energy and ¢ a small number. If the energy

of a cluster, defined as the sum of the energies of all particles as-
signed to the cluster, exceeds a threshold energy Eth then the tluster
is called a jet. Typical values for the various parameters are ¢ = 300,

8 =45°, ¢ = 0.1 and B, = 2.0 GeV.

9.3 Bvidence against new quarks

The distribution of events in the A, S plane observed(“'l) by the TASSO
Collaboration at c.m. energies between 27.4 and 36.6 GeV is shown in

Fig. 56a. The data cluster at small values of S and A with a long tail
of planar events as expected for light quark production including gluon

bremsstrahlung as shown in Fig. 56b.
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0 S L — .
o et ween 27.4 GeV and ‘36.6 GeV in
(b} =l
5 04 q§+aqg me t?,v\ . a0,
g tuee E NG T Monte Carlo created events in
Qe 021 TAE 2 alanarity and spherieity at
% 'lz, ~ bt ap y p
" L 3R .
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o AR Sl U | 1 | ' + - — .
T " b) e e -+ qqg with
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0z and a e.m. energy of 35 Gel.
00
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B8 317284

In the data at 35.0 < W < 36.6 GeV there are 2 events with A> 0.15,
whereas for heavy quark pairproduction we expect a t(;tal of 57 events
if the quark has a charge of 2/3 and 14 events if the charge is 1/3.
Combining these data with similar data(lm) from JADE and MARK J ex~
cludes a charge 2/3e heavy quark with a mass between the b quark and
18 GeV by some 12 standard deviations. The existence of a charge 1/3

quark is also rather unlikely in the mass range explored at PETRA.
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A scan of the cross section in 20 MeV steps did not produce any
evidence for narrow peaks, The limit is Fee . Bh < 0.4 keV for c.m.
energies between 35.0 and 35.6 GeV. For a charge 2/3e quark ot a 1/3e

quark we expect to find respectively Fee = 5 keV or 1.3 keV.

10.

GLUONS

At present QCD is the only theory of strong interactions available,

and it is obviously crucial to carry out clean experiments which either
support or refute this theory. The first step is to demonstrate that
ticld gquanta, gluons, indeed do exist. However, this is not sufficient
.ince presumably any field theory of strong interactions containé glu—
sns. To "prove"” QCD one must demonstrate that the gluon is a flavour

neutral, coloured vector particle with gauge couplings. .

10.1 The evidence for gluons

Gluon bremsstrahlung e e -~ qgg (¥ee Fig. 44) has well defined experi-~
mental signatures.
A) The average transverse momentum of the hadrons with réspect to the
jet axis will grow with energy. Normalized transverse momentum distri-
butions, measured by TASSO and evaluated with respect to the spherici~
ty axis are plotted in Fig. 57 versus pi for different e.m. energies.
The observed pi distribution clearly broadens with energy. In QCD the
growth is explained as hard non-collinear gluon emission. Fits based
on this mechanism are shown in Fig. 57. However, it is also possible
to fit the data up to moderate values of p% by increasing dq as a func-
tion of c.m. energy.
B) If hard non-collinear gluon emission is a rare process as expected
in QCD, then there should usually be only one wide-angle gluon per
event: In fact the probability of emitting two gluons in one event
compared  to single gluon emission is proportional‘to a. Hence only one
of the jets should broaden.

To test this prediction the jets in an event are divided into a
0(35)

narrow and a wide jet. The data obtained by PLUT are shown in

Fig. 58. Plotted are <p§> versus z = P/pbeam at low and high energies
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the wide and the narrow jet separately. A large asymmetry between

the two jets is observed at high energies. Unlike the asymmetry obser-

ved

at low energy the PLUTO group find that this cannot be explained
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by fluctuations in the two jet events.

C) Planarity. Regardless of the value of oq (or the mean pT), hdrons re-
sulting from the fragmentation of a gquark must on the average be uni-
formly distributed in azimuthal angle around the quark axis. Therefore,
apart from statistical fluctuations, the two jet process ete” » qq will
not lead to planar events whereas the radiation of a hard gluon, e
qag will result in an approximately planar configuration of hadrons

with large transverse mémentum in the plane and small transverse momen-
tum with respect to the plane. Thus the observation of such planar events,
at a rate significantly above the rate expected from statistical fluc-
tuations of the qq 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 number zero and cannot have 1/2 in-
teger spin.

. . , . 2
We first compare the distribution of Pr’s the momentum component

’
normal to the event plane squared, with that gz <PT>in’ the momentum
component in the event plane perpendicular to the jet axis.

