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ABSEACT
In this thesis, the existence of a. hard component in two-photon collisions is investigated.
Due to the relative simplicity of the photon, such processes can be exactly calculated in QCD.
Untagged (low Q2) two-photon events are used. This leads to relatively high statistics,
but to a severe background problem dne mainly to e+e~ annihilation. The background
contamination is reduced to a tolerable level using a special set of cuts. Moreover, the
remaining contamination, is shown to be calculable with a small systematic error. A large
number of events of the hard "77* type is found. An attempt to explain these events using
the simplest QCD diagram (the Born term) is done. This process is found to be capable
of explaining only a 1/4 of the data. Other options like the constituent interchange model,
integer charged quarks, and higher order diagrams are therefore also discussed.

The large cross-section for the production of p°p° pairs in "77" collisions has not been
understood yet. In order to look at closely related processes, a search for <f>p° and </><t> w
initiated. The cross-section for <f>v+ir~ was found to be sizeable. Only upper, limits for the
production of <f>p° and <j><f> are obtained.
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Chapter 1

INTRODUCTION

§1.1 INTRODUCTION
The current theoretical understanding of the high energy physics phenomena is based on
the idea that matter consists of a small number of different types of fundamental fermions,
where interactions are mediated by bosons. There are two classes of fermions: leptons (electron, muon, tau and their corresponding neutrinos) and quarks (up, down, strange, charm,
bottom, and the yet to be discovered top quark) which are considered fundamental, since
present experiments limit their dimension to less than 10~ i e cm. In high energy physics, two
different types of interaction are of interest (the electroweak, and the strong interactions).
They are mediated by the exchange of different kinds of bosons. The mathematical
description of these interactions is called gauge theories. In such theories the symmetry
properties of the lagrangian with respect to certain mathematical transformations are of
central importance. The symmetries are conventionally described within the framework of
group theory and in any particular gauge theory the choice of the "gauge group" determines the general properties of the interaction: the number of gauge bosons, the form of the
coupling, etc.
In this picture e+e~ machines play a central role as they enable one to study the
e + e~ annihilation channel shown in figure 1.1. The importance of this process stems from
the fact that the two electrons annihilate each other via the well known eei Quantum
Electro-Dynamics (QED) vertex. The produced time-like virtual photon can couple to all
fermions, leptons as well as quarks, via the same simple vertex. Hence, one can study the
qqi vertex and its Quantum Chromo-Dynamics (QCD being the favored theory of the strong
interaction) corrections when all the other factors in the process are well known.
The importance of the results obtained from e+e~ experiments has led to a rapid growth
in the number and size of c + e~machines. Table 1.1 gives a summary of past, present, and
future e + e~ colliders.
In this chapter, a brief summary of the physics studied in e+e~ colliders is given. A
special emphasis is put on two-photon, ("77" ), physics.

§1.2 THE e+c-ANNIHILATION CHANNEL
The e+e~ annihilation channel, ("17"), is suitable for QED tests at high momentum
transfer and for Electroweak as well as for QCD studies. Since all the incoming energy is

MACHINE

AdA

LOCATION

Frascati
Princeton-Stanford Stanford
Orsay
ACO
VEPP-2
Novosibirsk
Frascati
ADONE
Cambridge (USA)
BYPASS
Novosibirsk
VEPP-3
Stanford
SPEAR
Hamburg
DORIS
Novosibirsk
VEPP-2M
DCI
Orsay
PETRA
Hamburg
CESR
Cornell
VEPP-4
Novosibirsk
PEP
Stanford
TRISTAN
KEX
Stanford
SLC
Geneva
LEP

FIRST BEAM MAX ENERGY
(GeV)
1961
1962
1966
1966
1969
1970
1970
1972
1974
1975
1976
1978
1979
1979
1980
(1985)
(1987)
(1989)

0.25
0.55
0.55
0.55
1.55
3.50
3.50
3.90
5.00
0.67
1.80
23.30
10.50
5.50
14.50
30.00
50.00
100.00

Table 1. e+e~ machines

Figure i J . The e+e~ annihilation process (*l~i*)

available for particle production, the annihilation channel is an excellent place to look for
new heavy particles.

1.2.1 Quantum Electrodynamics
Quantum Electrodynamics, (QED), in its description of the interactions between leptons
and photons, has been tested and verified by a wide variety of experiments101.
At low momentum transfers QED has been tested by measurements of the anomalous magnetic moment of the electron 103 and the muon 1 0 3 . Using storage rings, the
theory was tested at high momentum transfers by measurements of the Moller scattering (e~c~ - • e~e~), Bhabha scattering (e~e+ -* e~e+), inuon (tau) pair production (e~e+ —*• p+n~ ( T + T ~ ) ) , and electron-positron annihilation into two gamma rays
(e~e + -* 77). Results obtained before the advent of the e+e~ storage ring PETRA
104
confinned that leptons are pointlike to distances of « 4 x 10~ 16 cm. At PETRA, QED
has been tested up to momentum transfers, (Q 3 ), of « 1300 GeV2 confirming that leptons
are pointlike to distances of « 2 x 10~ 16 c m . 1 0 6 . No significant deviation from the theory
has been observed.

1.2.2 Electroweak Effects
At the highest center of mass (cm.) energies in electron-positron annihilation, effects
caused by the interference of the weak and electromagnetic currents start being visible.
The weak interaction contributes to the QED processes and to hadron production through
diagrams involving the annihilation into a Z° boson, as shown in figure 1.2:

Figure 1.2. Lepton pair production via annihilation into Z°

The interference between the weak and the electromagnetic interactions changes the
cross-section for lepton pair production, and leads to a forward-backward asymmetry in the
angular distribution of the final state fermions. The change in the cross-section is, in the
Glashow Weinberg Salam codel ("the standard model") l o e , too small to be observed at
present energies. On the other hand, the effect on the asymmetry is measurable. Measurements of that asymmetry, first of p pairs107, T pairs108, and later of c109, and even of b quark
pairs, are consistent with the prediction obtained from the standard model. The data has
been used to determine the leptonic weak coupling constants, <jy and <$, and to determine
sin 2 #«,, where 9W is a free parameter of the standard model. Results are in agreement with
the model and with similar measurements in other processes.
- 5 -

The standard model can be extended to models based on an enlarged symmetry groups
, which differs from the standard model by having more than one neutral weak boson.
Data has been used to place lower limits on the masses of such bosons.
uo

1.2.3 Hadron Production
The virtual photon in the e+e~ annihilation channel can couple directly to vector
mesons which have the same quantum numbers (Jpc = 1 ), as shown in figure 1.3 -a. At
center of mass energies, W, below « 1 GeV, the cross-section is indeed dominated by the
production of p, u, and <f> mesons. In 1974 the J/V> and its excited states were discovered
at SPEAR 111 and at BNL 112 (through a peak in the invariant mass spectrum of e+e~
pairs which were produced in a p-N experiment). These states were explained as bound
QQ systems (having Jpc — 1 ) of a new heavy quark, Q. The most natural choice was to
identify Q with the charm quark, c. This quark was introduced in order to achieve symmetry
between doublets of quarks and leptons113, and in order to explain the absence of strangeness
changing neutral currents (via the GIM mechanism114). This choice was verified by the later
observation of estates with open charm 115 . After the discovery at SPEAR of the tau lepton
lie
, a third generation of quarks was expected. The discovery of the T resonance family at
FNAL117, and the observation of related states at DORIS118and CESR119, were interpreted
as manifestations of the bottom quark, b, of this third generation. The top quark, t, the
partner of the b quark, is still to be discovered.
Apart from these resonances, the total cross-section above 5 GeV was found to have a
very weak energy dependence. In the quark-parton model this behavior is obvious. Hadron
production in e+e~ annihilation proceeds by the generation of a virtual photon which decays
into a quark-antiquark pair, where the quarks subsequently fragment into jets of hadrons (
figure 1.3 -b). Evidence for jets was first obtained at SPEAR 120by carefully studying the
internal structure of the events. At PETRA and PEP energies, the jets of hadrons are clearly
visible. QCD predicts that, in a small fraction of events, a gluon will be radiated in a similar
way to the QED bremsstrahlung process. Such events are characterized by the presence of
three jets ( figure 1.3 -c). All the three jets, in such events, will be in a single plane (planar
events), due to energy and momentum conservation. 3-jet events were observed for the first
time at PETRA 121 . Detailed measurements were done, including measurements of the spin
of the gluon133, and were shown to be consistent with QCD predictions.

Figure 1.8. Possible e+e~ annihilation diagrams

- 6 -

The cross-section for e+e —» hadrons is commonly expressed through the quantity R
(by dividing the hadron production cross-section by the pointlike e+e~ annihilation crosssection, all the kinematical terms are canceled out. One is left with the differences between
quarks and leptons, namely: the electric charge and the QCD corrections). R is given by:

vointlike
e+e-

~
s=l,5

"7/

where Qi is the charge of quark ». The factor 3 arises from color and the factor (1 + *••)
is the lowest order QGD correction which arises from gluon bremsstrahTung. The poihtESe
cross-section is given by: <%£*-iht s %nb.

1.2.4 Search For New Particles
The standard model does not tell us how many generations of fermions exist. Observation of a new sequential charged lepton would indicate the presence of a new generation
of fermions. No evidence has been found for such a new lepton of mass < 20.6 GeV 133 .
Searches for excited electrons 134 , (•£?*), neutral leptons, (E°), and scalar leptons 135 , were
performed too, the corresponding lower limits being 24, 16, and 22 GeV ft? respectively
(however, some of those upper limits heavily depend on the type of coupling assumed).
The standard model is unable to predict the top quark mass. An extensive search for
top has been done, leading to a lower bound on the toponium mass, (i? bound state), of 46
GeV.
Higgs particles are needed for the spontaneous symmetry breaking process in the standard model. There must be at least one neutral Higgs particle with unknown mass, and
many others may exist as well. The H° IB expected to be produced in quarkonium decays
QQ —• H° + 7, which gives a monochromatic gamma ray. Charged Higgs particles, which
are not required by the standard model, are expected to be produced by a simple pair production mechanism, and later to decay to the heaviest fermions available. No signs for either
of these particles has yet been found. 1 3 6
Possible extension of the standard model, like Supersymmetry (SUSY) 127 , and Technicolor i a 8 , for instance, predicts the existence of additional particles. e + e~ machines are
suitable for searches of some of them. No sign for their existence has yet been found.

1.2.5 Summary
The annihilation channel in e+e~ machines turned out to be extremely fruitful. The
highlights are probably the discovery and study of the J/tp family and the r lepton, the study
of the T and its related states, the observation of two, and later three jets, the measurement?
of the gluon spin, and the observation of the electroweak effects.
- 7 -

§1.3 TWO-PHOTON INTERACTIONS
Electron-positron colliders can be seen as sources of two colliding beams of virtual
photons with a small beam divergence therefore enabling a systematic study of photonphoton interactions.
Two photons can interact with each other only in the framework of relativistic quantum
mechanics. In classical physics, where the electromagnetic phenomena are described by
linear (Maxwell) equations, the superposition principle holds, and 77 interactions are not
possible. The situation in relativistic quantum mechanics is different. The photon is allowed
to fluctuate into a state of particle-antiparticle pair ( figure 1.4 ), with a lifetime given by
the uncertainty principle:
At~l/AE

(1.2)

Figure 14. Photon fluctuations

Supose k is the photon's momentum, and &i,&2 are the momenta of the particles to
which the photon fluctuates. And let m be their mass, then:
(1.3)
for &I,&Q » m. For the case of a symmetric production (fci « fcj), one can further
approximate this relation by:

^ = % : = = > A, - , * -

(..4,

The meaning of this relation is that the higher the photon energy is, the more probable its
interaction via a pair of "charged constituents* becomes.
At present, the best available place for "77" interaction studies is in electron-positron
storage rings (though e~e~ or e + c + would have done even better, as no e+e~ annihilation
background exists). The two-photon process, ("77" ), in e+e~ storage rings is hence a
process of the type ( figure 1.5 ):
c- + c+_>e-+7*

+ e++7*-*e~+e++A- 8 -

(1.5)

Figure l.S. Two-photon process in e+e~ machine

Here, electrons of both incident beams emit virtual bremsstrahlnng (space-like) photons, (7*), which in turn interact, producing a final state, X, where X may be a lepton
state such as e~e + , n~n+, T~T+, or any possible neutral hadronic state having an even
charge-conjugation, (c=+). The cross-section for this process is obviously of order a 4 and
is completely negligible at low beam energies (Eb < lGeV) compared to the cross-section
for the one-photon annihilation process which is of order a 3 . However, as the beam energy
increases, two factors operate to reverse the relative importance of these two processes:
1.

Whereas the cross-section of the "IT* process will eventually decrease with the beam
energy as ££~2, this energy factor is replaced in the "27" process by W~*, where
W 77 is the invariant mass of the final state X.

2. In the "27" process, the two electrons radiate photons so easily that the corresponding cross-section is enhanced by two factors of ln(Eb/me).
The cross-section will hence be given by:

Where «r77—JV depends on the specific "77" process.
The most straightforward use of "77" collisions is to test QED to the 4 t h power of a.
Searches for new particles or measurements of already known particles are also possible.
Since the "77" system usually carries a small fraction of the total available energy, it is not
where heavy particles should be looked for, but rather where light ones could be observed.
Due to the quantum numbers of the "77" system, only positive charge-conjugation final
states can be produced. Measurements of the coupling of such resonances to two photons
can be used to test SU(3) symmetry as well as some predictions of glueball and four-quark
bound state models. Both non-resonant final states and the total cross-sections are of
considerable importance too. The total cross-section, as well as the general features of the
generated final states, can be predicted using the Vector meson Dominance Model (VDM).
This model, which describes successfully most of the photon's hadronic interactions, assumes
that the photon is a linear combination of several vector mesons which have the photons
- 9 -

quantum numbers. The VDM model will be discussed later in detail. Deviations from
VDM are interesting as they may indicate the possible existence of an additional photon
coupling. Speculations were made about more exotic states like high spin leptons (5 > 3/2)
ia9
, and magnetic monopoles130whose production might be preferred in "77" collisions, as
the relevant coupling constant is get, where g is large, instead of a.
As the available cm. energy in e+e~ machines increased, theorists realized that 77
collisions can provide an excellent tool for QCD studies due to the simplicity of the initial
state. Tests of QCD were first suggested via the process 131 :
77 ~* ?? -*•tv)o jets

(II);

i.e. two-jet production which plays here a aimilar role to the two-jet production in e+e~
annihilation . In addition, the measurement of the total two-jet cross-section can be used in
order to check the value of the quarks charges. Integrally charged quarks will yield a higher
cross-section than the one predicted by the standard fractionally charged quarks. Another
suggested test of QCD is to measure the photon structure function. Recently, some doubt
has been cast on the significance of these calculations and the theoretical situation is unclear
now. Lately, a new QCD calculation technique which can be tested in "77" collisions was
suggested 132 . This technique gives absolute QCD predictions for the exclusive production
of a high pt meson anti-meson pair. This is done by using very few assumptions and some
experimental input.
Table 1.2 is a summary of all the important physical aspects which are testable in "77"
interactions.
In the following sections, a brief presentation will be given of the history of "77" physics,
the special experimental peculiarities which are related to it, and the experimental knowledge
according to the above mentioned topics. In reviewing these subjects I have found the
excellent review papers of H. Kolanoski133and W. Wagner134to be of great help. The topics
of this work will be discussed later in a separate chapter.

1.3.1 The History of "77" Physics
The history of photon-photon ("77" ) collisions can be traced back to 1934 when, following the positron discovery by Anderson in 1932, Landau and Lifshiti 36 and independently
Weizsacker and Williams130, studied the production of e~e+ pairs by fast moving charged
particles. During the same year the first calculation, by Euler and Kocher 37 , of the simplest
diagram for 77 collisions ( figure 1.6 ) was done. This diagram was later named the box
diagram.
Around 1960, when the colliding beam facilities were about to become available,
Calogero and Zemach 138studied the process e + e" - • e + e + ir~tr + , and Low "'suggested
measuring the two-photon coupling of w° at storage rings as a way for measuring the ir°
life-time. In the early seventies when the new generation of colliding beam machines was
under construction, very many theoretical papers were published on the subject. Among
- 10 -
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Leptons:
Hadrons:

QED
resonances
soft exclusive'

«o

hard exclusive
Jets: High pt

Large

Hadrons:

SU(3),
Resonance Phenomenology
PCAC, VDM,
Non Perturbative QCD
Perturbative QCD
(Brodsky-Lepage)
Perturbative QCD

inclusive
Perturbative QCD
(Photon structure)
Table 2. Different aspects of "77* physics

^/v\AA/N

vAAAA/1

vAAAA/
Figure 1.6. The "77* box diagram

these papers are some of the best review papers on low energy 77 physics and resonance
production
140-143 ij>ne g ^ experimental results .concerning QED processes only,
were published by-the Novosibirsk (1971) 144 and Frascati (1972) U6 groups. Following the
discovery of the J/^i meson, in 1974, most of the attention was diverted toward studies of
the e+e~ annihilation channel, and the interest in 77 physics was diminished. When the last
generation of storage rings became operative (PETRA, PEP), 77 studies gained momentum with the observation of (C=+) resonances (i/ ,V >/>/'> ^
^2), the discovery of the
surprisingly large p°p° signal, the observation of exclusive pp final state, the measurements
of the photon structure function, and the observation of the photon pointlike coupling.
- 11 -

1.3.2 Experimental Aspects of "77" Physics
Erom the experimental point of view one faces the problem of separating the "77" from
the "IT" final states. The cross-sections for these two channels are given by equation (1.6)
and by o-g+g- = fix" nb respectively. The cross over between the "I7" and "27" crosssections happens at beam energies of a few GeV. The separation between the two competing
processes is based on tite their different characteristics.. In "IT" all the available energy is
transferred via the virtual photon, through the quark-antiquark pair, to the hadronic final
state. In "77* collisions, on the other hand, most of the available energy is carried away
by the scattered electrons, and the two-photon final state is therefore characterized by a
low invariant mass. As no perfect detector exists, some of the "IT* final states may erroneously be considered as resulting from "77" collisions. This can occur when the detected
energy is much smaller than the available one, either due to the escape of a bremsstrahlung
photon, which is radiated from the initial state leptons along the beam direction (Radiative
Correction), or due to the escape of final state hadrons through the holes of the detector.
Additional effective way of identifying "77" final state is by looking for the scattered
electrons. These final state electrons are very hard to detect, as they are strongly collimated
along the incoming electron directions and as they tend to stay close to, or within the,
beam pipe. Detection of most of these electrons is practically impossible due to the large
background from small angle Bhabha scattering. However, a small fraction (typically 10% )
is scattered at a larger angle and their detection ("tag0) is a good evidence for the presence
of a "77" process.
One, therefore, has 3 different experimental classes of "77 s events which correspond to
3 different techniques as well as to 3 different kinematical regions:
* DOUBLE TAG. In these events both of the scattered electrons are detected (qf ^
0 56 g| where q2 is the invariant mass squared of the virtual photon). Consequently
the whole kinematics is fixed, the "17" background is negligible, but the statistics
are very poor.
* SINGLE TAG. In this class only one electron is detected by the forward spectrometers (q2 ?& 0), while the other is undetected and the corresponding photon is very
likely to be "quasi-real" (q% « 0). By choosing these events one gets a relatively
clean sample, but with limited statistics.
* NO TAG. In this class the detection of none of the electrons is required. Most of these
events are characterized by q\ « g| w 0. The statistics are high, but one introduces
a large "17" background which has to be suppressed by applying additional cuts.
The term anti-tag refers to a situation in which none of the electrons is contained
within the solid angle of the tagging system.
Since the bremsstrahlung photons are usually emitted along the beam direction, and
since the two photons are unlikely to have the same momentum, the "77" system is usually
Lorenz boosted along the beam direction (5). The combination of small "77" invariant mass
and a large boost results in making the generated final state particles stay near the beam
pipe and hence be scarcely observable.
- 12 -

1.3.3 The Total Cross-Section
Most of the hadronic interactions of the photon can be described using the VDM (Vector meson Dominance Model). One can naively try to extend the use of this model to
"77" collisions, and get predictions for the total cross-section and for some other general
characteristics of these interactions.
First results on the total "77" cross-section in a single-tag mode, claimed 146that in
addition to the standard VDM contribution, the presence of a 1/W^7 term was being observed. It was argued that this is an indication for the presence of pointlike 749 coupling in
"77" collisions147. Later results*"140 indicate that this term in not necessarily needed. The
latest results are from the PLUTO and the two-gamma-spectrometer (PEP-4) experiments
18
°. Both groups agree that the presence of a l/ft^ 7 term is neither excluded nor proved.
The reason for this awkward situation is that, unlike "17" final states, the "77" final
states kinematics is hot determined by the e + c~ initial state. What complicates the matter
is that these events are strongly boosted and their detection probability is rather low. Win
has therefore to be reconstructed out of a poorly detected final state, and model dependent
corrections should be done. At low Wllt where the l/W*n term should dominate, these
corrections are large. A double-tag experiment cannot be of great help either. The accuracy
of the W7<T measurements is determined by the energy resolution of the tagging device and
the relation Win = 4{E - E[)(E - £3). A typical detector will be able to measure W.n,
using double-tag, with an error of the order of 1 GeV.

1.3.4 QED Processes
The simplest QED process is the elastic "77* scattering whose cross-section below the
e+e~pair production threshold is given by 151 :

(

W \8
—22.) nb
me )

For a visible light, the cross-section is of the order of 10~39n6, and the effect is, therefore,
unobservable.
The production of a lepton pair in 77 collisions is another pure QED process. Its main
importance is restricted to tests of QED to the fourth order of the electromagnetic coupling
constant a, and at relatively high values of Q2. This region is obtainable neither by g - 2
experiments nor by e+e~ annihilation . The exact formula for 77 - » / + / ~ was calculated by
several authors 1 4 3 < 1 4 0 ' l M . In the case of production in e+e'machines, the exact formula
should be convoluted with the photon's luminosity. This is done usually by the equivalent
photon approximation (EPA) to be discussed later, and yields the approximated result:

) { { ) ) { )
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The lepton pair production is of importance due to several reasons: a) It serves as a means for
testing the quality of the different approximation methods, b) It is an important background
for resonances which decay into a iwo body final state (like the f). c) Ii gives the first order
approximation for the production of two body final states (like THT). And d) it can serve as
a starting point for calculations of the process 77 —* two jets.
Some results were published 1 5 3 - 1 6 5 concerning the reactions e+e~ -»• e+e~e+e~ and
c e~ —* e+eTp+p~, but not as yet concerning tau pair production. In these studies a 10%
disagreement with QED was observed.
+

1.3.5 Soft Final States
Soft final states are characterized by the production of hadrons with low transverse
momentum with respect to the "77" direction of motion. These final states are very similar
in their general characteristics to the final states which are produced in hadron-hadron
collisions. This similarity between photon and hadron collisions is explained by the VDM
model. Several topics are of interest here:

1.3.5.1. Resonance Production
The "77" system has a positive charge-conjugation. Hence, it is complementary to the
"17" channel in a sense. As already mentioned, the available "77" c m . energy is low and
no new heavy particles are expected to be discovered. But the study of a few mesons is
much easier. Indeed, a few of these resonances have been observed, during the last years
166-176 m o s t Qf which m (he no-tag mode. In these studies, the mass of the hadronic final
state is reconstructed from tracks and showers. Resonances are then identified as bumps in
the invariant mass spectrum. The total rate for resonance R having spin J and mass MR,
when produced in e + e~machines by the "77s' mechanism, is given by:

, « (4«ln(2?/me))3 / ( = £ ) ^ ^ F ^

(«)

where

Note that the production of the high mass states is strongly suppressed due to the 1/m 3
dependence. Indeed no charmed state has yet been seen.
The basic experimental information that can be extracted from measurements of resonance production in "77" collisions is their "77" decay width. Table 1.3 summarizes these
results. No previously unknown resonances have been found.
The radiative width of the seen mesons agree quite well with the calculations of the
non-relativistic quark model. It supports the fractional charged quark model rather than

-H-

the integer charged quarks models. Upper limits for the "77" decay width of the glueball
candidates i.e. for_the t(1440):
(r 7<y (t) • B{L -*> KK) < 7.0KeV, and
(IV, (i) • B(i -> pp) < Z.OKeV)
for the 0(1700):
_
(r 7 7 (0) • B{9 -> KK) < O.lAKeV, and
(IV, (0) • B{9 -> pp) < 3.6KeV)
and for the 7c(2980)
( r 7 7 ( 9 c ) • B(ne - pf) < OAOKeV,
(r 77 (iy c ) • B{nc - Ait) < 0.7KeV, and
7
(T^{rie) • B{rfe -> KKir)
have been computed as well.