The data obtained by the TASSO group are plotted in Fig. 59 and Fig.
60 for c.m. energies between 12 GeV and 36.6 GeV. The distribution of
<p2>Out changes little with energy in contrast to the distribution of
Pr”in wich grows rapidly with energy,in particular there is a long tail
of events not observed at lower energies. Fits to the data assuming
e+e” - qa and aq = 300 MeV/c ésolid curves) or aq = 450 MeV/c (dotted
curves) are also shown. The <pg> . distribution &t high energies is
not fit by cq = 300 MeV/c, howeier a good fit can be obtained by in-
creasing cq to 450 MeV/c. The qq mod;l however, completely fails to re-
produce the long tail observed in <Pp>;, At high energies. This discre-
pancy cannot be removed hy increasing the mean transverse momentum of
the jet. Fig. 60 shows a fit assuming Oq = 450 MeV/c (which gives a
good fit to /o dc/dpi and to <p§>out). The agreement 'is poor. We there-
fore conclude that the data include a nuwber of planar events not re-~
produced by the qa model independent of the average P assumed.

Gluon bremsstrahlung offers a natural mechanism to explain the ob-
served planarity of the events. Fig. 60 shows a second order QCD fit to
the data using the Monte Carlo method outlined above. The fit assumed

a constant value of cq = 320 MeV and a, = 0.17 (see below}. The long
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tail in ~<va>]._n is reproduced in this model. Note that the growth in

<p,‘12,>Out is explained by the occurence at small fraction of 4 (or more)
jet events which, in general, are not planar.
The data from PLUTO(BS) and JADE(BG) analyzed in a similar manner

are in full agreement with the findings of the TASSO group.
d(34’ 139) by the MARK J
group using a different technique. They divided each event into two he-

The planarity of the events is also observe

mispheres using the plane defined by the major and the minor axis (see

above) and analyzed the energy distribution in each hemisphere as if it



68

B.H.WIIK

were a single jet. The jet with the smallest transverse momentum with
respect to the thrust axis is defined 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 dis-:
tribution measured for c.m. energies between 27 and 37 GeV is plotted
versus oblateness in Fig. 61 for the narrow and the wide jet separately
and compared to the predictions for ete” > qq (dashed curve) and

ete” » qqg (solid line). A good fit is obtained with the qag final sta-
te whereas the qq final state do not fit the oblateness distribution

for the breoad jet.

T T T T T T T T T T 7

10 ¢ DATA 0 & DATA ~
7 27 <V5 < 37 GeV 27 <vS < 37 GeV

MARK J MARK J

= m
Z|10 o |
vlo olo
—lz .
o1 03 —
— QCD \\
f —— Qb ~
0 { ( | 1 ! 1 i | t §
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Fig. 81 N

The distribution 1/N dN/dO determined by the MARK J Collaboration

as a function of oblateness 0 for the narrow and the wide jet se-
. . + - ~

parately. The solid curves are predictions based on e e ~ qqg,

the dashed curve showeithe prediction for ete” > aq.

The data discussed above prove conclusively that the observed planar
events cannot result from the fluctuations in quark pair production with
a Guassian distribution in transverse momentum around the jet.axis of
the hadrons. Each PETRA group has now observed on the order of 200 pla-

nar events with an estimated background from fluctuations of two jet
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events of about 20%Z. Wide angle gluon bremsstrahlung ete” - qag natu-
rally result in planar events. The observed rate for such events is
consistent with the QCD predictions. Besides this source there are two
ad hoc possibilities; a flat phase space of unknown origin, or that
the transverse momentum distribution of the quark fragmentation has a
long non—Gaussian tail. The first possibility can be excluded by ob-
serving 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 jJet axes.

D) Properties of planar events. The TASSQ Collaboration use a genera-

(142) of sphericity to define three-jet events. In this method

the tracks are projected on to the event plane defined by 32 and o

lization

‘ 3
(see above). The projections are divided into three groups and the

p? 82 and 83 determined. The three axes and

the particle assignment to the three groups are defined by minimiziug

sphericity for each group S

the sum of Sl’ 32 and 53. This defines the direction of the three jets
and assigns the particles to these jet directions.

In Fig. 62 the TASSO events are plotted versus tri-jettiness J3 de-
fined as

2 1 2.2
Jy = <Ppry, !« 3‘(300 MeV/c™)™ ).

Here <p§>in is evaluated for all charged tracks in an event with res-—

pect to their assigned axies. Thus for three jet events with a mean

—T T ¥
{b) Fig. 62
— MC for e’e”- qdg Planar events (S > 0.25,

—— MC for disk-like events

HQJSZ‘;G"“ 1 A4Z 0.08) measured by the
A<0.08 TASSO Collaboration and plot-

ted versus the tri-jettiness
1 I3 The Monte Carlo predic-

tions for e e + qqg (solid)
and for e e - hadrons (pha-

sespace dashed).

Number of Events
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transverse momentum of 300 MeV with respect to the jet axis we expect
to find the events clustered around J3 = 1, compared with a wide dis=-
tribution in J3 in case of a flat+pEase fpace distribution. The data
agree with the expectations for e e -+ qqg, shown as the solid line and
disagree with the phase space distribution plotted as the dashed curve.
The TASSO group has also evaluated the transverse ‘momentum of charged
particles from three jet events with respect to the jet axes to which
they were assigned, This distribution I/N dN/dp% is plotted as the solid
points in Fig. 63 versus pi. It is compared to the pi distribution found
with respect to the jet axis in two jet events shown as the open points.
The agreement is very good and demonstrates that the mean Pp is
constant independent of energy, when the events are analyzed as three

jut events.