1.3.5.2. Exclusive final states
When the final state is completely reconstructed, the resulting X) t p{, ue- the vectorial
sum of the transverse momenta of all the particles in the final state, is determined by the
transverse momenta of the outgoing electrons. This quantity should therefore peak around
zero for events in which all of the outgoing particles are detected (exclusive final states). By
selecting such events the production of resonances, as well as other exclusive final states, can
be effectively studied. A very large cross-section for exclusive p°p° production near threshold
was first observed by the TASSO experiment^78, and later confirmed by other groups179. The
measured cross-section exceeds by about one order of magnitude the naive VDM prediction.
Many interpretations of this observation were suggested, most of which relate the large p°p°
signal to the presence of a resonance
ISO-ISC ^ e f t n e r a conventional, or an exotic
one (like glueball or four-quark bound states). However, a conventional explanation using a
refined version of the VDM 187 model was shown to be sufficient.
A resonance would be characterized by well defined quantum numbers like spin and
parity. A partial wave analysis of the p°p° events was done188, and fits to j p = 0 + , 0~, 2 + , 2~
and to a simple four-body phase space were tried. The negative parity states have clearly
been excluded, and none of the positive parity states dominates. The JADE and PLUTO
experiments were able to put upper limits to 77 -* p+p~, 77 -+ p°ot and to 77 —• uu l33 > 164
18B
. These bounds can be used to impose stringent constraints on the models. The limit
on the p+p~ cross-section, in particular, excludes the explanation by a resonance having
isospin 0 or 2. The present situation is not clear as yet. The different models and their
predictions are summarized in table 1.4. Additional information is badly needed.

1.3.5.3. Soft Non-Resonant Final States
The production of final states containing several low energy pions was discussed by
several authors 140 ' 141 , and three different classes were treated.
The production of a meson pair was predicted to proceed mainly through the Born
- 15 -

R

Reference

T^KeV)

PDG
C. BALL

156
157

(7.85 ± 0.54) x 10-3
(7.9±1.4±1.6)xlO" 3

PDG
G. BALL
JADE

156
158

0.324 ± 0.046
0.56 ±0.12 ±0.10
0.56 ±0.05 ±0.08

Channel

"77"

Remarks

prelim.

1
Primakoff

"77"
"77"

prelim.

2.
159
160
161
162
163
164
165

5.4 ± 2.1 ± 1.2
5.8 ±1.1 ±1.2
6.0 ± 1.1 ± 0.8
5.0 ±0.5 ±0.9
5.1 ±0.4 ±0.7
3.8 ± 0.3 ± 0.4
3.7 ±1.0
4.42 ± 0.34

PLUTO
TASSO
MARK H
G. BALL
CELLO
JADE
MARK H
PLUTO
DELGO
PEP 4/9
Weighted mean

166
167
168
169
164
170
164
171
172
173

2.3 ±0.5 ±0.35
3.2 ± 0.2 ± 0.6
3.6 ± 0.3 ± 0.5
2.7 ±0.2 ±0.6
2.5 ± 0.1 ± 0.5
2.3 ± 0.2 ± 0.5
2.5 ±0.1 ±0.4
2.8 ± 0.3 ± 0.5
2.7 ±0.2
2.4 ±0.1 ±0.3
2.65 ±0.12

ir+ir~

G. BALL
CELLO
JADE
PLUTO
0. BALL
Weighted mean

160
161
170
174
176

0.77 ±0.18 ±0.27
0.81 ±0.19 ±0.27
0.84 ±0.07 ±0.15
1.06 ±0.18 ±0.19
0.7 ±0.1 ±0.3
0.85 ±0.11

7777

TASSO

176

0.11 ±0.02 ±0.04

MARK n
CELLO
JADE
TASSO
PLUTO
MARK H
Weighted mean

I

irp scattering

PI
PI
PI
PI
PI
f/fl-JT

TT+ir1T+JT-

ir°ir°
ir°ic°

7T+7Tir+jr"

(jr+7T-)ir°
(ff+»r-)ir*

(»r+ir )v°

L
Table S. Resonance Table
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prelim.

MODEL

VDM i - V coupling
VDM (Regge)
Quark model
Quark model
Resonance (1=0)
4-Quarks
4-Quarks

Reference

PDG
187
149
186
185
184

P°P°

p+p-

1
1
1
1
1
1
1

0
2
4/25
2
~0

~o

p°ui

1/81
5.8
1
~0.03
~0.06

P°<t>

2/9
1/9
4/81
0.5
36/25
4/25
0
0
~0.6
~0.05 ~0.6
-0.03 ~0.01 -0.1

Table 4- Different predictions for two vector meson production

diagram. Since mesons are not pointlike, deviations from the Born term should appear
with increasing energy. The possible presence of final state interaction may complicate
the calculations. Experimental measurements show that the Born term is adequate, for
describing pion pair production, up to about 1 GeV. Deviations from the Born term in K
meson pair production are expected to happen at lower energies.
The production of an even number of charged pions is calculable using PCAC (Partially
Conserved Axial Current). The expected cross-sections are measurable, and the prediction
for a single pion pair agrees with the Born term prediction and with the data. The production
of an odd number of pions has to do with the PCAC anomaly, and is expected to be small.
No experimental measurements of these channels have been done.

1.3.6 Hard Processes Final States
Final states which come from hard processes are characterized by containing either
a single particle or a group of particles with high transverse momentum (high pt ). The
production of such states is explained in terms of parton-parton collisions. The simplicity
of the initial state photons, compared to that of a typical hadron, make QCD calculations
considerably easier and allows several QCD tests to be made.

1.3.6.1. Hard hadron pair production
The cross-section for hadron pair production at high pt can be calculated using a recently developed techniques of perturbative QCD 132 . The basic assumption is that the
scattering amplitude can be factorized into two parts: a hard scattering amplitude, T&, and
a distribution function, $, for the valance quarks in the hadron ( figure 1.7 ).
- 17 -

Figure 1.7. Highpt meson pair production in QCD

The hard scattering amplitude is calculable in perturbative QCD. The soft part, $,
cannot be calculated at present. One has to use a reasonable form for the parton distribution,
and fix the absolute normalization, using other processes containing the same distribution
function.
Prom dimensional counting one gets:

da7 7 —
dt

dt
2

where t = fa —PB) is the Mandelstam variable which is related to the momentum transfer.
The PLUTO experiment searched for such final states 1 3 3 . The main difficulty in performing
such study is the large QED background. After rejecting the electron paixs (using the
barrel shower counters) 987 high pt particle pairs were left, and only 15 out of them were
inconsistent with being muon pairs. This number corresponds to a cross-section which is
consistent with QCD calculations, and is by an order of magnitude below the cross-section
expected assuming pointlike mesons.
Recently the MARK II experiment at PEP reported190results of a similar study. The
QED background was greatly reduced by the use of the liquid argon detector for electron
identification. The luminosity of this experiment is by almost an order of magnitude above
the available luminosity of PLUTO. Hence, the results are much more significant and agree
nicely with QCD predictions. However, due to the limited angular acceptance of the MARK
II detector, the angular distribution cannot be studied and compared to the QCD calculations.
The TASSO experiment measured 1 9 1 the process 77 -*• pp. The protons have been
identified by the time of flight method, and the QED background was therefore negligible.
The experimental results are in rough agreement with one set of QCD calculations 192 , but
- 18 -

are by two orders of m<*gnitude above a later, computerized, QCD calculation193. The low
statistics (72 events) and limited angular acceptance (| cos0* |< 0.6) prevent meaningful
tests of these two approaches.

1.3.6.2. Deep Inelastic ei Scattering
In this process one of the outgoing electrons is scattered at a large polar angle 9, while
the other stays close to the beam pipe and is unobservable ( figure 1.8 ). The process can
be interpreted as the scattering of an electron on a quasi-real photon. In principle, it is
similar to the famous e — p scattering experiment made at SLAC. The cross-section can
be expressed using three structure functions. One of them is very small in the accessible
kinematical region, the other is integrated out if the beam-pipe electrons are not tagged,
and only one structure function,
[F2), thus left. By studying F 3 ) one essentially probes
into the charge distribution of the target photon.

Figure 1.8. Deep inelastic r/e scattering

In the VDM framework the target photon is equivalent to a linear combination of several
vector mesons and should therefore have a typical hadronic structure function. Using the
pion structure function as an input one gets 1 9 4 :

tqyou

M a ( 0 2 ± O O 5 ) (Izj0

At large momentum transfer, Q, one expects the pointlike coupling to dominate. Using the
simple quark-parton model, namely the box diagram, one gets:

which differs considerably from the VDM structure function. Witten 196 has shown that
in QCD, the higher order diagrams and gluon corrections are calculable, and therefore the
- 19 -

shape and even the absolute normalization of F% can be calculated from first principles.
Later papers196 claimed that at finite Q2, due to higher order corrections, the significance of
the calculations is not clear.
The first measurements of the photon structure function were done by the PLUTO
collaboration197. The observed cross-section for Q2 > 1 GeV exceeds by a factor of 30 the
VDM prediction, and was consistent with the free parton-quark model as #ell as with the
QCD calculations. Similar results were obtained Iater 194 ~ 198 and are in agreement with the
first ones.
The original hope was to determine the QCD cutoff parameter, S-MSJ with great accuracy. But because of several difficulties, such a measurement might turn up to be impossible.
In addition to the already mentioned theoretical uncertainties, one measures a logarithmic
function of &MS hence the sensitivity to changes in AMS value is not high. Another obstacle is the intricate and model dependent event reconstruction procedure, which one has
to use in order to get the real W^. This leads to large systematic errors. On top of all
that, corrections due to the target (photon) mass which were neglected, are found in some
experiments to be of considerable importance109.

1.3.6.3. Jet Production
This process is the main topic of this thesis. Like the previous one, it is expected to
"test QCD predictions". The theory related to it will be discussed extensively in the next
chapter. In the present work, a search for jets in the low Q2 (no-tag mode) is done. No
experimental results concerning this channel has yet been published (except for the results
to be discussed). However, in the last 3 years some results of a related study, the search for
jets in the single-tag mode, were published. Here, a summary of these results is given.
The first experimental results concerning the existence of a hard component in "77"
interactions were reported simultaneously by the TASSO collaboration200and by the JADE
collaboration301. Both groups have used the single-tag mode (< Q2 > was approximately
0.35 GeV2) and had a low luminosity (roughly 9pb - 1 for each).
The TASSO collaboration l observed, in the pt distribution of all the tracks, a deviation
from the VDM-like exponential slope. This deviation was interpreted as a manifestation
of the hard component of the photon. Events were further analysed assuming a two-jet
topology. By the use of the generalized thrust method, 43 events which contain a high pt
jet were found. A comparison with the simulated Born diagram events was done. The data
was found to contain twice the number of the predicted events.
The JADE experiment did a similar analysis. A cluster algorithm was applied to the
data and 104 two-jet events were isolated. Out of them 42 were found to contain a high pt
jets, while the Born diagram could account only for 20.
TASSO was the first, and up to now the only, to published results on the untagged
The author took part also in this work.

channel. A detailed discussion of the results is presented in this work. A large sample of
events was isolated and studied. The Born term was found to account for only 25% of the
data, but was found to describe the shape of the data rather well.
Recently 203 , the PLUTO collaboration presented similar results. For this study they
have used a luminosity of about 40 p 6 - 1 and the special features of their detector (The
PLUTO detector is especially suited for detecting "77" events, and a measurement of the
Q2 of the tag is possible). At large Q2 values, a good agreement between the Bom term
calculations and the data was observed. However, an excess of events starts to build up
when one looks at smaller Q2 values.
The overall picture is that at small Q2 values the Bom term is not sufficient, and an
excess of events exist. The origin of this excess is not yet understood.
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Chapter 2

THEORY OF uyf

INTERACTIONS

In this chapter the theory of some of the "77" processes is reviewed. A short description
of topics which are relevant to the present analysis is given, followed by a detailed discussion
of hard processes in "77" collisions.

§2.1 KINEMATICS
The kinematics of a general "77" collision are shown in figure 2.1.

•K)

ft, -p)

Figure 2.1. The kinematics of "77" collisions.

where hereafter the following notation is used:
Eb, and pi

• are the energy and momentum of the beam particles;

pt- = (Eb, pbi) - are the four-momenta of the incoming electrons;
s

• is the square of the energy in the Center of Mass system;
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pt = (Ejtp'i)

- are the four-momenta of the outgoing electrons;

B%

- are the polar angles (with respect to the beam direction) of the outgoing
electrons;

<f>i

• are the azimuthal angles of the scattered electrons;

$

- is the angle between the two planes which are each defined by one of the
outgoing electrons and the beam direction.
For the photons one uses the following notation:

qi = (Eni,qi)

- are the four-momenta of the photons where the photon energies are given
by:
Eli=Eb-Efi

u/j = -jiff-

(2.1)

- are the fractional electrons' energies that are carried by the photons. They
equal, to a good approximation, the Feynman z(- which is defined as the
fractional longitudinal momentum carried by the daughter particle.
- are the photons' invariant masses which are given by:
<?? = - 9? = {Pi - Pi)* = 2m* - 2EE'4

(2.2)

The small scattering angles dominate the cross-section. For very small scattering angles, the electron mass term cannot be neglected. Actually, for the
9t = 0 region one gets a minimal invariant mass, <?£,,„, which is given by:
For the final state one uses:
= (*»>*»•)
,

- are the four momenta of the produced particles;
- is the invariant mass of the produced two-photon system and is given by:
— COS 01 COS 02

sin 02 cos*) =

1 J2

1

2

2
For two "quasi-real" photons, {q\ w 0 « g|), it can be approximated by:
Wr,
/?» -

M AE^E^

(2.4)

is the boost of the "77" system along the z (beam) direction. The radiation
of each of the photons is done through the bremsstrahlung process. Hence,
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the two photons tend to go along the radiating particle direction. However,
they are very unlikely to have the same energy. The "77* system is therefore
boosted along the beam direction by:

§2.2 THE EXACT FORMALISM
The matrix element that corresponds to the process in figure 2.1 is given by:
T' ' ~' ' + " = [u(pi,ai)7"»(pi,8i)]^[«(p3,4)7 I 'w(P2,a2)]^2A^r I

(2.6)

where A%v is the "77" matrix element that corresponds to the production of a specific final
state - "x*. The corresponding cross-section is:

)

(2-7)

This expression can be factorized into three different contributions:
1. The photon propagators, ji and X, which enhance the cross-section for "quasi-real"
photon events.
2.

The leptonic tensors, /£„, which determine the fluxes and polarization states of the
two photons. After averaging over the initial polarization states and summing over
the final ones, one gets:

72 5 1
*

3.

(pi.i)7(Pt,t)(pi,i)7tt( P ,,a,)

spin,

(2.8)

The "hadronic tensor", Af""0*, which contains essentially all of the B 77 9 physics.

The hadronic tensor is a tensor of rank 4 that consists of 4 4 = 256 different components.
This number can be reduced considerably if one makes use of the fact that the photon is a spin
1 particle which couples only to conserved vector currents. Therefore, the hadronic tensor
must be constructed in a covariant way out of the conserved currents, Q», with 3MQ** = 0,
thus resulting in only 3 independent components per Lorenz index. One can continue to
reduce the number of the remaining 3 4 = 81 components, by making use of time reversal
symmetry (M" I " B A = Af(cA'"'), parity invariance (M""** = M " " - " - * - * ) , and conservation
of angular momentum. In that way, one is left with only 8 different amplitudes. By the
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use of the symmetry of the leptonic tensors (for unpolarised e + e~beams), this number can
further be reduced to 6 independent amplitudes. The cross-section finally reads:

+

+2 t t

(2 9)

3

^°

^ ^

where:
_ a _ (gift) 2 - <fiql
The <r's are the cross-sections, either for the unpolarised transverse photons (t) which have
helicities of ± 1 , or for the longitudinal photons (i) with helicity 0. The interference terms,
Tu and TU, depend on the angle $ , and vanish after integration over it (i.e. when at least
one of the electrons is not tagged). As there aren't longitudinal on-the-mass-shell photons,
only 0tt and rtt survive in the limit of real photons. The general Q2 dependence of the four
cross-section terms and the two interference terms is given in table 3.1.
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TbWe 1. Q2 dependence of the croae-eection amplitudes

Usually, one knows very little about thehadronic tensor. However, in first order (namely
without QCD corrections), the production of a quark anti-quark pair is identical to the
production of any lepton pair. This results from the fact that quarks couple to photons
only through the electromagnetic interaction. Since quarks are pointlike, one can treat their
interaction with the photons as if they were leptons, that is, using standard QED techniques.
Consequently, the Born term diagram of the process 77 —* qq —* two — jets, which is shown
in figure 2.2, can be calculated precisely:
' (2-10)
Where u and v are the Dirac spinors of the generated quarks, and P3, P4, S3, and 54, are
their momenta and spins respectively.
- 25 -

Figure 2.2. First order diagrams for 77 —*• qq —*• two — jets

hence:

(2.11)

Using the "77" subprocess Mandelstam variables:
s = (?i+gj) 3 ; ^=(p3-<7i)2 ;and « = (P4-g
one gets:
(2.12)
and the corresponding 77 —*• qq cross-section is given by:

do- _ 2vo? fi + &3
di~ 3* tu

(2.13)

It has been stated that this diagram is exactly calculable. This statement is somewhat
misleading. In the calculation, one had to use the quarks' masses. These masses are not
well known. Using the spectroscopy on the one hand, and the dynamics on the other, one
gets two sets of quarks9 masses which differ widely from each other. Hence, even though
the process is calculable, the result depends on this unknown parameter. This point will be
further discussed later. Another observation is that the cross-section is proportional to the
fourth power of the quark's charge. The contribution of the d and s quarks, (as well as the
b-quark) is therefore only 1/16=6.25% of that of the u and c quarks.

§2.3 APPROXIMATION METHODS
- 26 -

Usually, only a part of the 6 amplitudes is important. In such cases one can neglect
some of the terms, and simplify the use of the intricate cross-section formula. Herewith
follows a brief description of two of these approximation methods:

2.3.1 The Equivalent Photon Approximation
The Equivalent Photon Approximation (EPA 140 , or as sometimes called, the WeizsakerWilliams201 approximation) is an old technique which can be traced to the 1930's. It is based
on the fact that a dose relation exists between the electromagnetic interaction which is
produced by a moving charged particle, and that which is produced by an electromagnetic
wave package. One can get the appropriate photon's spectrum by a Fourier transform
of the e.m. field induced by the moving particle. For relativistic particles the resulting
spectrum is dominated by transversely polarized photons. The idea is therefore to neglect
the longitudinally polarized photons, to keep only the <rM and rtt terms (the latter disappear
after the <& integration), and to replace the incoming electron by a flux of real photons. The
accuracy of this technique improves with the increase of the electron energy. It is however
limited to small electron scattering angles (otherwise the longitudinal terms would have been
important) 302 . The resulting spectrum, which is obtained after integrating over all electron
scattering angles, can be approximated by:

2E)
It can further be approximated by:

where u is the fractional energy carried by the photon, and where 17 equals, either to
for tagged events (where 0 m , n and 0max are the minim*.! and maximal tagging angles respectively), or to jj£ - for untagged events. Other similar expressions may be found in the
literature, the difference between them and the above mentioned result usually being of the
order of few percents 140 .
The EPA technique was primarily used to relate electroproduction to photoproduction
results. It was found to be reliable within the above mentioned limits. It can be adapted
to uTf collisions by replacing both electrons by the appropriate photon spectra and by
writing:

t
= //

#(wi)JV(w2)d<r77_,xdwidw2

(2.15)

Jo
o

The two photons are treated independently and all the angular correlations are therefore
lost. It can be shown that more than half of the photons are concentrated within a cone,
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with an opening angle of 9 < \p*jf, around the radiating electron. One may hence consider
the e + e~machines as sources for two oppositely directed beams, with small divergence, of
quasi-real photons. The accuracy and region of validity of the EPA approximation were
studied extensively 140 ' 141 . This was done by comparing the EPA results with the exact
results as obtained either for lepton pairs, or for resonance production. The double EPA
method was found to be reasonably accurate (order of
ln~l{E/me)).
A later improvement of the EPA. method was developed in 1971 by Bonneau and Martin 2 0 3 . In this approach, both the longitudinal-transverse and longitudinal-longitudinal
contribution are taken into account.

2.3.2 The Luminosity Function
A modern approximation technique is that of the Luminosity Function (LF) 204 . In the
Luminosity Function approach one neglects, as in EPA, the longitudinally polarized photons
and defines a "two-photon Luminosity Function, £","• Equation 2.9 is reduced to:

and can be rewritten as:
A*

Ttt

The differential luminosity function is therefore defined by:

i

3

l

167T 3

2

where:
2pt+ = X-1(2plgy - M? + 1 + 4m?/g? = X~l{k - AEE^.qj)2 + 1 + 4m2/g?
sWr

X

(2.18)

= * 2 " 9??i. ( w h e n «".i = 1.2 and t * j).

L"7 was thoroughly discussed and numerically evaluated305, and is plotted for different
beam energies and tagging possibilities in figure 2.3. When qt —* 0 and when $ « W-n,
the scattering polar angle 9 becomes very small and W^ » AEniEl9. After integration over
the angular distribution of the electrons, the luminosity function factories to:

where Nw is just the EPA spectrum formula.
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Figure 8.8. Comparison of LF result (solid line) with EPA results (dashed lines).

The Luminosity Function approach is superior to that of the EPA, since it includes
angular correlation between the electrons, since it can deal with large electron scattering
angles, and since it gives a better approximation in the small z = ^jjP- region. Unfortunately,
the formulas are very complicate and cannot be easily used in an analytical way. However,
since multi-dimensional integration can be handled easily by modern computers, the vast
majority of "77" Monte-Carlo simulation programs accommodate the LF approach. For
analytic calculations, the nice form of the EIPA formula is attractive, and in fact most of the
theoretical papers use this approach.

§2.4 RADIATIVE CORRECTIONS
The inclusion of first order radiative correction to the e + e~ annihilation computation
was proved to be of crucial importance for getting a good description of the data. One
would anticipate such corrections to be important in "77" collisions as well. Calculations of
these corrections were done
206-210 3 ^ obtained results are briefly reviewed in the
following.
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The radiative corrections can be classified into two different types.
* Virtual corrections: These corrections arise from the interference of the basic
"77* process with the diagrams in figure 2.4. Note that diagram c) generates a
negative charge-conjugation final state, and hence cannot interfere with the basic
diagram.

Figure S.4- Virtual radiative correction diagrams

* Inelastic corrections: Such corrections (figure 2.5) lead to the emission of an
additional real photon.

Figure 2.5. Inelastic diagrams for radiative corrections

By applying several approximations, one can use the EPA technique, and reduce the
complexity of the computations. One has to:
•

assume that the energy is high, i.e. *%•; *&•; ^h «
- SO -

1;

•

assume that the two photons are quasi-real, i.e. Si~; $$- « 1. The calculations are therefore applicable for no tag, or small tagging angle experiments
only.

Some additional simplifying approximations are possible:
•

Diagram d) in figure 2.4 is very smalL The reason is that the emission and
absorption of photons by high energy electrons is effectively done only when
both particles are moving in the same direction. The exchanged photon can
not escort both of the electrons at the same time.

•

The interference between diagrams a) and b) in figure 2.5 is small. This approximation is based on the above mentioned argument too.

•

Radiative corrections from the "77* final state are small, since the "77* final
state is characterized by low energy and by relatively high particle masses.

In order to get a divergence-free expression, one should treat the two types simultaneously. The results are commonly expressed by:

The value of 6 was found to be of the order of 10% for doubly tagged events, and to reduce
to less than 1% for untagged ones. The effect of the limited acceptance of a typical PETRA/PEP detector was studied too 3 1 0 . No significant changes of the results were observed.
Hence, at the moment and in the near future, one can completely neglect the effect of these
radiative corrections.

§2.5 THE VECTOR MESON DOMINANCE MODEL
Once one has the two photons' fluxes, one needs a theory for "77" interactions. In
many experiments (primarily photo-production ones) the photon was found to interact in a
hadron-like manner. The main difference between photon and hadron interactions is that
the photonic cross-section is typically two order of magnitude below the hadronic one. The
hadronic behavior of the photon can be explained by assuming that the photon transforms
momentarily to vector-mesons which have identical quantum numbers (J pc = 1 , like the
p, u and <f>). The ratio of probabilities for transforming to any of these mesons can be
derived from SU(3) symmetry 311 , (it is proportional to the square of the constituent quarks
charge) i.e. p : w : 0 = 9 : 1 : 2. The mass corrections are relatively small 312 , and yield:
p : w : <j> = 9 : (1.0 ± 0.3) : (2.1 ± 0.6). This model was tested in numerous experiments
313
, and it seems to describe real and quasi-real photon interactions, at small momentum
transfer, rather well.
VDM can be extended to incorporate "77" collisions as well. Here, one just replaces
each of the photons by one of the vector-mesons and lets these mesons interact with each
other (see figure 2.6).
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Figure 2.6. "77* collision a-la-VDM

The corresponding cross-section formula is therefore:

53 JTJTWhadron,
v,v'

v

v>

( 2 - 20 )

where the fv are the photon to vector-meson coupling constants, and Oyy1 is the vectormeson vector-meson cross-section. There is no experimental result about w ' collisions as
neither such beam nor such target are available. Nevertheless, with standard techniques
one can deduce the properties of these interactions from the other well kmron hadronhadron interactions. Phenomenologically, the final state of all hadron-hadron collisions
is characterized by a steeply exponentially falling pt spectrum ("thermal spectrum9) 3 1 4 ,
when pt is measured with respect to the hadron-hadron system direction of motion. This
behavior holds up to pt of M 1.0 GeV/c. The energy dependence of the mean multiplicity
in such interactions is usually parametrized by a logarithmic function, and the multiplicity
distribution either by Poisson or by a KNO 316distribution. "77" collisions, a-la-VDM,
should therefore share these general properties as well.
A review of some of the VDM predictions is given here. The details of the model used,
are discussed in the analysis section.

2.5.1 The Total Cross-Section
The hadron-hadron cross-section is usually dominated by "Pomeron exchange11. This
gives an energy independent cross-section term. Additional objects may be exchanged between the interacting particles, giving rise to additional contributions with different energy
dependences.
The energy dependence is parametrized by the Regge pole model. In addition, one
needs the optical theorem which connects the total cross-section to the imaginary part of
the elastic scattering amplitude in the forward direction, Tei{s,t). Thfe basic equation h:

This leads, when applied to "77" collisions (fvdmtot), to:
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Figure £.7. General structure of hadron-hadron collisions

Exchanged
particle

Energy dependence
of the cross-section

Pomeron

Constant
1

Assuming: factorisation, one can get the pomeron contribution:
™
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For the next leading term, with SET- dependence, the current preferred value is 2 1 8 :

Higher terms, due to the particle exchange process, are believed to be small.
An additional n^- term was shown to come from the photon's pointlike component.
However, the interpretation of the observation of such a term as proof for the existence of
a pointlike coupling is not straightforward31?(and, as mentioned in the introduction, is far
from being experimentally established).

2.5.2 The Q3 Dependence of <xtot
The Q2 dependence cannot be obtained from the proper VDM model. Additional
assumptions are needed. The simplest and most natural one is to use the p form factor since
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the photon interacts predominantly as a p° mesoi 18 " 319 . Hence:
*u*tf»&Wr,) = ^at(Wni)F^(qi)F^q2)

(2.21)

where F2 is the p form factor:

r*This approximation neglects the other vector-mesons, and in addition assumes the same
Q3 dependence for both ertt and <Jti- This assumption is clearly wrong since when Q2 goes to
zero ffti vanishes while Ott survives. Some refined models were suggested. In the Extended
VDM model (EVDM) 2 2 0 the photon is represented by summing on an infinite number of
vector-mesons which have a Veneziano-like mass spectrum, namely:
m2n = m 2 (l + An)
One further ggannum that the photon to vector-meson coupling is given by:

m 2 _ mg

SI ~ ft'
With properly adjusted parameters, and with additional information from other processes,
the EVDM was found to fit the Q2 dependence in deep inelastic cy collisions quite well. No
attempt to fit the EVDM shape to the Q2 dependence of atot has yet been made. Another
approach is that of the Generalized VDM model (GVDM) 221 . The Q2 dependence is then
given by:
2

\) =

Q2/*™2,

,

0.22

+

where rp = 0.65, r u = 0.08, f> = 0.05, and mo = 1-4 GeV. For small Q2, the <rti contribution
is accounted for by the <3 2 / 4 m v term, and that of the higher mass resonances by 1/(1 +
The Q2 dependence of these two models is flatter than the one expected by the simple p
pole approximation. The prediction of a decrease in the cross-section as Q2 increases is,
however, a common feature of all the VDM variants. Such behavior leads to a suppression
of the VDM background for tagged events.
Several experiments were done in which the Q2 dependence was measured. No clear
preference between the models can yet be made. However, the results seem to agree with a
flatter Q2 distribution than the one expected by the naive p pole approach.

§2.6 HIGH pi PROCESSES

High pt physics has been the field for many important discoveries. The reason is that
by increasing the available pt, one probes into shorter distances. In the framework of QCD,
it has an additional advantage: the strong interaction running coupling constant, a,, is
large at low pt. Consequently, multi-vertex diagrams are important, and the perturbative
approach is useless. On the other hand, at high pt, ota is small and one can compute, in
principle, all the important diagrams. Earlier, it was mentioned that "77" collisions are
inferior to hadron-hadron ones when it comes to searches for new heavy particles. The
opposite is true for hard processes studies. Due to the simplicity of the interacting photons,
one finds that the perturbative approach can be used at a lower pt than in hadron-hadron
collisions. Hence, "77" collisions are superior to the hadron-hadron ones in studies at the
partons level.
First, a short review of high pt physics in hadron-hadron collisions is given. Next, the
theoretical situation of hard processes in "77" interactions is described in detail.

2.6.1 Hard Processes In Hadron Hadron Collisions
In hadron-hadron collisions, the pt distribution of all the outgoing particles is very well
represented (in the low pt region) by an exponential slope 314 :

where a typical value of 6 is 6 GeV~l. This spectrum holds up to pt values of about 1.0
GeV/c. It is sometimes referred to as the "thermal spectrum". Following the development
of the parton moift!!"223 , it was realized that incoherent collisions of individual partons
in hadron-hadron collisions would give rise to hadrons at large transverse momentum 233 .
The predicted cross-section was found to follow a power law, i.e. the cross-section for the
production of a hadron c in a collision of hadrons hi and fa scales like:

where xt = tyf; where 6 is the emission angle of the hadron, and when the masses of all the
hadrons are neglected. Since the partons are assumed to be pointlike, the only momentum
scales in the process are pt and y/s. For dimensional reasons one expects to find n = 4. The
crossover between this cross-section and the extrapolated thermal spectrum was estimated,
assuming e.m. interaction only, to occur at about 4 GeV/c.
In 1972, three groups at ISlP 4 discovered that the particle yields in pp collisions deviate
from the exponential slope already at pt of 1-2 GeV/c. These results and others from the
SPPS collider, are consistent with the predicted power law formula. However, instead of a
n=4 behavior, the data prefers a n=8 one. Attempts to explain this large value of n were done
using the Constituent Interchange Model (CIM)225. This model is based on the assumption
that the scattering of quarks on mesonic partons is the dominant subprocess at moderate
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Pt. The pt dependence, due to the meson form factor, gives rise to an additional power of 2
in the matrix element, so that the scaling law follows a n=8, (n=12 for baryons) behavior.
The CIM model leads to a large number of successful phenomenological predictions, but it
runs into serious problems in confronting data on charge ratios in ir~ +p ~* «•* + X reaction
336
. It is also unable to describe the new data from the ISR on high JH production in pp
collisions. Recent data on ir° production at the ISR, reaching pt values of » 16 GeV/c?27and
results on charged pion production 328 , indicates that the power - n - may, at higher pt,
decreases to a value of 5 to 6 for large xt. QCD is now believed to be able to explain the
deviation from the n=4 predicted behavior.
The reason for the absence of the n=4 power law, at the present energies, is in the
intrinsic complexity of the interacting hadrons. The existing calculations are based on QCD
(for evaluating the parton-parton matrix element), on some experimental input (fragmentation and hadronization functions), and on the assumption of factorizability. Factorizability
means here that the calculable hard scattering process, i.e. the parton-parton collision, is
independent of the soft stuff, that is, the hadron structure functions as well as the hadronization functions. The basic equation is therefore:

JO

JQ

in which only the hard scattering process <fo, lf3 _, a+z (zi,Z3) is exactly calculable. The
Gq/h(x) (fragmentation function that describes the probability of finding a parton - q carrying a fraction - x of the momentum of its mother hadron - h), and Dh/q(z) (the hadronization function which gives the probability for generating a hadron - h that carries a fraction
- z of the momentum of the fragmenting quark - q) has to be approximated by general
theoretical considerations and by experimental input from other processes which have some
of the same functions.

2.6.2 Hard Processes In "77" Collisions
Owing to the relative simplicity of the photon, "77" interactions play here a unique
role. This simplicity means that Gq^ is calculable, to all orders, in QCD. This leaves only
the hadronization function (2?h/4) uncalculable. When one looks for jets, this uncalculable
component drops out, and one is left with a fully calculable process. This leads theoreticians
to believe that "77" collisions, particularly at high pt, are perhaps the cleanest laboratory
for testing QC0 2 9 ~ 2 3 0 . In addition to jets, one can look for other high pt phenomena like
the possible production of high pt tracks as predicted by the CIM mechanism 1 .
The main theoretical aspects that can be probed by jet physics in "77" collisions are:
1

Another process which is capable of generating high pt particles, and which was mentioned in the introduction, is the so-called Brodsky-LePage mechanism. It will not be
discussed in the following.
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The elementary reaction 77 -» qq yields (if the quark propagator behaves like the
fundamental leptons one), at large pt, a scale-invariant two-jet cross-section, namely:

The corrections caused by higher order QCD diagrams are of relative order a9(4pt).
The observation of the predicted cross-section will directly test the scaling of the
quark propagator at large p 2 . This test should be much cleaner in "77" collisions
than in e+e~—> qqg reactions since no uncertainties, due to the presence of the strong
coupling constant a,, are introduced.
*

A related problem is whether one should use the constituent quark masses rather
than the current quark ones.

*

The two-jet process provides a useful tool to pin down the quark charges, and resolve
the long lasting question on whether quarks have fractional or integral charges.

*

"77" scattering is a field for studying the interplay between the hadron-like (VDM)
and the pointlike coupling of the photon.

*

By measuring the different underlying subprocesses like e.g. ip —*• qq, 77 —•
Mqq, pp —* qq ..., one can test the validity of the CIM model in "77" reactions.

Next, a review of the predictions for some of these processes is given.

2.6.3 Two Jets Production via The Born Term
The calculations of the Born term diagram of the process 77 —» qq were carried out
by several authors131 applying several similar methods. The common plan is to use the
simplified EPA formula in order to get the photon's flux:
(2-23)

where 17 = ~s for untagged events, and -ft**- for tagged events, and where x is the fractional
energy carried by the photon. Then, to combine the flux with the QCD formula of the
relevant parton-parton hard process (either to first or to a higher order). The outgoing
quarks are later considered as jets. In order to get results for single particle production, one
should use the hadronization functions as well.
The problem of estimating the fragmentation function, Gq/n, (the quarks distribution
in the photon) is closely related to the evaluation of the photon content in the electron. The
latter is approximated by the EPA formula. The former can hence be obtained by using the
EPA formula together with the Gribov-Lipatov relation331:
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which leads to

° 8 T W - ( £ Hi)) [x2 + (1 - *)2]

(2-24)

(this formula cannot hold in the soft limit when the VDM dominates).
The next step in the calculations is to connect the fragmentation functions with the
hard process formula. In the Born term, only the electromagnetic interaction participates
and one can make use of equation 2.13. By doing so, and by further simplifying the EPA
formula (by 1 + (1 — x)2 « 2), Brodsky et al. 232were able to get as a first approximation
the cross-section for the production of two-jets by "77" collisions in e+e~ machine:

m»om^nbGeV
d?p
pf

(2.25)

From the experimental point of view, the most interesting expression is the one that gives
the cross-section for the detection of at least one high pt jet, namely:
GeV*

where the numerical values are obtained for typical PEl'RA/PEP parameters, i.e. at y/a =
30 GeV and for 90°, where p™*" is the pt cutoff value for accepting a cluster of particles
as a jet. Naturally, no detection efficiency corrections have been made. R11 is the "77"
equivalent of the famous e+e~ annihilation parameter, R, and is similarly defined by:
3x
(for the four flavors which are available at the current "77" energies Hjf « 34/27 is expected). For jets having pP t n > 4 GeV/c, the cross-section is found to be 0.3 units of
R.
A similar technique is used by Berends et al. 2 3 3 , who have repeated the above mentioned
computations, using the same technique but without the 1 + (1 — x) 2 = 2 approximation,
and have get a similar result with some additional terms i.e.:

The presence of the additional terms reduces the cross-section somewhat, (by « 30%), to
about 0.2 units of R at p t miB > 4 GeV/c.
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A slightly different approach is used by Kajantie 2 3 4 . The same EPA hard process
expressions are used, but instead of - x -, the rapidities - y - of the two jets are
used. The differential result for the box diagram using: xi = 5X3- (eWl + eV3),
13 =
91
a
\xT (e" + e-» ),
and xT = ^ , is:

pf
pf [1 + coshfa - &)]*

(2.27)

After integrating over t/i and over t/2 one gets:

where for small x, D(x) is approximated by:

Additional integration, over all the p* values which are above a certain cutoff value,
yields:

which is in good agreement with the previously mentioned results. Another feature of this
process, which is evident in this approach, is that the rapidity distribution of the outgoing
jets is expected to be flat (due to the flat rapidity distribution of the photons). In addition,
the two jets tend to have the same sign of rapidity.
The cross-Bection for the production of a single high pt particle can now be obtained
by convoluting the cross-section for jet production with the appropriate hadronization functions. The result which is obtained by Brodsky et al. is:

and the one obtained by Kajantie is:
+x
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The two results agree with each other, and are by two orders of magnitude below the
corresponding cross-section for jet production.

2.6.4 Mass Effects
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In the box diagram a quark must be exchanged. One has to face two problems: that of
choosing the quarks' masses, and that of finding out what the mass effect on the results of
the last section is. The first point turns out to be of limited experimental importance since
the observable cross-section turns out to be insensitive to the quark mass (this point will be
further discussed in the analysis section). As for the second point, some theoretical studies
were done and235threshold effects were predicted. Equation 2.26 takes now the form:
±]n(n<\2
2* VIf'J

2a 2
(m*+p*)*

2cosh{yi - ya) + 2m 2 p 2 /(m 2 + p 2 ) 2
[1 + coah{yi - y a )P

(2.29)

In practice, the importance of the threshold effects is found to be smalL The reason is
that events which are close to the charm threshold will not exhibit themselves as hard final
states. At the other extreme, the cross-section due to 66 pair production is only l/16 tfc
of the corresponding cross-section for cc production, due to the charge factor. Moreover,
since the "77" flux follows a l/W 2 ^ law, additional suppression of ~ (5/1.5) 2 « 11 exists.
Hence, the cross-section for the production of 66, and the associated threshold effects, can
be neglected. Consequently, the prediction for the R^n value is almost unaffected by the
inclusion of the quarks' masses.

2.6.5 Higher Order Corrections
Higher order QCD corrections can be applied to either the quark content of the photon
(the photon structure function), or to the hard scattering process, or to both. Naturally
there is no clear border line between the two, but from the technical point of view they
can be separated. As was first shown be Witten 196 , the corrections to the photon structure
function (eq 2.24) due to gluon corrections can be computed to all orders in a,, keeping
leading logarithms in each order. The result of such a calculation, when carried with the
help of the Altareli-Parisi equation, can be approximated by 333 :
« W«/T(«)
( 2ir) « a. (a)

fq/t(x)1B

approximated in the high x region by:
4ir

_ ( 3 _ 4IE)C2 + 4C2 l n ^ ]
where IE is Euler's constant; C 3 = (JV2 - 1)/2JV = 4/3 for SU(3) color, and 4irb =
(11 - 2n//3) « 9 characterizes the asymptotic behavior of the running coupling constant,
a
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Figure 2.8. Photon's structure function232: a) the Born term, b) the valance
quark QCD calculations, c) the approximated expressions, d) the quark content in
the electron.

for charge 2/3 quarks, and by:
(2.31)
for charge 1/3 quarks. Similar parametrization for the gluons yield:
(2.32)
(One can see that the gluonic content increases with the decrease of x.)
For x-*0

one gets:

a

2nf • 0.0072 • x " 0 ' 6

for n/ quarks flavors, and:
x

fah(x) -» -

0.0210 • x~

In hadrons one finds that the quarks carry 4/7 of the total momentum (in the limit of
Q2 —• oo). In photons, on the other hand, a strong valence quark component exists, and
consequently the corresponding number is much higher, i.e. 99/131.
The photon's structure function as calculated by: a) the Born term, b) the valence
quark QCD calculations, and c) the above mentioned approximated expressions, are plotted
in figure 2.8. In this figure333, the corresponding curve for the quark content in the electron,
d), which is obtained by convoluting the QCD expression with the EPA formula, is plotted
too.
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No "unified" way exists for computing all the higher order diagrams together. Instead,
one can isolate a couple of relevant subprocesses and compute their contribution separately.
One should remember that there is a danger of either missing an important interference
effect, or of counting the same processes twice. A very nice feature of the "77" process is
that the results of the higher order diagrams, just like the Born term, are independent of
a,. This kind of scaling occurs since a, which appears in the QCD expression for the hard
process is canceled by the a~x which comes from corrections to the photon content. Hence,
the cross-section does not contain, at any order, an explicit dependence on aB. Therefore,
it should exhibit Bjorken scaling (apart from the log that comes from the EPA expression).
One starts to review the computations by looking at processes which give rise to final
states which have a pf 4 spectrum (pointlike interactions) and try to classify them according
to their jet topology.
2 jet processes
These processes are characterized by their having only two jets in the final state. The two
jets have high pt, and due to momentum conservation are in a back-to-back configuration
when viewed in the plane which is perpendicular to the beam direction. Apart from the
Born term, only one process with such a final state exists:
*

77 —»gg ( figure 2.9-a).
Gluons do not couple directly to photons. The production of gluon jets can proceed
only through a quark loop. This process is expected to be small. It was calculated136,
and was shown to be of the order of 10% of the main process, namely the quark Born
term. Moreover, even the polarization of such gluon jets was calculated 237 and the
possibility of their detection in longitudinally polarised e+e~ interactions discussed.

3 jet processes
These processes lead to final states which are made out of two high pt jets and in addition,
another beam-pipe jet. Two subprocesses are capable of generating such final states:
*

79 -» gq ( figure 2.9-b)
The subprocess cross-section is given by:

*

7g —» gg ( figure 2.9-c)
The corresponding subprocess cross-section is:

15—v
Naturally, the first process is the dominant one, since the quark's content in the photon
is much higher than the gluon's content.

4 jet processes
These processes lead to final states which are made out of two high pt jets and, in addition,
another two beam-pipe jets. Few subprocesses are capable of generating such final states:
*

77 -» qqqq ( figure 2.9-d).
Here, four quark jets are produced. The relevant hard processes and their crosssections are:
•

99 - » « or 91 -» qq
Where the cross-section is

qq -> qq or qq' - • qq' or qq -+ qq
The cross-section for these subprocesses is:
da.

qq^qq
With cross-section of:

which have a cross-section of:

ggqq

This last process is strongly suppressed by the low content of gluons in the
photon. However, the subprocess cross-section is:
da

One can summarize all these subprocess by the approximated formula232:

Eda(jeQ

3(1

-a;)3
Pt
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After convolution with the hadronization function one gets the following cross-section for
single particle production:

Pt

*

77 -> 9999 ( figure 2.9-e).
The final state contains a high pt gluon jet which recoils against a quark jet. Only
one subprocess can lead to such a final state.
9

Qfl —•• Q0

The relevant cross-section is:
da.

sSn~
*

77 —»gggg ( figure 2.9-f).
Here, one generates two high pt gluon jets. Two relevant diagrams exist:
•

99-+99
which have a cross-section that is given by:

•gin - 99) - - g p
•

8

^ / '^ i+

*\

j j p

99-* 99
with a cross-section of:

A good way to summarize the wealth of these equations is to look at the total crosssection for the production of 2, 3, and even 4 jets. Following Stirling, 338 the corresponding
cross-sections can be rewritten as:
vnf~ \
1! \Xt)

It qq\
(ZmOo)

of jet a

In figure 2.10, the cross-section ratios Fz/F2 (3-jet/2-jet) F*/F* (4-jet/2-jet), and {F2 +
F3 4. F^/F2 ((2+3+4)-jet/2-jet), are shown as a function of zt. It is dear that for xt > 0.1
the corrections to the Born term are small.

-u-

At low x values QCD is not reliable ( figure 2.9 ends at xt = 0.1). In order to get the
quarks distributions one can use the VDM model instead. For this purpose one uses the
vector-meson content of the electron which is approximated by:

where fy/4* = 2.2 for p. The quark distribution in these vector-mesons is given, in analogy
to that of the pion, by:

xGq/v(x) = C v (l - x)
where Cy is 0.5. Naively speaking, one would expect the cross-section to be small, since the
sequential transition 7 —• V° —> qq is unlikely to happen. Several such "VDM" processes
were discussed:
qqqq ( figure 2.9-g).
In this reaction, one of the photons transforms into a vector-meson which later
supplies a quark anti-quark pair. One of these quarks interacts with one of the
quarks in the other photon. One ends up with a similar 4 jet configuration. The jet
cross-section is 2 3 3 :

« 4 .6 l 0l^»
Pt

For single particle production, the corresponding cross-section is by two orders of
magnitude smaller.
*

pp -»qljqq ( figure 2.9-h).
This is a simple extension of the previous process. The corresponding cross-section
is:

mlA.vr!lzpL
p?
This cross-section is probably too small to be observed.
The properties of the beam jets were studied 239 using the "jet calculus" a 4 0 . The
main conclusion is that such jets are wider than the typical hadronic beam-pipe ones. It is
pointed out that this results from the difference between the hadronic and photonic structure
functions. From the experimental point of view, the identification of the actual jet topology
is therefore harder.
Another class of processes is the class in which one of the participating particles in the
hard scattering process is not a parton but a meson. This class of "CIM" processes will be
discussed later.

-45 -

a.

rw

Y"~r"-"T

J

igure 8.9. "77* pf* processes

In addition to the above mentioned processes, one can have additional corrections due
to gluon bremsstrahlung. These additional corrections can, as in e + e~ annihilation, lead to
final states which have three high pt jets. A first order approximation for the size of these
corrections is obtained from the corresponding QCD correction to the e+e~ annihilation
channel. These corrections are of the order of 10%, and due to their small size, were never
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Figure 2.10. The relative contribution to two jet produetion: a) S-jet/2-jet, b)
4-jet/S-jet, c) (2+3+4)-jet/8-jet

experimentally confirmed. To actually get the higher QCD correction, for the box diagram,
one has to cope with four different contributions (note here that a double counting exists
Bince some of these contributions have already been treated) due to:
*

a) virtual gluons;

*

b) soft collinear "bremsstrahlung" gluon radiation;

*

c) hard collinear "bremsstrahlung" gluon radiation;

*

d) hard non-collinear gluon radiation.

The first three processes can be calculated analytically. The result can be presented
using the Stennan-Weinberg341 parameters, 6 and c, which define the angular and energy
resolution of the jets. Due to the presence of these terms, it is not directly meaningful to
ask for the numerical importance of this higher order result. But one can neglect them

temporarily and get:

The hard accollinear gluon bremsstrahlung contribution is calculated by starting from the
c~e + —• 777 formula. But due to the quark mass poles, one is forced to introduce a quarkmass cutoff and the results turn out to be dependent on the cutoff value at non-asymptotic pt.
The final results are summarized in table 3 of reference (233) and indicate that corrections
as large as 50% are possible.
Kajantie and Letho did higher order QCD calculations as well 242 . Their results are in
agreement with the above mentioned ones.

2.6.6 The Constituent Interchange Mechanism
Another possible source for hard "77" processes which is discussed in the literature
is the CIM (Constituents Interchange Model) mechanism. This model assumes that the
scattering of quarks on mesonic partons is the dominant subprocess at moderate pt. The
replacement of the pointlike parton by a meson leads to a pf 6 dependence of the cross-section
due to the additional meson form factor. Few such processes are possible:
*

7P -» gg ( figure 2.11-a).
Three jets are generated. One is a high pt jet, the second is a high pt meson which
recoils from the first jet, and the third is a beam-pipe jet. The originally predicted
cross-section232 is:
Pt
and for single particle production to:

77 -»qqM ( figure 2.11-b).
Which leads to a similar three-jet configuration. The cross-sections are:

Pt

and

7/? -» qqM ( figure 2.11-c).
Which is a VDM variant of the second process. The cross-section for this process is
too small to be detected.
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Figure 2J1. Higher twists (CIM processes).

Naturally, one can play the same game twice, namely, use CIM ior two of the participating mesons. Such processes will have a pf 8 behavior, and will not contribute much to
the high pt final states.
The cross-section which was initially predicted for the first CIM process was quite high.
It was, as a matter of fact, above the one which was predicted for the Born term. In addition,
this process has a nice experimental signature, namely, an isolated high pt track on one side
and a jet on the other. Recent calculations give much lower crosB-sections (by more than
two orders of magnitude), and push these processes below the present detectable limit.