] 1
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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 large oblateness 0. > O.1.
Fig. 64 shows the energy distribution of these events in the plane de-

fined by Zl and 22. Plotted is the energy deposited in 5° bins as a
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function of angle. A clear three peak structure is seen. Plotted are
the predictions from QCD, phase space + qa with dq = 300 MeV/c¢c and qq
only with cq = 500 MeV. Normalized to the total event sample, only the
gluon bremsstrahlung hypothesis fits the data.
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Fig. 64

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 meqgsurements were done by the MARK J group. The QCD fit is
shown by the solid line, a mixed phase space and qq model is showm

as the dotted line, a pure qq model with cq = 500 MeV s given by the
dashed line.

The JADE group(143) uses an independent method suggested by Ellis and

Karliner(144)

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 - Ql > 0,1 and determine the thrust axis
for each event. The event is then divided into two jets by a plane nor-
mal te the thrust axis and the Pry for each jet computed separately: the
jet with the smallest P is called the slim jet, the other broad jet. The
particles in the broad jet are then transformed into its own rest system.
If the broad jet consists of two jets 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. 65 together with the thrust distribution of two

jet events measured at 12 GeV, The two distributions are in excellent

agreement. Also other quantities like the invariant mass, mean P and
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charged multiplicity evaluated for the broad jet in its own rest gys-
tem are in agreement with the same quantities evaluated for a two jet
event at 12 GeV. The data therefore exhibit a three jet structure as

expected for gluon bremsstrahlung.

¢ 1*broad jet VS =30 Gev,Q,-Qy> 0.1
4 TVE 212 GeV all events Pig. 65
60 I ] T I

Distribution of thrust for the
broad jet of planar events at
30 GeV compared with the thrust
- R distribution at 12 GeV. The data
40 . were obtained by the JADE (Olla~

B - boration.

0 ]__Li | | |
05 0.6 0.7 0.8 09 1.0

T 31736

(140,145) | it data using the cluster

The PLUTO group has analyzed
method discribed above. The distribution of the observed number of jets
per event are listed in Table 14 and compared to the predictions based
on qa, qa + qag (as = 0.15) and phase space. The models are all norma-
lized to the number of observed events. The data clearly favour a clu-

stering of the particles around 3 axes.

Table 14 - Number of clusters

n P 2 3 4 5 6 7
Data 2 551 249 53 3 1

phase 1 30 154 306 268 86 14
space

Qq 3 680 152 23 1

aq + qq8 3 567 247 46 2
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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. 66 a and b show typical candidates for

S three jet events observed by JADE and TASSO. Note that several tracks

cluster around each axis.

TASSO
Ecmz3sﬁev

Myex- 2,101 Gev

| <

i g

d 30193 nam e
‘ Fig. 66 — Example of three jet events observed by

- a) JADE and b} TASSO

l In Fig. 67 the multiplicity distribution of the three jets deter-
' mined by the TASSO group is shown. The jets are ordered according to
E, > E, > Ej. The energies 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
complete were considered. It is clear that each jet in general consists
- of several charged particles and that the multiplicity distribuytion is
‘ reproduced by the QCD calculation.

In conclusion: all the properties observed in e'e - hadrons can be
explained naturally by gluon bremsstrahlung and there is no other al-
ternative mechanism known which explains all the data. However, to praove

: that the gluon observed is the QCD gluon one must show that the gluon is a

coloured, flavour neutral vector particle with gauge couplings.
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10.2 The spin of the gluon

It is obviously crucial to determine’ the spin of the gluon from a sam-
ple of clean three jet events resulting from gluon bremsstrahlung.
e+e_ - qag. This process can conveniently be described in Dalitz plot
using the variables X, = Ei/Eb where the energy carried off by the
quark or the gluon Ei is measured in units of the beam energy Eb' The
variables are ordered such that x, < x, < x,. The thrust of the qqg

3 2 1

event is then given by xl, and X+ X, +Xg = 2. The distribution of the

events as function of X, averaged over production angles relative to

. . + o~ . . .
the incident e e directions, can be written as:

2 2
| do Zag, Xt X, : , . R
T Oy = 3 Oyt eyelic permutations of 1,2,3)(37)
0 12 1 2
for the vector case and as:
u 2
o Xq

+ cyclic permutations of 1,2,3) (38)

1o do

99—y =52 (
o dxldx2 S 37 (l—x])(l—xz)

for the scalar.case.
The TASS0 group(146)
cos = (x2 - x3) / X, suggested by Ellis and Karliner

has determined the spin using the variable
(]44). § is the
angle between the parton | 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 aveid x, close to 1. Further-
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more, for X, close to ! the distributions are varying rapidly so that
smearing effects gaused by the non-perturbative fragmentation of gluons
and quarks are important. For these reasons only events with i - x]> 0.1
are used in the analysis.