2.6.7 The Quark Charge
Shortly after the "standard quarks" which have fractional charges were proposed 3 " 344
, an alternative scheme which gives to the quarks integer charges 346 was suggested. Since
then, many attempts to find out which is the right scheme were made, but none was able to
achieve this goal unambiguously. The a'ff channel has unique properties for such a study,
and can finally pin down this long standing question.
Integer Charge Quark (ICQ) models must satisfy, like fractional Charged Quark (FCQ)
models, the modified Gell-Mann-Nishijima relation

where T3 and Y are flavor generators, and t is an arbitrary number which may depend on
color. The quark charge can be assigned in a very general way in such models 240 :
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u d s

Red
Blue
Yellow

1 0 0
1 1 0
0 0 1

Table S. Quarks' charges

where R, B, Y denote the different colon. From the fact that the A"1""1" = (UR, UB, uy)
is doubly charged, one gets the constraint: ZR = zB + zy = 2. In the original fractionally
charged quark model (FCQ), one uses zB = ZR = zy = 2/3. An attempt to avoid the
fractional charges was done originally by Han and Nambu 245 , by assigning to quarks of
different colors different charges, e.g. using ZB =0,ZR=
zy = 1. The photon can therefore
be considered as:
f

f ~(

. RR + YY + BB) + {(zR - 2/S)qq, RR - YY)
((zB-2/3)qq,BB-YY)

whereje/ is the "flavor charge" of the quarks (2/3 or -1/3) and the notation
(qq, RR + YY + BB) means {qs.qR + qyqy + qBOH)- Hence, in the ICQ model, the photon
can be decomposed into flavor and color parts, namely:

where F,C denote flavor and color and NS stands for 'non-singlet' {{NS}F
= {B}F in the
case of SU{3)F. Note that for FCQ models za - (2/3) = 0, for a = R, B and therefore there
is no color octet piece of the photon in these models. The color octet part of the photon
is responsible for different values of A T7 in the two quark model alternatives. While in one
photon annihilation the final state color singlet can only be generated by a color singlet
photon, in two-photon reactions two color octet photons can produce a color singlet final
state. Thus 247

and to:

= 10/3 {for ICQ)
where e, a is the charge of the quark which has flavor i and color a. R11 turns out to be
different for the different quark models while the equivalent quantity in e+e~ annihilation

,Rii, is not.
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Since gauge theories are now quite popular, gauge invariant Han-Nambu theories were
c o n s t r u c t " 2 4 8 . In these theories SUC(3) is no longer an exact symmetry. It is weakly
spontaneously broken. In this symmetry breaking process, the gluons acquire small masses
(m ff ), four of them get an electrical charge, and one of the neutral gluons is mixed with the
photon. The photon can therefore couple to quarks through both its singlet or its octet color
components. However, the color octet component is suppressed by the presence of gluonic
mass, and the modified photon-to-quark coupling is:

. -2

octet

when mg is the gluon mass, i is the flavor index, and a is the color index, q2 is the
photons invariant mass. The suppression factor prevents single or double tag experiments
from observing the color component of the photon. Only no tag experiments are capable o
separating the two models.
Recently, it was pointed out 349 that instead of using two photons in the initial state,
one can look for two photons in the final state. By doing so, one uses real photons and
avoids the problem of the Q2 dependence of the octet component. Preliminary results from
the ISR experiment that looked for the reaction pp-*ii
+ x final state 350 , were reported.
The crucial quantity for this study is the -£Q- ratio. It was found to be 1.7 ± 1.0, close to
the ratio which one expects from FCQ, Le. 1, and far away from the ICQ prediction which
is somewhere between 30 to 130. This result cannot yet be considered as an experimental
proof for the FCQ, since the computations of the pp -> 77 + X process are quite intricate351.
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Chapter S

THE EXPERIMENTAL APPARATUS

The data used in the following analysis were taken with the TASSO detector which is
installed in the south-east hall of the electron-position storage ring PETRA (Positron Electron Tandem Ring Accelerator) at DESY (Deutsches Elektionen Synchrotron) in Hamburg,
West Germany.
A short description of PETRA and its injection system is given. Then, the TASSO detector
is described in more detail.

§3.1 PETRA
PETRA has a circumference of 2.3 km. and consists of 8 bending regions with radius
of 256 m., separated by four short straight sections for experiments, and four longer straight
sections for the radio frequency (R.F.) cavities.
Electrons are produced and accelerated to 50 MeV in the linear accelerator LINACI, from where they are injected into the synchrotron DESY and accelerated to 7.0 GeV,
ready for injection into PETRA. Positrons are produced and accelerated to 400 MeV in
LINAC II and are then accumulated in a small ring PIA (Positron Intensity Accumulator).
From there they are injected into DESY, accelerated to 7.0 GeV and injected into PETRA.
The electrons and positrons are further accelerated in PETRA to the desired energy. The
circulating beams consist of bunches of approximately 10 11 particles each, with dimension
of (<7z,<ry,o-,) = 0.1 x 0.01 x 1.0 cm.3. The machine is designed to operate with a maximum
of 4 particle bunches in each beam, but actually operates with only two. Figure 3.1 shows
the layout of PETRA and the other accelerators at DESY.
The vacuum chamber is maintained at a pressure of 5 x 10~ B Torr. Low pressure is
essential as collisions between beam particles and gas molecules inside the vacuum chamber
produce background in the interaction region and limit the lifetime of the beam. Pressure
smaller than 5 x 10~ 9 Torr is difficult to achieve, as synchrotron radiation causes outgassing
of gas molecules trapped in the surface layer of the vacuum chamber.
PETRA was first brought into operation in July 1978 with beam energy of 11 GeV.
Since Autumn 1979, there has been a total of 60 R.F cavities installed, and maximum beam
energy of 18.36 has been reached. In 1983, the number of cavities was increased, and the
maximal energy is now approximately 23 GeV.

Figure 8.1. The layout of the DESY machines
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3.1.1 Luminosity
The most important measure of the performance of a colliding beam accelerator is the
luminosity (L) which relates the rate ^ for a given reaction to its cross-section (<r):
(3J)

ft —
The luminosity can be expressed as:
mm

*•

/ M

_

(3.2)

L

4Vffx(Ty

where n-f(n+) is the number of electrons (positrons) per bunch, / is the frequency of
rotation, n& is the number of bunches per beam, and ax, ay are the r.m.s. sizes of the beam
transverse to its direction.

As it is not possible to measure the bunch size very precisely, the luminosity is usually
measured using a reaction with a known cross-section. The reaction normally used is Bhabha
scattering (e+e~ —*• e + e~) at small angles. It has a high rate, a cross-section that can be
calculated in QED, and it has been accurately tested experimentally.
The luminosity depends strongly on energy. At low beam energies, it is limited by
beam-beam interactions and increases with beam energy like E*. The maximum luminosity
is reached when the energy loss through synchrotron radiation has reached the limit of
available power. Above this energy, it falls rapidly with an energy dependence like E~10.
Between Autumn 1979 and December 1980, a peak luminosity of « 5 x ldaoem~2sec~1
was achieved, and an integrated luminosity of w lOOnft""1 per day was taken. At the beginning of 1981, a mini /? system was installed. This involved installing four extra quadrupoles
in each experimental region closer to the interaction point. These quadrupoles focus the
beam more strongly thus decreasing the lateral size of each bunch at the interaction point.
Since 1981, a peak luminosity of 2 x 10 31 cm" 3 sec"1 has been observed and the average
luminosity has risen to 400 - SOOnfc*"1 per day. In 1983, following the installation of the new
R.F. cavities, PETRA energy was upgraded and the luminosity has dropped to roughly the
1980 numbers.

3.1.2 Machine Dependent Background
3.1.2.1. Synchrotron Radiation
Synchrotron radiation is produced when charged particles are deflected and therefore
accelerated by the magnetic field. In PETRA, the beam particles radiate a large flux of low
energy photons as they pass through the bending and focusing magnets of the ring. The
main sources of synchrotron radiation seen at the interaction point are the final bending
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magnets and the strong focusing quadrupole magnets on each side of the interaction point. A
poor beam position results in a high flux of synchrotron radiation photons. They interact by
Compton scattering and photoelectric effect, thus producing electrons which cause random
hits in the detector.

3.1.2.2. Beam Gas Scattering
Beam-gas scattering is the interaction of beam particles with the residual gas molecules
that remain in the vacuum chamber. The interaction rate is therefore dependent on the gas
pressure and on the number of beam particles.
Beam-gas scattering occurs along the whole length of the vacuum chamber, and so the
rate seen by any detector also depends on the length enclosed by the detector.
There are several features of these events. They have:
1. a small visible energy
2.

a low multiplicity

3.

the tracks are in one hemisphere (with respect to the beam axis)

4.

the interaction vertex can be anywhere along the beam axis.

As these events have small visible energy, they can be easily separated from hadronic
events which come from e + e~ annihilation , but are not always distinguishable from twophoton scattering events.
The background from beam-gas scattering can be estimated by observing the number
produced at large distances from the interaction point along the beam direction and extrapolating to the interaction region assuming a flat background. These events trigger the
TASSO detector at a rate of < 0.1 Hz.

3.1.2.3. Beam Pipe Interactions
Beam-pipe interactions occur when a beam particle loses energy by emitting a
bremsstrahlung photon and enters an unstable orbit. Eventually it will strike the wall
of the vacuum chamber thus producing a shower of particles.
These events have several special characteristics:
1. the vertex is off the beam axis and can occur at large distances from the interaction
point along the beam direction
2. most of the particles are produced in one hemisphere
As the vertex is off the beam axis, many of the produced particles will not reconstruct
to the interaction point and will consequently have larger values of the fitting parameters
do and z0 (to be defined later) than tracks from the interaction point. The TASSO trigger
rate for this process is w0.5 Hz.
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§3.2 TASSO
Installation of the TASSO detector301 (Two Arm Spectrometer SOlenoid) in the southeast hall of PETRA started in March 1978 and was completed in December 1980. The
apparatus was designed as a general purpose detector with particular emphasis on charged
particle identification. The detector has three parts: the central detector, the forward
detector, and the hadron arms. A list of the collaborating physicists and institutes, as of
April 84 is given in appendix A.
The original central detector consisted of 4 scintillation counters near the beam pipe
(beam pipe counters), a 4 layer Cylindrical Proportional Chamber (CPC), a 15 layer cylindrical Drift Chamber (DC) and a layer of scintillators for time of flight measurements (FTOF).
All are enclosed in a conventional solenoidal magnet. The magnetic field of 0.5 Tesla enables
the measurement of charged particle momenta. Lead-liquid Argon Calorimeters (LABC)
provide information about the energy of elections and detect photons in the upper and
lower parts of the detector.
The forward region is also used for luminosity measurements. It comprises two identical
modules on either side of the interaction point, each consisting of a lead glass shower counter
and of scintillation counters that cover angles between 25-60 mrad and lead-liquid argon
calorimeters from 80 to 300 mrad (LAEC).
Each hadron arm covers a solid angle of about 10 % and consists of a planar drift chamber, a series of threshold Cerenkov counters (containing aerogel, freon and CO? segments), a
time of flight counter array (HTOF) for detailed particle identification and lead-scmtillator
shower counters (HASH). The flux return yoke of the solenoid and the iron wall supporting
the time of flight and shower counters in each hadron arm act as hadron absorbers behind
which muons are identified using proportional tube arrays.
Major changes were made in TASSO at the end of 1982. These changes include the
replacement of the old beam pipe by a new beryllium one and the installation of a high
resolution drift chamber - the Vertex Detector (VX) - in the space left between the beam
pipe and the CPC. All the data in the present analysis were taken before these changes were
made.
The different components were discussed extensively elsewhere 302 . A brief description
of those used in the present analysis is given here. In figure 3.2, the detector is shown from
three different views. The important TASSO parameters are given in appendix B.
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Figure S.2. The TASSO detector - Top view.
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Figure 3.4- The TASSO detector - Cross-section perpendicular to the beam.
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3.2.1 The Beam Pipe

The vacuum chamber at the interaction point used until 1982, was made of a 4 mm.
thick, 13 cm. radius cylindrical aluminum pipe. At either end of the detector, the beam pipe
expands into large cones, which minimize the amount of material a particle passes through
before reaching the forward detector. At the end of 1982, this beam pipe was replaced by a
beryllium pipe of 0.5% radiation length and an outer radius of 6.5 cm. only.

3.2.2 The Central Proportional Chamber (CPC)

The CPC 3 0 3 is a low mass cylindrical multiwire proportional chamber which provides
trigger information and is also used in offline track reconstruction. It comprises 4 concentric
cylindrical layers, which are made of 480 anode wires and 2 cathode surfaces each. The
cathodes are made of 120 helical strips with a rake angle of 35.5°, the inner and outer layers
having opposite senses of rotation. The chamber has an active length of 140 cm., an internal
radius of 18 cm., and an external radius of 29 cm. The 4 proportional counter gaps are 1.6
cm. wide and are separated by low-mass structural styrofoam cylinders. The chamber is
filled with a "magic gas" mixture ( « 75 % Argon, w 25 % isobutane and 0.11-0.23 %
EVeon)

The anode wires give position information in the plane perpendicular to the beam
direction (the r-0 plane), while the cathode strips give position information in the direction
parallel to the beam (the z-direction). The anode wire position resolution is « 700/tm while
that in the z-direction is « 2mm. The efficiency of the anodes is « 96 % per layer and that
of the cathodes is « 8 5 % per layer.

3.2.3 The Drift Chamber (DC)

The DC304comprises 15 concentric cylindrical layers of drift cells at radii between 36.7
and 122.2 cm. It has a length of 323 cm. and covers the complete azimuthal angle. Eacb
drift cell has 3 potential wires (made of 120 pm molybdenum) separated by a radial distance
of 6 mm., and a sense wire (made of 30 pm tungsten) at a distance of 16 mm. from th<
potential wires. Each plane is separated by 61 mm. from the next. The wires of nin<
planes are parallel to the beam axis. The other six are slightly rotated at an angle betweet
—4.51° and +4.51° (the a-wires), so that the z-position of a track can also be measured
The chamber has a total of 2340 drift cells.

Until May 1980, the chamber was filled with a mixture of 75% Argon, 25% Methane
and afterwards with 50% Argon and 50% Ethane. This new mixture reduced the curren
drawn by the chamber and has a more linear space-drift time relation. This leads to ai
improved position resolution particularly at the edge of the drift cell. The overall averag
momentum resolution of the drift chamber is given by:
-2- M 0.01^1.7 + p2
V
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(3.3

where p is the track momentum and is given in GeV/c.
The efficiency per layer of the drift chamber is » 92% and the average resolution over
the whole drift cell is « 180/jm.

3.2.4 The Inner Time-Of-Flight Counters (ITOF)
The ITOF 306surrounds the drift chamber at a radius of 132.2 cm and comprises 48
identical scintillators each measuring 300 x 17.4 x 2 em 3 which cover a total solid angle of
0.82 of 4TT. They are used in the trigger, for particle identification up to momenta of Ml.5
GeV, and for monitoring the machine noise rate and for rejecting cosmic ray events. Each
counter is viewed at both ends by photomultipliers, and each of their outputs is split into a
discriminator and an ADC (Analog to Digital Converter). The discriminator provides the
stop pulse for the TDC (Time to Digital Converter), (the start pulse was provided by the
beam pick-up) and an AND of the discriminators at both ends provides the mean timer
latch used in the trigger. The ADC output measures the collected charge and is used in
offline corrections to the timing measurements.
From June 1981 onward, each counter has been equipped with a two level discriminator
which gives two timing measurements at each end, leading to an improved resolution and
efficiency. The resolution of the ITOF ranges from 300 psec at the end to 500 psec at the
center of the counter.

3.2.5 The Magnet
The CPC, DC and ITOF are enclosed by a 4.4 m. long solenoidal magnet. Its 4
aluminum layers are approximately 1.1 radiation length thick. The warm coil produces a
field of 0.5 Tesla axially
a direction and has an inner radius of
y in the positive
p
135 cm. The magnetic field deflects charged particles as they pass through *he tracking
chambers allowing a measurement of their momenta to be made.
The magnet flux return yoke consists of 60 cm. thick laminated iron plates at each
end of the coil and 80 cm. thick iron bars at the top and bottom. It is open at both sides.
Retractable plugs cut into the endplates and allow easy access to components within the
solenoid.

§3.3 THE TRIGGER
Bunches of particles intersect at each interaction point at a rate of ss 250 KHz. A
trigger system which reduces the data taking rate to a manageable level is therefore required.
This trigger should select e+e~ , 77 interactions and other processes of interest but reject
background Events. The experiment was designed to investigate a wide range of final states
and this necessitates the need of a number of different triggers which are OR'd together.
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BIT

TRIGGER

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

LABC + 0 track
LABC + 1 track
LAEC + 0 track
LAEC + 1 track
CPC cathode
Luminosity
Cosmic
HASH + 0 track
DC Prepro Topology
MONICA
DC Prepro Majority
Free
HASH + 2 tracks
HASH + 1 tracks
Single Tag
Tests
Table 1.

REMARK
not used here
. »_
B

n
_ II

For luminosity determination
not used
The main trigger here
Used For Checks
Used
not used

_»

TASSO TRIGGERS

The trigger logic was arranged to be able to make a decision on whether a valid trigger had
been received every time two bunches intersected. In a 4-bunch mode there are 1.92 psec
available between successive intersections. A reset time of 1 fisec was required to reset all
components which left 900 nsec for making a decision. Such a fast response time necessitated
a pre- and post-trigger system. However, in 1979 it was decided that PETRA would only
run with two bunches, and the pretrigger was removed.
The triggers used by TASSO during 1981 and 1982 are shown in table 3.1
The trigger word, comprising 16 bits (the least significant bit was trigger 1), is written
out with the event. The triggers described below are the ones used in 1981 and 1982. Only
those triggers used in the following analysis will be described.

3.3.1 The Strobe
The beam is detected by a capacitive probe306at z ± 710 cm. which senses the arrival of
the positron bunch (the beam pick-up signal). This produces a pulse which is used to strobe
the experiment and which occurs every 3.84/iaec. Changes in the bunch currents affect the
pulse height of the induced signal. This results in a time-slew of the strobe of the order of
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100-200 psec. This is sufficient to affect the TOF counter resolution. To correct for this
variation, part of the induced signal was sent to a zero-crossing discriminator307which has
far less time slew, and then to a TDC.

3.3.2 Central Proportional Chamber Processor
The Central Proportional Chamber Processor (CPCP) 308uses the output of the CPC
cathode planes. The 120 strips are combined in pairs so that the processor sees 60 strips
per layer. It then assumes that the tracks originate from the interaction point and therefore
should hit the same strip in each of the cathode planes. The task is not all that trivial
for several reasons: the strips are helical, particles are coming out in all directions, and
charged tracks bend in a magnetic field. Hence, a dedicated processor is needed. The CPC
processor looks for coincidences between any pair of adjacent planes (1+2, 2+3, etc.). A
coincidence is found if the hit strip number in the adjacent plane is sufficiently close to that
in the first plane. Because charged tracks bend in a magnetic field, a limit on the difference
in wire numbers corresponds to a transverse momentum cut. The criteria for the decision
are programmable and the minimum transverse momentum cut was varied between 100 to
220 MeV/c. A track is defined by a 3 or 4-fold coincidence.

3.3.3 Drift Chamber Processor (DC Prepro)
The DC prepro searches for tracks using field programmable logic array (FPLA), with
one FPLA for each of the 72 cells of the innermost layer. Data from 6 of the DC 0° planes are
fed to each of the FPLA (planes 1,3,5,8,11 and 13 were used where an increasing number
denotes an increasing radius). 16 different track momentum masks are defined for each
FPLA, and a 5 out of 6 majority logic decision is made for each mask.
Additional data from the CPC and the 48 ITOF mean timer is used. A track is defined
as a valid mask which is projected through a set ITOF mean timers (± 1 mean timer) and a
set CPC bit (± 1 bit). The multiplicity is determined by the number of ITOF mean timers,
i.e. a valid mask projecting through 2 mean timers would count as 2 tracks. The DC prepro
has a track finding efficiency which is dependent on the track's transverse momentum, pt,
with a constant efficiency of « 97 % above pt » 500 MeV/c.
The DC processor provides two separate triggers:
* The Majority Trigger
The majority trigger requires > 3 tracks with pt > 220 MeV/c for W < 17 GeV, or >
4 tracks with JH > 220 MeV/c (ft > 320 MeV/c before September 1981) for W > 17
GeV, where W is the center of mass energy. This trigger is used mainly to detect
one photon annihilation events.
* The Topology Trigger
The topology trigger requires at least 2 tracks with pt > 220 MeV/c (320 MeV/c
earlier). The two tracks should be colinear in the (r - 4> plane to within 27° (defined
- 68 -

by ±3 ITOF mean timers). This trigger is used to detect low multiplicity "IT"
events and two photon events.

§3.4 DATA ACQUISITION SYSTEM
The data acquisition and experiment monitoring are performed by a Norsk Data NORD
10/s computer309. On receiving a valid trigger, data from the experiment's components are
read in via a CAMAC system and reformatted310for transfer to the main DESY IBM computer. Approximately 5 events can be stored in the NORD memory (an event being typically
2500 words long). The data are first output to a local buffer disc and then transferred to a
100 Mbyte disc on the IBM via a microprocessor link. When the disc is full its contents are
dumped to a 6250 BPI tape (called dumptape). A local disc buffering system utilizing the
NORD computer's 66 M byte disc could provide up to 4 hours of local data storage.
The input rate to the NORD is typically 2-3 HZ and the deadtime is PS 4% per Hz.
Data taking is divided into runs. Each run usually corresponds to a PETRA filling and lasts
»2-4 hours. At the start and end of each run, there are also calibration runs for several
devices. The results of these calibration runs are stored in a "run library" (RUNLIB) on a
special disc. During data taking, the experiment is monitored in several ways:
* for each component several quantities are histogrammed for « 10% of all events
* events can be displayed on a color television screen.
* most components have monitors of high voltage and gas flows which either give an
audible alarm or interrupt the experiment when there is a fault
* several components also have checking programs that monitor the data taken by
them
* at the end of each run, a run summary is output showing trigger rates and a selection
of the histograms.
* All components are also checked offline at different stages of the data analysis. The
performance of PETRA is monitored by measuring the luminosity online and also
by the background rate in the ITOF.

§3.5 EVENT RECONSTRUCTION AND SELECTION
The full reconstruction of events, including the finding of tracks in the central detector and the calibration and analysis of the data from other components of TASSO, uses a
considerable amount of computer time. Since most of the events on a dumptape are background (either from cosmic rays, beam-gas interactions or beam-pipe interactions) and so
are normally of no interest. The full reconstruction of all the events would have been very
wasteful. Therefore, a preliminary selection of events is needed. In order to select good
events, charged tracks must first be reconstructed, and the row data from each component
must be converted into an easily usable form.
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Two algorithms are used for finding charged tracks: FOREST, which is a relatively
fast program and is run on all events, and MILL, which is a much slower but more efficient
and precise program, is run on events selected from the FOREST track information. These
algorithms are described below briefly. An outline of the standard data reduction chain is
also given, followed by a description of the luminosity determination.

3.5.1 FOREST
Since the track information from FOREST is used only for an event preselection and
not for the final analysis, speed and reasonable efficiency were stressed more than high
precision. The program is therefore based on a tree algorithm 311 and uses only the drift
chamber information, assuming a linear space-drift time relationship across the drift cell.
Tracks are first reconstructed in the (r — <f>) projection by performing a circle fit to points
selected by the algorithm as belonging to the track. If more than one track is found,
reconstruction of the tracks in the z-direction (by the ZREC program) is tried. On the
average, FOREST uses O.lsec of IBM 370/168 cpu time per event. Starting from 1981, the
168E emulator has been used for foresting all events in the (r — <f>) plane. ZREC still runs
on the main IBM computer. For each reconstructed track a "CDTR" (Central Detector
TRack) output bank has been filled with all the relevant track parameters.

3.5.2 MILL
MILL uses the output of tracks from FOREST as a first iteration in its track finding.
However, it applies non-linear corrections (which were determined from cosmic ray events)
to the space-drift time relationship and a correction for the entrance angle of the track into
the drift cell. It also includes the CPC anode hits in the track finding. A road algorithm is
used to find tracks in the (r - <f>) plane and then in the z-direction. The road algorithm is
more effective than the tree algorithm. However, reconstruction of an event with only two
tracks uses « 2-4sec of IBM 370/168 cpu time.

3.5.3 Track Parametrization
Each track was defined by 6 variables: R, do,zo,<f>o, tan A and Q. The variables ZQ and
4o were defined at d0} the closest distance of approach to the origin of coordinates in the
(r — $) plane, z0 being the z coordinate and <po the azimuthal angle. R represents the radius
of curvature of the track in the (r - 4) projection, A is the dip angle and Q is the charge of
the track. The track parametrization and the definition of the TASSO coordinate system
are shown in figure 3.3 .

3.5.4 Data Reduction
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The data reduction is done in several stages to separate different types of events and
also to save computer time. The reduction chain is outlined in figure 3.4 together with
typical numbers of events on the resulting data sets.

3.5.5 PASS-1
The initial stage of the data reduction chain is called PASS-1. FOREST is run for all
events on the dumptape. No event selection is done, and all the events are written to a
PASS-1 tape.
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Figure S.5. Track parametrization.
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Figure S.6. The TASSO event reconstruction and selection chain.
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3.5.6 PASS-2
This is the first stage of event selection. The following types of events are written to a
PASS-2 tape:
1.

Event with > 2 track in the (r — <j>) plane and at least one track reconstructed in 3
dimensions with | do |< 2.5 cm and | z 0 |< 15cm.

2.

Events with > 4 GeV total deposited energy in the LABC or > 0.5 GeV in at least
two submodules.

3.

Events with the HASH+0 track trigger bit set and > 2 GeV energy deposited in at
least one counter in each arm, and events with the HASH+1 track trigger bit set
and > 1 track reconstructed in the [r — 4) plane with > 1 GeV deposited in at least
one counter.

4.

Events with the LAEC + 1 track trigger set, or events with LAEC + 0 track trigger
bit, at least two cluster with > 0.5 GeV deposited energy, which are back-to-back
to within 15° in the (r — 4) plane and within 10° in the polar angle.

5.

All events with the luminosity counter trigger bit set.

6.

Events with 2 and only 2 mean timer bits set which are opposite to within ± 3
counters. Most of these events are cosmic rays, and to reduce the total number
selected, the number of "vertical* cosmics (0 > 30° w.r.t. the horizontal) written
out, was scaled down to be the same as the number of "horizontal" cosmics {<f> < 30°).

Selection criterion (1) selects hadronic final states, two-photon scattering events, and
two prong final states in which FOREST finds the tracks. Criteria (2),(3) and (4) select
Bhabha scattering events or e+e~~*ir) events without requiring track information. (5) selects
events for luminosity determination and (6) selects mostly cosmic ray events which are used
for calibration purposes and efficiency measurements.
Tighter cuts are then made on the PASS-2 events to select final states with two charged
tracks, hadronic final states, two-photon events and cosmic ray events.

3.5.7 Hadronic and Two Photon Final State Selection
The selection of hadronic final states proceeds in two stages called PASS-3 and PASS-4.
Events satisfying the selection criteria for PASS-3 are run through the MILL program and
written to a PASS-3 tape. The final hadronic sample is then selected from these event? and
is written to a PASS-4 data set.

3.5.7.1. PASS-3
The PASS-2 events are input and the following selection criteria are applied:
*

> 3 tracks reconstructed in the (r - <j>) plane with | do |< 2.5cm.,
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* > 2 of these tracks reconstructed in 3 dimensions with | do |< 2.5cm. and | z0 |<
15cm.
In addition, a special flag was set to indicate whether a specific track is a good, a badly
reconstructed, or a background track (TRKSEL). Good tracks were defined as tracks which
have:
1. 3 dimensional reconstruction;
2. x 3 < 10 per d.o.f. for (R - (f>) fit;
X2 < 20 per d.o.f. for fit in 3 dimensions;
3. | d0 |< 5.0cm.;
4. pt > 0.1 GeV/c;
5.

|cos0|<O.87;

6. \ z0— < ZQ >\< 20.0cm., where < ZQ > is the average value of ZQ for those tracks
satisfying tests (l)-(5).
These cuts remove spurious tracks, very low momentum tracks and tracks which did
not cross the sixth 0° layer of the drift chamber. (In order to be reconstructed, a track must
have at least five drift chamber hits associated with it).
The PASS-3 tapes contam essentially most of the two-photon scattering events detected,
as well as the hadronic final states. It is the basic data set for the following analysis.

3.5.7.2. PASS-4
In order to separate one photon induced hadronic final state from the remaining background, tighter selection criteria must be applied. Using only the "good9 tracks, the following selection criteria are applied to the whole event (HADSEL):
1. > 4 tracks if W < 13 GeV;
> 5 tracks if W > 13 GeV, where W is the cm. energy;
2. The event is divided into two hemispheres by the plane perpendicular to the sphericity axis.
if W < 16 GeV and there are three tracks in one hemisphere and one in the other,
or W > 16 GeV, and there are three tracks in each hemisphere,
the mass of the three prong system must be above the r mass, i.e. 1.78 GeV
3. < ZQ > < 6 cm where < ZQ > is the average value of ZQ for all the good tracks.
4. if W < 16 GeV, the total charge of the tracks must be less than four, and there must
be at least one track in each hemisphere as defined by the (r — 0) plane.
5. S, | p,- |> 0.26SW where pt- is the momentum of each track and the sum is over all
the good tracks.
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§3.6 THE WEIZMANN MINI D.S.T
At DESY, wh'in using the data, one usually uses the standard TASAN program. This
program reads th< data tapes and, using the calibration constants that are stored in the
run library disc (RUNLIB), recalculates some of the measured quantities. Implementation
of this procedure at Weizmann turned out to be impractical for several reasons:
* The DESY IBM computer runs in MVS mode. As a result, the core needed by
TASAN is about 400K bytes. This has no effect on the performance of jobs at
DESY, whereas at Weizmann, as the computer used to run in MVT, the priority
assigned for these jobs was very low.
* TASAN relies heavily on the run library disc in a mode that is hard, if not impossible,
to duplicate at Weizmann.
* Both TASAN and the run library are constantly changing. Each transfer of these
programs to Weizmann needs considerable time for necessary changes.
* The DESY data tapes contain lots of data banks which are not needed for data
analysis. Therefore many tapes must be carried from DESY to Weizmann.
The way out was to construct a compact, self-contained mini-DST (Mini Data Summary
Tape) that will hopefully contain all the data one expects to use. For each event, this miniDST contains312 a header with general event parameters, like multiplicity, beam energy and
a trigger word, followed by a track section. For each track, in addition to its momentum
components, one has a summary of the TOF analysis performed on that track, as well as the
muon analysis and some geometrical information which enables a search for V° candidates.
Neutral clusters seen by the LABC (using the Weizmann algorithm) by the HASH and by
the LAEC are present too.
The present analysis as well as the search for 77 —*f', the study of the 4>irw and <f>P
states 313 , and also part of the search for F meson, was done using this mini-DST.

§3.7 DETERMINATION OF THE LUMINOSITY
The luminosity is determined from the rate of Bhabha scattering events observed in
the forward detector and in the central detector. The luminosity is measured in each device
separately, and the results are later combined. Bhabha events are selected from the PASS-2
data tapes by a special set of two prong selection cuts which are:
1. Between two and four tracks were reconstructed in the (r - <f>) plane with | d0 |<
2.5cm. and at least one track was reconstructed in 3 dimensions with | zo \< 15cm.
If there are more than two tracks, the angle between all except one of them must be
<5°.
2. At least two of the tracks must have pt > 0.100 GeV/c.
3. At least two of the tracks must be collinear in the (r - <£) plane to within 15°.
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4. ITOF information must exist for both tracks, and the difference in their time-offlight, t, must satisfy | tx —1 2 |< 5.0 nsec where tracks 1 and 2 are the fastest tracks
in each hemisphere.
The statistical uncertainty in the luminosity determined from the forward detector is
negligible for longer runs. There are several sources for systematic error:
* Uncertainties in the radiative corrections for higher order QED effects (w 2%).
*

Uncertainties in the geometrical acceptance (« 0.7%).

* Events in which the aperture counter A was hit by one of the particles in the shower
produced by a primary electron from an interaction in front of the detector and not
by the electron itself, and events caused by backscattering in the material of the
shower counter (« 2%).
* Changes in the beam displacement (» 0.6%).
* Accidental coincidence caused by synchrotron radiation and by off momentum particles (« 2.5%).
Bhabha scattering events in the central detector are selected from the two prong datasets
using TOF information and their topology. The remaining backgrounds from muon pair and
tau pair events are subtracted statistically. The uncertainty in the cross-section and hence
in the luminosity determination is estimated to be 3.5 — 5.0%, including both statistical and
systematic errors.
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Chapter 4

HARD PROCESSES ANALYSIS

§4.1 INTRODUCTION
The following analysis is done on 267110 PASS-3 events which were collected by the
TASSO detector during the years 1979-1982. Only charged particles, which were all considered to be.pions, are used.
The analysis is restricted to events which have more than 3 good ' charged tracks.
This is done: a) because of the complications in evaluating the trigger efficiency for lower
multiplicity events, b) since no jet structure can be seen in events which have 3 or less
tracks in the final state, and c) since the background for low multiplicity events is large.
In addition, one accepts only events which have beam energy of at least 14 GeV. Using
the integrated luminosity of 71.5 pb~x, one is left with a sample of 121836 events ("raw
sample"), having average beam energy of 17.22 GeV and an average s of 1132 GeV2.
The main results of this analysis have already been published
4oi—403
Here, a
detailed description of the analysis, with a slightly improved event selection procedure, is
presented. First, cuts for rejecting background events (which are caused by beam-gas, beampipe, and T+T~ production) are described. Then, cuts for separating the "77* from the
e+e~ annihilation ("17") events are discussed. Finally, the VDM contribution to the "hard
77 sample" is studied.
After having established the existence of an additional hard component in "77 s collisions, one tries to identify the engendering processes. A comparison with the predicted
Born term contribution is done. This process is found to be responsible for only a 1/4 of
the observed eventB. Additional sources are therefore discussed.

§4.2 THE CUTS
The PASS-3 data set contains many sorts of final states. Quantitatively, the most
important process is the VDM mechanism in "77" collisions. This is, by definition, a "soft"
process, hence its contribution to the sample of hard-processes final-states should be small.
Since both processes share a common origin, the high pt tail of the VDIvf cannot be rejected
by any set of reasonable cuts and should be computed. The main threat for the present study
1

A good track is defined as a track that points toward the interaction point. In addition,
a good reconstruction quality (i.e. at least 6 drift cell and low x 2 ) is required (see TRKSEL
cuts).
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is the background which is caused by the e + e~ annihilation channel ("17"). Only about 10%
of the PASS-3 events come from this source. However, these events originate from pointlike
interactions, and in certain occasions, when the event is not fully detected, may look as if
they were hard "77* events. This problem is quite severe for the present analysis, since no
tagging information is being used. A considerable effort went therefore into the study of this
channel. A special set of "17 cuts" was introduced in order to reduce the "IT" contamination.
An easily calculable background is caused by T+T~ pair production, either in the "17", or
in the "77" channel. The final state of such processes has distinctive characteristics, and
consequently can be rejected by the a r cut" efficiently. Another type of background to be
discussed, is caused by either beam-gas or beam-pipe interactions. By having a low energy
(only half of the center of mass energy), and by being Lorentz boosted, these events may
simulate hard "77" events. The successful rejection of all of these background events, or
alternatively, the estimation of their contamination, is of crucial importance.

4.2.1 Primary Cuts
Beam-gas collisions can occur everywhere along the beam pipe. Hence, the distribution
of their distance from the interaction point (the "z" distribution) should be flat. The < z >
value of each event is calculated in the following way: for each of the tracks one defines a
helix which contains it. This helix intersects the beam axis at a certain point. The "z"
value of each of the tracks is the distance between this geometrical point and the beams
intersection point (by averaging on many events, the real intersection point can be found).
The average over all the tracks gives the < z > position of the event. In figure 4.1, the
< z > distribution for all the used PASS-3 events is shown (points with error bars). In
order to reduce the contamination due to beam-gas collisions, one applies a "z cut", namely,
events in the tail of the < z > distribution (large |< z >|) are rejected.
Another source of background are beam-pipe interactions. Thsse events originate from
the interaction of off-momentum electrons with the beam pipe material, and are not produced on the beam axis. They can therefore be identified by the large do that characterizes
their tracks, where do measures essentially the closest distance of the track to the beam axis
(in the r — <f> plane). The < do > distribution of the raw data is shown in figure 4.2 (points
with error bars). By cutting out events with a large |< do >| ("do cut"), one can reject most
of these events 2 . Beam-pipe interactions, like beam-gas collisions, can occur everywhere
along the beam pipe. The V cut is therefore effective in removing this type of background
events too.
In the following, only events which simultaneously have:
* at least 4 tracks;
*

|<z>|<6cm.;

* \<d >|< 2.0 cm.
2

Note that the definition of a good track (TRKSEL) and the requirement for at least 4
such tracks already rejects most of these events.
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are accepted. The number of such events in the sample is 110609.
In order to further reduce the contamination caused by beam-gas interactions, one tries
to use an additional cut, namely, the "proton rejection cut*. This cut is motivated by the
following argument: in beam^gas or beam-pipe interactions, one starts with a baryon in
the initial state, and is therefore bound to have a baryon in the final state. On the other
hand, in "77" collisions the cross-section for the production, of a baryon pair is small193
Hence, the probability of having a proton in an electron-nucleon (gas or pipe) collision is
high, compared to that of having a proton in a "77" final state.
Technically, the proton identification is done as follows: each ITOF counter is equipped
with two photo-multipliers at each end. For each track which hits the ITOF counters
(| co36 |< 0.82), two independent time measurements are therefore obtained. Since the z
position of the hit is known from the central detector (CD), and since the propagation time
in the counter is also known, one can calculate the actual time of flight and consequently
the velocity - /?. Averaging the two measurements and using the particle momentum,
as obtained from the CD reconstruction program, one obtains the particle's mass by the
relation:

The resolution of the ITOF system varies with time and with the z position of the hit. To
compensate for these variations, one assigns for each track three weights according to:

{ -»("V-J J
1 /*

o 6

«-*P\)

(42)

where tob$ is the observed time of flight, and t?red are the predicted times of flight for each
of the three different options, i.e. n, K, and proton. At is the ITOF resolution for this
particular measurement. Finally, the sum of the weights is normalized to one, or if none of
the options agrees within 3 standard deviations with the measured time of flight, one sets all
weights to zero. Using this method, a TT — if separation is made possible up to moment? of
1.0 GeV/c, and a (irif) - p separation can be achieved with momenta as high as 1.4 GeV/c.
However, at the upper end of this range, a large contamination occurs.
In the present analysis a proton is defined 3 as a particle which has a momentum of less
than 1.0 GeV/c, and whose weight for being a proton is above 0.98. All the other particles
are considered to be pions. All events containing such identified protons are rejected.
The < z > and < d > distributions of all events, after the "proton rejection cut" has
been applied ("final sample"), are shown in figure 4.1 and 4.2 respectively (histograms).
3

Here lies the main difference between this analysis and the published one. There, particles with momentum as high as 1.4 GeV/c were considered to be protons, if the corresponding
weight was above 0.95. ThL selection procedure led to a lower beam-gas contamination in
the final sample (0.9%), but also caused a larger loss of good events.
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The final sample contains only 81288 events. In order to estimate the amount of background
still left in the data, one can use the number of events which have large < z > (the rejected
events), and assume that they all come from the background processes. In addition, one
has to assume that, for the relevant background processes, this distribution is flat. This
assumption is supported by the observation that the < z > distribution is really flat between
6 <| 2 |< 15 cm. Then, one can interpolate the number of the remaining background events
in the "allowed9 z and d regions. The contamination caused by beam-gas and beam-pipe
interactions is found to be of the order of 7%, dropping to less than 2%, after the proton
rejection cut has been applied (the beam-pipe contamination is negligible compared to beamgas one).
Unfortunately, due to misidentification of the particles type, some good events which
do not contain any real proton are being rejected too. It is estimated that ~ 20% of the
events are being lost in this way. This number is obtained by applying again the same
interpolation technique, but now on a sub-sample which contains only "proton rejected19
events. This result might be misleading, since some of the events are "77" ones which
contain genuine protons and which should not be rejected. e+e~ annihilation events, for
instance, were found to be of 7% probability for having a baryoll 04 " 406 , and "77" events
which contain either a proton pair 406 , or a ppir+ir~ final state were also found 407 (note
that no separation between the two channels has yet been done). In order to cope with this
problem, one uses a sub-sample of low energy events (enriched "77" sample) having more
than 4 tracks (which should relatively be clean from real "77" proton events). One finds that
16% of the whole raw sample, at the most, is wrongly rejected because of misidentification
of particles as protons. The benefit of using the "proton rejection cut", in view of this large
number, is therefore questionable. Hereafter, results will be presented mostly with, and only
when otherwise stated without, the proton rejection cut.
The distribution of the "normalized observed charged energy", i.e. Y^iPllPb (which is
defined as the scalar sum of all the charged particles momenta in the event, normalized to
the beam momentum, Pb), is shown in figure 4.3.
The large peak at low energies is interpreted as being generated by the "77" collisions,
and the small bump at £3,pJ/p6 * 1 • by the e+e~ annihilation channel. The full line
is the result of a "17" simulation program (to be later discussed in detail). As expected,
the m.c. curve fits the data quite well at medium J^iPi/Pb- It fails to do so in the low
12% Pi/Pb region which is dominated by "77" collision final states. It also fails in the high
J2iPi/Pb region where, in addition to the hadron production which is taken care of by the
simulation program, QED final states (e.g. tau pairs) are being produced. A reasonable
separation between "I7" and "77" final states is made possible by the uBe of an "energy
cut" {J2iPi/Pb < °- 5 as suggested by the insert in figure 4.3).
The multiplicity distribution of the data (points with error bars), and the multiplicity
distribution as predicted by the "17" m.c. program (full line), are plotted in figure 4.4. This
plot shows that the "77* final states (excess events) are characterized by a low multiplicity.
Before restricting the analysis to the low energy regime, in which the "77" final state
should dominate, one plots the pe distribution of all the tracks ( figure 4.5). The data
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exhibits an exponential falloff in the law pt region, and a milder one at the high pt region.
An exponential fit to the data in the 0.3 < pt < 1.0 region gives a slope of -4.13. The
band is the result of a Monte-Carlo simulation of the VDM process (to be discussed later
in detail). It predicts an exponential p+ dependence, and fits well the data in the medium
pt range. Deviation from the exponential behavior starts to show up at pt > 1.2 GeV/c.
This is expected since the a i y contribution, which follows a power law, has not yet been
subtracted. At very low pt , the data deviates from the exponential fit due to acceptance
effects.
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Figure 4.5. pt distribution of all the tracks before I 7 * subtraction. The band
is the result of a VDM m.c. calculation.

In order to investigate hard "77" processes, one requires at least one high pt particle
or one high pt jet. Since the presence of jets will eventually lead to the presence of a high
pt track or tracks, a search for events containing such tracks is the first thing to be made.
This is done by selecting only events containing at least one track with pt > 1.5 GeV/c. The
cutoff value is determined using figure 4.5. It is intentionally chosen to be above the kink
in the pt distribution so that the background from the VDM processes is further reduced.
Can one still use the energy cut in order to separate "77" from "17" final states, when
looking at high pt events ? In figure 4.6, EtPi/Pfc i s replotted, this time only for events
which are accepted after the above mentioned d, z, and proton cuts, and only for events
having at least one high pt track (pt < 1.5 GeV/c). The bump in the "77" dominated low
energy region still exists, though it is now smaller than the one in figure 4.3by about 2
orders of magnitude. This bump contains candidates for hard "77" events.
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Figure 4.6. J2i Pi/Pb distribution after 2, d, proton, and pt cuts. The solid
line represents the "I7" contribution. The excess of events at high values is caused
by QED processes.

Is there still a deviation from the exponential pt slope?
In figure 4.7, the pt distribution of all the tracks is shown, this time - in the "77" dominated region, i.e. after an upper energy cut has been applied {^Pi/pb
< 0.5). The
deviation from the exponential behavior which characterises the VDM model is still there,
and starts roughly at the same pt value. The slope of the exponential fit equals now tc
6 = -5.2 (GeV/c)" 1 (pointlike interactions are being characterized by a pf 4 power law).
To conclude: The data contains 8812 low energy (probably * n " ) events, which 6t
having at least one highpt track, can be considered as candidates for hard "yr" interactions
In the following, the analysis will be restricted to the study of the characteristics of thest
events, and to the question whether their presence can be explained by known processes.

4.2.2 77 -> TT Contribution
Production of tau pairs is a pure QED process which can be evaluated exactly. Sina
the tau has a mass similar to that of the c-quark, the production of the two has simila
angular distributions. However, as the Born term cross-section depends on the fourth powe
of the charge of the generated particles, production ratio of the T to the c-quark is expecta
to be 27/16. In the sample, only events with more than 3 charged particles are preserved
This leads to the rejection of all the tau-taa events in which both leptons decay giving onl;
a single charged particle. This leaves in the sample only topologies of 1 track vs. 3 track
,
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Figv.it 4-7. pt distribution after z, d, proton, and energy cuts. The solid line
is an exponential fit.

and 3 vs. 3 tracks. The tau decay branching ratio to 3 charged particles is approximately
15 %1M. Hence, up to about 25% of the produced tau pairs may still be accepted (most
of which having a four charged track final state). This introduces a non-negligible but
calculable background.
The link between a theoretical model and the actual measurement is usually done by a
Monte-Carlo simulation program (m.c.). Such programs are needed as the detector acceptance, and sometimes the details of the physical process cannot be analytically evaluated.
The T + T ~ production program is the first of many such programs to be rned here. The
computations of this particular process are based on the Veimaseren multi-dimensional integration program 408 . First, tau pairs are produced using the exact QED matrix element.
Then, they are let to decay using a simple phase-space algorithm. The last step is the
simulation of the detector response to the generated events. Using the luminosity for normalization, this leads to a computed contamination of about 180 TT events in the present
sample.
One can deal with these events either by constructing a special cut that rejects T+T~
events (*r cut"), or by evaluating their contribution and subtracting it from the data on a
bin by bin basis. In the present analysis, both methods are being used.
The "T cut" described below is ba3ed on the following topological algorithm:
for each event the sphericity axis is found, and the event is divided into two hemispheres
(ngure 4.8-a) accordingly. The particle content of each hemisphere is now being checked
in order to see whether it is consistent with the hypothesis of its being the r lepton decay
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remnant, namely, it should obey the requirements of simultaneously having:
* either one or three particles.
* a total net charge of zero, and a net charge of ±1 for each of the two hemispheres.
* in the case of three tracks in an hemisphere - an. invariant mass which is below that
of the tau lepton.
All events in which both hemispheres are consistent with the r hypothesis are rejected.
By applying this cut, the number of accepted events diminishes from 3312 to 2981.
One can argue against this procedure along the following lines:
the tau pair is produced in the "77" rest frame. Due to the possible boost of this frame with
respect to the lab frame, the two leptons are not necessarily in a back-to-back topology when
seen from the lab frame. When the boost is large, this can lead to a wrong interpretation
of the event structure (see e.g. in figure 4.8-b).

Figure 4-8. TT production configurations: a) a normal event with its sphericity
axis, b) a strongly boosted event which is wrongly interpreted.

After applying the "r cut" to the 180 m.c. generated events, only 12 events survive.
The reason for the survival of these events is primarily the limited acceptance of the TASSO
central detector. The effect of the above mentioned misinterpretation of the events topology
is found to be small (~ 0.5 events). This small number is understandable, since the detection
efficiency for such strongly boosted events is very small.
In the following, when the "r cut" is used, the contamination of the 12 77 —» TT events
is neglected. The systematical error on this number is mainly caused by the uncertainty
in the tau branching ratios, and by the use of a simple phase-space algorithm for the tau
decay. In view of the small number of taus which are left in the sample, these errors can
be neglected. By applying the "r cut" to the data, 331 events, out of which 163 are not T
pairs, are rejected. A correction for the loss of these events is done.
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4.2.3

tt

l7w Background

From figure 4.6, one can see that the background due to the "17" final state is very
large (1324 out of the 2981 events). Hence, an efficient rejection of these events is of crucial
importance, in particular for 77 —» two — jets studies.
A "IT" event must loose most of its energy in order to be included in the "77" sample.
Such energy loss can occur in 4 different ways:
1.

The jets happen to contain mostly neutral particles. Since only charged particles are
being used in the present analysis, such events might exhibit a very low detected
charged energy.

2.

A hard bremsstrahlung photon is radiated from one of the initial state electrons.
Therefore, the "ladronic system produced by the e+e~ annihilation has a low energy,
and the emitted photon, being neutral and being usually radiated along the beam
direction, escapes detection.

3.

The two jets are produced along the beam direction. This is quite common since jets
are produced in e+e~ annihilation with a (1 + cos 3 0) distribution. As the TASSO
drift chamber ends practically at 8 = ±30°, most of the particles contained in such
jets will escape detection.

4.

Both of the initial state electrons radiate bremsstrahlung photons. Though this is a
higher order QED process, it is of the same order as the "77" process. It might, due
to the smaller boost, have high detection efficiency (this process will be discussed
later).