A total of 248 events remained after this cut with an estimated
two jet event background of 177 and 18% for scalar and vector gluons
respectively.

The distribution of the events as a function of cos8 is plotted in
Fig. 68 and compared with the distributions predicted for vector (solid)
and scalar (dotted) gluons. The prediction was made using the model of
Hoyer et al.(134). Note that the distributions are normalized to the
nmber of events in the plot i.e. the scalar and vector cases are dis-

criminated using the shape only.

i
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.é - scalar ) . The solid line shows
32 I 4 the QCD prediction and the dot-
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n 4 scalar gluowns, both normalized
T | 7 to the number of observed events.
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cos ©
0105.80 A5LL

The data clearly favour the vector case. A fit to the data gives
for three degrees of freedom x2 = j for the vector gluon and xz = 4.9
for the scalar gluon - i.e. scalar gluons are disfavoured by 3.1 stan-
dard deviations.

One way to avoid binning effects is to evaluate the mean value of
the 6. The experimental value of <cos8> xp = 0.349 + 0.013 can be com-
pared to the values <cosg>V = 0.341 + 0.004 and <cosa>s = 0.298+0.003
for vector and scalar gluons respectively. The experimental value dif-

fers from the vector gluon prediction by 0.6 standard deviations and
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by 3.8 standard deviations for the scalar case.

This conclusion is remarkably insensitive both to the exact value
of ag and the details of the fragmentation., Varying the couplipg con-
stants by + 207 changes the computed value of <cos8> by about +1Z. Eva-
luating <cos8> in the elementary model without fragmentation leave the
scalar prediction unchanged and increases the predicted value for a
vector gluon by about 27.

(140, 145)

Another analysis of the gluon spin has been made by the

PLUTO Collaboration. They investigate the % distribution - i.e. the
distribution of the most energetic jet in theee jet events. This dis-

tribution is plotted in Fig. 69 with the qq contribution subtracted.

R0 A S L e S B S
19N PLUT .
10.0 E-NdX; - Fig. 69
[ : The thrust distribution ob-—
& ] served by PLUTO in three jet
I 1 events. The solid line re—
[ | presents the spin [ case and
1.0 - 3 the spin O case is shown by
E i the dotted line. The qq eon-
[ ] tribution has been subtracted.
0.1 - "
] ply s 2 9 ;
7 8 L] 10
X 30563

The prediction for the vector and the scalar case normalized to the
number of events is shown as the solid and the dotted curve respecti-
vely. The vector curve fits the data nicely whereas the scalar curve
is elearly disfavoured. However, note that PLUTO consider events with
(1 - xl) > 0.05. Removing the last bin woul@ reduce the significance
of this fit.

Both the TASSO and the PLUTQ conclusions are based on a first order

calculation in a -
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10.3 Determination of the strong coupling constant a

The strong coupling constant o is directly related to the number

of three jet events. After choosing a minimum angle between any‘pair

of partons (q, a or g) the QCD cross section (Eq.37) can be integrated

and normalized to the total e e annihilation cross section. This ra-

tio depends only on o and can be compared directly to the experimental

ratio of three jet events to the total number of hadronic events. In

practice the analysis must consider several effects:

1) The overlap between jets due to the hadronization process and to

fluctuvations 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 ni mum

i, te between any two parﬁons is large compared to the opening angle
ihe jet.

; The omission of neutrals in some experiments.

-: Apparent multijet contributions resnltiﬁé from b—decays.

7) Corrections from higher order processes in a .

5) QED corrections(lay)

» in particular hard photon emission in the ini-
tial state.

These and other effects have been taken into account using fhe ela-
borate Monte Carlo routines discussed above.

A first attempt to determine @  at PETRA energies was made by the
MARK J group(148) using data taken around 30 GeV. They found, using the
Ali et al. program, o, = 0.23 .+ 0.02 + 0.04 where + 0.02 is the statis-
tical error and + 0.04 the systematic uncertainty. A recent analysis(139)
based on further data and which also includes the hard photon correction
omitted in the first analysis yields as a preliminary value a, =
0.19 + 0.02 + 0.04.

The TASSO group determined(IAQ)

o from the event distribution in the
A, S plane. They found that @, can be determined almost independently of
the fragmentation parameters using events with § > 0.25. In this kine-
matical region three jet events dominate and non—perturbative effects
are not important. The events with S > 0.25 were fitted for all allowed
values of ap and P/(P+V) with ag and oq as free parameters. Th;s fit
gave o values between 0.14 and 0.17 with a mean wvalue of 0.16. There-

fore a, = 0.16 + 0.04 is independent of the fragmentation parameters.
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The fragmentation parameters were then determined in a further ana-
lysis using events with low sphericity S < 0.25. This region is domi-
nated by two jet events and is insensitive to o

Simultaneous fits were made to: i) The x distribution (x = ph/Eb).
ii) The <p2>_ _ distribution. iii) The charged multiplicity distri-
bution.