In order to reject as many events of the above mentioned types as possible, a new set
of "17 cuts" is introduced.
*

4

Events in the first category are likely to have an unbalanced transverse momentum,
12iPti/pb (which is defined as the vectorial sum of the transverse momenta of all
the particles in the event, normalized to the beam momentum). This is a reasonable
prediction, since the chances of losing the same amount of transverse momenta in
both jets, through neutral particles production, are very small On the other hand,
"77" events are very likely to have a small initial £ , PtJPb- In addition, the available
energy is small. Hence, J2iPti/Pb °* *be "77s final states cannot be large. Events
from the other categories might have unbalanced J2iPt</Pb as well. This happens
since they have lots of undetected particles. In figure 4.9, the £ , pf. /p* distribution
is plotted, first for the "high energy" region (a), (D.Pi/Pb > °-5)> which should be
dominated by e+e~ annihilation final states. In this region, the "17" m.c. prediction
should and does fit the data very well (solid line). Then, it is shown in figure 4.9-b
for the "low energy" region (£,• p?/p& < 0.5). This region is dominated by the "77"
process, and the "17" m.c. fails to describe the data below 0.20. Based on figure
4.9-b, all events having Y^iP^JPb > 0-20. are rejected 4 .

This is another difference between the present analysis and the published results. There,
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Figure 4-9- J2iPtJPb distribution in the high (a) and low (b) energy regions.
The solid lines are the absolutely normalized results of the Try" m.c. program.

Events of the second category (i.e. e + e~ annihilation events with a har
bremsstrahlung photon) contain, in addition to the low energy hadronic final stat<
a very energetic photon. This photon should carry a sizable amount of the event
energy. This results in a strong boost of the generated hadronic final state whic
is directed in the opposite direction to that of the photon. This boost is usual]
along the beam axis, due to the bremsstrahlung characteristic angular distributio
"77" events are by their nature boosted as well. But while the boost of the abo\
mentioned events is due to a single very energetic photon, the "77" boost is dt
a cut at 0.25 was applied.
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to a convolution of two oppositely directed boosts. Moreover, these boosts are not
necessarily caused by hard photons. This results in a relatively moderate boost for
"77" events, compared to this type of "17" background. By cutting out strongly
boosted events, one can therefore improve the signal to noise ratio. In figure 4.10,
the normalized momentum component along the beam axis, I2iPz,/Pfrj 1S shown.
A comparison of the "17* m.c. simulation results to the data in both shape and
normalization is presented. In the high energy region (a), a good fit is obtained. In
the low energy region (b), the data differs significantly from the "17" expectation.
Based on figure 4.10, events which have J2iPli/Pb > °-30 are rejected.
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Figure 4.10. YliP%ilPb distribution in the high (a) and low (b) energy regions.
The solid lines are the absolutely normalized results of the "17 * m.c. program.
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*

A clear signature for events which belong to the third category, (two "beam-pipe"
jets), should be the accumulation of most of the tracks at small polar angles, (small
9). Unfortunately, the angular distribution of the 77 —• two—jets process is similar
and the jets tend to peak at small 9 too. One can further try to separate "17" from
"77" events by looking at the <j> distribution of the tracks. Since the "17" jets are
each produced at » 17 GeV, they are strongly collimated, and should give rise to
clusters of tracks which have a small spread in <f>. On the other hand, "77" jets
are produced at lower energies, and tend to have larger opening angles, hence no
such strong <f> clustering is expected. Regretfully, because of the low multiplicity of
the accepted events, this method was found to be impractical at PETRA energies 5
. An alternative method rests on the fact that two "beam-pipe-jets* events might
exhibit a large net charge, | J2i Qi l> due to the large number of undetected charged
particles. In figure 4.11, the net charge distribution of both the data and the "IT"
m.c results is shown. The data peaks indeed at small | £ , < ? , |, while the "IT"
m.c. prediction is somewhat flatter. In addition to the two previous cuts, which
are effective in rejecting events belonging to this category too, a "net charge cut" is
introduced, i.e. all events which have | J2i Qi |> 2 are rejected.

Having applied these cuts, the number of accepted events decreases to 2162. The "IT"
m.c. program predicts that 820 out of them would be remnants of the annihilation channel.
The e+e~ annihilation background is still large, as can be seen from the £ , pJ/Pb distribution
in figure 4.12 (which is plotted here for the last time!). In order to further reduce the "IT"
contamination, one can reduce the upper energy cutoff value. When accepting events which
have J2% Pi/Pb < °-4> o n e enc^8 UP w ith 1621 data -vents and a calculated "17" contac uation
of 463 events only. The signal to noise ratio is now better, but the statistics poorer.
In the T+T~ section, one was left with 163 events which were rejected by the "r cut"
and which were considered to originate from other processes. One can now check for the
effect of the r cut on the "IT" contamination. It is found that S3 events out of the 163 are
actually e + e~ annihilation events. In addition, the effect of the "17 cuts" is to reject 819
events out of the sample. However, the "17" m.c. predicts that only 504 out of them are
genuine "17" events. Hence, about 315 others are being lost in this step. The loss of these
events will be taken into account whenever possible.
Because of the still significant size of the e+e~ annihilation contamination, the systematical uncertainties in the "17" simulation might be of crucial importance. In order to
estimate these uncertainties, one should first see how good the "IT" m.c. program is in
describing the data. In the course of many e + e~ annihilation studies, many comparisons
between the data and the "17" simulation results were made. At TASSO, these studies were
done for all beam energies available up to now at PETRA, namely, between 12 to 23 GeV.
The simulation program used*09was found to describe the data extremely well in many types
of distributions 6 . The systematical error of the "1T5 simulation procedure was found to
5

A monte-carlo study indicates that such a method might be useful at LEP energies.
Implementation of first order radiative correctiori^was found to be crucial for obtaining
good results.
6
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Figure 4-12. YliVilVb distribution after the I 7 cuts*, the curve is the "I71
simulation program result.

be of the order of few percents411.
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However, these studies were done for almost fully accepted events (HADSEL cuts),
whereas here one is interested in the tail of the poorly accepted ones. A special study
had therefore to be made in order to estimate the systematical error on this tail. First, the
absolute and the area normalization of the m.c. results were compared to each other, having
used the set of previously described cuts excluding the upper energy cut. A good agreement
(3%) was found. In the simulation process one must use several parameters whose numerical
values are fixed by optimizing the fit to the data. Naturally, the fit is dominated by the
shape and size of the region in which, the bulk of the data is (at Y!i%Pi/Pb «!)• There is
a possibility that a small change of one of the parameters will not affect this region, but
will have a large effect on the low energy tail. To exclude such a possibility, a careful study
of the effect of all the legitimate 7 changes of these parameters on the low energy tail was
performed.
The e + e~ annihilation simulation program that was used for this study is based on the
Hoyer et al. 409 event generator. This event generator includes first order QCD corrections
to the e+e~ —• qq process. The two or three quarks are then fragmented using the FieldFeynman prescription. The generated events were propagated through the TASSO detector
by a fast procedure that incorporates corrections like energy loss and multiple scattering in
a statistical way, using lookup tables ("SIMPLE+RABBIT")412
The free parameters which are used by the Hoyer event generator, and which are fixed
by having optimized the fit to the data, are:
*

a, - The strong interaction coupling constant. Using the Hoyer et al. program, ae is
found to be between 0.14 to 0.19 (the value obtained by the string (Lund) approach
is typically by 50% higher).

*

crq - The average pt of the hadrons with respect to the quark direction of motion.
T i e standard value is 0.32.

*

Py_ - The production ratio of vector mesons to all mesons in the hadronization
process. Typically 0.42.

*

af ' The coefficient in the fragmentation function of the u,d and s-quarks:

Typical value is 0.77.
*

PB_ - The fraction of events which contain baryon pairs. Conventionally406, 7%.

A study of the stability of the number of "17" events which are accepted by the cuts
(the contamination), under a change of each of these parameters, was performed. This
was done by looking at the ratio of the contamination to the number of events accepted
by the standard TASSO "hadronic cuts", (HADSEL). Since the later is constrained by the
experiment, the former is automatically determined with the proper normalization.
7

A legitimate change is considered here to be a change that does not destroy the agreement between the data and the "17" m.c. results.
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a

f

0.40
0.56
0.70
0.90
0.95

R

AR

4.5 ±0.2
4.4 ±0.4
3.8 ±0.4
2.9 ±0.5
2.9 ±0.6

0.32
0.35
0.40
0.50

a)o/ dependence

P«

R

AR

4.4
4.5
5.0
4.6

±0.4
±0.6
±0.5
±0.5

b)<rq dependence

AR

0.40 3.4 ±0.5
0.56 4.4 ±0.5
0.70 4.5 ±0.4
0.90 5.9 ±0.8
0.95 5.6 ±0.8
c) pv dependence
Table 1. Effects of the

R

a.

R

AR

0.10 4.0 ± 0 . 3
0.19 4.4 ± 0 . 4
0.30 4.2 ± 0 . 5
0.40 4.3 ± 0 . 4
0.50 4.2 ± 0 . 5
d) a, dependence
fragmentation parameters

Table 4.1.a presents the dependence of the accepted events on the value of a.. As a«
increases, the number of two-jet events decreases, and hence the number of accepted events
through the 3 r d category (beam-pipe jets) decreases as well, (three-jet events have a very
low probability of being accepted by the "77* cuts).
In table 4.1.b, the effect of varying the value of aq is demonstrated. An increase in
ffq leads to wider jets, and therefore increases the chance of detecting a significant fraction
of the event's energy (0.86 for isotropic events). Hence, the number of accepted events
decreases as <rq increases.
Table 4.1.c is obtained by changing the value of the Pv parameter. Increase in JV leads
to gnha.nr.pH resonance production and therefore to an increase in the jet width and in the
event multiplicity. Both act to reduce the number of accepted "17" events.
Table 4.1.d is obtained by changing the value of the a/ parameter. An increase of the
fragmentation parameter a/ leads to a softer fragmentation spectrum, to higher multiplicities, and consequently to a lower probability of being accepted by the "77" cuts.
The overall conclusion is therefore that the "17* contamination in the "77" sample is
quite insensitive to changes of these parameters. This result might be a special feature of
this particular event generator. In order to exclude this remote possibility, some of these
studies were repeated using other event generators (Ali 413 and Lund 414 ). Similar results
were obtained.
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Figure 4-13. The difference between the data and the "I"/" simulation results
plotted versus

Another source for a possible large systematical error has to do with events belonging
to the second category (bremsstrahlung). After the photon emission, the con. energy of the
electron-positron pair might be small. It might even be below the lowest PETRA energy.
The simulation procedure was never checked by TASSO at these energies, therefore the
uncertainty might be rather large. A special m.c. study was done in order to find out how
many of the accepted "17" events come from such low e+e~ c m . energies. The number was
found to be very small (4%), and the additional error due to such events can be neglected
8

In order to obtain the final estimate of the "I7" contamination in the sample, the
Hoyer event generator together with the most comprehensive detector simulation program
("MONSTER") are used. This is done using the "standard" value of the above mentioned
parameters refend Knowing how to simulate "I7" events, and how to simulate the detector
response, one expects a small systematic error. The error on the computed contamination
of e+e~ annihilation events in the "77" sample, is indeed found to be small (10%). A visual
estimate of the quality of the "17" mx. procedure is presented in figure 4.13, in which the
data, after the subtraction of the "I7" results, is plotted vs. £ , - VCilVb • In the medium and
high energy regions the agreement is good. The hard "77" events are clearly seen in the low
energy region.
8

An important observation is that the survival of most of the "I7" events by the "77"
cuts is caused by the limited angular coverage of the TASSO detector. A better detector
should be able to do this analysis with a much smaller "I7" contamination
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Events of the fourth category (Double Bremsstrahlung) are of a higher order
QED diagram. However, "77" collisions are of the same order as the "Double
Bremsstrahlung" (DB) process. The importance of the DB process has been evaluated by the use of a special m.c. program which, in the absence of any previously
existing program, had to be written by us. Bearing in mind the special features of
the present analysis, the following simplifying assumptions are made:
•

Radiation from the final state is neglected;

•

The case in which the two photons are radiated from the same electron is
neglected too. This is possible since the ape" cut rejects such events effectively;

•

All the possible interference terms are not treated;

•

The pt distribution due to the emission of the photons is not taken into account;

•

s channel resonance production is neglected.

One is therefore left with a single diagram (figure 4.14).

Figure 4.I4. The computed Double Bnmsstrahlung diagram.

The actual calculations are made using the equivalent photon approximation as
parametrized in the Boneau-Martin306 formula. The two photons are independently
produced by the two incoming electrons. The electrons, now having a reduced energy,
are allowed to interact with each other using the well known e + c~ annihilation crosssection. Two quarks are produced, and are later fragmented using the Field-Feynman
procedure. The last step before doing the analysis is a rough detector simulation.
The assumptions that were made greatly limit the accuracy of these calculations.
Additional uncertainties are introduced by the fragmentation procedure. In addition,
the process of generating the bremsstrahlung photon requires the use of a cut on
the photon energy, in order to avoid singularities. The result depends on the value
of this cut too. Therefore the following results can be considered just as an "order
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of magnitude" calculations. Having applied all the cuts, the importance of the DB
process is found to be very small (77 events, i.e. 4% of the data sample. Most of the
generated DB events are rejected by the £)tPa,./p& and energy cuts). This number
is so small, that one can afford to leave the calculations of the systematic errors of
this contribution at the present stage. A study of the dependence of the results on
the different parameters involved was nevertheless done. Errors are of the order of
20% ~ 30%.
The last process which can contribute to the "17" contamination is Bhabha scattering
with a virtual photon converting into a hadronic system. The contribution of this process
was estimated416to be smaller than 1.5% of the final sample, and is therefore neglected.
The conclusion of thk section is: in order to limit the "17" contamination, a set of
"I7 cuts" is applied to the data. These cuts reduce the "17" contamination to a level of
30% ~ 40% of the sample. After applying all the cuts, that is, after accepting events which
simultaneously have:
* Eb > 14 GeV;
* at least 4 charged tracks;
*

|<z>|<6cm.;

* \<d >|< 2.0 cm.;
* no identified protons;
* no possible r + r ~ pairs;
* £ . X / P 6 < 0.20;
* E,P»,/Pft<0.30;
*

E,P5/P6<0.50;

* p t mos > 1.5 GeV/c.
one is left with 2162 events. Out of these events ~ 900 can be explained by the e+e~
annihilation channel. One is therefore left with ~ 1250 low energy events which have at least
one high pt track. These events are presumably hard "77* collision final states.

4.2.4 The VDM Background
The VDM mechanism is believed to be the one responsible for most of the "77" events.
The simulation program of this process deserves, therefore, a special attention. The VDM
m.c. program consists of three independent steps. In the first step, the luminosity function is
used in order to get the overall properties of the "77" system. In the second step, the hadrons
are being produced according to the VDM prescription. This two-parts m.c. program is
usually called "event generator". In the third step, the generated hadrons are transported
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through the detector, and the detector response is being simulated ("RABBIT").
The event generator needs some assumptions and input parameters. Those are fixed
by having optimized the fit to the data, and are listed below:
* As suggested by the theory, the general form of the total "77* cross-section formula
is:
B

C

where the value of A, B, and C cannot be uniquely predicted.
The extrapolation to Q2=0 can be done either by using the simple p form factor, or
by using the more complex schemes like GVDM or EVDM formula.
In the absence of a better model, the hadrons are assumed to be produced by a
peripheral mechanism. They are therefore generated using a multiparticle phasespace. In order to simulate the limited pt behavior, the matrix element is multiplied
by one of the following expressions:

• exp{-apt} ;

where a, /?, and 7 are free parameters.
* The energy dependence of the average charged multiplicity
is taken to be similar to that of e+e~ annihilation , namely:
>=
where a\ vs, a free parameter, and where A = 0.5, b=2.85, and aa = 0.0029 are taken from
the e+e~ annihilation results.
* The multiplicity distribution can be generated either according to the simple Poisson
distribution, or to the KNO417type.
* The neutral multiplicity may be related to the charged one by the canonical ratio of
1:2. However, at low energies (SPEAR) 418 , the ratio of 1:1 was found to provide a
better description of the data.
A program incorporating all these features has been written, and a comparison to the
data has been made. In order to make this optimization meaningful, one should have a data
sample which contains mostly VDM events. For that purpose, and in order to reduce possible
detector effects, the comparison has been performed for events satisfying the following cuts:
* Multiplicity cut - Nchar°ed > 2;
* Beam energy cut - Eb > XAGeV;
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* Vertex cuts - |< z >|< 6 cm. and |< d >|< 2 cm.;
*

Proton rejection cut;

* Charge cut - | £V Qi |< 2;
* Energy cut - ^Pi/pb

< 0.4.

The detection efficiency of the TASSO detector for VDM events strongly depends on
the parameters used. However, the acceptance is generally found to be of the order of 5% to
10%. The KNO multiplicity distribution gives the data a fit somewhat superior to the one
obtained using the Poisson distribution. As for the pt distribution, the last option, namely
t2
+Pt) 1B found to be the best.
Unfortunately, strong inier-parameter correlations were found149. Due to these correlations, a unique set of parameters, best fitting the data, is unobtainable. Still, a reasonable
fit can be obtained by many sets of parameters which differ from one another greatly. For
instance 9 :
A = (285 ± 55)n6 ; B = 0 ; C = 0;
ai = 3.96 ± 0.30 ; 7 = 6.2 ± 0.3,
or
A = (700 ± 100)n& ; B = 0 ; C = 0;
ax = 3 . 1 ± 0 . 2 0 ; T =

These fits were done without any explicit pt cut. Nonetheless, the data might contain
a sizeable component of hard "77" final states. The inclusion of these events in the data,
while fixing the VDM parameters, is clearly wrong. In order to prevent this, the same fitting
procedure has been repeated after adding a pt cut, that is, rejecting all the events which
contain at least one high pt track (pt > 1 GeV/c). No significant change in the parameters'
values is observed.
The values of the VDM parameters is obviously sensitive to the shape of the data
distributions in the low pt region, where most of the "77" events are. It is, on the contrary,
insensitive to the high pt region, since the high pt tail contains a relatively small fraction of
the data. Therefore, as in the case of the "17" background, one must consider the possibility
that a change of one of the parameters will affect the low pt region weakly, but will affect
the size of the VDM's high pt tail strongly. In order to exclude such a situation, the VDM
contribution for many sets of parameters is recalculated. It is found that the magnitude and
shape of the high pt tail is relatively stable under legitimate changes of the parameters 10
. To be more specific: in the high W^ region, one can ignore the question of the existence
of the 1/W^ term, even the effect of the 1/W77 term can be neglected. One can therefore
start with a set of parameters which includes:
9

Similar parameters were obtained in an extensive study of the total "77" cross-section
for single tagged events. See ref 149 and N. Wermes, TASSO Note 222.
10
Here too, a legitimate change of parameters is defined as a change that does not destroy
the fit in the low pt region.
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* A=280 ; B=0 ; and C=0 ;
* ax = 3.96 ; a2 = 0.0029 ; and b=2.85;
* 7 = 6.2;
* Neutral to charge ratio of 1/2;
* Gaussian pt distribution (opt. 3);
* Q3 dependence of the p pole,
and study the effect of a change of some of these parameters. This is done for: 0 <
B < 200, for: 3.0 < oi < 5.0, and for: 3.5 < 7 < 6.0. Instead of a Gaussian, an exponential
Pt distribution is also tried, and a Poisson instead of a KNO distribution. The neutraJ
to charge ratio was varied between 1/3 to 1.0. The presence of correlations between the
parameters complicates such a study. Sometimes, a change of one of the parameters leads
to an unacceptable shape of the result at the low pt region. However, one ca^. normally
regain consistency with the data by changing one of the other parameters. Therefore, one
can never be sure that all the possible sets have been tried.
As for the high pt tail: The size of the VDM's high pt tail is strongly affected by
the above mentioned changes. Therefore, large systematical errors exist. However, the
absolute size of this tail is always small relatively to the data. A numerical estimate of
this contribution gives 150 ± 75 events. The existence, and even the size, of an additional
hard component in "77" collisions, is therefore stable despite all the freedom of the VDM
parameters' values.
The effect of the "r cut" and the "17 cuts" on the VDM sample is also studied. Only ~
15 VDM events (8%) are rejected by the "T cut", and only ~ 25 (15%) - by the "17 cuts".
Two comments are of relevance here:
The first one has to do with the extension of the VDM model to the high pt region. Several
such schemes have been discussed (e.g. the possible existence of two exponential slopes, or
alternatively, the existence of other additional terms). VDM is an approximation method for
the low pt region. It provides no guidelines for such extensions. It seems that in the absence
of a theoretical justification, these extensions are dangerous, as they might artificially cover
an interesting piece of physics. In order to avoid such risks, only the simple model which was
described above is used, when referring to the VDM process. No modifications and hence
no deviations from the exponential behavior (except for those caused by acceptance effects)
are introduced. (It should be noted here that the "standard" extensions of the VDM, like
EVDM and GVDM, have nothing to do with the high pt region, but are mainly related to
the Q2 dependence of the cross-section).
The other comment has to do with an alternative method for the VDM simulation. In
this alternative419approach, the two photons are generated by the luminosity function in
a way similar to the one described. However, instead of using a "limited pt phase space"
{LptPS ), two quarks are being produced, as in e+e~ annihilation. In order to keep pt small,
the two quarks are generated while having an exponential pt distribution with respect to
the "77" system direction of motion. In a later stage, the quarks fragment according to the
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Field-Feynman procedure.
The physical justification for such a procedure is not clear. It is true that in hadronhadron collisions two jets are observed. B it these jets have a kinematical origin, and have
very little to do with the e+e~ annihilation jets (as a matter of fact, e+e~"-like jets are seen
in pp interactions only at cms energies abo/e 60 GeV). Moreover, the process pp —* qq —*
two jets was calculated 234- and found to be a few orders of magnitude below the VDM
cross-section. Finally, unlike "usual" jets, the fragmentation parameter a/ and the average
pt of the hadrons with respect to the quark axis aq, that are needed to fit the data best,
have in this method non-canonical values of 0.45 each.
Nevertheless, this approach was also tried, and was found to fit the data not as well as
the previously discussed LptPS model. The differences are not large, except for one case the most interesting one - when dealing with the high pt tail. The high pt tail in the LptPS
method is generated by randomly giving one or more of the particles in the event a high ptThe rest of the particles are left having a low pt. The sum of the low pt particles should, due
to momentum conservation, compensate for the presence of the high pt track. Consequently,
such events, in which one particle differs considerably from the others, have high sphericity
(low thrust). In the beam-pipe-jets approach, the high pt tail is generated by giving one of
the quarks a large angle, i.e. large pt. Consequently, all the particles of this jet (and, due to
momentum conservation, of the other jet as well) will have a relatively large pt, and the jet
structure will not be destroyed (the sphericity thus remaining small). Hence, even though
the VDM's high pt tail turns out to be of the same size in both approaches, thj sphericity
and other related distributions are quite different. In principle, separating the two models
is experimentally possible. Practically, with the present statistics, energy, and acceptance,
no clear decision can yet be made.
One can therefore conclude: the simple VDM model cannot cope with the observed size
of the high pt tail. ~ 1170 events are yet to be explained. Only hard "77" processes can
provide such an explanation.

§4.3 RESULTS
In the previous section all the "conventional" processes have been used in order to
explain the observation of "77" events containing high pt tracks. Before trying to check
whether additional processes can provide such an explanation, one can examine the general
properties of these events. For this purpose, first the contamination which is caused by some
of the background processes (beam-gas, T+T~ , and "17") is being reduced. This is done
using the above mentioned cuts. Then, the remaining contamination is subtracted from the
data. This subtraction is done on a bin-by-bin basis using the m.c. programs that were
previously described. One is left with a sample of *- 1170 events which will hereafter be
referred to as the "high pt tail".

4.3.1 Global quantities
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Figure ±.15. S t P</Pft distribution of the "high pt tail" events, compared to
the normalized I 7 " (solid line) and to the VDM (dotted) contributions.

Figure 4.15 shows the normalized charged energy (J2iPi/Pb ) distribution of these
events. A comparison is made between the shape of the data distribution and the corresponding shapes of the known processes, i.e. the "17" (solid curve) and the VDM (dotted
curve). The "17" shape is clearly inconsistent with the data. On the contrary, the calculated VDM shape agrees with the data nicely. These observations support the claim that
the "high pt tail" events are genuine "77" final states.
In figure 4.16, the average multiplicity distribution of the data is presented and compared to the corresponding "IT" and VDM simulation results.
The VDM distribution is again found to be in good agreement with the data. The
"17" description of the data shape is now acceptable. An additional global quantity, i.e.
the normalized momentum component along the beam axis {Yl-PlJPb )» is presented in
figure 4.17 together with the corresponding "IT" and VDM curves. Again, one finds that
the VDM calculation fits the shape of the data rather well. This time, even the simulated
"l7 n shape is in good agreement with the data.
Up to now, one has looked only at global events' quantities. In all these comparisons,
as well as in many others, the VDM simulation program is found to provide (after area
normalization) a good description of the data. This observation is not surprising, since one
is looking at events which have a common origin, that is, that come from "77" collisions.
However, in most of the distributions that are studied, the "17" m.c. is capable of describing
the data almost equally well. This is a very surprising result since the VDM and "IT"
processes are extremely different from each other. The fact that they yield similar shapes
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Figure 4-16. The average multiplicity distribution of the "highpt tail" events,
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indicates that the present selection procedure is very tight and it virtually forces the two
processes to look alike. Hence, very little information can be obtained by studying such
strongly distorted distributions.
In view of this statement, the disagreement which is seen in the J2i Pi/Pb distributions
( figure 4.15 ), becomes even more decisive, and one can conclude that the "high pt tail"
events are genuine V 7 " events.

4.3.2 Events structure
VDM and 77 —> two-jets are both "77" processes. The only way to see the difference
is by looking into the internal structure of the events, namely either at a particle's, or at a
group of particles' properties. The fact that the cross-section for VDM processes falls very
fast as a function of pt, and therefore cannot explain the observed "high pt tail" events, has
already been mentioned. This is clearly exhibited by the pt distribution of all the particles
which is presented in figure 4.18.
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Figure 4.I8. The pt distribution (of all the particles) in the "high pt tail*,
compared to the I 7 " (solid) and to the VDM (dotted curve) normalized contributions.

Another quantity which probes the internal structure of the event is the sphericity
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defined by:
3 = mm

(2EP

(4.3)

When comparing the sphericity distribution of the data (figure 4.19) with the one predicted
by the VDM (limited pt phase space) mechanism (dotted line), one observes a clear disagreement. This result is independent on the details of the VDM model used.
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Figure 4-19. The Sphericity distribution of the "highpt tail" events, compared
to the "ii" (solid) and to the VDM (dotted line) normalized contributions.

This leads to the following conclusion: The internal structure of the events constituting
the low energy "high pt tail" is inconsistent with their being caused by a VDM-like process.

4.3.3 Two-Jet Production Via The Born Term
After having established the existence of a hard component in "77* collisions, one can
address the question of the origin of these events.
As was mentioned in the theory section, the Born term and its higher order corrections
are capable of generating high p t hadrons. Unfortunately, when this analysis was initiated,
a simulation program for these processes did not exist. Therefore one had to construct such
a program. This was done by the author in collaboration with N. Wermes. The program
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simulates only the Born term of the 77 —» two — jets process, and will hereafter be referred
to as the "two-jet m.c". No equivalent program for higher order diagrams exists as yet.
The two-jet m.c. program consists of 3 independent parts: first the Vermaseren program
is used for generating a quark anti-quark pair from the initial e+e~ state, through the
intermediate "77" system. In the Born approximation, the only interaction to which the
quarks are subject, is the electromagnetic one. Hence, the calculations can be done using
the exact QED matrix element, and the quarks can be treated as if they were leptons. The
second step is the hadronization of the two quarks into two jets. This is done assuming an
independent fragmentation, and using the Field-Feynman procedure. Consequently, all i,he
previously mentioned fragmentation parameters should be used again. The third and last
step is the detector simulation.
430

For the e+e~ annihilation channel, one can get an almost pure sample of events by
using, for the background rejection, a set of dynamical cuts. Another, almost pure, sample
can be achieved for the VDM channel too. In both cases the large cross-sections involved
make the rejection of backgrounds uncritical. Using these samples, one can determine the
best values of the parameters needed for the corresponding simulation procedures. The
channel being presently investigated is a novel one. For the first time, one has a sizeable
sample which consists mostly of hard "77" events. One cannot tell a-priori what fraction of
the sample comes from the Born diagram of the 77 —* two —jets process, and v;hat fraction
comes from other processes, possibly higher order ones. Hence, one cannot use this sample
for fixing the values of the parameters in the Born diagram simulation program. The best
one can do, is start with reasonable values, and see how well one can fit the data. A good
starting point is to take these parameters from the e+e~ annihilation channel. The relevant
parameters and their values are (again) listed below:
* aq - The average pt for the hadrons with respect to the quark direction of motion.
The standard value in e+e~ annihilation is 0.32;
* Pv_ - The production ratio of vector mesons to all mesons in the hadronization
process. For e+e~ annihilation - typically 0.42;
* a/ - The coefficient of the fragmentation function of the u,d and s-quarks. In e+e~
annihilation one typically uses: 0.77.
It can be argued that these numbers provide a good guess, since in the Field-Feynman
prescription the two quarks are assumed to fragment independently from each other, and
also independently from the production process. Lately, it has been claimed that in e+e~
annihilation, this simple model is somewhat inferior to the string models. However, the
differences are small, and it is unlikely that in this particular process their differences are
significant.
An additional set of parameters, which does not appear in the e+e~ annihilation channel, and which should be used in the present calculations, is:
* mq - the quarks' masses. In the present analysis, the constituent quark masses are
being used, namely:
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md = 300AfeV, m, = 500MeV, and mc = 1500MeV.
One doesn't have any way of justifying such decision on theoretical grounds. However,
an intensive m.c. study reveals that the present analysis is highly insensitive to the quarks'
masses used. The underlining physics is, that by lowering the exchanged quark mass, the
position of the pole is changed. Consequently, the singularity moves to lower values of t, and
the outgoing quarks tend to scatter at smaller polar angles. The detectable cross-section
remains, for the present analysis, almost unchanged (the computed number of accepted cc
events is, for instance, more than half of the computed number of such uu events). The b
quark has not been considered here, since its production cross-section is too small.

4.3.3.1. Total Cross-Section
When the results of the m.c. program, with the above mentioned parameters, are
compared to the data, one finds a large discrepancy: the two-jet m.c. contribution is not
large enough, and cannot account for the totality of the data. One finds that only about
350 of the 1170 events can be attributed to this process. The rest - 820 events - are left
unaccounted for. This large excess of events may be caused by badly adjusted simulation
parameters. Before considering more radical solutions (like additional processes), one should
check this possibility thoroughly. An extensive study of the simulation procedure has been
done in order to check whether the data can be fitted by a "non-canonical" set of parameters.
The following possible parameters' ranges were studied:
* 10 < mtt, md < 500 MeV;
* 0.25 < aq < 0.50;
* 0.50 <af < 0.90;
* 0.30 < iV < 0.80.
By changing the parameters, large changes are induced on the number of accepted
events. The number of two-jet m.c. events is found to vary Ly as much as 75%. Since
one does not have, contrary to VDM, a "test" sample, one cannot exclude any of these
sets of values. One has therefore to treat all these sets as possible, even though some are
not plausible (for reasons which have already been discussed). No systematic study of a
simultaneous change of two or more of the parameters was done. Nevertheless, in none of
the cases tried was the two-jet m.c. found to be capable of explaining the full size of the
"high pt tail".
In order to further establish this observation, one must show that the existence of
the excess of events is independent of the event selection procedure. This test is done by
changing all the cutoff values which are used in the selection procedure. In each case, the
Born term i» found to be insufficient. A factor of 3 to 4 is always needed in order to fit the
data when using solely the two-jet m.c.
The effect of the a r cut" and the " I T cuts" on the simulated two-jet m.c. events is
studied too. One finds that out of the 163 events which were rejected by the "r" cut, ~ 60
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can be explained by the two-jet m.c. The contribution of the two-jet process to the number
of events which were rejected by the "I7 cuts" is calculated to be ~ 70 events. Hence, on
top of the observed large excess of events one has additional events, which were rejected by
the cuts, and which contain a high pt track and a low detected energy. One can understand
some of these rejected events in terms of the process discussed above. But one ends up with
~ 200 of these events still unaccounted for. However, these events are fully explained when
one multiplies the Born term contribution by a factor of four.
Hence, the main conclusion is: The number of observed "hard 77 * events is high (a
hard "77" event is defined as an event with low measured hadronic energy which contains
at least one particle with pt > 1.5 GeV/c). The prime candidate for explaining such events,
namely, the Born term, cannot explain but ~ l/4th of the data.
Several explanations of this excess of events are possible: either the simple VDM model,
which is being presently used, underestimates the high pt contribution, or an additional
process (or even several processes) is missing, or the quarks are integrally charged. The only
way of distinguishing among these options is to look closer at the events structure.

4.3.3.2. Event structure
By comparing the event's structure, as seen in the data, to the one computed by the
two-jet m.c., one might be able to tell whether the observed events are caused by a jetlike process or by a completely different one. One starts with the energy distribution.
As expected, the energy distribution of the data (figure 4.20) is represented quite well by
77 —• two —jets m.c. (after an area normalization). This is well expected, since both data
and m.c. come from "77" interactions. Some slight excess at lower energy can be seen.
This can be considered as a hint for the possible presence of higher order processes in the
data. Such processes have, in addition to the two high pt jets, one or more beam-pipe jets.
As these jets are unobservable, some of the energy escapes detection, and consequently the
observed energy is lower than the one expected of the Born term.
The existence of such beam-pipe jets may lead to a change in the distribution of the
normalized momentum component along the beam pipe (E;Pz,/P& )• Unfortunately, even
without a m.c. simulation, one knows that the detection efficiency for such events decreases
with the increase of YliPlJPb • The Z),p£,/p& distribution is presented in figure 4.21. A
perfect agreement in shape between the data and the Born term m.c. is obtained. Undoubtedly, one needs a reliable higher order m.c. program to evaluate the significance of these
observations.
For the sake of completeness, a comparison between the multiplicity distribution of
both data and the two-jet m.c. is presented in figure 4.22. A nice agreement can be seen.
The sphericity distribution of the events was compared in figure 4.19 with the VDM
computation. It was found to be inconsistent with this model. The same distribution is
presented again in figure 4.23, and is overlayed by the prediction of the two-jet m.c. (after
area normalization). Clearly the computed distribution hts the data much better this time.
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Figure J^.20. The observed charged energy distribution of the "high pt tail"
events, compared to the normalized two-jet m.c. prediction (solid line).
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The p* distribution of all the tracks is plotted in figure 4.24. The absolute normalized
two-jet m.c. results are presented in this plot too. The band represents the systematic error
of these calculations.
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The 77 -+• two — jets cross-section should, in principle, exhibit a pt * dependence.
Acceptance effects may modify this simple prediction. In figure 4.25, the pt distributions of
the data (points), the computed two-jet m.c. contribution (solid line), and for comparison,
a p^"4, a pjTe, and a p^~8 curves (dotted lines) are shown. The normalization of the curves
is arbitrarily done. One can clearly see that the shape of the pt behavior of the data is well
fitted by the two-jet m.c. results. The p^~4 curve gives a reasonable description of the data,
and a p^"6 fit cannot be excluded. This should not be alarming, since deviations from the
p^"4 behavior are expected (for the process 77 -*• fi+p~ a pt power of 4.9 ± 0.2 was found
4ai
) . Clearly, the fact that it is in such a good agreement with the two-jet m.c. calculations,
indicates that the underlined process is a hard one. It is of interest to observe that the data
clearly excludes the possibility of a pf8 behaviour. This power law is the dominant one in
hadron-hadron collisions at equivalent energies.

4.3.3.3. Looking for kaons
A distinctive prediction of the 77 -»• two — jets process is that about 50% of the
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produced jets should be c-quark jets. This should lead to a relatively large number of kaons
in the final state. Unfortunately, the charged particle identification capabilities by the ITOF
system are limited to low momenta. Actually, kaons can be separated on a statistical basis
up to momentum of 1.0 GeV/c. Hence, one cannot use the ITOF to identify the particles
which constitute the signal of the high pt tail. However, some of the kaons may not be the
leading particles in their jets and may be identifiable. This kind of study suffers from a large
background. In e + e~ annihilation into jets, it was experimentally shown that a significant
part of the kaons is produced at low x, and the kaons' strange quarks come from excitations
of 33 pairs from the vacuum. Therefore, in the present analysis, one expects some of the
kaons to come from this source too.
Nevertheless, an attempt is made to identify kaons, and to compare their percentage in
the "high pt tail" sample to their percentage in a "reference" sample. This reference sample
is selected by rejecting all events which have at least one track with pt > 1.0 GeV/c. In the
hard sample, about 13% of the events have a charged kaon, whereas in the reference sample
only 7% do. Because of the large uncertainties involved, no m.c. study for evaluating
the significance of this result is done, and the absolute numbers are therefore meaningless.
However, the fact that one sees twice as many kaons among the "high pt tail" events as
among the VDM-like ones, is significant.
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4.3.4 Constituent Interchange Mechanism
The natural thing to do at this step is to try and identify jets in the seimple. Yet before
doing so, one can 109k for another possible source for the high pt tail - a process that was
mentioned earlier, i.e. the Constituent Interchange Mechanism (CIM). Nowadays, this is
not a favorite theory; on the contrary, in the course of the analysis, the prediction for the
cross-section of such processes has decreased by two orders of magnitude432. But this process
enjoys the nice feature of having a very prominent experimental signature. This signature
is the expected production of a single isolated high pt meson which recoils (in the plane
perpendicular to the beam, i.e. the x-y plane) against a jet. In a certain percentage of the
events, this meson is expected to be a pion and should therefore be directly seen by the
TASSO central detector.
A search for such events is done using the following technique: Around each of the
tracks a cone is constructed. This cone must not contain any other tracks. This requirement
determines the cone's opening angle. Single isolated tracks should have very large opening
angles, whereas tracks embedded in a jet should have very small opening angles. The signal
that one is searching for is therefore a large opening angle, and a high pt . One can try to
look at the following distributions.
* Opening angle of all the tracks;
* Opening angle of all the tracks which have pt > 1.0 GeV/c;
* Opening angle of all the tracks which have pt > 1.5 GeV/c.
The signal that one is searching for should be an enhancement in the large angle region.
One can look further at:
* Momentum assigned to the track having the largest opening angle in the event;
* Same as above but only for tracks having pt > 0.5 GeV/c;
* Same as above but only for tracks having pt > 1.0 GeV/c;
* Same as above but only for tracks having pt > 1.5 GeV/c.
Here, the signal is expected to be an enhancement in the large pt region. One can unify
these two sets of tests, and draw a scatter plot in which pt is plotted against the opening
angle (figure 4.26). The signal should exhibit itself as a concentration of events at high pt
and at large opening angles. No clear signs for such signals can be seen. As no adequate
m.c. program exists, the efficiency of the detection of CIM events cannot be calculated, and
no upper limit on the corresponding cross-section can be derived. However, using a simple
m.c. program, one can state that it is very unlikely for the cross-section of such -\ snts to
be as large as was first334 predicted.

4.3.5 Searching for jets
' The Born diagram, and its related higher order corrections, predict the production of
two or more jets. The observation of such jets will furnish a clear evidence for the existence
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tracks (without the proton rejection cut).

of haid processes in "77" collisions. Unfortunately, this task is not all that simple. The
problem arises from a couple of reasons:
* The available "77" energy is low (roughly SPEAR energy) and it varies from event
to event;
* The produced jets are not in a back-to-back configuration in the laboratory system;
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* The statistics are limited;
* there are lots of background processes.

4.3.5.1. Jet Definition
Searching for jets, one cannot use the "standard" techniques of event analysis used in
the e+e~ annihilation channel, namely the sphericity and the thrust. This is a consequence
of the following argument (which is similar to the one discussed in the r section): due to
the boost, the jets are not in a back-to-back configuration. Therefore, the sphericity axis
might be in the "wrong8 direction. Even when it points to the "right" direction, the simple
technique of assigning all the parallel-to-the-sphericity-axis tracks to one jet, and all the antiparallel tracks to the other, will not always properly work. A m.c. study of this effect was
done. When one simulates only the Born term, one finds that this difficulty is manageable.
But the data indicates the existence of other processes which might be strongly affected by
this problem. Moreover, most of the higher order diagrams predict the existence of a third
and even a fourth jet, but the standard technique "forces" a two-jet topology on the event.
In order to cope with these complications, several event analysis procedures were tried:
* A duster algorithm;
* A generalized Thrust method;
* A generalized Sphericity method.
The clustering method is theoretically the superior one. In this particular type of
hierarchical clustering technique423, one starts by considering each particle as a cluster. No
pre-clusters are defined. Then one defines a similarity matrix element between each pair
of clusters. The similarity between the clusters is expressed by a single scalar which varies
between 0 to 1. Two similar clusters will have a similarity value which is close to 1, while
two dissimilar ones will have a value close to zero. A simple example for such a measure is:

where 0,-y is the angle between the two clusters. The next step in each iteration is to combine
the pair of "most similar" clusters into a new cluster, and to erase the two old ones. The
new cluster is defined by a simple addition of the momenta of the participating clusters.
In this way the number of clusters diminishes by one during each iteration. The process
continues till only one cluster is left.
The main advantage of such an approach is that the topology of the event is not predetermined. In each step of the clustering process, a special quantity which is called M-ticity
is calculated, i.e.:

\2ZP\
- 110 -

where N is the total number of particles in that event, M is tie cunent number of clusters,
and mg is the number of particles contained in the g-th cluster. This quantity should be
close to 1 as long as one has more clusters than jets. Once one reduces the number of clusters
below the number of real jets - at least one cluster is bound to contain particles which come
from two different jets - T&f should drop.
A study of the efficiency of such a method is done using a special event generator which
is capable of producing two, three, or four jets at typical "77" c.m.s. energies. Several
different similarity matrices have been tried. However, in no case an efficient separation of
the event into jets is found to be possible. The reason for this disappointing result is that
at such low energies the jets are very wide. In addition, the boost helps in closing up the
opening angle between the jets. The result is that particles from different jets are really
mixed, and the jets cannot be separated.
Since the identification of the real jet-topology is beyond the reach of the present analysis, one turns to simpler methods. One assumes that the event contains two, and only
two, jets. A m.c. study which uses the simulated Born term events, shows that under this
assumption all the three event analysis procedures give comparable results, that is, they are
capable of reconstructing the right jet axis with an accuracy of 20° to 25°. The generalized
thrust method is found to be the fastest, and will be used in the following. In this approach,
a thrust analysis is being performed for each of the two hemispheres separately. The sum of
the thrusts is then being maximized. One should however note that by using this method,
one actually forces a two-jet interpretation on the event.

4.3.5.2. Event Selection
Ebr jet studies, the previously mentioned event selection procedure is being repeated
with one major change u . Instead of the requirement for a high pt track, one now requires
the existence of a high pt "jet". Such a jet should contain at least 2 charged tracks. An event
is accepted if at least one of its jets has a p^8* > 2.5 GeV/c. One finds 3114 such events
in the data, out of which 907 can be explained as stemming from the "17" contamination;
additional 52 events come from the VDM high pt tail. Consequently, 2155 are genuine hard
"77" final states. The two-jet m.c. is capable of explaining only about 550 events out of
these events. Hence, one ends up again with an excess of events in the data. The magnitude
of this excess agrees with the one obtained in the inclusive tracks analysis, i.e., the Born
term contribution should be multiplied by a factor of 3-4 in order to fully explain the data
(this is a nice manifestation of the statement that the size of this excess is independent of
the event selection procedure).
Some additional information can be obtained by looking at typical jet quantities. In
figure 4.27, the average sphericity is shown. It is first calculated by breaking the event into
two jets, then by computing the sphericities of each of the jets independently, and finally by
11

The jet analysis is done using the published selection procedure, namely, softer cuts for
the identification of protons, and a softer Y
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averaging the two sphericities. Since the jet's multiplicity is low, the sphericity becomes an
unstable measure and should be used with care.

in

o
d
CO

c
>
o

100 •—•

0.1

0.2

Figure ^.21. The average sphericity of the jets, compared to the two-jet m.c.
(dotted) and to the VDM (dashed line) normalized predictions.

Another quantity which can be of considerable interest is < pi et >, namely, the average
transverse momenta of the particles in a jet, when p± is calculated with respect to the jet
axis. Typical e+e~ annihilation jets have an < pi"* > « 0.32 GeV/c, while < pn >Jet,
the average longitudinal momentum component with respect to the jet axis, is of the order
of a few GeV/c. The "77" data is clearly consistent with such a pie* value (figure 4.28).
Unfortunately, the low available energy strongly limits the longitudinal momentum as well.
Consequently, < p(( > je * is small (figure 4.29) and the difference between these two quantities
might originate from the asymmetrical division of the event into two jets. With the present
statistics and energy, this measurement cannot be considered as evidence for the observation
of jets.
The verification of the existence of e + e~ annihilation-like jets in "77" collisions seems
to be on the verge of the present analysis power. However, one shouldn't give up hope of
producing stronger evidence for the existence of jets. What one should do is abandon the
attempts of seeing the classical picture of c + e~ annihilation-like jets, and look for softer tests.
Since one doesn't know the real boost of the event, one restricts the analysis to the plane
perpendicular to the beam axis (the x-y plane). The event structure in this plane should
be independent of the boost, and the two jets should be in a back-to-back configuration.
The idea is to look at the clustering of the particles in this plane. Using the high p t track
as a trigger, one is bound to see an oppositely directed cluster of particles. This is a mere
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consequence of momentum conservation together with the £3iPt-/P& cu*- The observation
of such a clustering cannot therefore be taken as evidence for the existence of jets. A special
feature of the jet model is that the highest pt track will be surrounded by several oiher
particles, all belonging to the same jet. Such a behavior cannot be expected from any other
non-jetty source. In order to exploit this point, one plots the angle {(j>) between the highest
Pt track and all the other particles in the event (figure 4.30). These angles are measured
in the x-y plane and are weighted by the particles transverse momenta (with respect to
the beam direction). One can see a clear enhancement in the opposite direction (at 180°),
.which is due to momentum conservation, as was discussed above. However, one can see a
significant clustering of particles around the highest p t track. This clustering is reproduced
by the two-jet m.c. (solid line) but not by the VDM m.c. (dashed line).
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Figure 4.SO. The weighted (by pt ) angle in the x-y plane (<f>) with respect to
the highest pt track direction.

The search for jets can therefore be summarized as follows:
The identification of the actual jet-topology of the "77* events is beyond the power of
the present analysis. Moreover, distinct evidence for e+e~ annihilation-like jets cannot
be achieved. However, clear evidence for clustering of particles around the highest pt track
is observed. Such a behavior is consistent with a jet production mechanism and cannot be
explained by any VDM-like process.