The fits yielded a_ = 0.57 + 0.20, Uq = 0,32 + 0.04 GeV/c and

F
d(136)

P/(P+V) = 0.56 + 0.15 in agreement with the values foun earlier
in lepton—hadron and hadron-hadron interactions. The quality of the
fits is shown in Fig. 70. Using these parameter values as an input to
fit the events with § > 0.25 resulted in o = 0.17 + 0.02 + 0.03.

W2 Gy we oy Repeating the fit using the model of

P — .
4 ] 3 Hoyer et al.(IBA), gave

e d9/d3

3 H i a = 0.19 + 0,02,
p s -

This 1s expected since this model only

o 0 s e
SPHERICITY . -
considers two and three jet events where-

e e as the second oxder model(l35?

also con-

+ 1 siders four jet events. The effective va-

Ho goidh

lue of o in the first order model must

thus be about 107 larger. However, remem-

R S ber that diagrams with internal gluon

lines have been neglected<150).
The JADE group basically used the pro=-
cedure outlined above to determine us.

They find(!®?) o = 0.18 + 0.03 + 0.03
s T(36)

ifo doldx

consistent with an earlier determi-

nation based on the planarity distribution.

The PLUTO group used the cluster method

. method(240’145) described above to classify
Frg. 70

Comparison of the data
with the QCD model {cur-
ves) at 12 GeV and

30 GeV in c.m.

the events as two, three or four jet events.
The value of @, was then determined from
the observed jet distribution. They find
a, = 0.15 + 0.03 + 0.02,

It is clear that the values for o

determined from the three jet events by
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various methods are in good agreement with a mean value @, = 0.17.

The value of a is related to A, the strongzinteraction mass scale.
It is still an open question what to use for q° in Eq. 26. Mayhe, the
best choice is q2 = p2 where p2 is the quark-gluon effective mass squa-
red. The pz distributions for the TASSO events with S > 0.25 are plot-
ted in Fig., 71. Inserting the mean value <p2> = 140 GeV2 into the ex~

pression for aé(qz) yields

+65
A = (95 o) MeV for a_ = 0.17 + 0.02.
300 T T
MONTE CARLO events S»0.25 Fig. 71

Distribution of the square of the
quark—-gluon mass as computed for

events with large sphericity.

- MBER OF EVENTS

0 100 200 300
pl= {quark-gluon invariant mclss)2 (Gev2)

29.0.40 0537

Including the systematic error yields A < 290 MeV.
From deep inelastic lepton hadron interactions values for A between

100 and 500 MeV are found.
10.4 Soft gluon emission

So far we have primarily considered effects due to the emission of a
single hard gluon at large angles. However, in the quark-gluon cascade
leading to the final hadron jet most gluons are soft and emitted at
small angles. The coupling constant ag will thus be of order unity and
many diagrams must be summed. It has been proposed(lsz) to relate the
parton angular distribution within the cascade to the two particle
differential cross section:

d30

C-z f vz eg L__d0 -
Vogg = 2 d‘"‘afdzb %2 ' %p g dz s Az dn (39)
a,b a- b
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where a and b are any two particles emitted in the event with normali-

zed momenta z.5 2z (z = plpbeam) and an opening angle of w-8.

(153) the two particie dif-

The PLUTO Collaboration has determined
ferential cross section for c.m. energies between 9.4 GeV and 31.6 GeV.
The data at 9.4 GeV and 31.6 GeV are plotted in Fig. 72 versus 8 for

small angles — i.e. the particles belong to opposite jets. The dashed

T T T T
94 GeV - 276-31.6 GeV
. Fig. 72
10 ”ﬂji 1
; ;%; 1/0 da/dQ measured by PLUTO
© .1}
N t ? plotted versus 8. The dashed
§ and solid curves represent
[+
= o T . theoretical fits to the data.
{a) (b}
L 1 1 1
o 30°  60* 0 30* 60°
9 a woor
Lot
) . . (154) . .
cur. @ resents a theoretical fit to the data without hadroniza-~
¢t ... :he fit is based on the QCD leading logarithmic approximation
which 1s used to evaluate the fragmentation function for a parton a

to pro&uce a parton b. The parameters were determined from the 9.4 GeV
data and used to predict the cross section at 30 GeV. The trend of the
data is reproduced by this fit, however, the fit was much improved by

including the hadronization of the partons shown as the solid line.
10.5 Do quarks and gluons fragment differently ?

A gluon may fluctuate into pairs of quarks and gluons. Furthermore

the ggg coupling is 9/4 times stronger than the qag coupling such that
gluon emission is expected to be more frequent for gluomns than for
quarks. This leads us to expect that a gluon and a quark will fragment
into hadrons differently - the hadron spectrum from a gluon fragmenta-
tion will be softer with a correspondingly higher multiplicity.

)

Anderson, Gustafson and collaborators have suggested(155 studying

the yields of low-energy particles emitted at large angles with res-

(151)

pect to the jet axis. The JADE group has carried out this analy-

sis using charged and neutral particles. Planar events with Q2 - Q>
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Q.10 were divided into a slim jet and a broad jet by the plane normal
to the thrust axis. The broad jet is then boosted into its own rest
system 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 707 of the time and it simply réflects the softness of a brems-
strahlung spectrum. All the particles are then projected on to the pla-
ne defined by T, thrust axis of the event and T* the thrust axis of the
boosted two jet system. They then plot the particle densities between
the gluon jet and the slim jet and the quark jet and the slim jet in
terms of normalized angles ei/emax’ where emax is the opening angle bet-—
ween the gluon jet and the slim jet or the quark jet and the slim jer
respectively. The data plotted in Fig. 73 show that the density of tracks
— T |
e Data 30,35GeV

50} JADE -

Fig. 78

Angular distribution of charged
particles between the slim jet
and the %Zuon Jet and bftween the
slim jet and the quark jet as

a function of the normalized

dN/do*

angles Q/Qmax'

OJ...;]_nl;A.._I_

0. 10 0. 1.0
e#-

3.11.80 31867
is larger by a factor of 2 between the slim jet and the quark jet. The
result of a Monte Carlo computation based on similar fragmentation
functions for quarks and gluons fails to reproduce the dip observed in
the particle density distribution between the quark and the slim jet,
as shown by the dotted histogram in Fig. 73. The data, however, can be
reproduced by assuming that the quark has a harder fragmentation func-

tion than the gluon jet, as shown by the solid histogram. This may be
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a first experimental indication that quarks and gluons fragment dif-

ferently.

11,
TWO PHOTON INTERACTIONS

Electron-positron collisions are also a source of photon—photon colli-
sions(156) as shown in Fig. 74, where the mass and the energy of the
spacelike photon is determined from a measurement of the scattered lep—
ton. These processes offer a unique opportunity to vary the mass of the
target and the projectile over a wide range from collisions of two near-
ly real photons via deep inelastic electron scattering on a photon tar-

get to collisions of two heavy photons.

e- e Pig. 74
Hadron production in

+ - + -
ee +ree X

Hadrons

e et 31778

Experimentally, two photon events are separated from annihilation
events by a cut on the observed energy. The c.m. energy of the yy sys—
tem is in general much lower than the available energy, reflecting the
products of two bremsstrahlungsspectra. The background from beamgas
events is rather low as determined from the number of events which sa-

tisfy the selection criteria but originates outside of the interaction

volume.
11.1 Resonance production

All hadrons with even charge conjugation and spin different from one can
be produced( 57) in real yy collisions.

The MARK IL Collaboration at SPEAR has publlshedclss) data on
e+e - ? e n'. They found a clean n' signal in the chapnel n' - py which

gave P:Y = (5.8 + 1.1) keV with a systematic uncertainty of 20%. With
the measured branching ratio of BR(n' - yy) = (2.0 % 0.3)Z this yields
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tot
nl
value of (280 + 100) keV determined

a total width T = (293 £ 76 + 59) keV in good agreement with the

(159) by D.M.Binnie et al. from the
reaction 7 p + n'n near threshold. v

Events of the type e+e- g e+e_t+t“ have been selected by PLUTO and
TAS50 at PETRA and by MARK II and the San Diego group at SPEAR to
search for yy production of resonances decaying into pairs of charged
hadrons. The effective mass distribution of untagged two prong events

determined by the PLUTO group(lao)

is plotted in Fig. 75 assuming the
particles to be pions. The data show a broad maximum near 1.2 GeV de-
creasing steeply towards higher masses. The bulk of the two prong events
results from QED reactions e +e'e (e+e- > u+u—) with an amplitude
proportional to e4. (In additien there is a small contribution from = m
Born events). This contribution has been evaluated(lﬁi) and is shown as

the solid line in Fig. 75. It describes all the data except for an ex-

EVENTS per 0.1 GeV
I

: PLUTO | Fig. 75
‘::’ I‘:gsw Untagged two prqng events
from PLUTO plotted versus
1001~ + 1 the pair mass. The solid
ﬁ + line shows the QED contri-
+ +11 2 Wi bution. The difference bet-
so}- 1 ween the measured two prong
yteld and the QED contri-
bution s shown in the in-~
. 1 s J‘*i ' = sert.
| wﬁg'{:;ev} 3001%

cess near 1.25 GeV. The difference between the observed distribution
and the QED prediction is a peak near 1.25 GeV as shown in the insert.
It is natural to associate this peak with £© production since the f£°
has a mass of 1.27 GeV and decays into a o pair 83%Z of the time. A
fit to the data assuming the £° to be produced with a helicity ampli~
tude A = 2 gave Fii = (2.3 + 0.5 + 0.35) keV, where the firs; error is
statistical and the second systematic.