4.3.6 CONCLUSIONS

A study of hard "77" final states in the low Q2 region (untagged events) was done. The
two basic properties of the interesting events are:
* low detected charged energy;
* at least one particle (or a cluster of particles, i.e. jet) which has a high pt . The
contamination due to beam-gas and the well known processes, like T+T~ pair production and e+e~" annihilation, was reduced by sets of specially designed cuts. The
e+e~ annihilation contamination, which was previously considered to be lethal for
such a kind of analysis, was reduced to a level of 30% to 40% of the final sample. Moreover, the systematics in evaluating this process was found to be small.
Consequently, a relatively clean, sample of hard two-photon events was obtained.
The contribution of the hadron-like "77" component to this sample was computed using
a simple VDM method. For the generation of the mesonic final state, a limited pt phase
space algorithm was used. Large uncertainties in both, the knowledge of the total "77" crosssection, and the knowledge of the details of such interactions, lead to a large systematic error.
Fortunately, due to the exponential pt dependence of the VDM mechanism, its importance
for the present analysis was found to be always small. The prime candidate for producing
hard "77" processes is the 77 —* two — jets Born diagram. This process was computed
with a special simulation program. The computed cross-section was found to be too small to
cope with the excess seen in the data, by a factor of three to four. This excess of events was
found to be stable under changes in the event selection and in the two-jet m.c. simulation
procedure.
The identification of the actual jet-topology was shown to be unachievable in the present
analysis. Evidence for the existence of e+e~ annihilation-like jets in the data was not
found to be crucial enough. However, one did find clear evidence for the clustering of
particles around the highest pt track in the event. These clusters are very likely to be the
manifestations of low energy jets.
Several possible explanations for the excess of events were discussed. The study of these
additional processes suffers from lack of reasonable simulation programs. The prominent
experimental signature of the Constituent Interchange Mechanism events was discussed,
and a search for such events was done. No signal was observed. Whereas early calculations
predicted a large cross-section for such a process, the present negative result is in agreement
with the recent calculations (which yield a much smaller cross-section).
In principle, the observation of an excess of events can be explained by models which
assign integer charges to the quarks (ICQ model). This is not a favorite explanation but
it cannot be excluded. Certain such models predict that the jet production ratio of ICQ
to the the standard Fractional charge quarks model (FCQ) production increases with Win
424
. Such a behavior clearly worsens the agreement between the data and the two-jet m.c.
(figure 4.20).
The likeliest source for the excess of events is considered to be the higher order diagrams. A better statistics, higher energy, and a better detector are needed for proving this
conjecture.
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Chapter 5

SEARCH FOR <j> MESONS IN "77" FINAL STATES

§5.1 INTRODUCTION
As was mentioned in the introduction, one of the most intriguing observations in "77"
collisions is the very large p°p° cross-section near threshold. This cross-section is roughly
by one order of magnitude above what one would expect from the naive VDM calculations.
Several models which try to explain this measurement were suggested. They include:
* The production of new resonances which decay to a p°p° pair;
* The production of a gluebaJl which decays to a p°p° pair;
* The production of four-quark bound states;
* A corrected and refined version of the VDM model.
Most of these models are, to a certain extent, in disagreement with recent experimental
results. The resonance and glueball models cannot explain the undefined spin-parity of
the p°p° system seen in the data. Moreover, the observation of a low cross-section for the
production of p+p~ pairs cannot be understood by such models. The VDM model predicts
a very large cross-section for the production of uu pairs. Such a signal is not seen by
the experiments. Only the four-quark bound state models are still in agreement with all
the experimental results. Two slightly different models of this kind exist185*184. Both are
based on an old version of the MIT bag model and might therefore be subject to significant
modifications. In any case, additional information on vector-vector production in "77"
collisions is badly needed in order to clarify the situation.
The TASSO detector has the best momentum resolution among the PETRA detectors.
In addition, it has a set of time-of-flight counters which enable some particle identification
capabilities. Both properties can be very useful when looking for <f> mesons through their
<j> -* K"'K~ decay mode. The main disadvantage of the detector is its poor coverage for
neutral particles. Because of this limitation, final states which contain neutral particles will
not be discussed in the present analysis.
One is interested here in exclusive final states, i.e. events in which the final state is fully
detected. A common technique for enhancing the fraction of such final states in the sample,
is to sum over the pt of all the observed particles (i.e. to compute ]£,• Pt< ) a Q d t o accept, for
further analysis, only events in which this sum has a value close to zero. This procedure is
based on the fact that, due to the bremsstrahlung characteristics, the "77" system usually
moves along the beam pipe and has a small J^t Pt< • Events having a net charge which differs
from zero are naturally rejected too. In TASSO, the simplest vector-meson vector-meson
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final state containing a <f>, that one can look at, has therefore only four charged tracks. This
channel is known to be dominated by the p° p° final state.
In the present analysis, an attempt to find <f> mesons in this sample is done. Several
events which contain <f>s are found, and the cross-section for 4>ir+ir~ production is calculated.
Upper limits for the cross-sections of (f>p° and $$ P ^ production are obtained too.

5.1.1 EVENT SELECTION
The same data sample as the one in the previous chapter (71.5 pb~l) is used. All events
which have only four charged particles and a zero net charge are selected. For each of them,
the vectorial sum of the charged transverse momentum C p £ t . ) iS computed and shown
in figure 5.1. A large peak near zero is observed. This peak is attributed to exclusive final
states. The large tail at high values of £2« Pt- is caused by events in which some particles
are missing. Only events with £,- p£. less than 120 MeV/c are accepted for further analysis.
The sample contains 5347 such events.
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Figure 5.1. £,• p£, distribution

The main kinematical characteristics of the #, namely its small width (» 5 MeV/c2)
and its small Q value, can be used to facilitate its identification. A potentially severe
background might come from 7 conversions which have similar kinematical characteristics.
In order to eliminate this kind of background, one defines for each pair of tracks the quantity
<f>c = 1.075 - Af(e+e~) (where M(e+e~) in the invariant mass of the pair when the two
particles are assumed to be electrons), and rejects all the pairs in which M(K+K~) > tj>c.
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5.1.1.1. Kaon Identification
The <t> decays into two charged kaons (50%). One can use the ITOF system in order
to identify some of these K mesons. 48 scintillation counters are used for the time-of-flight
measurement. These counters are placed at a radius of 132.2 cm. from the beam axis. They
cover the polar angles up to 0.82. The typical time resolution of this system is 265-445 psec.
The ITOF system provides an electron/pion separation only at very low momenta. For the
present analysis, no attempt to separate the two has been done. In the following, one refers
to both particles as pions. A ic/K separation is possible up to momenta of 1.0 GeV/c, and
(ir or K)/ protons separation is possible up to momenta of 1.4 GeV/c. For each track, a flag
for the quality of the ITOF information is set. The information is considered unreliable if
a hardware problem is detected, or if two tracks (or more) hit the same counter roughly at
the same position.
The procedure for using the ITOF information by assigning three weights to each track
has already been discussed (in the proton rejection subsection). An identified pion (electron)
is defined as a particle which has a good ITOF reading, a momentum below 1.0 GeV/c, and
a weight for being a pion of more than 0.50. By rejecting combinations which contain
identified pions, one can greatly reduce both the 7 conversions and the p°p° contamination.
This rejection procedure is found to be a crucial step. If avoided, the <f> mass region becomes
completely dominated by 7 conversions, and no <f> signal can be seen.
The present analysis proceeds along three different (but not completely independent)
lines, i.e. with samples containing:
* no requirement for identified K-mesons;
* at least one identified K-meson;
* two identified K-mesons.
Naturally, the first class is the one with the highest statistics but the largest background,
whereas the last one is the purest, but it suffers from very limited statistics.
A kaon is defined as a particle which has:
* a good ITOF reading;
* momentum which is below 1.0 GeV/c;
* A reconstructed m2, using the ITOF, that is between 0.1 to 0.6 GeV2/c2;
* a weight for being a kaon which is above 0.95, when only one K-meson is identified.
For the last class, namely the one with two identified K-mesons, one can relax the
weight requirement. One multiplies the weight of the two K-candidates, and accepts
the event when this product exceeds 0.30.
An extensive study of this selection procedure was done with the help of a comprehensive
m.c. simulation program. Since the ITOF resolution varies with the position of the hit along
the ITOF counters, a set of z-dependent cuts was tried. The slight improvement achieved
in the K-meson identification does not justify the use of such an intricate identification
procedure.
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Before it is detected in the central detector, the particle must go through the beam-pipe.
While doing so, the particle looses some of its energy. Therefore, the measured momentum
differs from the actual one, and should be corrected. The extent of this correction depends on
the particle momentum, angle, and identity. At TASSO, all the particles are automatically
considered to be pions, and the above mentioned correction is done correspondingly. This
procedure obviously gives a wrong "corrected" momentum to kaons. Even though the effect
is small, it can distort the <f> signal. In order to avoid this problem, whenever a particle is
considered to be a K-meson, one "re-adjusts" its energy and momentum to that of a kaon.
The "re-adjustment" is done using look-up tables in which the amount of energy lost by
K-mesons and ir-mesons is tabulated as a function of the angle and the momentum.

5.1.2 RESULTS
In the following the three classes are discussed separately. At the end, a comparison of
the three is being done.

5.1.2.1. Unidentified K-Mesons
This sample contains 1336 possible K+K~ pair (<f>) combinations (it includes the one
and two-identified kaon samples) The energy and momentum of the particles participating in
each of these pairs is temporarily "re-adjusted" to be that of a K-inoson, and the invariant
mass of each of these pairs is then computed. The obtained mass spectrum is plotted
in figure 5.2-a. A very nice peak is seen at the <f> mass region. This peak contains 64
events below 1030 MeV, with an estimated background (by a polynomial fit to the rest
of the spectrum) of 15 events. As a cross-check, one can either use same-sign pairs, or
alternatively use identified pions, and repeat the analysis. The invariant mass spectrum
which is obtained from the identified pions (assuming they are kaons) sample is presented
in figure 5.2-b. No sign for an equivalent enhancement in the <f> mass region is seen (the
same sign K-pair sample gives the same results).
In order to further establish the fact that the <j> production is associated with exclusive
final states, one can look for a similar <f> signal in a sample which has a larger £,- p£. . This
test is done, and while a few ^ events are still seen in the 0.120 < £ t pf. < 0.300 GeV/c
sample, none is seen in the 0.300 < £,- pf. GeV/c one.
The unidentified kaon sample is large enough to allow a study of the system which
recoils against the tf>. For this study one accepts events in which at least one pair of particles
is consistent with a <f> interpretation (i.e. the K-K invariant mass falls between 1000 to 1040
MeV/e2). The invariant mass of the two other particles (assumed to be pions) is presented
in figure 5.3. No significant sign of a p-meson is seen.
Another channel that can be of a considerable interest is the possible production of a
<l>4> state. For that purpose, the momenta of the two other particles (which recoil against
the <f>, and which are not identified pions) are re-adjusted too, the invariant mass of the pair
.
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Figure 5.2. Unidentified kaon sample: a) K+K~ invariant mass,
b) IT+T~ invariant mass assuming the two pions to be kaons

is computed and the resulting mass spectrum is plotted in figure 5.4. No sign of a ^ signal
can be seen.

5.1.2.2. One-Identified K-Meson
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In this class 415 combinations (including those with two-identified kaons) are accepted.
First, the energy and the momentum of the identified K-meson are re-adjusted. Then, for
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each possible pair, the other particle is also re-adjusted. The invariant mass spectrum of all
of these pairs is presented in figure 5.5. A very clear cluster of events at the <p mass region
can be observed in this class too. After background subtraction, the number of events below
1030 MeV is estimated to be 24 (on top of a very small background of ~ 4 events).
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Figure 5.5. K+K~

invariant mass for the one-identified K-meson sample.

As for the unidentified K-meson class, a "same-sign" and an "identified pion" crosschecks are performed. No enhancement in the <p mass region is seen.

5.1.2.3. Two Identified K-Mesons
This sample, which is the smallest, contains only 78 combinations. First, the energy
and momenta of the two identified kaons are re-adjusted, then the invariant mass is being
calculated and presented in figure 5.6. A small cluster of events is seen in the right position.
The cluster contains only 9 events, but the background is negligible.

5.1.3 The Simulation Program
The significance of the <f> signals seen in the data should be evaluated by a proper
m.c. simulation program. Such a program has been written especially for this purpose.
In the first step, the multi-dimensional integration routine VEGAS is used for integrating
the luminosity function and obtaining the appropriate spectrum of the "77" system. Then,
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an isotopic three body phase space algorithm is used in order to generate the 4>T+ir~ final
state (or, in the case of <f>p° and <f><j>, an isotropic two-body decay algorithm is used). Later,
the ^ (and the p) decays into two charged K-mesons (pions). Finally, all the particles are
transported through the TASSO detector. Special attention is given to the simulation of the
ITOF system. Efficiencies, resolutions, and other aspects are carefully taken into account.

5.1.4 Gross-Sections
In table 5.1, the number of events containing a <f> meson is tabulated. This is done for
each of the above mentioned classes separately, and in several W 77 bins. The corresponding
cross-section appears in this table too (naturally, W^ is computed using the re-adjusted
four-momenta of the two K-mesons) The agreement between the cross-section values which
are obtained in the two different approaches is encouraging (these numbers are consistent
also with the preliminary numbers which were presented by the PEP4/9 coll. at lake Tahoe).
The 4>ir+K~ cross-section as obtained by the unidentified K-mesons analysis is presented in
figure 5.7. A problem exists in the lowest (1.8 - 2.0 GeV) JV77 bin (which is not included in
the present analysis). In this bin, a considerable cross-section is found by the unidentified
K-meson analysis. The kaon identification efficiency drops very fast for such low energy
particles, and consequently the corrections are very large. Only an upper limit (90% c.l.
including 30% systematics) can presently be obtained from the one-identified K-meson class.
A further study of this point is being currently done.
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Unidentified K-meson

(GeV)

1.8
2.0
2.2
2.4
2.6
3.0
3.4

Sample

One-identified K-meson

Sample

Number
of events

Background

Cross-section
(nb)

Number
of events

Background

cross-section
(nb)

15
10
11
10
5
6
0

4
1
2
1
0
1
0

59 ± 1 8
18.8 ± 6.2
11.4 ±3.8
10.2 ± 3.4
2.51 ±1.12
2.59 ±1.16
1.47 ±0.66

3
5
7
7
2
4
4

1
1
2
1
0
0
0

<75
11.0 ±5.5
8.1 ± 3.6
7.4 ± 3.0
1.1 ±0.8
2.6 ±1.3
1.5 ±0.8

- 2.0
- 2.2
- 2.4
- 2.6
- 3.0
- 3.4
- 4.2

Table 1. Number8 and cross-sections for both un- and one-identified K-meaon aamples.
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The upper limits for the cross-section of the <j>p° and <f><f> production are presented in
figure 5.8 and in figure 5.9 respectively.

§5.2 CONCLUSIONS
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Figure 5.9. Upper limits (90% c.l.) for <f><j> cross-section, note the logarithmic
scale.

A search for exclusive 4-prong "77" final states which contain at least one 4> meson was
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done, (ft mesons can be relatively easily identified by the TASSO detector by the use of the
combination of the particle identification capabilities, and the good momentum resolution.
The interest in such events stems from the puzzling large p°p° cross-section..

<f> mesons are clearly seen in the data. The invariant mass of the two other particles
is not consistent with its coming from a resonance. Hence, the production of <f> mesons is
not necessarily correlated with quasi-two-body production processes. The cross-section for
^ir+ff~ production, as a function of Win, was calculated, and upper limits for <j>p° and 4><l>
production were derived. Several models predict a sizable <f>p° cross-section in the low Wni
region. Unfortunately, the detection efficiency for such events was found to fall sharply at
low Wy7. Consequently, the present analysis is unable, at the moment, to either confirm or
refute these models.
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Chapter 6

SUMMARY

Two independent projects were presented in this work:

§6.1 Search For Hard Processes in "77" Collisions.
An attempt to establish, the existence of a hard component in untagged (< Q2 > « 0)
"77" collisions was made.First indications for the existence of such a component, in the
single-tag mode, were reported concurrently with the present analysis201'1*1*6. These studies
suffer from very low statistics (~ two orders of magnitude below the one in the present
analysis), and therefore an investigation of the structure of the relevant events has not been
feasible. In addition, a study of the single-tag mode probes another kinematical region
(< Q2 > « 0.25 GeV2) in which different processes might dominate.
Hard processes exhibit themselves by producing either a single particle, or a cluster of
particles which has a high transverse momentum (high pt). "77" collisions are characterized
by giving rise to low energy final states. The goal of the present analysis was therefore to
search for events which have both features, that is, a low detected energy, and a high pt
track(s).
The separation of "77" from "17" events can be achieved either by using the observed
hadronic energy, or by tagging one (or both) of the outgoing electrons. The use of a 'Hag*
has the disadvantage of reducing the statistics, since the probability of having a "tag" is
typically of the order of 10 %. When one gives up the requirement for a tag, one gains
in statistics but is left with the detected energy as the only means for separating the two
channels. For hard "77" processes study, the requirement of a high pt signal contradicts
the necessity of a low energy. Hence, the separation between the "77" and the "17* events
cannot be efficiently done. Consequently, the study of hard "77" collisions in the untagged
mode was considered to be next to impossible.
A major effort was made in order to prove that the "17" background can be controlled
even in the above mentioned situation. A very thorough monte-carlo study of the e+e~
annihilation channel was done in order to determine the number of "17" events that can
erroneously be considered as untagged "77" final states. The characteristics of these events
were also studied. A special set of cuts which was based on these studies was then devised,
and the "17" contamination was shown to diminish to a level of 30% to 40% of the final
sample. Moreover, the systematic error on this number was shown to be small.
After having proved that the "17", like other types of background, is under control, the
contribution of the "soft part" of the photon, which is commonly calculated using the VDM
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model, had to be computed. The VDM model, which is a phenomenological description of
the hadronic part *. the photon, iB not unanimously defined. A good description of the data
can be achieved by different variants of the VDM model. Strong inter-correlations between
the parameters used in these models make things unstable, and prevent an unquestionable
determination of the parameters' values. In the present work, it was chosen to use the
simplest VDM version. The model used applies a "limited pt phase space" algorithm for
generating the final state particles. This model was found to describe the low energy and
low pt region quite well. The contribution of the VDM events to the final sample of "hard
events" was found to be small, no matter which set of parameters was used. The large
uncertainty of this calculation was therefore easily absorbed in the overall systematics.
One was hence left with a sizable number of events which cannot be explained by any
of the conventional processes. These events were considered to be produced by genuine hard
"77" processes.
The simplest hard process in "77" collisions is the 77 —• two — jets Born diagram. A
special monte-carlo simulation program had to be written in order to simulate this process.
Among the other parameters that one should use when calculating this process, are the
quarks9 masses. The observed cross-section was found to be almost independent of the values
assigned to these masses. The constituent quarks' masses where used. In the absence of any
better alternative,the standard Field-Feynman fragmentation procedure was used. However,
the results are, to a large extent, independent of this and the previous choice. The computed
contribution of the Born diagram was found to be too small to fully explain the data. A
factor which is between three to four is missing. The shapes of the various distributions
which were computed using the Born diagram were found to be in good agreement with the
data.
An attempt to find jets was done. The low available energy was shown to prevent the
identification of the actual jet-topology of the events. Nevertheless, evidence for a clustering
of particles around the highest pt track was found. The internal jet quantities (like <p±>
and sphericity) were shown to be consistent in shape with the Born term calculations. Still,
a factor of three to four was missing.
The existence of such an excess of events was later confirmed by the PLUTO collaboration. The PLUTO detector was especially suited for "77" physics. Hence, a study of the
< Q2 > dependence of the excess of events was made possible. A coherent picture emerges,
to which all the published results contribute. At large Q2 (few GeV), the data is found to
be explainable solely by the Born term contribution. At lower Q2 values, the Born term is
no longer sufficient, and an excess of events starts to build up. Tha origin of this excess is
not clear yet.
In order to explain this intriguing excess of events, several alternative mechanisms were
discussed: the constituent interchange model (in which the parton-ineson sub-processes are
assumed to dominate in the medium pt range) predicts the production of single isolated
high p t mesons. This process has a cross-section that falls like pf 6 . A search for such events
was done, and negative results were obtained. The Integer Charge Quark model (ICQ) was
considered too. In the naive version of such a model, £),- Qt ia ky a factor of 2.65 above the
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corresponding quantity' when calculated using the "standard", fractionally charged, quiirks.
This factor is almost all that one needs. Modern versions of ICQ expect this ratio to
be Q2 dependent, reaching 1 for large Q2. Untagged "77' processes are accordingly an
almost unique channel for observing ICQ effects. Unfortunately, this model has no special
kinematical features (except for a slightly different energy behavior) and consequently, an
explicit experimental test was found to be undoable. (Note, however, that some new ISR
results might refute the ICQ model.) The most probable source for the observed excess
of events is due to higher order diagrams. Many types of such processes exist. Usually,
additional jets ate expected. In most of the cases, these jets are directed along the beam
axis. An attempt to identify the number of jets in each of the events was found to be
fruitless. In the absence of a proper simulation program, rough calculations were done, and
were found to describe the data rather well. Additional statistics, a better detector coverage,
and higher energies are needed to confirm this conjecture.

§6.2 Search For $ Mesons in "77" Collisions.

A search for exclusive 4-prong "77" final states containing at least one <j> meson was
done. <f> mesons are seen in the data clearly. However, the invariant mass of the two other
particles is found to be inconsistent with their coming from a resonance. Hence, a quasitwo-body production cannot explain all the 0s. The cross-section for <f>ir+ir~ production,
as a function of Win , was calculated, and upper limits for <f>p° and <f><f> production were
given. The present analysis was found to be unable either to confirm or to refute the models
interpretating these final states, together with the p°p° signal, as indications for the existence
of a four-quark bound states. Additional work is currently being done in order to improve
the results in the low W^ region.
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The members of the TASSO collaboration are:
M. ALTHOFF, W. BRAUNSHWEIG, F.J. KIRSCHFINK, K. LUBELSMEYER, J.-U.
MARTYN, G. PEISE, J. RIMKUS, P. ROSSKAMP, H.G. SANDER, D. SCHMITZ, H.
SIEBKE, W. WALLRAFF.
H.M. FISCHER, H. HARTMANN, W. HILLEN, A. JOCKSCH, G. KNOP, L. KOPKE,
H. KOLANOSKI, H. KUCK, V. MERTENS, R. WEDEMEYER, N. WERMES, M.
WOLLSTADT.
K. GATHER, H. HULTSCHIG, P. JOOS, W. KOCH, U. KOTZ, H. KOWALSI, A.
LADAGE, B. LOHR, D. LUKE, P. MATTIG, D. NOTZ, R.J. NOWAK, J. PYRLIK,
D.R. QUARRIE, M. RUSHTON, W. SCHUTTE, D. TRINES, G. WOLF, Ch. XIAO.
R. FOHRMANN, E. HILGER, T. KRACHT, H.L. KRASEMANN, P. LEU, E.
LOHRMANN, D. PANDOULAS, G. POELZ, B.H. WIIK.
R. BEUSELINCK, D.M. BINNIE, A.L. CAMPBELL, P.J. DORNAN, B. FOSTER, D.A.
GARBUTT, C. JENKINS, T.D. JONES, W.G. JONES, J. McCARDLE, J.K. SEDGBEER, J. THOMAS, W.A.T. WAN ABDULLAH.
K.W. BELL, M.G. BOWLER, P. BULL, R.J. CASHMORE, P.E.L. CLARKE, R. DEVENISH, P. GROSSMANN, CM. HAWKES, S.L. LLOYD, GX. SALMON, T.R. WYATT, C. YOUNGMAN.
G.E. FORDEN, J.C. HART, J. HARVEY, D.K. HASELL, J. PROUDFOOT, D.H.
SAXON, P.L. WOODWORTH.
F. BARREIRO, M. DITTMAR, M. HOLDER, B. NEUMANN
E. DUCHOVNI, Y. EISENBERG, U. KARSHON, G. MIKENBERG, R. MIR, D.
REVEL, E. RONAT, A. SHAPIRA, G. YEKUTIELI.
T. BARKLOW, A. CALDWELL, M. CHERNEY, J.M. IZEN, M. MERMIKIDES, G.
RUDOLPH, D. STRON, H. VENKATARAMANJA, E. WICKLUND. SAU LAN WU and
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APPENDIX B

TASSO
LOCATION

PETRA e + e" rings
DESY, Hamburg, W. Germany

MAGNET

Solenoid, 5 kG, Rj - 135 cm, L = 440 cm, d - 10 cm Al

TRACKING

Vertex detector, drift chamber, 8 layers, cell size 0.71-0.87 cm, 720 signal wires,
R( = 6.5 cm, Ro = 16.1 cm, L = 60 cm
Cyl. proportional chamber, 4 anode layers, wire spacing ~ 3 mm, 1920 signal wires,
8 cathode layers, 960 channels, R( = 17cm, R» = 29cm, L = 140 cm
Cyl. drift chamber, 15 layers, 9 with 0°, 6 stereo, cell size 3.2 cm, 2340 signal wires,
Rj = 30 cm, R,, = 130 cm, L =323 cm, using all chambers o p /p < 1% p
for p > 2 GcV/c

TIME-OF-FLIGHT

Between driTl chamber and coil, 48 counters. 390 X 17 X 2 cm1, aJ0F - 270-450 ps
depending on z

SHOWER COUNTERS
NEAR CENTRAL
DETECTOR

Liquid argon-lead with towers pointing to I.P.; towers for energy
measurement, strips for position measurement
Barrel 42° < 8 < 138"; <t>: 30°-150", 2IO°-33O°; 0.2 cm Pb, 0.5 cm argon, I4XO,
5088 front towers, 1248 back lowers, 4592 strips for z, </>, dE/dx
<rE/E - (0.11 + -jTjrr)/\/E,

E > 1 GeV; a, = o+ - 2 mrad

Endcap 12° < 9 < 30°, 150° < 8 < 168°, <t>: 0-360°, 0.2 cm Pb, 0 3 cm argon, I2.6XO,
1444 front towers, 872 back towers, 840 strips for R and 0
HADRON ARMS

For particle identification up to high momenta; 50° < 8 < 130°, -26° < $ < 26°,
154" < 0 < 206°; following coils are:
Plane drift chamber, 8 layers
Aerogel Cerenkov counter, n — 1.024, d — 13.5 cm, 32 cells
Freon 114, n = 1.0014, 1 aim., 64 cells
CO2, n - 1.00043, I atm., 64 cells
threshold momenta (GeV/c)
•K
K
P
0.6
2.2
4.2
Aerogel
17.8
2.6
9.3
Freon 114
32.0
4.8
16.8
CO2
Time-of-flight, 96 counters, a = 450 ps
Shower counters: lead-scinlillalor with wavelength shifter readout, 7.4XO,
128 counters, a/E = 17%

MUON DETECTION

Behind magnet yoke (50-80 cm Fe) and behind hadron wall (87 cm Fc}, 4 layers of
proportional tube chambers, 4 X 4 cm2

FORWARD DETECTOR

25-115 mrad, scintillation hodoscope, proportional tube chambers, Icad-scintillalor shower
counter
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