(162)

TASSO has obtained similar data which yield a pfeliminary value
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fo
r = (4.1 + 0.4 + 0.6) keV.
YY - -

Also the MARK II.Collaboration has observed a clear enhancement at

a pairmass of 1.2 GeV. However, these data can not be fit by a single
Breit-Wigner resonance.

11.2 Observation of e e'e popo

The TASS0 group reports(lsa) Yesults on y v + popo. The popo 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 less than 0.15 GeV. The invariant yy mass was required to be bet-
ween 1.5 and 2.3 GeV. This results in 89 events, with a negligible
background from beam gas events. They estimate one event from one pho-
ton annihilation and 15 events from events containing additional unob-
served particles.

The cross section for yy ~ pop0 is plotted in Fig. 76 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 nonasympto-

tic effects are expected to be important.

m ] T
Fig. 76
2 The cross section for
- + = + - o0
Lol i ee +ee +pp as
y measured by TASSO. An asymp-
g
z totie VDM prediction ia shown
__*__::fﬁﬂ__ﬁ as the dotted line.
0 Lmmmm=mmas” =t 1
15 20 25

Wy (GeV)

11.3 Hadron production with real photons

The amplitude for yy - hadromns will presumably contain both the hadron-

1ike(]65) (166)

piece and the pointlike plece shown in Fig. 77. In the

hadronic piece the photons convert into vector mesons which subsequent-

e LT v“ww«—f—uezi Fig. 77
| PR + The hadronlike and the point-
e P like contribution to

t l ot '.I YY - hadl"ons.
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ly interact producing a final state similar to that produced in hadron
hadron collisions, where the secondary hadrons tend to be produced with
low transverse momenta with respect to the beam axis. In addition, how-
ever, the photon has a pointlike piece where the photon couples directly
to a quark pair initiating a hard scattering process. In this case the
secondary hadrons will appear in two jets of hadrons distributed roughly
as l/pé 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

2
o(yy > hadrons) = 240 nb + 270(“; GeV) + C(anGeV ) (40)

W

The first term results from Pommeron exchange and was estimated from

g = (o )2. The second term involves f and A
PP Yp 2

exchange and leads to a cross section which decreases as /W where W

factorization o .
YY

is the energy of the hadronic system. The pointlike contribution is
expected to decrease roughly as 1/W2.

The total hadronic cross section has been qeasured(léz),bpth by the
PLUTO and the TASSO Ccllaboration. Both groups collected data by de-
tecting only one of the electrons leaving the other untagged. The total
energy W of the produced hadron system was estimated from energy ins
observed in the detector. Only charged particles were observed in
TASS0 whereas PLUTO also measured photons. The observed cross sections
were extrapolated to'Q2 = 0 using the p—~ propagator:

m2 -2

o, =0, Q% - [m—zﬁz (41)
p
Note that this simple Ansatz violates scaling and is not wvalid in elec~
troproduction at large values of Q2. The Q2 dependence of the total
cross section is shown in Fig., 78 together with the p—propagator fit.
The cross section extrapolated to Q2 = 0 are plotted versus W in
Fig. 79. The VDM contribution is also shown as the dotted line. Note
that the TASS0 data are preliminary.
In addition to the statistical errors indicated by the bands, there
are systematic errors of 157 and 25% for the PLUTO and the TASSO data

respectively.
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G +€GQ
(nb) 1 { | ] | I |
PLUTC _ Fig. 78
1< Wyis <35GeV] Total eross section
+: 155 Gev_ for yoy = hadrons
t: 7 Gev) observed by PLUTO,

800

400 —
200} -]
| | ] i ) 1 |
0. 02 03 04 05 06 07 08
Q* (Gev?)
Tyy (W)
{nb) T 1 I T |
woor- | PLUTO 7] Fig. 79
TASSO The total cross section for
Yy ¥ =+ hadrons plotted versus
1000 the mass of the produced hadron
system. Note that the TASSO da-
ta are preliminary and that only
sool_ statistical errors are shown.
I ! L ] ]

W(GeV) 51746

The data from the two groups are marginally comsistent within the
errors. However, the PLUTO cress section clearly decreases steeper with
energy than the TASSO cross section does:

A best fit to the PLUTO data gives:
270(nb GeV) N B(ub GeVz)
W T’JZ

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

a = A (240 nb +
YY

by: 520(nb GeV)

g = 380 nb + .
YY W
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Although, the PLUTO data might suggest the presence of a pointlike

term they clearly do not yet prove it. The pointiike contribution might
show up more clearly in the transverse momentum distribution of the
hadrons at large values of Py where the hadron-like contribution has
disappeared.

The trdnsverse momentum distribution measured by PLUTO is plotted
ig Fig. 80 versus p%. The spectrum d;ops rapidly at small values of
Pr and flattens at large values of Py where indeed the slope is con-
sistent with ]/pg as expected for the hard component. The solid line
represents the contribution from the pointlike diagram.

A candidate for a hardAscattering event obtained by PLUTG is shown
in Fig. 8!. When viewed along the beam direction the event appears as
two collinear jet of hadrons. When viewed transverse to the beam di-
rection the event is seen to have a unbalanced longitudinal momenta as

expected for a yy event.

entries per (100MeV) Fig. 80 :
! ALUTO Number of tracks plotted versus the square
000i® _ p. | of the transverse momentwn with respect to
wn-%4_ f P j the beam axis. The solid eurve is a pre-
3< WGV | giction based on yy + qq -+ hadrons with
0l .- No tag+ singletag

q = u, d, &, ¢ quarks.

+1

e ey R
Ve " -
Fig. 81 - s

Candidate for 2
YY + qq + hadrons
obgerved by PLUTO.

mrrs
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The PLUTO group has determined the two jet axes inm such an event by
maximizing the thrust of the event using two independent axes. It is
interesting to note(167) that the mean Py of the hadrons computed with

Tespect to these axes is 300 MeV.

The properties of these events are strongly suggestive of a point-—
like production mechanism. However, it should be remembered that ordi-
.nary one photon annihilation events with radiation in the initial state

could lead to events with the same topology. This mechanism, however,
can be excluded if the electron is tagged on the same side as the direc~
tion 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 back-

ground source.

11.4 Electron scattering on a photon target

(162) the first data on deep inelastic

The PLUTO Collaboration reports
electron-photon scattering. These data were colleeted by tagging one
electron at scattering angles between 7d mrad and 250 mrad correspon-
ding to values of Q2 between 1 (GeV/c)2 and 15 (GeV/c)2 with a mean va-
lue of 5 (GeV/c)z. The second electron was not detected Yielding a near-
ly real target photon. A total of 120 multihadron events with this elec-
tron topology were observed.

(168)

Deep inelastic electron-photon scattering , as shown in Fig. 82,
can be parametrized in terms of three structure functions. F (x, Qz) and
F (x Q ) corresponds to the longitudinal and to the transverse polarl—
stion vector of the virtual photon respectively and F (x Q to the trans-
verse polarisation vector of the tavget photon in the scattering plane.
X = QZ/(Q2+WZ) and W is the mass of the hadronic system. F3(x,Q2) will
average to zero since the scattering plane was not determined. Further-
more FL(x,Qz) is expected to be smaller than Fzgx,Qz) and the PLUTC group
therefore analyze their data in terms of Fz(x,Q )} only.

Both the hadronlike part and the pointlike part of the photon contri-
butes to FZ(X,QZ) as indicated in Fig. 82b,c. In the hadronlike part the
photon transforms into a vector meson and the virtual photon interacts

with the quarks in the vector meson. This contribution camnot be calcu-

lated from first principles but it will have an x dependence similar to
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Fig. 82
o’ Diagrams contributing to
A
@0 e y > e’ hadrons.

{a)

a? qte")

§lu") a
() ) (@)

that observed in the structure function of the pion i.e. F (x,Q )

" (l-x) + (.‘.2 in (ln Q )

only its evolution with Q “is predicted in QCD. The pointlike piece

VDM
just like lepton—hadron Lnteractions,

{82 ¢) can be calculated to all orders in a perturbation theory. The

lowest order calculation gives:

. 2 2 ““ 2
ACLRMES S ef xG v (0% 1 QP “2)

41 ;wintlike contribution leads to a structure function which peaks at
.- values of x, whereas the VDM piéce leads to a structure function

«nich is large at small x and disappears at large x. The lowest order

pointlike contribution is indeed proportional to the QED process

e+ef > e+e“u+p_.

Higher order QCD corresctions (Fig. 82d), including the emission of
soft gluons, will soften the Born spectrum by depletlng the density of
fast quarks and enchancing the density of slow guarks.

The values for (I/u)Fz(x), extracted from the hadron data, are plot-

ted in Fig. 83a versus x and compared to the formfactor observed in the

F, ) L., (x) 31701
I;LUTolpr;!irr: T Pl’.UTOpr eﬁ;“ P Fig. 83
I , le . / The structure func-
MH;:S vi-‘:l“ /| tions of the
e P photon (a) and the
" 17 1 tepton ().




90

B.H.WIIK
QED process e+e— > e+e_ (e+e_ + u+u-) (Fig. 83b). Both structure func-
tions peak at large x demonstrating the existence of the pointlike pie-
ce. The Born prediction, shown as the solid curve, follows the general
trend of the data quite well.

The evolution of the formfactor with increasing Q2 will make it pos-
sible to determine A with good precision in a high statistics experi-
ment. The simplicity of the target, with no finite mass effects and no
higher twist effects caused by a premordial Pr distribution, makes it
possible to determine A without the systematic uncertainties which
have beset the determination in deep inelastic lepton~hadron processes.
In particular it may be possible to use data in a Q2 range such that the

variation in ln Qz/A2 are still quite large.
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